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Series Editor Introduction 

The first two editions of Seizures in Critical Care: A Guide to Diagnosis and Therapeutics 
were published in 2005 and 2010. Both of these volumes provided much needed support for 
medical, neurological, and neurosurgical intensive care specialists who deal with critically ill 
patients who suffer seizures in the ICU setting. At one time seizures, especially of the noncon-
vulsive type, were quite often poorly recognized in unresponsive ICU patients. This situation 
has certainly been remedied over the past couple of decades, due in large part to the wealth of 
information summarized in these volumes. As stated in my introductions to the first two vol-
umes, seizures in ICU patients are typically secondary phenomena indicative of underlying 
medical and neurological complications in individuals with serious medical and surgical ill-
ness. Rapid identification of the cause of these seizures, analysis of various contributing fac-
tors, and providing appropriate and rapid management and treatment are crucial to the survival 
of these patients. Dr. Varelas, together with his co-editor Dr. Jan Claasen, has now recruited a 
larger number of new experts in various aspects of the field in order to provide additional 
information concerning basic pathophysiology as learned both from animal models and from 
new clinical technologies such as quantitative EEG and multimodal monitoring which have 
improved the care of these patients. New clinical chapters in this third edition include an over-
view of the management of critical care seizures which is then followed by a series of chapters 
on the many clinical situations in which seizures occur in the ICU. Many of these appeared in 
the earlier volumes but have been updated with several of these written by newly recruited 
authors. These issues are all addressed in great depth and with much sophistication by the very 
impressive array of contributors to this volume.

Boston, MA, USA� Daniel Tarsy, MD
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Status Epilepticus - Lessons 
and Challenges from Animal Models

Inna Keselman, Claude G. Wasterlain, Jerome Niquet, 
and James W.Y. Chen
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�Introduction

The first reference to status epilepticus (SE) dates back to 
700–600 BC in Babylonian cuneiform tablets, yet our under-
standing of this condition remains limited. SE is not simply 
a long seizure; mechanistically, it is a different entity. Our 
clinical experience suggests that an underlying etiology, sys-
temic factors, and genetic background influence the genera-
tion and progression of SE as well as its sequelae. 
Understanding the underlying pathophysiology of SE is key 
to developing effective treatment and a topic of rigorous sci-
entific research.

In this chapter, we will review different forms of SE and 
delineate available treatments. We will describe common 
animal models of SE used to study basic physiology in order 
to develop novel treatments, as well as discuss challenges 
that the scientific community faces when trying to translate 
animal data into clinical practice.

�History and Definition of SE

The first known description of SE was in the XXV-XXVI 
tablets of the Sakikku cuneiform from the Neo-Babylonian 
era, estimated to have been carved between 718 and 612 BC, 
as “if the possessing demon possesses him many times dur-
ing the middle watch of the night, and at the time of his pos-
session his hands and feet are cold, he is much darkened, 

keeps opening and shutting his mouth…he will die”. This 
vivid description has captured two important aspects of SE: 
repeated seizures and high mortality rate. In addition, it 
attributed the cause of SE to demonic possession, a concept, 
which is still accepted today by certain people and cultures 
around the world.

There were a couple of notable descriptions of SE before 
the nineteenth century. In 1824 Calmeil coined the term Etat 
de mal in his thesis, describing patients in Paris asylum, 
where they resided due to the condition reminiscent of 
refractory epilepsy and SE.  It was not until 1876 that 
Bourneville used a clinical presentation to define SE as 
“more or less incessant seizures.” He also described the char-
acteristic features of SE which included coma, hemiplegia, 
rise in body temperature, heart rate, and respiratory rate 
changes.

The English term status epilepticus came from of Etat de 
mal when Bazire translated the medical works of Trousseau, 
who in 1868 saliently stated that “in the status epilepticus, 
something specific happens (in the brain) which requires an 
explanation.” This is an important conceptual departure from 
a view that SE is just a prolonged seizure or multiple sei-
zures. In 1904, Clark and Prout described the natural course 
of SE in 38 patients without pharmacotherapy and recog-
nized three distinct conditions: an early pseudostatus phase 
(described as aborted, imperfect, or incomplete), convulsive 
SE, and stuporous SE [1]. Henri Gastaut expressed the com-
plexity of clinical definition of SE as “there are as many 
types of status as there are types of epileptic seizures.”

In 1962, he held the Xth Marseilles Colloquium, the first 
major conference devoted to SE. There the modern clinical 
definition of SE was adopted as “a term used whenever a 
seizure persists for a sufficient length of time or is repeated 
frequently enough to produce a fixed or enduring epileptic 
condition.” Gastaut suggested that a sufficient length of time 
to be about 30–60 min. However, because that time period 
was not demarcated, it was difficult to apply this new defini-
tion in a clinical setting. Moreover, this lack of a well-defined 
time parameter led to several decades of academic debates 
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about it. In addition, there was overwhelming evidence that 
argued for treatment of SE as soon after its onset as possible 
in order to prevent neuronal injuries rather than wait for 
60 min.

Evidence from animal studies argues that repetitive sei-
zures transform into a state of self-sustaining and pharmaco-
resistance develops within 15–30 min. The development of 
neuronal injury also occurs in a similar timeframe. Mostly 
driven by the clinical necessity for early treatment to prevent 
neuronal death and complications from SE, the time defini-
tion of status epilepticus has been progressively shrinking 
from 30 min in the guidelines of the Epilepsy Foundation of 
America’s Working Group on Status Epilepticus to 20 min in 
the Veterans Affairs Status Epilepticus Cooperation Study 
and again to 5 min in the Santa Monica Meeting [1].

However, shortening the time definition of SE to 5 min to 
satisfy this clinical need would lead to inclusion of cases 
other than an established SE (please see below for definition) 
and as such complicate outcome data obtained from that het-
erogeneous population. It is appropriate to separate out the 
early phase of convulsive SE, before it is fully established, as 
impending SE.

Impending convulsive SE [1] is a different clinical and 
physiological entity from prolonged seizures and is defined 
as “continuous or intermittent seizures lasting more than 5 
minutes, without full recovery of consciousness between sei-
zures.” Five minutes was chosen here because it is almost 20 
standard deviations (SD) removed from the mean duration of 
a single convulsive seizure. This calculation is based on 
work by Theodore and colleagues [2] who found the mean 
duration of a convulsive seizure to be 62.2 s, based on clini-
cal presentation, and 69.9 ± 12 s based on electrographic 
findings, thus making 5 min (300 s) 19 SD away from the 
mean electrographic and 20 SD away from the mean clinical 
duration of convulsive seizures [2]. The transformation from 
impending SE to established SE is likely to be a continuum 
and can be modeled by a single exponential curve with a 
time constant of 30 min [1]. It suggests that at 30 min, about 
two-thirds of continuously seizing cases have completed the 
transformation into an established SE. There are overwhelm-
ing animal and human data to support using 30 min as a prac-
tical cutoff time point. Once the SE is established, it can 
easily become refractory SE (RSE) or superrefractory SE 
(SRSE), which are defined based on the lack of therapeutic 
response. RSE [2] is defined as SE that has not responded to 
first-line therapy [a benzodiazepine (BDZ)] and second-line 
therapy [an antiepileptic drug (AED)] and requires the appli-
cation of general anesthetics. Superrefractory SE is defined 
as SE that has continued or recurred despite 24 h of general 
anesthesia (or coma-inducing anticonvulsants) [3].

Most recently, the new definition of SE has been proposed 
by the International League Against Epilepsy (ILAE) to be: 
“SE is a condition resulting either from the failure of the 

mechanisms responsible for seizure termination or from the 
initiation of mechanisms, which lead to abnormally pro-
longed seizures (after time point t1). It is a condition, which 
can have long-term consequences (after time point t2), 
including neuronal death, neuronal injury, and alteration of 
neuronal networks, depending on the type and duration of 
seizure” [4]. This is a conceptual definition with two vari-
ables t1 and t2, which are SE type dependent.

�Epidemiology

There have been three population-based prospective studies 
to investigate the incidence of SE, based on the 30 min defi-
nition of SE. The first study done in Richmond, VA, USA [5], 
demonstrated an overall incidence of 41/100,000 individuals 
per year, with the rate being 27/100,000 per year for young 
adults (aged 16–59 years) and 86/100,000 per year in the 
elderly (aged 60 years and above). Two studies have shown 
the incidence of SE to be three times higher in African-
Americans than Caucasians [6–8]. Mortality was higher in 
the elderly, 38% versus 14% for younger adults. The inci-
dence from two prospective studies in Europe was 
17.1/100,000 per year in Germany and 10.3/100,000 per 
year in the French-speaking part of Switzerland [1].

�Etiology

Any normal brain can generate seizures if sufficiently per-
turbed, such as from electrolyte or glucose derangements, 
head injury, intracranial hemorrhages, etc. When the per-
turbed conditions are not rectified, these seizures can become 
incessant and transform into SE. SE can occur in a patient 
who did not have a prior history of seizures. The common 
etiologies for SE include low antiepileptic drug (AED) blood 
levels in patients with chronic epilepsy (often occurs when a 
medication is abruptly discontinued), anoxia/hypoxia, meta-
bolic derangements, intoxication, trauma, stroke, and alco-
hol/drug withdrawal [1].

�Animal Models of SE

The observation that SE is not a simple summation of sei-
zures was made in the nineteenth century; but it is not until 
we were able to use animal models that we understood the 
physiology behind this clinical observation [1]. Animals 
became an important tool to study basic mechanisms of SE 
(and disease in general) because of obvious ethical con-
straints. There are many animal models of seizures and epi-
lepsy, but only a few are available for SE. These have been 
used because they have demonstrated similarities to human 
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SE (both convulsive and non-convulsive types), clinically, 
electrographically, and histopathologically as well as in their 
response to known treatment. SE-induced epileptogenesis 
occurs in the vast majority of animals in several models of 
SE [9–11]. In humans presenting with SE, the incidence of 
chronic epilepsy is high, but harder to interpret [12]. Epileptic 
patients and animals which develop chronic epilepsy after a 
bout of SE exhibit chronic cellular hyperexcitability, neuro-
nal degeneration, mossy fiber sprouting, and synaptic reor-
ganization in the dentate gyrus of the hippocampus [13]. Due 
to the space constraints, we provide a brief description of the 
most commonly used models and will focus on those used in 
our own laboratory; for more details, please refer to Models 
of Seizures and Epilepsy [13].

The following are commonly used models of SE.

�Electrical Stimulation Models

The first model of self-sustaining SE (SSSE) derived from 
the serendipitous observation that, when rats were paralyzed, 
ventilated with oxygen, and kept in good metabolic balance, 
repetitive application of electroconvulsive shocks (ECS) 
once a minute for over 25  min resulted in seizures which 
continued after stimulation stopped (Fig.  1.1-I). Duration 
and severity of these self-sustaining seizures depended on 
the duration of stimulation [14, 15]. After repeated ECS for 
25 min, self-sustaining seizures lasted for a few minutes. 
After 50 min they lasted for up to an hour, and rats stimulated 
for 100  min remained in self-sustaining SE for hours and 
expired, in spite of the fact that their oxygenation, acid-base 
balance, and other metabolic parameters remained stable.

Following the discovery of the kindling phenomenon, 
Taber et al. [16] and de Campos and Cavalheiro [17] modi-
fied the method of stimulation to obtain SE. McIntyre et al. 
[18, 19] showed that continuous stimulation for 60 min of 
basolateral amygdala of kindled animals induced SE, dem-
onstrating that the kindled state predisposes to the develop-
ment of SE.  Both high-[20] and low-frequency [21] 
stimulation of limbic structures can induce SSSE.  Inoue 
et al. [22, 23] produced SE in naïve rats by electrical stimula-
tion of prepiriform cortex. Handforth and Ackerman [24, 25] 
used continuous high-frequency stimulation of the hippo-
campus or amygdala and analyzed the functional anatomy of 
SE with [14C]-deoxyglucose. They delineated several types 
of SE, ranging from a very restricted limbic pattern around 
the site of stimulation with mild behavioral manifestations to 
bilateral involvement of limbic and extralimbic structures 
accompanied by widespread clonic seizures. Lothman and 
colleagues [26] showed that stimulation of dorsal hippocam-
pus for 60 min with high-frequency trains with very short 
inter-train intervals, a protocol which they called 
“continuous  hippocampal stimulation” (CHS), resulted in 

the development, in many animals, of SE characterized by 
non-convulsive or mild convulsive seizures which lasted for 
hours after the end of CHS. Metabolic activity was increased 
in many brain structures and decreased in others [27]; these 
seizures lead to loss of GABAergic hippocampal inhibition, 
to hippocampal interictal spiking, and to delayed (1 month 
after CHS) spontaneous seizures [28].

Vicedomini and Nadler [29] showed that intermittent 
stimulation of excitatory pathways could generate SE in 
many regions. SE developed in each animal that showed at 
least ten consecutive afterdischarges. We used a protocol 
derived from those of Vicedomini and Nadler [29] and 
Sloviter [30]. We stimulated the perforant path in awake rats 
with 10 s, with 20 Hz trains (1 ms square wave, 20 V) deliv-
ered every minute, and with 2 Hz continuous stimulation and 
recorded from dentate gyrus [31] (Fig. 1.1-II). Nissinen et al. 
[32] developed a similar model based on amygdala stimula-
tion. Other variations of the perforant path model have been 
used [33]. The perforant path stimulation model provides a 
tool to study epileptic pathways, histopathological changes, 
sequelae of SE, systemic factors, as well as genetic back-
ground influencing the physiology of SE and to test the 
effects of AEDs. The EEG and clinical evolution of SE 
(Fig. 1.1 -I) is similar to that described for clinical SE [34, 
35], starting with individual seizures which merge into 
nearly continuous polyspikes, which later are interrupted by 
slow waves, which increase in duration and interrupt seizure 
activity while polyspikes decrease in amplitude. Eventually, 
after many hours, this evolves into a burst-suppression pat-
tern of progressively decreasing power.

�Chemical Models of SE: Pilocarpine 
and Lithium–Pilocarpine

Pilocarpine is an agonist at muscarinic receptors. Its induc-
tion of SE has been shown to occur primarily through activa-
tion of muscarinic 1 receptors (M1R), but its actions on 
muscarinic 2 receptors (M2R) may also contribute to the SE 
propagation and sequelae development by affecting systemic 
factors, such as inflammation [36]. Lithium is administered 
prior to pilocarpine in order to decrease animal mortality, but 
pilocarpine may be used alone.

Many different protocols of pilocarpine administration 
exist [37]. Pilocarpine is injected either systemically (i.e., 
intraperitoneal route) or directly into the brain (intracerebro-
ventricular or intrahippocampal route), while electrical 
activity is being monitored in the cortex and hippocampus. 
The amount of injected chemical can be variable, depending 
on intended outcome. Male rats or mice are most often used 
in these experiments, but females have shown similar 
responses. Just as with electrical stimulation models, and 
similar to human patients, induction of SE with pilocarpine 
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Fig. 1.1  (I) Initial observation that repeated electroconvulsive shocks 
induce self-sustaining SE in rats. Representative electrographic record-
ings from skull screw electrodes in paralyzed and O2-ventilated rats 
maintained in good acid-base balance. Animals shocked repeatedly for 
25 min (50 ECS) or longer showed self-sustaining seizure activity after 
the end of electrical stimulation. Increasing the duration of stimulation 
resulted in longer lasting self-sustaining SE (Reproduced from [14], @ 
Elsevier 1972 and 15 @ Epilepsia). (II) EEG during SE induced by 
30  min of intermittent perforant path stimulation (PPS). (a) 
Representative course of spikes. (b) 24 h distribution of seizures (black 
bars). The period of stimulation is indicated by the gray bar on the top. 
Each line represents 2 h of monitoring. (c) Evolution of EEG activity 
in the dentate gyrus during SE.  Software- recognized seizures are 
underlined (Reproduced with changes from [31], © Elsevier, 1998). 
(III) The effects of NMDA (a–d) and AMPA/kainate (e) receptor 
blockers on SE induced by PPS. Each graph shows frequency of spikes 
plotted against time during SE.  PPS is indicated by the gray bar. 
Representative time course of seizures detected by the software is 
shown in the graphs immediately to the right. Each line represents 2 h 
of monitoring, and each seizure is indicated by a black bar. Arrows 
indicate drug administration. Notice that in this model, NMDA recep-
tor blockers MK-801 (0.5 mg/kg i.p.), 2,5-DCK (10 nmol into the 

stimulated hilus), and ketamine (10 mg/kg i.p.) are administered 
10 min after the end of PPS aborted SE soon after injection. CNQX (10 
nmol into the hilus) injected after PPS induced only transient suppres-
sion of seizures, which reappeared 2–4 h after CNQX injection 
(Reproduced with changes from [72], © Elsevier 1999). (IV) Time-
dependent development of pharmacoresistance in SE induced by 
60  min PPS. (a) Pretreatment with diazepam (DZP) or phenytoin 
(PHT) prevented the development of SE. (b) Top: When injected 
10 min after PPS, neither of them aborted SSSE, although they short-
ened its duration. *p < 0.05 vs. control. #p < 0.05 vs. DZP and PHT, 
respectively, in a (pretreatment). Open bars show cumulative seizure 
time, and black bars show the duration of SE. (c–e) Representative 
time course of seizures in a control animal (c), an animal pretreated 
with diazepam (d), or an animal Fig.  1.1 (continued) injected with 
diazepam 10 min after PPS (e). Each line represents 2 h of EEG moni-
toring. Each software-recognized seizure is shown by a small black 
bar. PPS is indicated by gray bars on the top. Injection of diazepam is 
indicated by an arrow in d and e. Notice that, in the control animal, SE 
lasted for 17 h. In diazepam-pretreated rats, seizures occurred during 
PPS, but only a few seizures were observed within the first 20 min after 
PPS.  In the diazepam-posttreated animal, SE continued for 8 h. 
(Reproduced with changes from 44, © Elsevier 1998)
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leads to increased synaptic activity in limbic areas. Acutely, 
following injections of pilocarpine, normal hippocampal and 
cortical rhythms are transformed to spiking and then electro-
graphic seizures, which within an hour after injection become 
sustained, similar to human SE. This electrical activity is 
correlated with behavior, which consists of facial automa-
tisms, akinesia, ataxia, and eventually motor seizures and 
SE. Pathologic changes seen following induction of SE are 
similar to those seen in human brains and are an important 
paradigm in our effort to understand the pathologic process 
of epileptogenesis.

Turski et  al. [9] developed the pilocarpine model of 
SE. Honchar and Olney [11] showed that lithium pretreat-
ment reduces the dose of pilocarpine needed and the mortal-
ity from SE.  Buterbaugh [38] and Morrisett et  al. [39] 
showed that, in these chemical models, seizures become 
independent from the initial trigger, and self-sustaining, as 
they do in electrical stimulation models. Morissett et al. [39] 
administered atropine sulfate, which removed the choliner-
gic stimulus. This was effective in blocking status epilepti-
cus when given before the onset of behavioral seizures, but 
failed to stop SE after onset of overt seizures, demonstrating 
that different mechanisms are responsible for initiation and 
maintenance of SE and that self-sustaining SE can be trig-
gered by chemical as well as electrical stimulation. These 
results were extended to juvenile animals by Suchomelova 
et  al. [40]. The pilocarpine model can also be used to test 
potential AEDs for their effects on SE, as well as on the 
induction and evolution to chronic epilepsy.

�Studies of the Transition from Single Seizures 
to SE: GABAAR
GABAergic agents lose their therapeutic effectiveness as 
status epilepticus (SE) proceeds, and brief convulsant stimuli 
result in a diminished inhibitory tone of hippocampal cir-
cuits [41], as indicated by loss of paired-pulse inhibition 
in vivo. To examine the effects of SE on GABAA synapses, 
whole-cell patch-clamp recordings of GABAA miniature 
inhibitory postsynaptic currents (mIPSCs) were obtained 
from dentate gyrus granule cell in hippocampal slices from 
4- to 8-week-old Wistar rats after 1 h of lithium–pilocarpine 
SE and compared to controls [42]. Figure 1.2a shows that 
mIPSCs recorded from granule cells in slices prepared 1 h 
into SE showed a decreased peak amplitude to 61.8 ± 11.9% 
of controls (−31.5 ± 6.1 picoAmpere (pA) for SE vs. –51.0 ± 
17.0 pA for controls; p < 0.001) and an increase of decay 
time to 127.9 ± 27.6% of controls (7.75 ± 1.67 ms for SE vs. 
6.06 ± 1.17 ms for controls; p < 0.001). Unlike mIPSCs, 
tonic currents (Fig. 1.2b) increased in amplitude to a mean of 
−130.0 (±73.6) pA in SE vs. −44.8(±19.2) pA in controls (p 
< 0.05). Tonic currents are thought to be mediated by extra-
synaptic receptors containing δ subunits, which are known to 
display low levels of desensitization and internalization. 

Their persistence during SE might suggest that drugs with 
strong affinity for extrasynaptic receptors, such as neuros-
teroids, may be effective. Mathematical modeling of GABAA 
synapses using mean–variance fluctuation analysis and 
seven-state GABAA receptor models suggested that SE 
reduced postsynaptic receptor number by 47% [from 38 ± 15 
(control) to 20 ± 6 (SE) receptors per synapse; p < 0.001] 
(Fig. 1.2a). This may underestimate the acute changes, since 
slices collected from animals in SE were examined after 1–2 
seizure-free hours in vitro.

Immunocytochemistry was performed in rats perfused 
after 60  min of seizures induced by lithium–pilocarpine 
(Fig.  1.2c, d). These anatomical studies indicate that the 
decrease in number of synaptic receptors observed physio-
logically reflects, at least in part, receptor internalization. 
They show colocalization of the β2/3 subunits with the pre-
synaptic marker synaptophysin on the surface of soma and 
proximal dendrites of dentate granule cells and CA3a pyra-
mids in controls, with internalization of those subunits in SE 
(Fig. 1.2d). In the lithium–pilocarpine model at 60 min, 12 ± 
17% of β2/3 subunits are internalized in control CA3 com-
pared to 54 ± 15% in slices from rats in SE (p < 0.001). 
Numbers in CA1 were similar. We also found that the γ2 
subunits are internalized during SE [42].

In conclusion, a decrease in synaptic GABAA currents 
and an increase in extrasynaptic tonic currents are observed 
with SE.  Internalization/desensitization of postsynaptic 
GABAA receptors (possibly from increased GABA expo-
sure) can explain the decreased amplitude of synaptic mIP-
SCs, although an increase in intracellular chloride 
concentration may also play a role. These changes at 
GABAergic synapses may represent important events in the 
transition from single seizures to self-sustaining SE 
(Fig.  1.1). Since internalized receptors are not functional, 
this internalization may reduce the response of inhibitory 
synapses to additional seizures and may in part explain the 
failure of inhibitory GABAergic mechanisms which charac-
terizes the initiation phase of self-sustaining SE. The reduced 
synaptic receptor numbers also may explain the diminished 
effect of benzodiazepines and other GABAergic drugs as SE 
proceeds [43, 44] (Fig. 1.3, Table 1.1).

�Studies of the Transition from Single Seizures 
to SE: NMDAR
The self-perpetuating nature of SE suggests that synaptic 
potentiation may account for some of the maintenance 
mechanisms of SE. Indeed, we found that SE is accompanied 
by increased long-term potentiation (LTP) in the perforant 
path-dentate gyrus pathway [45]. Several mechanisms may 
underlie facilitation of LTP during SE. SE-induced loss of 
GABA inhibition, which occurs at a very early stage of stim-
ulation, may contribute to facilitation of LTP.  However, 
direct changes affecting excitatory NMDA receptors seem to 
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Fig. 1.2  (a) γ-Aminobutyric acid (GABA)A miniature inhibitory post-
synaptic currents (IPSCs) recorded from the soma of granule cells in 
hippocampal slices prepared from rats in lithium–pilocarpine-induced 
SE for 1 h show reduced amplitude but little change in kinetics. Our 

model predicts that this reflects reduced number of GABAA receptors 
from 38 ± 15 in controls to 20 ± 6 per synapse in slices from animals in 
SE. (b) In slices from rats in SE, tonic currents generated by extrasyn-
aptic GABAA receptors are increased, reflecting (at least in part)

I. Keselman et al.
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Fig. 1.3  Model summarizing our hypothesis on the role of receptor 
trafficking in the transition from single seizures to SE. After repeated 
seizures, the synaptic membrane surrounding GABAA receptors forms 
clathrin-coated pits (Cl), which internalize as clathrin-coated vesicles, 
inactivating the receptors since they are no longer within reach of the 
neurotransmitter GABA. These vesicles evolve into endosomes, which 
can deliver the receptors to lysosomes (L) where they are destroyed, or 

to the Golgi apparatus (G) from where they are recycled to the mem-
brane. By contrast, in NMDA synapses, after repeated seizures, recep-
tor subunits are mobilized to the synaptic membrane and assemble into 
additional receptors. As a result of this trafficking, the number of func-
tional NMDA receptors per synapse increases while the number of 
functional GABAA receptors decreases [37, 41]. Reproduced from 
Chen and Wasterlain ([1] @ Elsevier 2006)

Fig. 1.2  (continued) increased extracellular GABA concentration dur-
ing SE. (c) Subcellular distribution of β2–3 subunits of GABAA recep-
tors after 1 h of SE. In control granule cells (left) the β2–3 subunits of 
GABAA receptors (red) localize to the vicinity of the presynaptic 
marker synaptophysin (green), whereas after an hour of SE induced by 
lithium and pilocarpine (right), many have moved to the cell interior. 
(d) The graph shows an increase in β2–3 subunits internalization fol-
lowing SE in the hilus and in the Fig. 1.2 (continued) dentate gyrus 
granule cell layer. (e) NMDA miniature excitatory postsynaptic cur-
rents (NMDA-mEPSCs) mean traces from a typical granule cell from a 
control (red) and a SE animal (black), demonstrating larger amplitude 
and area-under-the curve (AUC) in the latter, indicating an increased 
response of the postsynaptic membrane to a quantum of glutamate 
released from a single vesicle, and suggesting an increase in NMDAR 

from 5 ± 1 NMDAR/synapse in controls to 8 ± 2 NMDAR/synapse in 
slices from rats in SE. (f) Subcellular distribution of NMDA NR1 sub-
unit-like immunoreactivity (LI) after 1 h of SE. Hippocampal sections 
through CA3 of control (a1) and SE (b1) brains stained with antibodies 
against the NR1 subunit-LI (red) and against the presynaptic marker 
synaptophysin-LI (green), with overlaps appearing yellow. Hippocampal 
sections of CA3 at higher magnification are shown in a2 and b2. Note 
increased NR1 subunit-LI colocalization with synaptophysin-LI in 
pyramidal cells for SE rat (bar—40 μm left panel; 10 μm right panel). 
(g) The number of colocalizations between NR1 subunits and synapto-
physin increases with SE at both the soma and proximal dendrites of 
CA3 pyramidal cells (error bars as ± SEM). Modified from Naylor et al. 
([42]: A-D. presented at a Meeting of Society of Neuroscience 2005) 
and 47: E-G, @ Elsevier 2013)
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also be involved. We compared 4–8-week-old rats in self-
sustaining SE for 1 h to controls [46]. Physiological 
measurements included NMDA miniature excitatory post-
synaptic currents (mEPSCs) recorded from granule cells in 
the hippocampal slice with visualized whole-cell patch 
(Fig. 1.2e). The mEPSCs showed an increase in peak ampli-
tude from −16.2 ± 0.4 pA for controls to −19.5 ± 2.4 for SE 
(p < 0.001). No significant changes in event decay time were 
noted. A slight increase in mEPSC frequency was noted for 
SE cells (1.15 ± 0.51 Hz vs. 0.73 ± 0.37 Hz; 0.05<p < 0.01). 
Mean–variance analysis of the mEPSCs showed an increase 
from 5.2 ± 1.2 receptors per synapse in controls to 7.8 ± 2 
receptors during SE (50% increase; p < 0.001). 
Immunocytochemical analysis with antibodies to the NR1 
subunit of NMDA receptors showed a movement of NR1 
subunits from cytoplasmic sites to the neuronal surface and 
an increase in colocalization with the presynaptic marker 
synaptophysin, suggesting a mobilization of “spare” sub-
units to the synapse (Fig. 1.2f, g).

In conclusion, during SE, endocytosis/internalization of 
GABAA postsynaptic receptors is accompanied by an 
increase in excitatory NMDA synaptic receptors. Receptor 
trafficking may regulate the balance between excitatory and 
inhibitory postsynaptic receptor numbers and may be an 
important element in the transition to and maintenance of SE 
(Fig. 1.3, Table 1.1).

�Chemical Models of SE: Kainic Acid

Kainic acid is a naturally occurring algal neurotoxin that 
activates excitatory kainate-type glutamate receptors and 
causes seizures in marine mammals and birds up the food 
chain. This model has been used since the observation was 
made that the injection of kainate generates repetitive sei-
zures and causes damage in hippocampal neurons [13]. This 
model and others lead to generation of chronic seizures fol-
lowing the initial SE. SE is induced by giving kainate either 
systemically (i.e., intravenously, intraperitoneally) or intra-
cranially (i.e., intraventricularly, intrahippocampally). 
Kainic acid can be administered as a large single dose or 
smaller doses given repetitively [13]. Most experiments are 
performed on standard laboratory rats, but other animals 
have been used, including both male and female mice and 
dogs. Recordings from the hippocampal and cortical leads 
will show spikes and repetitive clinical and subclinical (elec-
trographic) seizures and SE. These animals usually go on to 
develop chronic epilepsy with spontaneous convulsive and 
non-convulsive seizures. Pathological changes seen follow-
ing kainate administration resemble those seen in human 
patients with temporal lobe epilepsy (TLE) and mesial tem-
poral sclerosis (MTS) and include neuronal cell loss and 
gliosis. As with prior models, these animals can be used to 
test potential AED treatment in SE, as well as effects on 
behavior and on induction and course of chronic epilepsy.

�Chemical Models of SE: Nerve Agents

Soman, or GD, is an organophosphate (pinacolyl meth-
ylphosphonofluoridate) that inactivates acetylcholinesterase, 
thus causing increased acetylcholine concentration in the 
central and peripheral nervous system synapses; this leads to 
induction of SE as well as to salivary hypersecretion, neuro-
muscular junction block, depressed respiration, and death. 
SE induces neuroinflammation leading to neuronal cell death 
and gliosis in the piriform cortex, hippocampus, amygdala, 
and thalamus [47]. Rat models have been mostly used, and in 
most animals, epileptiform activity continues for 4 h and in 
some survivors lasts up to 24 h.

Similar to the pilocarpine model of SE, the soman model 
can be used to study the role of the cholinergic system in SE. 

Table 1.1  Time-dependent changes in physiology of SE and treatment 
implications

Time
Changes/effects on 
excitability

Classes of medications 
working at this level and 
likely becoming 
inefficient due to 
status-induced changes in 
underlying physiology

Milliseconds–
seconds

Protein phosphorylation
Alternation in ion 
channel function
Changes in 
neuromodulators and 
neurotransmitters
Receptor desensitization

Drugs that work on 
GABA transmission
Drugs that work on 
Na+, K+, Ca++ ion 
channels

Seconds–
minutes

Receptor trafficking 
(relocation from and into 
the synapse)
Alterations in excitability 
secondary to changes in 
excitatory and inhibitory 
receptors at synapse
BBB dysfunction

Drugs that work on 
GABA transmission
Drugs that work on 
carbonic anhydrase 
and synaptic vesicle 
protein 2A

Minutes–
hours

Changes in neuropeptide 
modulators of 
excitability
Often maladaptive 
changes with overall 
increase in excitatory 
(substance P) and 
decrease in inhibitory 
(substance Y) peptides 
causing overall increase 
in excitability

Downstream effects 
are overall excitation

Hours–days/
weeks

Long-term effects in 
gene expression
(i.e., inflammatory 
genes)
BBB dysfunction persists
Inflammation

Gene modification 
therapy
Anti-inflammatory 
medications
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Unlike the pilocarpine model, however, organophosphate 
administration leads to alteration in nicotinic receptor signal-
ing in addition to the muscarinic receptors. Moreover, 
GABAergic and glutamatergic systems have been shown to 
play an important role in this model, once again supporting 
the complex physiology of SE [48, 49].

Sarin, or GB, is an organophosphate developed in Germany 
in 1938. It is a clear and odorless liquid which constitutes a 
weapon of mass destruction, according to the Centers of 
Disease Control and Prevention [50]. When administered at 
high doses, sarin causes seizures and respiratory suppression 
in humans [51]. It was used by terrorists in Japan in 1994 and 
1995 in a subway attack. The epidemiological consequences 
of the 1994 exposure were analyzed and revealed hundreds of 
affected people including seven deaths [52].

In addition to commonly used models of pilocarpine, kai-
nate, and soman/sarin, many of the chemical convulsants are 
able to induce SE when used in high-enough doses. Among 
other well-studied models are cobalt–homocysteine [53], 
flurothyl [54], bicuculline [55], and pentylenetetrazol [56].

�In Vitro Models Used to Study Basic  
Physiology of SE

Here we will describe a few commonly used techniques used 
to study molecular, cellular, and network changes, resulting 
from SE; a more detailed review of basic science techniques 
is beyond the scope of this chapter.

�Brain Slices
A special preparation of brain tissue, termed brain slices 
[57], is used to study basic physiology of SE and neural tis-
sue in general. Slice preparation allows investigators to 
answer questions, which would otherwise be difficult to 
address in vivo. This preparation gives access to deep brain 
structures and allows one to study tissue properties in the 
context of preserved local networks. Depending on a study 
question, a researcher can slice a whole brain or a structure 
of interest, i.e., hippocampus.

Slice preparations are used to look at acute or chronic 
changes: acute, by inducing epileptiform discharges directly 
in the slice, and chronic by using brains from animal models 
of SE described in prior sections. Slices, once prepared, are 
then manipulated using electrical or pharmacological meth-
ods. Composition of the perfusion solution is usually altered 
in order to address specific questions.

The following models are used to study physiology  
of SE [58]:

4-Aminopyridine Model
4-Aminopyridine (4-AP) is a potassium channel blocker that 
mainly acts on presynaptic sites to decrease repolarization of 

cell membranes. Administration of 4-AP reproducibly 
induced epileptiform discharges in in vitro preparations and 
has been reported to be a proconvulsant in humans. Its effect 
at the network circuitry has been attributed to enhancement 
of the glutaminergic tone and neutralization of the 
GABAergic inhibition [59].

In hippocampal slices, stimulating electrode is usually 
positioned in the dentate gyrus, and extracellular recordings 
are made via a recording electrode in CA3, while the slice is 
continuously perfused with artificial cerebrospinal fluid 
(aCSF) containing 4-AP.  Bipolar stimulating electrode is 
used to induce spontaneous epileptiform bursting, which 
starts within 5 min following application of 4-AP and disap-
pear following its removal. In a recent paper, Salami et al. 
studied effects of 4-AP on high-frequency oscillations 
(HFOs) showing correlation between presence of HFOs and 
seizure progression to SE [60].

Low Magnesium Model
This model is used in entorhinal–hippocampal slices while 
testing effects of drugs on epileptic discharges by measuring 
extracellular field potential recordings in areas of interest, i.e., 
the entorhinal cortex or CA1. In these slices, epileptiform 
activity evolves over time and becomes resistant to 
BDZ. Similarly to 4-AP model, effects of potential antiepilep-
tic on extracellular field recordings and single-cell physiology 
can be studied in real time; Heinemann et al. used this model 
to study effects of SE on energy metabolism and cell survival 
and showed that calcium played an important role in coupling 
mitochondrial ATP production to ionic homeostasis [61].

High Potassium Model
Solution containing high potassium evokes epileptiform dis-
charges [62]. Different concentrations of potassium are 
needed to evoke this activity in different areas, and its effects 
are studied by using extracellular field recording and whole-
cell techniques. Furthermore, lowering extracellular calcium 
concentration or blocking synaptic transmission in addition 
to high potassium leads to induction of long-lasting ictal pat-
terns [63, 64].

Organotypic Slice Culture Model
Obtained from neonatal rodents, this preparation allows for 
slices to be kept in culture for weeks, while cells continue to 
differentiate eventually producing tissue organization simi-
lar to that in situ [65, 66]. However, the circuitry is modified 
by mossy fiber sprouting and other factors. Just as other slice 
models, this one can be used to study physiology of SE using 
EP and intracellular techniques described above. This model 
is unique in that it allows slices to be kept for longer periods 
of time thus allowing one to study long-term changes in 
physiology in the absence of acute trauma and chronic drug 
effects including effects of reactive oxygen species [67].
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Brain slice preparation is an important technique, which 
enables one to access and study status-induced changes in 
network physiology and individual cell types. It also allows 
one to easily test potential lifesaving medications. However, 
one has to be aware of its limitations while interpreting 
experimental results. One of the biggest limitations is an 
ability to examine only a microcircuit within a given slice, 
because connections to other parts of the brain are cut.

In summary, slice preparation allowed the scientific com-
munity to easily access and examine otherwise hard to reach 
brain areas. However, one should be aware of the limitations 
of slice preparation in interpreting experimental results. 
Correlation with other in vitro or in vivo techniques is often 
required to validate study results.

�Other Techniques
A variety of in vitro techniques are used in combination with 
in vivo models to address specific questions in status epilep-
ticus physiology, as well as to run necessary controls (i.e., 
animals injected with saline instead of kainate). This is an 
important point to mention, because most experiments done 
on human tissue, which are usually performed in the context 
of epilepsy surgery, lack them.

Intrinsic Optical Imaging
Intrinsic optical imaging technique performed on the intact 
cortex or a brain slice allows study of SE-induced dynamic 
changes in network anatomy and physiology, i.e., induction of 
neuronal hypersynchrony, by visualization fluctuations in light 
reflection that correlate to changes in neuronal activity [68].

Dissociated Cultures
In addition, brains or hippocampi can be dissociated into 
individual cells in order to study specific cellular effects. For 
example, hippocampal calcium levels have been shown to be 
elevated in animals that develop chronic seizures following 
episode of SE.  For example, SE-induced changes in ion 
metabolism can be addressed by using hippocampal neuro-
nal cultures. Phillips et al. have used this technique to study 
effects of hyperthermia on calcium entry and showed that 
temperature changes specifically effected NMDA and ryano-
dine receptors, but not voltage-gated calcium channels [69].

However, it is important to point out that in vitro prepara-
tions lack the behavioral manifestations of clinical seizures 
or SE to confirm the validity of the models. When interpret-
ing data obtained using these experimental techniques, one 
should be cognitive of the uncertainties inherent in these 
models.

Combination of various techniques allows scientists to 
address a problem at multiple levels, i.e., looking at synaptic 
changes at subcellular level, studying whole-cell effects, and 
examining alterations of neuronal network properties. In 
addition, imaging techniques that were developed initially 

for humans, i.e., magnetic resonance imaging (MRI), com-
puted tomography (CT), and PET, are also adopted for ani-
mals. This type of approach might bring a more 
comprehensive understanding of the basic mechanisms of 
SE.

�Pathophysiological Changes During SE

Experimental evidence from animal models points to SE 
being a complex self-sustaining phenomenon associated 
with changes in molecular, cellular, and network physiology 
(Table 1.1).

It is now evident that basic physiology gets altered in as 
quickly as milliseconds after onset of SE and continues to 
change for hours, weeks, and months after its termination. 
Within seconds of initial SE, changes in protein phosphory-
lation and ion channel function are seen. Within minutes, 
alterations in synaptic function become apparent, which are 
followed by, at least in part, maladaptive changes in excit-
atory/inhibitory balance. Within hours, increases in gene 
expression and new synthesis of neuropeptides occur, lead-
ing to increase in proconvulsant neuropeptides (i.e., sub-
stance P) and decrease in inhibitory neuropeptides (i.e., 
neuropeptide Y) [70] which bring further imbalance toward 
excitability. On this time scale, changes in the blood–brain 
barrier (BBB) are seen as well. These persist for weeks after 
SE is terminated. The above changes are then followed by 
long-term changes in gene expression, which among other 
things lead to extensive changes in neuronal firing and induc-
tion of neuroinflammation and result in extensive cell death 
as seen on pathological specimens collected from patients 
who die as a consequence of SE [1]. This process is also 
important for epileptogenesis since animal models of SE 
also develop chronic epilepsy.

Due to differences in etiology and genetic factors, these 
changes and their progression rate most likely vary from 
individual to individual, and one could expect that antisei-
zure measures, medications, or otherwise will have different 
effects in different patients. Thus, it is not surprising that 
treatment of SE is different than that of a single seizure or 
chronic epilepsy and changes in time as SE progresses and 
transforms from impending to established to refractory/
superrefractory or subtle form [71].

�Lessons from Animal Models of SE

�SE Is Maintained by an Underlying Change 
in Limbic Circuit Excitability That Does Not 
Depend on Continuous Seizure Activity
Perihilar injection of the α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPA)/kainate receptor 

I. Keselman et al.



13

blocker 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 
10  min after 30  min performant path stimulation (PPS), 
strongly suppressed electrographic and behavioral seizures 
(Fig. 1.1-III-E). However, 4–5 h after injection of CNQX, 
electrographic spikes and seizures reappeared, and soon after 
that, behavioral convulsions recurred. Despite the effective 
seizure and spike suppression for hours, total time spent in 
seizures over 24 h (253 + 60 min vs. 352 + 80 min in con-
trols) and the time of occurrence of the last seizure (627 + 
40 min vs. 644 + 95 in controls) did not significantly differ 
from controls [72]. The change in excitability triggered by 
SE had outlasted the drug and did not depend on continuous 
seizure activity in recurrent limbic circuits. The anatomical 
substrate of that change resides in limbic circuits. The limbic 
circuit that maintains SSSE, however, is very similar (but not 
identical) in many models and types of SE: once it gets 
going, it is self-sustaining, stereotyped, and no longer 
depends on the original stimulus.

�The Initiation and Maintenance Phases of SE Are 
Pharmacologically Distinct
Pharmacologically, a large number of agents are able to 
induce SSSE (Table  1.2), suggesting that the circuit that 
maintains self-sustaining seizures has many potential points 
of entry. However, pharmacological responsiveness during 
initiation of SSSE and during established SSSE are strik-
ingly different. Minute amounts of many agents, which 
enhance inhibitory transmission or reduce excitatory trans-
mission, easily block the development of SSSE (Table 1.2), 
suggesting that brain circuits are biased against it and that all 
systems must “go” in order for the phenomenon to develop. 

However, once seizures are self-sustaining, few agents are 
effective in terminating them, and they usually work only in 
large concentration. The most efficacious agents are blockers 
of NMDA synapses or presynaptic inhibitors of glutamate 
release (Table 1.2).

�Initiation Is Accompanied by a Loss of GABA 
Inhibition
Prolonged loss of paired-pulse inhibition occurs after brief 
(<5 min) perforant path stimulation in vivo, with the paired-
pulse population spike amplitude ratio (P2/P1) increasing 
from the baseline, consistent with the involvement of 
GABAA synaptic receptors, and confirming the results of 
Lothman, Kapur, and others [26, 42–44]. Intracellular 
recordings showing SE-associated loss of mIPSCs 
(Fig. 1.2a) and immunohistochemical evidence of GABAAR 
internalization (Fig. 1.2c, d) confirm the loss of GABA inhi-
bition during SE.

�Maintenance of SSSE Depends on the Activation 
of NMDA Receptors
Intraperitoneal administration of the NMDA receptor blocker 
MK801 (0.5 mg/kg) after 60 min of performant path stimula-
tion effectively aborted SE [72]. Other NMDA receptor 
blockers, 5,7-dichlorokinurenic acid (10 nmoles injected 
into the hilus), and ketamine (10 mg/kg i.p.) stopped both 
behavioral and electrographic seizures within 10 min after 
drug injection (Fig.  1.1-III-B, C, D). However, in more 
severe models of SE, NMDAR blockers used alone are less 
successful and need to be combined to GABAAR agonists to 
terminate SE [73].

�Time-Dependent Development 
of Pharmacoresistance
Pretreatment with diazepam (0.5–10 mg/kg), or phenytoin 
(50 mg/kg), before beginning stimulation, effectively pre-
vented the development of SSSE (Fig.  1.1-IV). When 
administered 10 min after the end of 30 min PPS, diazepam 
in the same doses induced strong muscle relaxation and 
ataxia. However, electrographic seizures continued. 
Phenytoin (50 mg/kg) effectively aborted SSSE when 
injected 10 min after 30 min PPS, but failed when injected 
10 min after 60 min PPS [44]. In other words, the same dose 
which was very effective as pretreatment failed after SSSE 
was established. The reduction through endocytosis of the 
number of GABAA receptors available at the synapse 
(Fig.  1.2a, c, d) may explain the loss of benzodiazepine 
potency: the clathrin-binding site, which is the mediator of 
endocytosis, is located on the benzodiazepine-binding γ2 
subunit of GABAA receptors. SE can also decrease GABAA 
receptor effectiveness due to desensitization, and to chloride 
shift into neurons, making the opening of chloride channels 
less effective [43, 74].

Table 1.2  Agents important in different stages of SE

Initiators
Blockers  
of initiation phase

Blockers of 
maintenance 
phase

•	 Low Nao
+, High Ko

+

•	 GABAA antagonists
•	 Glutamate agonists: 

NMDA, AMPA, 
kainate, low Mgo

++ , 
low Cao

++, stimulation 
of glutamatergic 
pathways

•	 Cholinergic 
muscarinic agonists, 
stimulation of 
muscarinic pathways

•	 Tachykinins (SP, 
NKB)

•	 Galanin antagonists
•	 Opiate δ agonists
•	 Opiate κ antagonists

•	 Na+ channel 
blockers

•	 GABAA agonists
•	 NMDA 

antagonists, high 
Mgo

++

•	 AMPA/kainate 
antagonists

•	 Cholinergic 
muscarinic 
antagonists

•	 SP, neurokinin B 
antagonists

•	 Galanin
•	 Somatostatin
•	 NPY
•	 Opiate δ 

antagonists
•	 Dynorphin (κ 

agonist)

•	 NMDA 
antagonists

•	 Tachykinin 
antagonists

•	 Galanin
•	 Dynorphin
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�Maladaptive Seizure-Induced Receptor 
Trafficking Plays a Role in the Development 
of Pharmacoresistance
Once SE gets going, standard anticonvulsants loose much of 
their effectiveness, as discussed above. A prominent compo-
nent of that change is a decrease in the number of synaptic 
GABAA receptors (Fig. 1.2a), due mainly to GABAA recep-
tor internalization into endosomes (Fig.  1.2c), where the 
receptor no longer behaves as a functional ion channel, 
greatly reducing the response to benzodiazepines [42, 75].

�Potentiation of NMDA Synaptic Responses May 
Play a Role in Maintaining SE
This is due principally to receptor trafficking which increases 
the number of active NMDA receptors at the synapse 
(Fig. 1.2e, f, g), with consequences for maintenance of sei-
zure activity and for development of excitotoxic neuronal 
injury [46, 76].

�Therapeutic Implications of Seizure-Associated 
Receptor Trafficking

�The Case for Polytherapy
Standard treatment (benzodiazepine monotherapy) is aimed 
at enhancing the function of the remaining synaptic 
GABAAR. [1, 77]. Benzodiazepines allosterically stimulate 
chloride flux through γ2-containing synaptic GABAAR, and 
this can restore inhibition as long as a sufficient number of 
receptors remain on the postsynaptic membrane. If treatment 
is late, and a high proportion of GABAAR are internalized, 
benzodiazepines may not be able to fully restore GABA-
mediated fast inhibition. However, even if GABAergic inhi-
bition is successfully restored, this only addresses half the 
problem. The increase in functional NMDAR and the result-
ing runaway excitation and potential excitotoxicity remain 
untreated. Treating both changes induced by seizure-induced 
receptor trafficking would require using two drugs when 
treating early and three drugs when treating late. This may be 
why, in some models of SE, NMDA antagonists have been 
reported to remain effective late in the course of SE [72]: 
they correct maladaptive changes, which are usually 
untreated. Optimal treatment to reverse the results of seizure-
induced receptor trafficking would include a GABAAR ago-
nist (e.g., a benzodiazepine), an NMDAR antagonist, and if 
treating late, an antiepileptic drug (AED) to restore inhibi-
tion by stimulating a non-benzodiazepine site.

�If Treatment Is Delayed, Triple Therapy  
May Be Needed
The increasing internalization of GABAAR with time (or 
more likely with seizure burden, which during SE increases 
with time) makes it unlikely that a high number of synaptic 

GABAAR will remain available in synapses for ligand 
binding. Even maximal stimulation with benzodiazepines 
may not be able to fully restore GABAergic inhibition. In 
addition to midazolam and ketamine, a third drug (e.g., an 
AED) is then needed to enhance inhibition at a non-benzodi-
azepine site. The choice of the best drug which works syner-
gistically with midazolam and ketamine is critical and is the 
focus of our current research [73].

�Timing of Polytherapy Is Critical
Standard treatment of SE and CSE uses sequential polyther-
apy, since each drug that fails to stop seizures is rapidly fol-
lowed by another drug or treatment. Typically, a benzodiazepine 
(midazolam, lorazepam, or diazepam) is followed by another 
AED (e.g., fosphenytoin), then by a “newer” AED (e.g., val-
proate, levetiracetam, or lacosamide), then by general anesthe-
sia, and, after several anesthetics fail, by ketamine or other less 
commonly used drugs. However sequential polytherapy takes 
time, since one has to wait for a drug to fail before starting the 
next one. During that time, receptor changes which are not 
treated by the initial drug (e.g., NMDAR changes if the first 
drug is a benzodiazepine) are likely to get worse and may 
be  intractable by the time a drug which targets them (e.g., 
ketamine) is used many hours or even days later. We should 
consider giving drug combinations early (simultaneous poly-
therapy) in order to reverse the effects of receptor trafficking 
before they become irreversible.

�The Earlier the Better
Early treatment is essential, the progressive nature of recep-
tor changes, and the fact that they probably occur quite early 
[41, 42] suggests that time is of the essence. One should treat 
as early in the course of SE as possible. The success of pre-
hospital treatment [78] and the impressive clinical benefit of 
early intramuscular drug delivery [78] support the applica-
bility of that principle to clinical SE.

In summary, recent progress in our understanding of the 
pathophysiology of SE and CSE requires a drastic reevalua-
tion of the way we treat those syndromes. The unquestion-
able benefits of monotherapy for chronic epilepsy may not 
apply to SE/CSE, an acute, life- and brain-threatening condi-
tion. Polytherapy with drug cocktails addressing the seizure-
induced maladaptive changes that occur needs to be evaluated 
and may provide at least a partial solution to the problem of 
overcoming pharmacoresistance during SE.

�Issues Commonly Encountered  
in Translational Research

The scientific community learned a tremendous amount 
about SE from the animal models. But despite this progress, 
our knowledge of human condition and its treatments 
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remains to be improved. Animal models use a homogenous 
population of healthy animals and induce SE with one par-
ticular method, electrical stimulation of a specific brain 
region or drug, acting on a particular neurotransmitter sys-
tem. In contrast, human SE develops on an individual genetic 
background and has a variable etiology such as stroke, TBI, 
inflammation, infection, or metabolic derangement. This 
interplay between the etiology of SE itself and the individu-
al’s genetic background may explain some of the difficulty in 
treating SE that we encounter in clinical practice. But despite 
these limitations, experimental evidence collected from the 
aforementioned animal models helps us understand the 
underlying pathophysiology and guides us toward develop-
ment of better, more effective antiepileptic treatments. 
Animal models remain a necessary tool in our fight against 
disease in general and SE in particular.

�Conclusions

SE is a medical emergency with high morbidity and mortal-
ity, especially in the elderly. The scientific community 
learned a tremendous amount about SE from animal mod-
els, but translation from bench to bedside has been 
extremely slow. Unfortunately, economic disincentives to 
large-scale clinical trials in a field with limited potential 
sales have restricted the role of industry, but strong recent 
interest in SE and its treatment may offer hope for the 
future. Our knowledge of this grave human condition and 
its treatment needs to be improved. A transformation from 
discrete seizure to SE, which is not fully understood, makes 
the brain proconvulsant and hyperexcitable and leads to 
development of pharmacoresistance to most, if not all, 
pharmacological agents. Established SE requires ICU level 
of care with availability of ventilation support. Continuous 
EEG monitoring is helpful in guiding the treatment and 
providing prognostic predictions. It should be used if avail-
able. A well-organized team approach among the members 
of the ICU, neurology, EEG/epilepsy specialists, and the 
clinical neuropharmacist is crucial to managing SE suc-
cessfully. Good clinical evidence for treating refractory SE 
is sparse, and it will take many years before evidence-based 
standardized guideline could be established. In this conun-
drum gap, as we learn more and more about pathophysiol-
ogy of SE, it will become even more important for practicing 
physicians to utilize their clinical judgment that adheres to 
the principles established from basic researches, such as 
awareness of the fast development of pharmacoresistance 
or including antiepileptic agents with anti-glutamate recep-
tor properties in treating refractory cases. By doing so, we 
might have the best chance of optimizing neuroprotection 
in treating SE.
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Impact of Seizures on Outcome

Iván Sánchez Fernández and Tobias Loddenkemper
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�Introduction

Electrographic seizures in the intensive care unit (ICU) are 
frequent and often subclinical. In a series of 570 patients 
(495 adults and 75 patients younger than 18 years of age) 
who underwent continuous EEG monitoring (cEEG), sei-
zures were detected in 110 (19%), and seizures were exclu-
sively nonconvulsive (subclinical) in 101 (92%) [1]. In a 
series of 550 pediatric patients (ages 1 month to 21 years) 
who underwent cEEG in the ICU, 162 (30%) had electro-
graphic seizures, and 61 of 162 (38%) had electrographic 
status epilepticus (SE) [2].

Electrographic seizures and electrographic SE are increas-
ingly recognized, and they are associated with worse out-
comes in neonates [3–6], children [2, 4, 5, 7–9], and adults 
[10–12]. However, it is currently unknown whether they 
impact outcome or are a biomarker of a more severe underly-
ing etiology, hence the lack of clear guidelines on how 
aggressively to treat them. This chapter aims to address this 
gap in knowledge by summarizing currently available litera-
ture on how electrographic seizures and electrographic SE 
influence outcome in different populations of critically ill 
patients.

�Continuous Electroencephalogram 
Monitoring

The burden of electrographic seizures in the ICU is increas-
ingly recognized as cEEG becomes more available. cEEG 
monitoring is growing exponentially at a pace of approxi-
mately 30% per year both in adults [13] and children [14]. In 
a large series of 5949 adults (>17 years of age) with mechan-
ical ventilation in the USA, cEEG use increased by 263%, 
and the number of hospitals reporting cEEG use nearly dou-
bled from 135 to 244 over the 4-year study period between 
2005 and 2009 [13]. cEEG use increased by an average of 
33% per year—much more than the average 8% increase per 
year in routine EEG use during the same period [13]. A sur-
vey of pediatric neurologists from 50 US and 11 Canadian 
leading hospitals showed that cEEG use also increased by 
approximately 30% from August 2010 to August 2011 [14]. 
During that 1-year period, the number of patients with cEEG 
monitoring per month and per site increased from a median 
[and 25th and 75th percentiles (p25–p75)] of 6 (5–15) to 10 
(6.3–15) in the USA and from 2 (1–2.5) to 3 (2–4.5) in 
Canada [14]. ICUs are the main drivers of this increase in 
cEEG monitoring. A survey of 137 intensivists and neuro-
physiologists from 97 adult ICUs in the USA reported a 43% 
increase in the number of cEEG per month during a 1-year 
period [15]. Further, in an ideal situation with unlimited 
resources, respondents would monitor between 10 and 30% 
more patients (depending on specific cEEG indications), and 
18% would increase cEEG duration [15].

However, resources are limited and relatively minor 
changes in cEEG monitoring strategies can lead to major dif-
ferences in the rate of seizure detection and in costs [16], 
specifically by identifying patients at greatest risk. Using 
readily available variables, a proposed model can guide the 
use of limited resources to those patients who will benefit 
more from EEG monitoring [17]. In a cost-effectiveness 
analysis of electrographic seizures in the pediatric ICU, 
cEEG monitoring for 1 h, 24 h, and 48 h would identify 55%, 
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85%, and 89% of children experiencing electrographic 
seizures, respectively [18]. The preferred strategy (specifi-
cally, higher cost-effectiveness for detection of a patient with 
seizures) would be cEEG monitoring for 1 h if the decision-
maker was willing to pay <$1666, for 24 h if willingness to 
pay was $1666–$22,648, and for 48 h if willingness to pay 
was >$22,648 [18]. Seizure detection is used as a surrogate 
end point for the real outcome of interest: outcome improve-
ment. Several studies show that electrographic seizures and 
electrographic SE are independently associated with worse 
outcomes in neonates [3–6], children [2, 4, 5, 7–9], and 
adults [12, 19], but there is no conclusive evidence that early 
detection and treatment of electrographic seizures improves 
outcome [16]. However, a study showed that even minor 
improvements in outcome may make up for the tentative 
economic burden of cEEG monitoring [20]. If cEEG yielded 
an increase in quality-adjusted life years (QALYs) of as little 
as 3%, cEEG monitoring for 24 h would be more cost-effec-
tive than not performing an EEG or performing a one-hour 
EEG [20]. For QALY increases of 3–6%, both 24 h and 48 h 
monitoring (depending on willingness to pay per QUALY) 
would be cost-effective compared to not performing an EEG 
or a one-hour EEG [20]. For QUALY increases of more than 
seven percent cEEG monitoring for 48 h would be the more 
cost-effectiveness strategy [20]. Unfortunately, these cost-
effectiveness data cannot be translated into objective clinical 
decision-making because there is no data on how much—if 
at all—detection and treatment of electrographic seizures 
influences outcome. Hence, there is an urgent need for high-
quality and quantitative estimates of the influence of electro-
graphic seizures on outcome.

�Terminology

For the purposes of this review, we define electrographic sei-
zures as abnormal, paroxysmal electroencephalographic 
events that differ from the background activity and evolve in 
frequency, morphology, and spatial distribution on EEG [21]. 
We classified seizures into electroclinical seizures when there 
is a clinical correlate and electrographic-only seizures when 
they are asymptomatic or have very subtle clinical features 
detected only during video-EEG review [21]. For the pur-
poses of this overview, we refer to electrographic SE as unin-
terrupted electrographic seizures lasting at least 30  min or 
repeated electrographic seizures totaling more than 30 min in 
any 1 h period [2, 6, 9, 22, 23], although lower time thresh-
olds like 5 min are gaining popularity following the literature 
on convulsive SE [24].

We only considered outcomes that were objectively 
defined in the primary studies such as in-hospital death, 
death at 30 days after an index event (such as stroke or sep-
sis), or functional outcomes defined with a widely used scale 

such as the Glasgow Outcome Scale. The literature is skewed 
toward short-term outcomes, and this review reflects the 
available data. We focused our review on outcome data from 
adult studies.

�Literature Search Methods

We performed a PubMed search up to September 2015 using 
different combinations of the following terms: “seizures,” 
“nonconvulsive seizures,” “electrographic seizures,” “epi-
lepsy,” “critical,” “intensive care unit,” “sepsis,” “septic 
shock,” “traumatic brain injury,” “subarachnoid hemor-
rhage,” “stroke,” “brain infarct,” “intracranial bleeding,” 
“cardiac surgery,” “cardiac arrest,” and “brain tumor.” The 
initial searches returned 4627 articles. Additional 589 papers 
were identified from relevant articles from a manual search 
of cited references. After screening and exclusion of abstracts 
(and when relevant, full-text manuscripts), 76 articles were 
included in this literature review (Fig. 2.1).

�Electrographic Seizures in the Intensive Care 
Unit

Electrographic seizures and electrographic SE are frequent 
and are often associated with poor outcome in critically ill 
patients [11]. In a study of 201 adults in a medical ICU with-
out known acute neurologic injury, 21 patients (10%) had 
electrographic seizures, 34 (17%) had periodic epileptiform 
discharges, 10 (5%) had both, and 45 (22%) had either elec-
trographic seizures or periodic epileptiform discharges [12]. 
Electrographic seizures were electrographic-only (not clini-
cally detectable) in most patients (67%) [12]. After control-
ling for age, coma, renal failure, hepatic failure, and 
circulatory shock, the presence of electrographic seizures or 
periodic epileptiform discharges was associated with death 
or severe disability, with an odds ratio of 19.1 (95% CI, 6.3–
74.6) [12]. In a large series of 5949 adult (>17 years) patients 
who underwent mechanical ventilation (as a proxy for ICU 
stay) and in whom a routine EEG or a cEEG was performed, 
the use of EEG was independently associated with lower in-
hospital mortality (OR = 0.63, 95% CI, 0.51–0.76) with no 
significant difference in cost or length of stay [13].

However, electrographic seizures are not always an inde-
pendent predictor of poor outcome. In a series of 247 adult 
(>17 years) patients presenting to the emergency department 
with seizures who either died in the emergency department 
or were admitted to the ICU, ten patients died in hospital, 
and nine were discharged to hospice for a total of 19 (7.7%) 
patients with a poor prognosis [25]. The causes of death 
(septic shock in three patients, cocaine-associated intracra-
nial hemorrhage in two, cardiac death in two, ruptured 
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cerebral aneurysm in one, acute ischemic stroke in one, and 
ethylene glycol ingestion in one) suggest that the primary 
etiology and not the seizures was largely responsible for 
mortality [25]. Independent risk factors for poor outcome 
were early intubation (OR 6.44, 95% CI, 1.88–26.6) and 
acute intracranial disease (OR 5.78, 95% CI, 1.97–18.6) 
[25]. In contrast, presence of SE was not associated with a 
poor outcome in this series [25].

Whether electrographic seizures worsen outcome inde-
pendent of the underlying etiology or whether they are just a 
biomarker of a more severe underlying lesion is a matter of 
ongoing discussions and study, and there are significant hur-
dles to appropriately answer this question best. First, the fre-
quency of electrographic seizures reported in the literature is 
inherently biased due to confounding by indication as most 
patients only undergo cEEG when clinically indicated. A 
survey of 330 neurologists showed that the most common 
indications for performing cEEG monitoring in critically ill 
patients were altered mental status with or without seizures, 
subtle eye movements, acute brain lesion, and paralyzed 
patient in the ICU [26], but indications vary between and 
within centers. Second, patients might be misclassified as 
not having electrographic-only seizures because they occur 
prior to initiation of monitoring or after cEEG is discontin-
ued. cEEG is most commonly used for at least 24 h if there 
are no electrographic seizures and, when detected, main-
tained for at least 24 h after the last seizure [26]. However, in 
certain populations such as patients with non-traumatic sub-
arachnoid hemorrhage, the first seizure can occur later than 
48 h [27] and might be missed when monitoring routinely for 

24–48 h. Last, the impact of seizures on outcome might be 
etiology specific; electrographic seizures might cause 
marked outcome worsening in subarachnoid hemorrhage but 
not in brain tumors. Studies that analyze heterogeneous and 
broad etiologic categories jointly might bury associations in 
individual subgroups. In the following sections, we summa-
rize the impact of electrographic seizures on outcome in dif-
ferent subgroups of critically ill patients (Tables 2.1 and 2.2).

�Outcome in Sepsis

EEG background abnormalities and electrographic seizures 
are common in patients with sepsis [28]. In a series of 71 
adults with septic shock, 43 patients underwent EEG for 
clinical signs of coma, delirium, or seizure, and 13 (30.2%) 
had electrographic seizures [29]. Based on the limited litera-
ture available, sepsis is a risk factor for electrographic sei-
zures, and when patients present with seizures and sepsis, 
outcomes are poor. In a series of 201 patients admitted to the 
ICU for acute neurologic injury, sepsis on admission was the 
only independent predictor of electrographic seizures, and 
electrographic seizures were independent predictors of death 
or severe disability at hospital discharge with an OR of 19.1 
(95% CI, 6.3–74.6) [12]. In another series, 100 of 154 adults 
in a surgical ICU developed sepsis, and among these patients 
24 (15.6%) had electrographic seizures and 8 of 24 (33.3%) 
patients had electrographic SE [30]. Electrographic seizures 
(including electrographic SE) were independently associated 
with poor outcome (death, vegetative state, or severe 

Fig. 2.1  PRISMA flowchart 
of the literature search 
methods and results

2  Impact of Seizures on Outcome
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disability) at hospital discharge, with an OR of 10.4 (95% 
CI, 1–53.7) [30]. Further data are needed to evaluate the 
impact of electrographic seizures during sepsis on long-term 
outcome and to elucidate whether treatment modifies 
outcome.

�Outcome in Traumatic Brain Injury

Electrographic seizures are frequent following traumatic 
brain injury (TBI) and are often associated with poor out-
comes. In a series of 94 adults with moderate to severe TBI, 
electrographic seizures occurred in 21 (22.3%) patients 
including 6 with electrographic SE [31]. In this study, 11 of 
21 (52.4%) patients had electrographic-only seizures [31]. 
Patients with electrographic seizures had similar outcomes 
as compared to patients without electrographic seizures, but 
the six patients with electrographic SE died (100% mortal-
ity), compared to 24% mortality in the non-seizure group 
[31], suggesting that the presence of SE (and not only the 
presence of seizures) was associated with worse outcomes.

Electrographic seizures following TBI are also frequent 
in children, especially during the first 2 years of life [32, 33]. 
In a series of 144 children with TBI and cEEG, 43 (29.9%) 
patients had electrographic seizures, 17 of whom had 
electrographic-only seizures [33]. The presence or absence 
of electrographic seizures or status epilepticus did not cor-
relate with discharge outcome, classified in only three broad 
categories: death, discharge to rehabilitation facility, and dis-
charge to home [33]. In a series of 87 children with TBI and 

Table 2.1  Summary of studies that suggest that electrographic sei-
zures independently worsen outcome

Author and year Population Main finding

Glass et al. [3], 
Lambrechtsen et al. 
[4], McBride et al. [5], 
Pisani et al. [6]

Neonates Electrographic seizures 
and electrographic SE are 
independent predictors of 
poor outcomes

Abend et al. [2], 
Lambrechtsen et al. 
[4], McBride et al. [5], 
Gwer et al. [7], Payne 
et al. [8], Topjian et al. 
[9]

Children Electrographic seizures 
and electrographic SE are 
independent predictors of 
poor outcomes

Oddo et al. [12], 
Foreman et al. [11], 
Claassen et al. [10]

Adults Electrographic seizures 
and electrographic SE are 
independent predictors of 
poor outcomes

Vespa et al. [36] Adults with 
TBI

Increase in brain 
extracellular glutamate 
during electrographic 
seizures

Vespa et al. [37] Adults with 
TBI

Patients with 
electrographic seizures had 
higher elevations of 
intracranial pressure and 
lactate/pyruvate ratio than 
matched controls

Ko et al. [79] Single adult 
post-cardiac 
arrest

Electrographic seizures 
were time-locked with 
reductions in brain tissue 
oxygen tension, increases 
in cerebral blood flow, and 
increases in brain 
temperature

SE Status epilepticus, TBI Traumatic brain injury

Table 2.2  Summary of the association of seizures with worse outcomes in different conditions

Experimental 
models

Clinical studies: 
short-term outcomes

Clinical studies: 
long-term outcomes Comments

Sepsis ? + ? Unclear whether electrographic seizures impact 
outcomes or just reflect a more severe underlying 
lesion

Traumatic brain 
injury

+ + − Unclear whether electrographic seizures impact 
outcomes or just reflect a more severe underlying 
lesion

Subarachnoid 
hemorrhage

+ + + The inflammatory cascade of blood products in the 
brain causes worse outcomes through 
electrographic seizures

Stroke (ischemic or 
hemorrhagic)

? − − Electrographic seizures are not independent 
predictors of outcome in most studies

Cardiac surgery ? + + Heterogeneous group with multiple potential 
confounders

Cardiac arrest + + + Electrographic seizures cause additional damage in 
the human brain

Tumor − − − Electrographic seizures more frequent in slow-
growing tumors

+ Data supporting a positive association, − Data supporting lack of an association, ? Unknown/limited evidence
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cEEG admitted to the ICU, 37 (42.5%) patients had electro-
graphic seizures, 14 of whom had electrographic-only sei-
zures [32]. Outcomes at hospital discharge—measured more 
precisely with the King’s Outcome Scale for Childhood 
Head Injury—were worse in patients with clinical and sub-
clinical SE, electrographic-only seizures, and electrographic 
SE [32].

Worse outcomes might simply reflect a more severe 
underlying etiology. However, some studies suggest that 
electrographic seizures contribute to poor outcomes. In a 
series of 140 patients with moderate to severe TBI and 
cEEG, 32 (22.9%) patients had electrographic seizures [34]. 
A subgroup of patients had volumetric MRI at baseline 
(within 2 weeks of TBI) and 6 months after TBI [34]. Among 
these, six had electrographic seizures and were compared 
with a control group of ten patients matched by Glasgow 
Coma Scale, CT lesion, and occurrence of surgery [34]. 
Patients with electrographic seizures had greater hippocam-
pal atrophy on follow-up as compared to those without sei-
zures (21% vs 12%, p = 0.017) [34]. Further, hippocampi 
ipsilateral to the electrographic seizure focus demonstrated a 
greater degree of atrophy as compared with contralateral hip-
pocampi (28% vs 13%, p = 0.007) [34]. These data suggest 
that post-TBI electrographic seizures cause long-term ana-
tomic damage [34].

The underlying mechanism by which post-TBI electro-
graphic seizures cause worse outcomes may be related to the 
dysregulation between excitation and inhibition. In a mouse 
model of TBI, glutamate signaling was elevated and 
GABAergic interneurons were reduced following controlled 
cortical impact—an experimental equivalent to moderate to 
severe TBI [35]. In parallel, spontaneous excitatory postsyn-
aptic current increased, and inhibitory postsynaptic current 
decreased after controlled cortical impact [35]. Similar dys-
regulation is described in humans. In a series of 17 adults 
with severe TBI, a microdialysis probe measured extracellu-
lar glutamate during the first week post-TBI [36]. Transient 
elevations in extracellular glutamate occurred during periods 
of decreased cerebral perfusion pressures of less than 70 
mmHg, but also during seizures with normal cerebral blood 
perfusion [36]. Dysregulation of brain metabolism may ele-
vate intracranial pressure and may lead to worse outcomes. A 
study in adults with moderate to severe non-penetrating trau-
matic brain injury evaluated cEEG and cerebral microdialy-
sis for 7 days after the traumatic brain injury [37]. Matched 
for age, CT lesion, and initial Glasgow Coma Scale, ten 
patients with electrographic-only seizures (seven with 
electrographic SE) were compared with ten patients without 
electrographic seizures [37]. Patients with post-traumatic 
electrographic-only seizures experienced a higher mean 
intracranial pressure, a greater percentage of time of elevated 
intracranial pressure, and a more prolonged elevation of 
intracranial pressure beyond post-injury hour 100 as com-

pared with patients with no post-traumatic electrographic 
seizures [37]. Similarly, the lactate/pyruvate ratio was ele-
vated for a longer period of time and more often in patients 
with post-traumatic electrographic-only seizures [37]. In ten 
patients with electrographic-only seizures, a within-subject 
design compared the time periods 12 h before seizure and 12 
h after seizure onset within the same patients [37]. Seizures 
led to episodic increases in intracranial pressure, in lactate/
pyruvate ratio, and in mean glutamate level [37]. These find-
ings have been confirmed on a series of 34 patients with 
severe traumatic brain injury in whom brain microdialysis 
showed that the lactate/pyruvate ratio increased during sei-
zures and pseudoperiodic discharges, but not during non-
epileptic epochs [38]. These results suggest that intracranial 
pressure and lactate/pyruvate ratio go up in response to 
electrographic-only seizures, and not vice versa. 
Electrographic-only seizures may therefore not only repre-
sent a simple biomarker of brain damage, but may contribute 
to further brain damage, at least in the context of traumatic 
brain injury.

Prior studies suggest that seizures contribute to worse 
outcomes by causing additional damage. Therefore, prophy-
lactic AED use to reduce seizure burden, and to improve out-
comes, has been contemplated. However, a Cochrane review 
of randomized clinical trials found that AED prophylaxis in 
TBI reduced the risk of early seizures (within 1 week of TBI) 
but not late seizures or mortality [39]. In summary, post-TBI 
electrographic seizures lead to further brain damage, but to 
date there is lack of evidence that electrographic seizure con-
trol after TBI improves outcomes.

�Outcome in Subarachnoid Hemorrhage

Electrographic seizures are particularly frequent and appear 
relatively late in patients with subarachnoid hemorrhage. 
Electrographic seizures occurred in 8 of 69 (11.6%) patients 
with non-traumatic high-grade subarachnoid hemorrhage 
[27]. In this study, the initial 17 patients underwent cEEG for 
clinical suspicion of electrographic seizures, which occurred 
in 3 (17.7%) patients [27]. The following 52 patients under-
went cEEG as part of a protocol for subarachnoid hemor-
rhage, regardless of clinical suspicion, and electrographic 
seizures occurred in 5 (9.6%) patients [27]. Among the 35 
patients monitored per protocol and without a clinical suspi-
cion of seizures, electrographic seizures occurred in 3 (8.6%) 
patients [27]. While high clinical grade of the subarachnoid 
hemorrhage was associated with poor outcome, the presence 
of electrographic seizures was not [27]. In a series of 402 
patients with subarachnoid hemorrhage, seizure burden was 
independently associated with outcome so that every hour of 
seizure on cEEG was associated with an OR of 1.1 (95% CI, 
1.01–1.21) to 3-month disability and mortality [40].

2  Impact of Seizures on Outcome
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In contrast, other studies showed an association between 
electrographic seizures and poor outcome. In a series of 479 
adult patients with subarachnoid hemorrhage, 53 (11%) had 
electrographic seizures [10]. Patients with electrographic 
seizures had increased clinical and laboratory inflammatory 
biomarkers, and the degree of inflammation was an indepen-
dent predictor of electrographic seizures [10]. On univariate 
analysis, both inflammatory burden during the first 4 days 
and the presence of electrographic seizures were associated 
with poor outcome [10]. But after correction for other poten-
tial confounders, only electrographic seizures remained a 
predictor of poor outcome [10]. Further, mediation analysis 
showed that the effect of inflammation on outcome was 
mediated through the presence of electrographic seizures 
[10]. In summary, this study suggests that blood products in 
the brain may trigger an inflammatory cascade which causes 
electrographic seizures and, eventually, poor outcomes [10].

The concept that inflammatory cascades cause or contrib-
ute to seizures, and these impact outcome, is clinically rele-
vant because it implies that anti-inflammatory products may 
reduce seizures. In fact, targeted anti-inflammatory treat-
ments have controlled seizures or brain damage in animal 
models. In a rat model of inflammation—induced either by 
intestinal inflammation which increases tumor necrosis fac-
tor alpha (TNFα) or by direct infusion of TNFα—neuronal 
excitability increased with severity of inflammation. Central 
antagonism of TNFα prevented increase in seizure suscepti-
bility [41]. Further, in a rat model of subarachnoid hemor-
rhage, the administration of IL-1RA—an interleukin-1 
(IL-1) antagonist—reduced blood-brain barrier breakdown 
and the extent of brain injury [42].

Despite promising animal models, anti-inflammatory 
therapy for seizure prevention in subarachnoid hemorrhage 
is not ready for clinical use. A more realistic goal in sub-
arachnoid hemorrhage may be outcome prediction based on 
cEEG results. In a series of 116 patients on cEEG following 
subarachnoid hemorrhage and with 3 months functional fol-
low-up (measured with the modified Rankin Scale), the 
absence of sleep architecture (OR, 4.3) and the presence of 
periodic lateralized discharges (OR, 18.8) independently 
predicted poor outcome [43]. Additionally, outcome was 
poor in all patients with lack of EEG reactivity or state 
changes within the first 24 h, generalized periodic epilepti-
form discharges, or bilateral independent periodic lateralized 
epileptiform discharges and in 92% of patients with noncon-
vulsive SE [43].

cEEG may not only predict, but it may also modify out-
come in patients with subarachnoid hemorrhage by early 
detection of delayed cerebral ischemia. In a series of 34 
patients with subarachnoid hemorrhage, 9 (26.5%) patients 
developed delayed cerebral ischemia [44]. Visual analysis of 
cEEG demonstrated new onset slowing or focal attenuation 

in seven of nine patients with delayed cerebral ischemia 
(77.8%) [44]. Further, decreases in alpha power to delta 
power ratio identified patients with delayed cerebral isch-
emia with a very high sensitivity and a reasonable specific-
ity: a cutoff of six consecutive recordings with more than 
10% decrease in alpha power to delta power ratio from base-
line yielded a sensitivity of 100% and a specificity of 76%; a 
cutoff of any single measurement with more than 50% 
decrease in the ratio yielded a sensitivity of 89% and a speci-
ficity of 84% [44]. In summary, cEEG detects electrographic 
seizures and/or delayed cerebral ischemia in patients with 
subarachnoid hemorrhage and in the appropriate clinical set-
ting may improve outcomes.

�Outcome in Stroke

Seizures occur frequently after stroke, particularly when it 
involves a hemorrhagic component or conversion from isch-
emic to hemorrhagic. In a study of 6044 patients with stroke, 
190 (3.1%) patients experienced clinical seizures within the 
first 24 h, and these were more frequent in hemorrhagic than 
in ischemic stroke [45]. On univariate analysis, patients with 
seizures had a higher 30-day mortality rate than patients 
without seizures (32.1% vs 13.3%) [45]. Clinical seizures 
might represent only “the tip of the iceberg” as electro-
graphic-only seizures might be overlooked without cEEG 
monitoring. In a series of 109 patients with stroke, electro-
graphic seizures within 72 h occurred in 21 (19.3%) patients: 
18 of 63 (28.6%) patients with intracranial hemorrhage, and 
in 3 of 46 (6.5%) patients with ischemic stroke [46]. On uni-
variate analysis, posthemorrhagic seizures worsened the 
NIH Stroke Scale and increased midline shift [46]. However, 
on multivariate analysis, seizures did not independently pre-
dict outcome [45, 46]. Similarly, clinical seizures within 30 
days of non-traumatic supratentorial hemorrhage occurred in 
57 of 761 (7.5%) patients, but seizures were not independent 
predictors of in-hospital mortality [47]. In concordance with 
these results, electrographic seizures occurred in 32 of 102 
(31%) adults with non-traumatic intracerebral hemorrhage 
who underwent cEEG monitoring [48]. In this series, 20 
(20%) patients died in the hospital, and 5 patients had poor 
neurological outcome including coma, persistent vegetative 
state, or minimally conscious state [48]. Independent factors 
associated with poor outcome (defined as death, vegetative 
or minimally conscious state) at hospital discharge were 
coma at the time of hospital admission (OR 9, 95% CI, 2.4–
34.3), intracranial hemorrhage volume of 60 ml or more (OR 
4.4, 95% CI, 1.2–15.7), presence of periodic epileptiform 
discharges (OR 7.6, 95% CI, 2.1–27.3), periodic lateralized 
epileptiform discharges (PLEDs) (OR 11.9, 95% CI, 2.9–
49.2), and focal stimulus-induced rhythmic, periodic, or ictal 
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discharges (SIRPIDs) [48]. In this series, lower systolic 
blood pressure on admission was protective (OR 0.9, 95% 
CI, 0.9–1 per mmHg), but the presence of electrographic sei-
zures did not influence outcome [48]. In summary, after non-
traumatic intracranial hemorrhage, clinical seizures occur in 
approximately 3–8% of patients, but many seizures are sub-
clinical, and EEG detects electrographic seizures in approxi-
mately 20–30% of patients. However, based on available 
data, seizures were not independent predictors of outcome.

Further, seizures were also not clearly associated with 
acute deterioration following stroke. In a series of 266 
patients with non-traumatic intracranial hemorrhage, early 
neurological deterioration occurred in 61 (22.9%) patients 
and was associated with an eightfold increase in poor out-
come; however, seizures were not a predictor of early neuro-
logical deterioration [49].

Considering more detailed outcome features, late seizures 
are weakly associated with subsequent development of epi-
lepsy. In a series of 1897 patients with stroke, seizures 
occurred in 168 (8.9%) patients: 28 of 265 (10.6%) patients 
with hemorrhagic stroke and 140 of 1632 (8.6%) patients 
with ischemic stroke [50]. Recurrent seizures occurred in 47 
of 1897 (2.5%) patients with late first seizure onset as sole 
risk factor for epilepsy following ischemic stroke. In this 
series, the authors did not find risk factors following hemor-
rhagic stroke [50]. Mechanistically, early seizures may fre-
quently reflect brain irritation by blood products, while late 
seizures may often be related to gliosis and scarring [51]. In 
a series of 110 patients who underwent clot evacuation after 
intracerebral hemorrhage, the frequency of seizures was par-
ticularly high, occurring in 41%: early-onset seizures (within 
2 weeks) in 31% and late-onset seizures in 10% [52]. 
Independent predictors of early-onset seizures were volume 
of hemorrhage, presence of subarachnoid hemorrhage, and 
subdural hemorrhage, and independent predictors of late-
onset seizures were subdural hemorrhage and increased 
admission international normalized ratio (INR) [52]. These 
results suggest that the severity of the bleeding is related to 
seizure development. Therefore, these authors recommended 
prophylactic antiepileptic therapy for patients with severe 
intracranial hemorrhage [52]. However, the value of AEDs 
in intracranial hemorrhage remains unclear. In a study where 
5 of 295 (1.7%) patients with intracranial hemorrhage had 
seizures, the use of AEDs was an independent risk factor for 
poor outcome after 90 days [53]. The deleterious effects of 
stroke and SE appear to act synergistically, so that mortality 
is three times higher when there is SE on an ischemic stroke 
compared to when there is only an ischemic stroke [54]. In 
summary, poststroke seizures are not independent predictors 
of outcome [50, 51], and their treatment does not necessarily 
improve prognosis [53]. However, the presence of SE may 
worsen prognosis, especially in ischemic stroke [54].

�Outcome After Cardiac Surgery

Seizures after cardiac surgery are relatively frequent, espe-
cially in neonates, and are associated with worse short-term 
outcome in most studies. In a series of 2578 patients who 
underwent cardiac surgery, clinical seizures occurred in 31 
(1.2%) cases [55]. Compared to patients without seizures, 
patients with seizures experienced an almost fivefold 
increase (29% vs 6%) in in-hospital mortality, a higher inci-
dence of all major postoperative complications, and a lower 
one-year survival rate (53% vs 84%) [55]. In contrast, a 
study of 101 adult patients (>18 years) who underwent sub-
hairline cEEG after cardiac surgery found that 3 (3%) had 
electrographic seizures—two electroclinical and one 
electrographic-only—but the presence of electrographic sei-
zures did not affect morbidity or mortality [56]. Of note, lack 
of correlation between electrographic seizures and outcome 
in this particular study may have been related to a limited 
EEG montage utilizing a four-channel subhairline EEG 
applied in the frontal and temporal regions with a typical 
sensitivity of 68% (95% CI, 45–86%) and a specificity of 
98% (95% CI, 89–100%) for detecting seizures as compared 
to a regular 10–20 electrode placement [56, 57]. Further, 
only three patients had seizures, limiting statistical analyses 
in the series [56].

In newborns, electrographic seizures following cardiac 
surgery are particularly frequent and associated with worse 
short-term outcomes. Thirteen of 161 (8%) neonates under-
going cardiac surgery had seizures, and these were 
electrographic-only seizures in most patients (11; 85%) [58]. 
Acute mortality was higher among neonates with seizures 
(38% vs 3%) [58]. In contrast, the effect of electrographic 
seizures on more subtle outcomes, such as neurodevelop-
mental outcomes, remains to be defined. From a series of 
164 survivors of neonatal cardiac surgery, 114 underwent 
developmental evaluation utilizing Bayley Scales of Infant 
Development II at 1 year of age [59]. Electrographic seizures 
occurred in 15 of 114 (13%) patients, but developmental out-
comes were not different in patients with and without a his-
tory of seizures [59]. However, cEEG after cardiac surgery 
might help in delineating short-term outcomes. In a series of 
723 adults who underwent cardiac surgery, neurological dys-
function within 24 h after surgery occurred in 12 patients: 
five did not regain consciousness after surgery, four had a 
clinical event suspicious for seizure, and three had neuro-
logical deficits [60]. Among the five patients who did not 
regain consciousness, two (40%) were in electrographic-
only SE: one died during hospitalization, and the other 
received aggressive treatment for electrographic-only sei-
zures and was discharged to an acute rehabilitation facility 
[60]. Among the 12 patients with neurological dysfunction, 5 
(42%) patients died during the admission, 4 (33%) were dis-
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charged home, and 3 (25%) were discharged to an acute 
rehabilitation facility [60]. Numbers are small to evaluate 
whether cEEG results can reliably predict outcomes, but 
among the five patients with an EEG reactive to noxious 
stimuli, some were discharged home (three patients) or to an 
acute rehabilitation facility (two patients), while among the 
seven patients with a nonreactive EEG, five (71%) patients 
died [60]. It is likely that some of these poor outcomes can be 
attributed to relatively high frequency of stroke in children 
undergoing cardiac surgery [61, 62].

�Outcome After Cardiac Arrest

Electrographic SE is common after cardiac arrest. A study of 
101 adults on therapeutic hypothermia and cEEG following 
cardiac arrest found that electrographic SE occurred in 12 
(12%) patients [63]. In this series, electrographic SE marked 
a poor prognosis with only 1 of 12 (8%) patients surviving—
in a vegetative state [63]. In a study of children with thera-
peutic hypothermia after cardiac arrest, 9 of 19 (47.4%) 
children had electrographic seizures, of whom 6 had electro-
graphic SE [64]. In this study five patients died: three with 
severely abnormal EEG backgrounds and electrographic sei-
zures and two with mild/moderate EEG backgrounds and 
without seizures [64]. In a series of 106 adults on therapeutic 
hypothermia and cEEG after cardiac arrest, 33 (31%) patients 
had electrographic SE [65]. One year after cardiac arrest, 31 
(29%) patients had favorable outcomes, and electrographic 
SE was the most relevant predictive factor of poor outcome 
[65]. cEEG helps to predict both good and poor outcome 
after cardiac arrest: in a series of 56 adults on therapeutic 
hypothermia and cEEG after cardiac arrest, 27 (48%) patients 
had a good neurological outcome, and 29 (52%) patients had 
a poor neurological outcome [66]. Low-voltage or isoelectric 
EEG patterns within 24 h of cardiac arrest predicted poor 
neurological outcome with a sensitivity of 40%, a specificity 
of 100%, a negative predictive value of 68%, and a positive 
predictive value of 100% [66]. Low-voltage or isoelectric 
EEG patterns predicted poor neurological outcome better 
than bilateral absent N20 responses with a sensitivity of 
24%, a specificity of 100%, a negative predictive value of 
55%, and a positive predictive value of 100% [66].

However, cEEG is resource-intensive. Therefore, reduced 
EEG montages and automated EEG analyses are being eval-
uated as a cheaper approach for outcome prediction after car-
diac arrest [67]. Reduced versions of the EEG such as 
continuous amplitude-integrated EEG predict outcome as 
demonstrated by a series of 95 adults on therapeutic hypo-
thermia, regular cEEG, and amplitude-integrated cEEG after 
cardiac arrest [68]. In this series, an initial flat amplitude-
integrated EEG did not have prognostic value, but a continu-
ous EEG pattern at the start of the recording was associated 

with recovery of consciousness in 87% of the patients, a con-
tinuous EEG pattern at normothermia was associated with 
recovery of consciousness in 90% of the patients, and sup-
pression burst was always associated with eventual death 
[68]. Myoclonic SE after cardiac arrest has been classically 
considered incompatible with good outcome. However, in 
the era of therapeutic hypothermia, a growing body of evi-
dence shows that some patients may recover after myoclonic 
SE following cardiac arrest [69–78].

Electrographic seizures, as well as abnormal EEG back-
ground patterns, may simply be a marker of severity for the 
underlying encephalopathy. However, some results suggest 
that electrographic seizures independently contribute to 
brain damage and worse outcomes. In an 85-year-old patient 
who underwent hypothermia and multimodality monitoring 
after cardiac arrest, 17 electrographic seizures were time-
locked with reductions in brain tissue oxygen tension, 
increases in cerebral blood flow, and increases in brain tem-
perature [79]. These metabolic derangements normalized 
during interictal periods and after AED treatment stopped 
the seizures [79]. Therefore, electrographic seizures may 
impose an increase metabolic demand which cannot be met 
in the already damaged brain leading to further tissue dam-
age. More importantly, these findings suggest that timely 
treatment of seizures might halt additional damage.

�Outcome in Tumors

Clinical seizures are one of the most common presenting 
symptoms of intracranial tumors. Seizures occur more fre-
quently in slow-growing tumors than in aggressive tumors—
hence the fact that seizures may sometimes be actually 
considered to be a marker of good prognosis in brain tumors 
[80]. Seizures are also a marker of tumor recurrence after 
surgical resection. In a series of 332 adults who underwent 
initial surgery for low-grade gliomas, 269 (81%) had at least 
one clinical seizure before surgery [81]. Seizure freedom 
after resective surgery occurred in 67% of patients and was 
more frequent among those with gross-total resection than 
after subtotal resection or biopsy [81]. Seizure recurrence 
after initial postoperative seizure control was a marker of 
tumor progression with a proportional hazard ratio of 3.8 
(95% CI, 1.74–8.29) [81].

It is unclear how aggressive electrographic-only seizures 
should be treated. In a series of 947 EEGs in 658 patients 
with tumors, 26 episodes of electrographic SE were found in 
25 patients [82]. Among these, 11 (44%) patients had a pri-
mary brain tumor, 12 (48%) patients had a systemic tumor, 
and 2 (8%) had both [82]. Fifteen of 25 (60%) patients with 
electrographic SE had a new intracranial lesion defined as 
progression of neoplastic disease or a new unrelated lesion 
[82]. In this series, 3 of 25 (12%) patients died during 
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electrographic SE, but more aggressive AED treatment was 
not pursued as the patients received comfort care in a termi-
nal disease [82]. Based on limited literature, electrographic 
seizures associated with tumors likely represent a marker of 
the underlying pathology and do not significantly alter 
outcome.

�Pediatric Outcome

Electrographic seizures are frequent in critically ill children, 
occurring with a frequency of 7–46% depending on indica-
tions and clinical settings [8, 83–87]. However, it remains 
unclear whether electrographic seizures worsen outcome or 
they are mere biomarkers of a more severe underlying etiol-
ogy. In a study of children in coma, 74 of 204 (36.3%) had 
electrographic seizures, and they independently predicted 
poor outcome with an OR of 15.4 (95% CI, 4.7–49.7) [88]. 
In a series of children who underwent cEEG, 84 of 200 
(42%) had electrographic seizures, and 43 had electrographic 
SE [9]. In this study, electrographic seizures were not an 
independent predictor of mortality, but electrographic SE 
was with an OR of 5.1 (95% CI, 1.4–18) [9]. Therefore, the 
presence of SE may be independently associated with worse 
outcomes. In particular, in a series of 259 children with EEG 
monitoring, electrographic seizures occurred in 93 (35.9%) 
and electrographic SE in 23 patients [8]. Above a maximum 
seizure burden threshold of 20%—12 min—per hour, both 
the probability and the magnitude of neurological decline 
rose sharply [8]. On multivariable analysis, the odds of neu-
rological decline increased by 1.13 (95% CI, 1.05–1.21) for 
every 1% increase in maximum seizure burden per hour [8].

Seizure burden or severity is also associated with poor out-
comes in newborns [5]. In a series of 77 term newborns at risk 
for hypoxic-ischemic brain injury, the presence and severity 
of clinical seizures was an independent predictor of motor 

and cognitive poor outcome [3]. In a series of 56 newborns 
treated with hypothermia, seizures occurred in 17 (32.7%) 
and electrographic SE in 5 [89]. Moderate to severe brain 
injury was more common in newborns with seizures with a 
relative risk of 2.9 (95% CI, 1.2–4.5), and electrographic-
only seizures were associated with injury as electroclinical 
seizures [89]. In a series of 218 term infants with moderate to 
severe neonatal encephalopathy, children with no seizures on 
amplitude-integrated EEG had a higher incidence of death 
and severe neurodevelopmental disability at 18 months of age 
with an OR of 1.96 (95% CI, 1.02–3.74) [90].

�Conclusions

Electrographic seizures are common (10–40%) in critically 
ill newborns, children, and adults, and most cannot be 
detected without an EEG. It remains unknown whether elec-

trographic seizures worsen outcomes independently from the 
underlying cause, but available literature to date suggests an 
independent impact on outcome. Treatment may also have to 
be tailored taking underlying etiology into consideration.
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�Introduction

Nonconvulsive seizures (NCSzs) and nonconvulsive status 
epilepticus (NCSE) are increasingly recognized as a com-
mon occurrence in the ICU, where 6–59% of patients under-
going continuous EEG monitoring (cEEG) may have NCSz, 
depending on the study population [1–5] (Fig. 3.1). NCSz, as 
the term is used in this chapter, refers to electrographic sei-
zures with little or no overt clinical manifestations. NCSE 
occurs when NCSzs are prolonged; a common definition is 
continuous or near-continuous electrographic seizures last-
ing at least 30 min [6–8]. Some experts included recurrent 
electrographic seizures occupying more than 30 min in any 1 
h [9]. The Neurocritical Care Society guidelines on SE 
defined NCSE as any continuous electrographic seizure 
activity for ≥5  min [10]. More recently, ILAE taskforce 
defined SE as “a condition resulting from either the failure of 
mechanisms responsible for termination of seizures or from 
the initiation of mechanisms, which lead to abnormally pro-
longed seizures, after time point t1. It is a condition, which 
can have long term consequences (after time point t2) includ-

ing neuronal death, neuronal injury….” [11] For focal SE 
with impaired consciousness, the proposed t1 (after which 
seizures need to be acutely treated) is estimated to be 10 min, 
while the proposed t2 (after which more aggressive therapy 
may be justified) is >60 min [11]. Most patients with NCSz 
(about 75% averaging many studies) have purely electro-
graphic seizures [1] (Fig. 3.2), but NCSz can be associated 
with other subtle signs such as face and limb twitching, nys-
tagmus, eye deviation, pupillary abnormalities (including 
hippus), and autonomic instability [12–14]. None of these 
signs are highly specific for NCSz and are often seen under 
other circumstances in the critically ill patient; thus, cEEG is 
necessary to diagnose NCSz. In this chapter, we will discuss 
the implementation of cEEG in the critically ill and how to 
review the data, including available quantitative EEG (qEEG) 
tools that enable efficient review of the vast amount of raw 
EEG generated by prolonged monitoring. We will also 
review which patients are appropriate candidates for cEEG 
as well and the numerous EEG patterns that may be encoun-
tered. Finally, we will discuss future directions for cEEG and 
neurophysiological monitoring in the ICU.

�How to Monitor

Obtaining high-quality cEEG recordings in the ICU is a 
challenge. Adequate technologist coverage is necessary to 
connect patients promptly, including off hours, and maintain 
those connections 24 h/day. Critically ill patients are fre-
quently repositioned and transported to tests, which makes 
maintaining electrode integrity difficult. In both of our cen-
ters, we often employ collodion to secure disk electrodes and 
check the electrodes twice daily, usually supplemented by 
keeping the live recordings visible remotely to see which 
patients require electrode maintenance. Newer electrodes, 
such as subdermal wires, which may be more secure and lead 
to less skin breakdown, may be appropriate for comatose 
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patients who are expected to undergo cEEG for many days to 
weeks [15]. While these electrodes may take more time to 
apply, they require less maintenance and are MRI and CT 
compatible (both safe and not affecting image interpreta-
tion), thereby saving substantial technologist time. Concerns 
for image artifacts and patient safety make it necessary to 
remove and then reapply standard disk electrodes when 
patients undergo brain MRIs, but there has been some prog-
ress in creating practical MRI- and CT-compatible electrodes 
[16], including conductive plastic electrodes. Figure  3.3 
shows CT and MRI images taken with these electrodes in 
place displaying minimal image artifact and CT images in a 

different patient with considerable image artifact caused by 
the electrodes. MRI-compatible disposable plastic cup elec-
trodes are now commercially available and can be used in the 
ICU setting to minimize risk of transmitting infections [17].

There are numerous sources of artifact in the ICU envi-
ronment that make cEEG challenging. Some are easily iden-
tified and filtered out such as 60 Hz (or 50 Hz in Europe) line 
noise from nearby electrical equipment. Others, however, 
such as pacemaker artifact, chest percussion, vibrating beds, 
ventilator activity, and intravenous drips, may be difficult to 
distinguish from seizures or other rhythmic or periodic 
cerebral activities [18–20] (Fig.  3.4). Simultaneous video 

Fig. 3.1  Incidence of nonconvulsive seizures in different populations 
of critically ill children and adults. The confidence intervals were not 
reported by the studies, but were calculated based on the number of 
subjects in the study and the proportion of patients in whom nonconvul-
sive seizures were detected. Data is derived from (a) Abend NS, et al. 
Electrographic seizures in pediatric ICU patients: cohort study of risk 
factors and mortality. Neurology 2013; 81:383–391. (b) Abend NS, 
et  al. Electroencephalographic monitoring during hypothermia after 
pediatric cardiac arrest. Neurology 2009; 72:1931–1940. (c) Arndt DH, 
et al. Subclinical early posttraumatic seizures detected by continuous 
EEG monitoring in a consecutive pediatric cohort. Epilepsia 2013; 
54(10):1780–1788. (d) Carrera E, et al. Continuous electroencephalo-
graphic monitoring in critically ill patients with CNS infections. Arch 
Neurol 2008; 65 (12):1612–1618. (e) Claassen J, et  al. Detection of 
electrographic seizures with continuous EEG monitoring in critically ill 
patients: Neurology 2004; 62:1743–1748. (f) Claassen J, et  al. 
Electrographic seizures and periodic discharges after intracerebral 
hemorrhage. Neurology 2007; 69:1356–1365. (g) Crepeau AZ, et  al. 
Value analysis of continuous EEG in patients during therapeutic hypo-
thermia after cardiac arrest. Resuscitation 2014 (85):785–789. (h) 
Gilmore EJ, et al. Acute brain failure in severe sepsis: A prospective 
study in the medical intensive care unit utilizing continuous EEG moni-
toring. Intensive Care Med 2015; 41(4):686–694. (i) Mani R, et al. The 
frequency and timing of epileptiform activity on continuous electroen-
cephalography in comatose post-cardiac- arrest syndrome patients 

treated with therapeutic hypothermia. Resuscitation 2012 (83):840–
847. (j) O’connor KL, et al. High risk for seizures following subarach-
noid hemorrhage regardless of referral bias. Neurocrit Care 2014; 
21:476–482. (k) O’neill BR, et al. Incidence of seizures on continuous 
EEG monitoring following traumatic brain injury in children. J 
Neurosurg Pediatr 2015; 16: 167–176. (l) Oddo M, et al. Continuous 
Electroencephalography in the medical intensive care unit. Crit Care 
Med 2009; 37 (6): 2051–2056. (m) Payne ET, et al. Seizure Burden is 
independently associated with short-term outcome in critically ill chil-
dren. Brain 2014; 137: 1429–1438. (n) Ronne-Engstrom E , Winkler 
T. Continuous EEG monitoring in patients with traumatic brain injury 
reveals high incidence of epileptiform activity. Arch Neurol Scand 
2006; 114: 47–53. (o) Schreiber JM, et al. Continuous video EEG mon-
itoring for patients with acute encephalopathy in a pediatric intensive 
care unit. Neurocrit Care 2012; 17:31–38. (p) Topjian AA, et  al. 
Electrographic status epilepticus is associated with mortality and worse 
short-term outcome in critically ill children. Crit Care Med 2013; 41 
(1):210–213. (q) Vespa PM, et al. Nonconvulsive seizures after trau-
matic brain injury are associated with hippocampal atrophy. Neurology 
2010; 75 (9):792–798. (r) Vespa PM, et al. Acute seizures after intrace-
rebral hemorrhage: A factor in progressive midline shift and outcome. 
Neurology 2003; 60:1441–1446. (s) Westover B, et al. The probability 
of seizures during EEG monitoring in critically ill adults. Clinical 
Neurophysiology 2015; 126:463–471 (Published with kind permission 
from © Lawrence J. Hirsch, MD 2016. All Rights Reserved)
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recording is useful for distinguishing brain signals from arti-
fact, especially rhythmic patterns such as those seen with 
chest percussion. In addition, video recording helps correlate 
EEG patterns with patient behaviors. In some cases, periodic 
EEG patterns can be determined to be ictal if they are time-
locked to subtle patient movements [21]. In addition, some 
significant EEG patterns in the critically ill appear after the 
patient is stimulated, which is easily determined by review-
ing the video [22, 23] (see below).

The number of electrodes used in cEEG studies varies 
considerably. In both our centers, we typically perform “full 
electrode” recordings using 16 or more active electrodes in 
addition to one or two reference electrodes and cardiac 
leads. Other authors have used reduced electrode configura-
tions [24]. The advantage of a reduced electrode system is 
that it is faster to apply and easier to maintain. It is also 
easier to work around other neuro-monitoring devices, sur-
gical wounds, or ventricular drains common in neuro-ICU 
patients. However, a full electrode configuration improves 
the ability to distinguish brain signals from artifact, aids in 
spatial localization of pathological activity, and provides a 
safety factor in case one or more leads fail, including allow-
ing qEEG calculations and alarms to continue to function 
adequately [25]. In addition, reduced electrode methods, 

especially when coupled to qEEG tools, may miss clinically 
significant events. For instance, Shellhaas et al. [26] found 
that neonatologists evaluating amplitude-integrated EEG 
(aEEG) using only two electrodes for seizure detection, a 
technique employed in purpose-built devices common in 
neonatal ICUs, detected only 12–38% of seizures identified 
using conventional electrode arrangements. Although emer-
gent below-the-hairline EEG recordings have only moderate 
sensitivities and specificities [27], they are almost certainly 
better than no EEG at all; a full EEG should be done when 
possible to confirm or refute the results. Several disposable 
headpieces including pre-gelled electrodes are now avail-
able and can be utilized, allowing fast application by ICU 
nurses, house staff, and other staff not fully trained in EEG 
electrode application [28].

�Data Analysis

Several days of cEEG generates gigabytes of data that, in its 
raw form, is time consuming for a neurophysiologist to 
review, especially if many patients are being monitored 
simultaneously. Furthermore, the raw EEG may be difficult 
for non-experts, such as ICU physicians and nurses, to inter-

Fig. 3.2  Nonconvulsive status epilepticus. This is the EEG from a 
29-year-old man with a history of liver transplantation and chronic 
immunosuppression who presented with convulsive status epilepticus 
due to encephalitis. He was treated with intravenous anticonvulsants 
and movements ceased, but he remained comatose. His EEG demon-

strated electrographic seizure activity without clinical correlate. Low-
frequency filter (LFF) = 1 Hz, high-frequency filter (HFF) = 70 Hz, 
notch off (Published with kind permission from © Lawrence J. Hirsch, 
MD 2013. All Rights Reserved)
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pret at the bedside. Therefore, concerning electrographic 
events may not be noticed until several hours later, when the 
neurophysiologist reviews the file, unless real-time remote 
monitoring is performed continuously (currently available 
only in a minority of academic centers). Computing advances 
have enabled the use of qEEG algorithms to reduce the data 
and provide graphical representation of significant patterns 
and trends to speed review. Some of the commonly employed 
qEEG methods are discussed below (see [29] for a detailed 
review).

Many qEEG data reduction and trending tools are based 
on transforming the raw cEEG into a time-frequency series 
using algorithms such as short-time Fourier transform or 
continuous wavelet transform. Several hours of cEEG 
recordings can be reduced to a single screen of time-
frequency values using a compressed spectral array or den-
sity spectral array. The time-frequency data can be averaged 
over scalp regions or hemispheres to further reduce the data. 
Using these techniques, the abrupt changes in cEEG spectral 
power in a relatively narrow frequency range during seizures 
are highlighted, allowing quick assessment of seizure fre-

quency and duration (Fig. 3.5). Time-frequency transforma-
tion of the cEEG can be further manipulated to provide a 
single scalar value for each epoch of time. For instance, 
Claassen et al. [30] showed that the ratio of total hemispheric 
power in the alpha-frequency band (8–13 Hz) to the total 
power in the delta-frequency band (1–4 Hz) after maximal 
alerting, or poststimulation alpha-delta ratio (ADR), was the 
most useful qEEG parameter for detecting delayed cerebral 
ischemia in patients with high-grade subarachnoid hemor-
rhage (SAH) (see later). Hemispheric asymmetries in spec-
tral power, computed as ratio of left and right total power for 
all EEG frequencies or as relative differences at each fre-
quency, can be used to quickly identify focal seizures (e.g., 
Fig. 3.5). The greatest utility of reducing the cEEG to single 
scalar values is that these values can easily be displayed and 
interpreted on bedside monitors like heart rate and blood 
pressure. This could allow for early identification of neuro-
physiological events by the ICU staff and alarms to trigger 
patient examination and could lead to more responsive treat-
ment. Another measure used as part of quantitative EEG 
trending analysis is the rhythmicity spectrogram. This 

Fig. 3.3  CT- and MRI-compatible EEG electrodes. (a) A CT “scout” 
image demonstrating the placement of a full montage of conductive plas-
tic electrodes (white arrows) on the scalp of a patient undergoing cEEG 
monitoring. (b) An axial image from the CT scan from the same patient 
demonstrates minimal artifact due to the electrodes (white arrows). Note 
there is no evidence of “streaking” common to head CT with conven-

tional electrodes. (c) Axial FLAIR MRI performed 3 days later with elec-
trodes in place. Note only minimal image artifact near the scalp (white 
arrows). (d) Axial CT in a different patient with multicompartmental 
intracranial hemorrhage showing beam hardening CT artifact caused by 
intact standard metal electrodes (blue arrows) (Modified with kind per-
mission from © Lawrence J. Hirsch, MD 2013. All Rights Reserved)
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Fig. 3.4  Common ICU EEG artifacts. (a) Rhythmic bitemporal artifact 
due to chest compression in a medical ICU patient (arrow). (b) 
Respirator artifact due to fluid collecting in the tubing (arrow). These 
patterns are easily recognized on simultaneous video recording as they 
are synchronized with respirations. (c) Left temporal rhythmic wave-
forms (arrow) due to patting in an infant. This pattern is sometimes 
easy to confuse with seizures without video as it often shows a physio-
logical field with evolution in frequency and amplitude. (d) 

Semirhythmic right temporal artifact (black arrow) due to chest percus-
sion mimicking right LPDs or potentially ictal activity in a patient with 
true left hemisphere LPDs (white arrows). (e) Right occipital 6  Hz 
rhythmic artifact (arrow) due to automatic bed oscillation. (f) Rhythmic 
1–1.5 Hz artifact (arrow) due to chewing in an edentulous patient. LFF 
= 1 Hz, HFF = 70 Hz, notch off (Published with kind permission from 
© Lawrence J. Hirsch, MD 2013. All Rights Reserved)
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Fig. 3.5  qEEG trends (comprehensive panel view) from Persyst 12™ 
(Persyst. Inc.; San Diego, California) in a 24-year-old woman with SE. 
(a) 2 h qEEG page showing long-term trends: Artifact intensity (first from 
top) displays the amount of muscle artifact, vertical and lateral eye move-

ment present. The intensity of these artifacts may help determine the 
state of the patient. Seizure probability (2nd from top): Red bars display 
seizure probability on a scale from 0 to 1, as determined by Persyst sei-
zure detection algorithm. Rhythmicity spectrogram for left and right

G. Osman et al.
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measure highlights the rhythmic or periodic component of 
different frequencies, thus facilitating seizure identification. 
A diagonal pattern in particular is characteristic of seizures 
as it shows rhythmicity rapidly and consistently changing in 
frequency, a typical pattern of ictal evolution [29].

Other trending algorithms highlight amplitude measures, 
which can also be used to detect seizures. Amplitude-
integrated EEG (aEEG) displays compressed, smoothed, and 
full-wave rectified EEG signal (Fig.  3.5). It is particularly 
useful for assessing background amplitude and burst sup-
pression. aEEG is commonly used in commercial devices in 
neonatal ICUs [31] to assess the background EEG and occa-
sionally as an initial screening tool for detecting seizures, 
although aEEG may be inadequately sensitive and is proba-
bly not specific enough for detecting seizures [26]. Envelope 
trend displays median amplitude of raw EEG background 
activity within a specified frequency range in a chosen time 
period, thus minimizing the effect of transient change in 
EEG signal created by artifacts, which are common in the 
ICU environment [32]. Multiple seizure detection algorithms 
are now available and can be utilized for automated seizure 
detection in the ICU setting [33]. Nonetheless, reliance on 
qEEG tools without the ability to review the raw EEG for 
non-cerebral signals can lead to false-positive seizure detec-
tions; thus, qEEG should only be interpreted in conjunction 
with the raw EEG wave forms and in conjunction with 
skilled electroencephalographers with special training in 
ICU EEG whenever possible [34].

Quantitative EEG tools can also calculate the degree of 
burst suppression of the EEG background to allow for easy 
titration of medications to induce coma, a common treatment 
of status epilepticus or refractory elevated intracranial pres-
sure [35]. EEG-based monitors such as bispectral index [36], 
patient state index [37], Narcotrend [38] and entropy sys-
tems [38] have been in use in operating rooms and ICUs for 
nearly two decades to monitor depth of sedation. While these 
single-purpose devices use proprietary algorithms, evalua-
tion of the raw cEEG or qEEG measures can also provide 
information about arousal in the paralyzed patient [39]. Data 
on the utility of these algorithms in those with underlying 

neurological issues is limited, as is the use of these devices 
to detect seizures; this should not be done without confirma-
tion via review with expert review of raw EEG [40].

Several studies have evaluated the utility of qEEG trends 
analysis for seizure identification in critically ill individuals. 
Stewart et al. [41] investigated the sensitivity of qEEG for 
seizure identification in critically ill children by qEEG-naïve 
neurophysiologists and found that the median sensitivity of 
compressed spectral array (CSA) analysis was 83.3%, while 
that of aEEG was 81.5%. Missed seizures were more likely 
to be strictly focal, of low amplitude, or short duration [41]. 
In another larger study involving critically ill adults, 89% of 
seizures were identified utilizing CSA-guided review by 
qEEG-naïve neurology residents after receiving 2 h of qEEG 
training [42]. Another recent study evaluated the use of mul-
tiple qEEG panels for seizure identification and found that 
the overall sensitivity for seizure identification using these 
panels across all reviewer types was 84%, while the overall 
specificity was 69%. Interestingly, there was no statistically 
significant difference in sensitivities between the different 
reviewer groups (neurophysiologists, technologists, and 
neuroscience ICU nurses). Among four qEEG trends used in 
this study, rhythmicity spectrogram seemed to help the most 
in seizure identification [43]. These data further support the 
role for qEEG as a reliable tool for screening EEG and tar-
geting raw EEG review by both experienced and non-
experienced readers. qEEG-guided EEG review may save as 
much as 78% of EEG reading time without carrying a sig-
nificant impact on sensitivity [44].

In our experience, no one qEEG tool is appropriate for all 
patients or even for the same patient at all times. Situations 
may occur where one tool is more susceptible to certain arti-
facts or is less sensitive to the seizures the individual patient 
may have. Instead, we employ multiple tools simultaneously 
to screen the initial cEEG record and focus particularly on 
reviewing the raw EEG data at times where there appear to 
be clear changes in the qEEG measures from baseline. Once 
the patient’s seizure pattern is identified, the parameters of 
the qEEG tools can be further refined to highlight this pattern 
and improve the recognition of subsequent seizures.

Fig. 3.5   (continued) hemispheres (3rd and 4th from top, respectively) 
illustrates rhythmic components of different frequencies, darker colors 
being more rhythmic. FFT spectrogram for left and right hemispheres 
(5th and 6th from top, respectively) demonstrates power of different 
frequencies at different time periods. Time is displayed on x-axis, fre-
quencies on y-axis, and amplitude of power of different frequencies as 
different colors on z-axis (see color scale). Relative asymmetry spectro-
gram (7th from top): illustrates comparison of power of different fre-
quencies at homologous electrodes in each hemisphere (blue if higher 
power on left, red if on right). Suppression percentage (8th from top) 
displays the percent of the EEG record that is below a determined 
threshold amplitude (e.g., 10 μV). No EEG suppression is seen in this 
panel. aEEG (9th from top; combined left and right hemispheres; left, 
blue; right, red; overlap, pink): displays mean filtered and smoothed 

EEG amplitude (y-axis) across time (x-axis). FFT power ratio (last from 
top) illustrates alpha/delta ratio across time in both left (blue) and right 
(red) hemisphere. 26 seizures were detected in this 2 h page (black 
arrow heads), evidenced by surges in FFT power and aEEG, as well as 
evolving rhythmicity on rhythmicity spectral analysis. All of these sei-
zures were also detected by seizure probability index (red bars on sei-
zure probability index; 2nd panel from top). (b) 6 h qEEG page for the 
same patient shows significant decline in the number of seizures in the 
second half of the page. Using longer time windows allows for greater 
appreciation of long-term trends and assists in monitoring response to 
therapy. (c) Raw EEG for one of the detected seizures. LFF = 1 Hz, 
HFF = 70 Hz, notch off (Published with kind permission from © 
Lawrence J. Hirsch, MD 2016. All Rights Reserved)
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With Internet-based networking, it is now practical to 
monitor dozens of patients in multiple ICUs. If there is suf-
ficient network capability in the hospital, cEEG can be 
streamed live over the network and can be interpreted in 
real-time if needed (and personnel are available). In addition, 
cEEG can be reviewed remotely from home or from a distant 
hospital site using virtual private networks and virtual net-
work computing [25]. However, in current practice, cEEG is 
not yet truly real-time “monitoring” at most centers. In both 
our centers, records are routinely reviewed by neurophysi-
ologists or technologists two-three times daily; ACNS guide-
lines suggest a minimum of twice daily [34]. All new records 
should be interpreted as soon as possible. Ongoing records 
should be reviewed more frequently than just a few times per 
day if there are suspicious clinical events or medications are 
being titrated. However, as most NCSzs have little or no 
detectable clinical correlate, they may go unrecognized for 
several hours with only intermittent review. It is clear that we 
need to move toward continuous real-time monitoring via 
use of quantitative EEG alarms and around-the-clock “neu-
rotelemetrists” to respond to the alarms and review the long-
term trends. Several academic centers are already doing this.

�Who to Monitor

Recent studies using routine and continuous EEG monitor-
ing have helped to identify which patients are at risk for 
NCSz and, therefore, may benefit from cEEG. The causes of 
NCSz and NCSE in ICU patients are similar to the causes of 
convulsive seizures in these patients. These include acute 
structural lesions, infections (including sepsis), metabolic 
derangements, toxins, withdrawal, and epilepsy, all common 
diagnoses in the critically ill patient [45]. It is important to 
stress that the majority of seizures in these critically ill 
patients are nonconvulsive and can only be diagnosed with 
EEG [1, 6, 46–48]. NCSzs are even more common in the 
pediatric population, especially in infants [1, 25, 49, 50]. 
There are many studies using cEEG that have identified the 
incidence of NCSz and NCSE in various patient populations. 
These studies are summarized in Fig. 3.1.

While it may not be surprising that patients with acute 
brain injuries [1, 51] and recent convulsive status epilepti-
cus [52] have a high risk of NCSz, NCSzs are not uncom-
mon in medical or surgical ICU patients, including in those 
without known structural brain injury. Critically ill medical 
and surgical patients are susceptible to many toxic, electro-
lyte, and metabolic abnormalities that may cause both men-
tal status changes and seizures [7, 47]. 17–21% of patients 
with toxic-metabolic encephalopathy and impaired mental 
status had electrographic seizures on cEEG monitoring in 
two retrospective studies [1, 2]. Moreover, in one study of 
201 medical ICU patients without known brain injury that 

underwent cEEG monitoring, 22% of patients had periodic 
discharges (PDs) or seizures; sepsis and acute renal failure 
were significantly associated with both PDs and seizures 
[53]. A more recent prospective study found that among 100 
episodes of sepsis in 98 patients without diagnosed acute 
primary neurological illness, periodic discharges were iden-
tified in 25 episodes; 11 of whom had nonconvulsive sei-
zures [54]. Meanwhile, 16% of patients admitted to the 
surgical ICU undergoing cEEG monitoring had electro-
graphic seizures in one recent study, while 29% had peri-
odic discharges (PDs) [55].

The American Clinical Neurophysiology Society (ACNS) 
recently published an official guideline entitled “Consensus 
Statement on Continuous EEG in Critically Ill Adults and 
Children.” The following are the proposed indications [56]:

	1.	 Persistent alteration of mental state following generalized 
convulsive status epilepticus (GCSE)

	2.	 Altered mental state in association with acute supratento-
rial brain injury

	3.	 Unexplained alteration of mental status without evidence 
of acute brain injury

	4.	 Periodic discharges on routine or emergent EEG
	5.	 Pharmacological paralysis in patients at high risk for 

seizures
	6.	 Paroxysmal events suspected to be seizures to determine 

ictal vs. non-ictal nature of these events

Other indications recommended by ACNS include moni-
toring response to treatment of seizures and SE. In addition, 
the ACNS taskforce suggested the use of continuous EEG 
monitoring for detection of cerebral ischemia in high risk 
individuals, as an adjunct to other methods [56]. Similar 
statements discussing indications of continuous EEG moni-
toring have been released by the European Society of 
Intensive Care Medicine (ESICM) [57], as well as the 
Neurocritical Care Society as part of recommendations on 
management of SE [10].

�EEG Patterns Encountered During EEG 
Monitoring

The background, interictal, and ictal EEG patterns of the 
critically ill patient are significantly different from those 
encountered in ambulatory patients [58, 59]. Ictal patterns 
may include rhythmic epileptiform discharges or rhythmic 
waves at greater than 3 Hz (as with most seizures). However, 
in critically ill patients, rhythmic or periodic patterns occur-
ring at a rate of less than three per second can be ictal as well. 
One set of criteria for defining NCSz are shown in Table 3.1. 
It should be noted that these criteria reflect expert consensus 
and there are periodic patterns common in critically ill 
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patients where the relationship to seizures is unknown [60]. 
In practice, it is often difficult to determine whether periodic 
or rhythmic activity at 1–3 Hz in a comatose patient reflects 
seizure activity or a brain at risk for seizures or is merely a 
marker of severe brain injury. These patterns have been con-
sidered to lie along the ictal-interictal continuum [61]. 
Aiming to create common terminology for use by critical 
care electroencephalographers worldwide, the ACNS pub-
lished standardized terminology for describing these pat-
terns, initially proposed in 2005 and then revised and 
published as an official guideline in late 2012 [62, 63]. The 
current terminology is summarized in Table  3.2. In one 
recent study, the interrater reliability for ACNS terminology 
was near perfect for main terms (1) and (2), which describe 

the location and the nature of the pattern, respectively. 
However, the interrater reliability for evolution and some of 
the other modifiers was not as good [64].

There is accumulating evidence that certain periodic dis-
charges may reflect injured tissue at high risk for seizures 
such as lateralized periodic discharges (LPDs; previously 
called periodic lateralized epileptiform discharges (PLEDs)) 
and generalized periodic discharges (GPDs) (Fig. 3.6) [60]. 
There is convincing evidence to suggest that LPDs are some-
times ictal. For instance, LPDs can be time-locked to focal 
clonic movements in some patients with focal motor status 
epilepticus [21]. This seems to be more common in cases in 
which LPDs primarily involve Rolandic cortex (not surpris-
ingly) [65]. Positron emission tomography in one patient 
with frequent LPDs demonstrated increased regional glucose 
metabolism similar to what is seen with focal seizures [66]. 
Single-photon emission CT (SPECT) imaging in patients 
with LPDs demonstrated increased regional cerebral perfu-
sion in some patients that normalized when the LPDs 
resolved [67, 68]. In addition, frequent LPDs in elderly 
patients have been associated with a confusional state that 
resolves spontaneously or with diazepam treatment [69]. 
However, other studies have described cases where LPDs are 
clearly non-ictal such as in some epilepsy patients with 
chronic interictal LPDs [70]. In addition, when some patients 
with LPDs and acute brain injury demonstrate seizures, the 
EEG pattern is often faster and with different morphology 
[71]. Given the close association with seizures and the fact 
they are at times clearly associated with behavioral changes, 
some authors view LPDs as an unstable state in an “irritable” 
brain, lying along an ictal-interictal continuum [60, 72].

A common practice used to distinguish ictal from non-
ictal periodic EEG patterns in the critically ill is to see if they 
are abolished by a trial of short-acting benzodiazepines 
(Table  3.3). However, almost all periodic discharges are 
attenuated by benzodiazepines [75]. Thus, unless there is 
clinical improvement accompanying the EEG change, the 
test is not helpful. Unfortunately, clinical improvement can 
take substantial time even if the activity represents NCSE 
and is aborted with benzodiazepines. However, a substantial 
portion of ICU patients with nonconvulsive seizures or 
NCSE will improve neurologically and usually within a day 
of treatment. For example, Hopp et al. [76] showed that 35% 
of patients with suspected NCSE receiving IV benzodiaze-
pine (BZP) trial achieved positive clinical response. 
Moreover, positive clinical response correlated well with 
survival, recovery of consciousness, and achieving good 
functional outcome [76]. In order to avoid the confounding 
effect of sedation, we often use loading doses of nonsedating 
IV antiepileptic drugs (AEDs) such as valproate, lacosamide, 
levetiracetam, and phenytoin, for these diagnostic trials (see 
Table 3.3). One recent retrospective study evaluated clinical 
response to antiepileptic drug trial in patients with 

Table 3.1  Criteria for diagnosing nonconvulsive seizures

Patients without known epileptic encephalopathy:

•	 Epileptiform discharges (EDs) > 2.5 Hz

•	 EDs ≤ 2.5 Hz or rhythmic delta/theta activity >0.5 Hz and one 
of the following:

EEG and clinical improvement after IV AEDs

Subtle clinical ictal phenomena during the EEG pattern mentioned 
above

Typical spatiotemporal evolution

Patients with known epileptic encephalopathy:

•	 Increase in prominence or frequency of the features mentioned 
above when compared to baseline with observable change in 
clinical state

•	 Improvement of clinical and EEG features with IV AEDs

Adapted from Beniczky et al. [74], who modified the criteria of Kaplan 
[151]) (Published with kind permission from © Lawrence J.  Hirsch, 
MD 2013. All Rights Reserved

Table 3.2  ACNS terminology for description of periodic and rhythmic 
patterns [63] (Published with kind permission from © Lawrence 
J. Hirsch, MD 2013. All Rights Reserved)

Main term A (for 
localization)

Main term B (pattern type)

Generalized (G) Periodic discharge (PD)

Lateralized (L) Rhythmic delta activity (RDA)

Bilateral independent (BI) Spike-wave or sharp-wave complex 
(SW)

Multifocal (Mf)

For L: Reporter has to specify whether the discharge is unilateral or 
bilateral asymmetric and lobe(s) or hemisphere most involved
For G: Reporter has to specify if the discharge is frontally predominant, 
occipitally predominant, midline predominant, or truly generalized 
(generalized NOS)
Modifiers are to be specified for each category. Modifiers specify preva-
lence, frequency, duration, number of phases, sharpness, amplitude, 
polarity, presence of stimulus-induced patterns, presence of evolving or 
fluctuating patterns, as well as presence of plus modifiers. Plus modifi-
ers include +S (for sharply contoured waveforms or for rhythmic pat-
terns superimposed by sharp waves), +F (for discharges superimposed 
by fast frequency activity), and +R (for superimposed rhythmic or 
quasi-rhythmic delta activity) or a combination of these plus modifiers 
(+FR or +FS). For more details, refer to [63]
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unexplained encephalopathy and triphasic wave pattern on 
EEG and found that 42.2% of patients receiving nonsedating 
IV AED trial achieved positive clinical response, whereas 
only 18.9% of patients receiving IV BZP trial did [77]. Our 

protocol for attempting to prove the presence of NCSE is 
shown in Table 3.3. It is important to recognize that lack of 
clinical improvement does not exclude NCSE—it simply 
does not help determine its presence or absence. This 

Fig. 3.6  Periodic discharges 
in critically ill patients. (a) 
Right frontal LPDs occurring 
at 1 Hz (arrow) in an 
82-year-old man after 
resection of a bifrontal 
meningioma. The patient 
subsequently developed right 
frontal electrographic 
seizures. (b) Generalized 
periodic discharges at 1–2 Hz 
in a 79-year-old patient with 
dementia, renal disease, and 
altered mental status. 
Although these waveforms 
have a triphasic morphology 
at times, the pattern 
subsequently evolved to 
2.5–3 Hz GPDs consistent 
with NCSz and was 
associated with modest 
elevations in neuron-specific 
enolase to 14 (reference range 
3.7–8.9). Low-frequency filter 
(LFF) = 1 Hz, HFF = 70 Hz, 
notch off (Published with 
kind permission from © 
Lawrence J. Hirsch, MD 
2013. All Rights Reserved)
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situation (EEG improvement without clinical improvement) 
has been referred to as “possible NCSE” [74].

There is fairly consistent evidence that the presence of 
PDs and frequent nonconvulsive seizures are an independent 
risk factor for worse prognosis in ICH [78], SAH [79], and 
sepsis [53] and after GCSE [52, 80], even in patients without 
evidence of acute brain injury [81]. In addition, there is accu-
mulating evidence that increased electrographic seizure bur-
den is correlated with worse outcome in both pediatric and 
adult populations [9, 82, 83]. Both NCSzs and LPDs have 
been shown to be independently associated with later epi-
lepsy as well [84]. Nonetheless, it is unclear whether these 
and other periodic discharges require treatment and how 
aggressive this treatment should be. Laboratory studies and 
computer modeling are beginning to probe the network 
mechanisms that mediate periodic discharges in the injured 
brain [85].

Another recently described pattern in critically ill patients 
is lateralized rhythmic delta activity (LRDA). This pattern 
was identified as an independent predictor of increased risk 
of acute seizures in critically ill individuals. It has been sug-
gested that it carries similar implication as LPDs as regards 
risk of acute seizures [86]. One recent study suggested that 
LRDA is more likely to be associated with seizures if it 
occurs at a frequency of ≥1.5 Hz or is associated with a plus 
modifier [87].On the other hand, the presence of generalized 
rhythmic delta activity (GRDA), even when sharply con-
toured or superimposed by sharp waves or fast frequency 
activity (GRDA + S or GRDA + F, respectively), doesn’t 
seem to carry a significant increase in risk of electrographic 
seizures [87], at least based on the single retrospective study 
that has looked at this [87].

Epileptiform or rhythmic activity triggered by stimulation 
or arousal is also a common pattern in encephalopathic ICU 
patients. The evoked activity may be anywhere on the 
interictal-ictal spectrum and is collectively known as 
stimulus-induced rhythmic, periodic, or ictal discharges [22] 
(SIRPIDs). There is usually no clinical correlate, as with 
most ICU seizures, but a small portion of patients will have 
focal motor seizures consistently elicited by alerting stimuli 
[23]. On the other hand, there have been two case reports of 
SPECT-negative SIRPIDs, suggesting that some of these 
poststimulation discharges do not represent clear ictal phe-
nomena or at least do not have the usual seizure-associated 
increased blood flow [88, 89]. SIRPIDs most likely occur as 
a result of hyperexcitable cortex that is activated by normal 
arousal pathways, which involve the upper brainstem, thala-
mus, and widespread thalamocortical projections. This epi-
leptiform activity may become clinically apparent if it causes 
synchronous activation, propagates caudally in an organized 
fashion, and involves motor pathways. At both our centers, 
technologists stimulate patients twice daily to assess for 
state-dependent changes in the EEG including the appear-
ance of SIRPIDs, but the relationship between ictal dis-
charges and arousals raises the possibility that limiting 
unnecessary stimulation in patients with SIRPIDs may be 
beneficial. One recent study demonstrated that the presence 
of SIRPIDs was not independently associated with in-
hospital mortality in critically ill patients [90]. Another study 
reported that the presence of SIRPIDs is a poor prognostic 
marker in postanoxic patients, particularly when recorded 
during therapeutic hypothermia [91]. The effect of SIRPIDs 
on long-term outcome in other settings as well as its thera-
peutic implication remains unclear. We treat stimulus-
induced patterns the same as spontaneous patterns (other 
than potentially limiting stimulation) as there is no theoreti-
cal reason or evidence that they differ in their ability to cause 
neuronal injury.

Lastly, brief potentially ictal rhythmic discharges (B(I)
RDs), a pattern previously described in neonates [92], has 

Table 3.3  Antiepileptic drug trial for the diagnosis of nonconvulsive 
status epilepticus (adapted from Hirsch and Gaspard [73] with permis-
sion from Wolters Kluwer Health, Inc.)

Indication

Rhythmic or periodic focal or generalized epileptiform discharges 
on EEG with neurologic impairment

Contraindication

Patients who are heavily sedated or paralyzed

Monitoring

EEG, pulse oximetry, blood pressure, electrocardiography, 
respiratory rate with dedicated nurse

Antiepileptic drug trial

Sequential small doses of rapidly acting short-duration 
benzodiazepine such as midazolam at 1 mg/dose or nonsedating IV 
antiepileptic drug such as levetiracetam, valproate, fosphenytoin, or 
lacosamide

Between doses, repeated clinical and EEG assessment

Trial is stopped after any of the following:

1.  Persistent resolution of the EEG pattern (and exam repeated)

2.  Definite clinical improvement

3.  Respiratory depression, hypotension, or other adverse effect

4. � A maximum dose is reached (such as 0.2 mg/kg midazolam, 
though higher doses may be needed if the patient is on chronic 
benzodiazepines)

Interpretation

The test is considered positive (“definite NCSE”) [74] if there is 
resolution of the potentially ictal EEG pattern and either an 
improvement in the clinical state or the appearance of previously 
absent normal EEG patterns (e.g., posterior-dominant “alpha” 
rhythm)

If EEG improves but patient does not, the result is equivocal 
(“possible NCSE”) [74]

Nonictal patterns may disappear after administration of 
benzodiazepines (always without clinical improvement)

Administration of too high a dose of benzodiazepine might improve 
the EEG but also leads to sedation, preventing the ability to detect 
clinical improvement

Negative or equivocal response does not rule out nonconvulsive 
status epilepticus
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been recently reported in critically ill patients and shown to 
be associated with a high risk (75%) of acute seizures during 
continuous electroencephalography [93]. This pattern con-
sists of focal rhythmic discharges that are 5 Hz or faster and 
last less than 10 s, whether evolving or not (often too short to 
determine); the most common form is sharply contoured 
rhythmic theta lasting a few seconds [93]. When seizures are 
successfully treated, B(I)RDs usually resolve. More research 
is needed to determine the exact prognostic implication and 
effect of treatment of these patterns [93].

Assessing response to treatment in status epilepticus is 
one of the indications for cEEG monitoring mentioned ear-
lier in this chapter. Delorenzo et al. [52] found that 48% of 
patients with treated GCSE develop nonconvulsive seizures. 
Most authorities recommend monitoring for 24 h after the 
last electrographic seizure [10]. The optimum EEG end point 
of treatment of refractory status epilepticus (RSE) is not well 
established, but commonly used targets include seizure sup-
pression, burst suppression, or in some cases complete EEG 
suppression to a nearly flat record. Two retrospective 
analyses demonstrated that achieving burst suppression is 
not correlated with outcome in patients with RSE [94, 95]. 
Another retrospective series [96] included 35 patients treated 
with pentobarbital infusion for RSE.  Of the 35 assessed 
patients, 12 reached burst suppression pattern, 20 attained 
complete EEG suppression to a nearly flat record, and 3 
became seizure free without needing to reach burst suppres-
sion or complete EEG suppression. 17/20 (85%) patients 
who had nearly flat records, 6/12 (50%) patients who reached 
burst suppression pattern, and 3/3 (100%) patients who 
became seizure free without attaining burst suppression or 
nearly flat EEG remained seizure free. All of the latter 
patients survived, while 12/20 (60%) patients reaching 
nearly flat EEG and 3/12 (25%) patients reaching burst sup-
pression survived [96]. The key message from these limited 
data is that in some cases, good outcome may be achieved 
without reaching burst suppression, while in other cases, 
near-complete EEG suppression may be needed. The under-
lying etiology appears to be the most important prognostic 
determinant [94–96]. On the other hand, the duration of 
interburst suppression doesn’t seem to correlate with out-
come [97]. However, the presence of highly epileptiform 
bursts may indicate increased risk for seizure recurrence, 
suggesting the need for a more aggressive therapeutic end 
point [97, 98]. In general, we recommend treating to seizure 
suppression (not to a specific background pattern) as long as 
continuous EEG is being monitored. We often tolerate brief 
nonconvulsive seizures as well, especially in cases requiring 
prolonged iatrogenic coma.

Why Monitor
While NCSzs are common in the critically ill, the evi-

dence that they worsen outcomes and require prompt identi-
fication and treatment is mixed [99, 100]. In several studies, 

the presence of NCSE and delay to diagnosis and treatment 
were each associated with significantly higher mortality [7, 
101] though mortality in patients with NCSE may be most 
related to the underlying cause [102]. Recent evidence indi-
cate that NCSE is more likely to be associated with worse 
outcome in critically ill children than NCSz [9] and that 
increased seizure burden is correlated with more significant 
degrees of neurological decline in that population [82]. One 
recent prospective study showed that increased seizure bur-
den was associated with poor functional and cognitive out-
come at 3 months following subarachnoid hemorrhage [83]. 
Nonetheless, while NCSE may be associated with poor prog-
nosis in the critically ill elderly [103], one retrospective 
study from almost 20 years ago showed that aggressive treat-
ment of NCSz and NCSE was associated with worse out-
comes in this population [104]. In addition, three recent 
studies have shown that IV anesthetic use is correlated with 
poor outcome in status epilepticus [105–107]. This correla-
tion was more significant in patients with complex partial 
status epilepticus in the latter study [107]. However, all of 
these studies failed to completely account for the severity 
and refractoriness of SE, and none of them included assess-
ment of long-term cognitive or seizure outcomes [108]. 
Nevertheless, because of the conflicting outcome data, much 
of the justification for identifying and treating NCSz in the 
critically ill comes from human and animal data demonstrat-
ing that seizures can lead to neuronal injury. To date, there 
have been no prospective controlled trials to determine if 
treating NCSz or NCSE improves neurologic outcomes; this 
type of study may not be feasible as most neurologists and 
intensivists are not willing to leave seizures untreated based 
on the above evidence.

There is a large body of evidence that prolonged seizures 
in animals, even if nonconvulsive, can lead to neuronal dam-
age. In a seminal study, Meldrum et al. [109] found that para-
lyzed and artificially ventilated baboons had hippocampal 
cell loss after treatment with a convulsant. Cell death 
occurred after 60 min of continuous electrographic seizures 
despite careful control of oxygenation, temperature, and 
metabolic status. In rodent models, electrical and 
chemoconvulsant-induced SE is associated with cell loss, 
free radical production, inflammation, gliosis, and synaptic 
reorganization [110]. Pathological changes can be seen in the 
absence of overt convulsions and can have profound long-
term effects such as impaired performance on cognitive tasks 
after one episode of NCSE [111] and the development of epi-
lepsy [112]. There is also some evidence from animal mod-
els that even single or multiple brief seizures may lead to cell 
death and cognitive impairment [113, 114]. Even in the 
absence of cell death, brief seizures in certain animal models 
can lead to alterations in gene expression [115]; impaired 
long-term potentiation, which is related to memory [116]; 
and reduced threshold for subsequent seizures [116]. SE in 
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humans has also been associated with hippocampal cell loss 
in postmortem studies [117], and acute posttraumatic non-
convulsive seizures have been shown to be associated with 
significant long-term hippocampal atrophy [3]. In hospital-
ized patients, SE is associated with neuronal injury as dem-
onstrated by elevated levels of serum neuron-specific enolase 
(NSE), including in patients without detectable acute brain 
injury (e.g., from seizure activity alone) [118, 119]. While 
the sequelae of NCSz and NCSE are not as well understood, 
evidence suggests that they can lead to neuronal damage in 
humans. DeGiorgio et  al. [120] showed that NSE levels, 
though elevated after all seizures, were especially high fol-
lowing NCSz and seizures of partial onset even in absence of 
acute brain injury.In addition to direct pathological effects of 
seizures themselves, seizures may also worsen the extent of 
injury from the inciting neurological injury. Seizures can 
place increased metabolic, excitotoxic, and oxidative stress 
on at-risk brain leading to irreversible injury. For instance, 
microdialysis studies in patients with TBI demonstrated 
increases of extracellular glutamate to excitotoxic levels 
following NCSz [121] as well as associated elevated lactate/
pyruvate ratios and ICP [122]. Glycerol, a marker of cellular 
breakdown, has also been found to be elevated in the micro-
dialysate after NCSz in TBI patients [123]. Compared to 
patients without NCSz that had similar injuries, impaired 
brain metabolism and increased intracranial pressure (ICP) 
could be seen up to 100 h after injury [122]. NCSzs in ICH 
were associated with increased mass effect on serial imag-
ing, as well as worse NIHSS scores in one study [4] and 
expansion of hematoma size in another [78]; there was a 
trend toward worse outcomes in those with NCSzs in both 
studies. Seizures are also associated with increased meta-
bolic demand that may worsen injury to ischemic brain, par-
ticularly the penumbra. NCSzs were associated with 
increased infarct volumes and higher mortality rates follow-
ing middle cerebral artery occlusion in rats [124], and treat-
ment resulted in reduced volumes [125]. In addition, even 
brief seizures can lead to hemodynamic changes, such as 
increased cerebral blood flow [126], which may lead to tran-
sient and potentially injurious elevations in ICP even in the 
absence of tonic-clonic activity [127, 128]. Finally, seizures 
are associated with peri-injury depolarizations, a process 
related to cortical spreading depression that seems to be very 
common and to contribute to secondary neuronal injury itself 
[129, 130].

�How Long to Monitor

Several studies have addressed the duration of cEEG moni-
toring required to diagnose NCSz in critically ill patients. In 
their study of NICU patients, Pandian et al. [46] found that 
routine EEGs (30 min) detected seizures in only 11% of 

patients, while subsequent cEEG (mean duration of 2.9 
days) detected seizures in 28%. In 110 critically ill patients 
with seizures detected by cEEG (92% of patients had purely 
nonconvulsive seizures), Claassen et al. [1] found that only 
half of patients had their first seizure within the first hour of 
monitoring. Although 95% of non-comatose patients had 
their first seizure within 24 h, only 80% of comatose patients 
had a seizure by this time. After 48 h of monitoring, the first 
seizure had occurred in 98% of non-comatose versus 87% 
of comatose patients. Coma and the presence of PDs pre-
dicted a delay in the time to first seizure (>24 h). Similarly, 
Jette et al. [50] found that 50% of 51 children with noncon-
vulsive seizures had their first seizure within 1 h and 80% 
within 24 h. Therefore, we feel monitoring for 24 h is prob-
ably sufficient to rule out NCSz in non-comatose patients 
without PDs, but longer periods may be required for coma-
tose patients. However, recently it has been proposed that 
shorter monitoring may be sufficient in patients with no epi-
leptiform abnormalities on EEG after 2 h of recording. One 
recent retrospective study evaluated time-dependent seizure 
probability in critically ill patients undergoing ≥18 h of 
recording and demonstrated that 72 h risk of seizures 
declined to less than 5% in patients with no epileptiform 
discharges in their initial 2 h of recording [2]. In addition, 
one study showed that the presence of generalized slowing 
as the sole finding on initial 30 min of EEG monitoring was 
predictive of low risk of electrographic seizures in patients 
undergoing at least 24 h of continuous EEG monitoring [5]. 
None of the 112 patients in this study with generalized 
slowing as the initial EEG finding developed electrographic 
seizures [43]. More studies are needed to confirm and refine 
these recommendations.

�Cost-Effectiveness

Continuous EEG monitoring is labor intensive and requires 
substantial amount of resources. The main challenge is to 
prove that it actually leads to changes in management, that 
these changes in management improve outcome, and per-
haps that the magnitude of these effects outweighs the cost of 
cEEG monitoring. One prospective study showed that con-
tinuous EEG monitoring led to significant changes in AED 
prescribing in 52% of critically ill adults [131]. A similar 
study in pediatric population showed that cEEG monitoring 
led to significant changes in management in 59% of critically 
ill children [132]. These changes include prescribing AEDs 
to patients not previously receiving them, as well as stopping 
unneeded medications for patients not having NCSz or 
rhythmic/periodic patterns on EEG monitoring, thus protect-
ing them from side effects and toxicity of unnecessary medi-
cations. The question that remains elusive is: to what extent 
do these changes impact outcome? Observational data from 
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UCLA suggested that cEEG monitoring implementation led 
to significant decrease in hospital cost, via shortening of 
length of hospital stay, and improved recovery on discharge. 
In the meantime, cEEG monitoring contributed to only 1% 
of hospital cost [133]. However, these observations didn’t 
control for other simultaneous changes in hospital protocols. 
More recently, Abend et al. [56] performed decision analysis 
to examine variables affecting the decision of whether or not 
to perform cEEG monitoring. They postulated that for 24 h 
cEEG monitoring to be considered a cost-effective measure, 
detection of NCSE/NCSz should lead to at least 3% improve-
ment in outcome [56]. Nonetheless, data on the effect of 
cEEG monitoring on outcome remain scarce, and research in 
this field is of utmost importance to both practitioners in the 
field and healthcare administration.

�Future Directions

In addition to detecting seizures, cEEG can be used to iden-
tify other changes in brain physiology. In recent years, there 
has been renewed interest in using cEEG for the detection of 
brain ischemia. It has been known for some time that EEG 
changes occur within seconds of reduction in cerebral blood 
flow (CBF) [134, 135], which is the basis for intraoperative 
EEG monitoring for ischemia during carotid endarterectomy 
[136–138]. In these patients, as CBF falls below 25–30 
mL/100 g/min, there is a progressive loss of higher frequen-
cies and prominent slowing of background EEG activity, yet 
cell death does not occur at this level. When CBF falls below 
8–10 mL/100 g/min, low enough to cause irreversible cell 
death, all EEG frequencies are suppressed [139, 140]. 
Therefore, cEEG can detect a window where intervention 
can potentially prevent permanent brain injury.

Recent advances in computing have allowed for the real-
time application of qEEG tools for extracting time-frequency 
data to measure changes in the background EEG rhythms. 
The ability to reduce EEG patterns usually identified by 
visual review to scalar values allows for prolonged use of 
cEEG monitoring in the ICU to detect cerebral hypoperfu-
sion or other acute processes and is especially useful in 
comatose or sedated patients where clinical examination is 
limited. In a study of 32 primarily good-grade SAH patients, 
Vespa et al. [24] found that a reduction in the variability of 
relative alpha-frequency (a visual scoring of a tracing dis-
playing 6–14 Hz expressed as a percentage of total power 
between 1 and 20 Hz) was 100% sensitive and 50% specific 
for vasospasm as detected by TCD or angiography. In the 
majority of patients, qEEG changes preceded the diagnosis 
of vasospasm by over 2 days. In a study of 34 poor-grade 
SAH patients (Hunt-Hess grades 4 and 5), Claassen et  al. 
[141] found that the poststimulation alpha/delta ratio (ADR) 
was the most useful quantitative EEG parameter for detec-

tion of delayed cerebral ischemia (DCI): a reduction in the 
poststimulation ratio of alpha- to delta-frequency power of 
>10% relative to baseline in six consecutive epochs of cEEG 
was 100% sensitive and 76% specific for delayed cerebral 
ischemia. A reduction of >50% in a single epoch was 89% 
sensitive and 84% specific. Furthermore, in a recent prospec-
tive cohort study involving 20 patients with aneurysmal 
SAH, Rots et al. [142] found that ADR was the most reliable 
parameter in detecting DCI, showing the most significant 
change in patients with CT-detected DCI. Quantitative EEG 
changes preceded clinical diagnosis of DCI by a median of 7 
h and preceded CT changes by a median of 44 h [142]. 
Further research is needed to determine the effect of early 
identification of DCI by qEEG on management and overall 
outcome.

Real-time application of cEEG monitoring—neurotelem-
etry—including using automated alarm systems at the bed-
side, as exists with cardiac telemetry in almost all hospitals 
today, is becoming an approachable goal. Reducing the raw 
cEEG to a few displayed variables using qEEG tools will 
make it a practical tool that can be interpreted by nurses and 
intensivists or by neurotelemetry technologists. In addition, 
trend and critical value alarms can be used to alert staff to 
potential changes in neurological status [143]. Computer 
algorithms have been successfully used to detect ongoing 
seizures in epilepsy monitoring unit patients [144]. Because 
seizure pattern in the critically ill are different from ambula-
tory patients, new algorithms must be designed to detect sei-
zures in this patient population [143]. Refining techniques to 
help identify patterns of interest is an area of active research 
[145, 146]. Improvement is needed as many qEEG and data 
reduction tools are not sufficiently specific [147] and suscep-
tible to contamination by artifact. While ICU staff can be 
trained to review raw cEEG traces for obvious artifacts and 
even pathological patterns [148], a neurophysiologist must 
still be available to verify the interpretation.

In parallel with these technical advancements, continued 
research is needed to confirm that real-time monitoring is a 
necessary goal. Further studies need to be performed in both 
laboratory models and in prospective clinical trials to exam-
ine if identifying and treating NCSz early improves out-
comes. It is also necessary to determine the relationship of 
the different periodic and rhythmic EEG patterns in the criti-
cally ill to ongoing brain injury to identify targets for inter-
vention [60]. Studies are also needed to determine whether 
using cEEG to detect ischemia improves patient outcomes 
and to identify the time window for intervention after a 
change is detected by cEEG.

Continuous EEG monitoring is just one of the modalities 
available to evaluate brain physiology in the ICU. Intracranial 
pressure monitoring using intraventricular catheters or intra-
parenchymal probes, brain tissue oxygenation monitors, 
CBF monitoring, and brain metabolism monitoring using 
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microdialysis probes [149] all provide critical data about 
brain physiology. The use of these methods in combination 
with cEEG may help further understand the complex rela-
tionships between cerebral blood flow, tissue oxygenation, 
cerebral metabolism, and neuronal activity in the injured 
brain. In addition, multimodal physiological monitoring 
(Fig.  3.7) offers critical information on physiological 
changes in response to seizures, e.g., changes in heart rate 
(HR), respiratory rate (RR), and mean arterial pressure 
(MAP) [150]. Recent evidence indicates that these physio-

logical changes may precede demonstrable EEG seizure 
onset on scalp EEG, often coinciding with intracortical sei-
zure onset detected by mini-depth recording (Fig. 3.7) [150]. 
The combined use of these methods together may be able to 
compensate for some of the shortcomings of the individual 
methods. For instance, microdialysis and tissue oxygenation 
probes sample only the immediate area of the brain into 
which they are inserted and can miss new injury to a remote 
area of the brain that may be detected by cEEG because of 
the wide spatial coverage.

Finally, new research is examining the utility of electro-
physiological monitoring beyond conventional scalp 
EEG. Recent studies in patients with severe TBI using sub-
dural electrodes found episodes of cortical spreading depres-
sion, slow and prolonged peri-injury depolarizations lasting 
several minutes or longer, and near-injured brain [129]. In 
another recent study involving 48 patients with poor-grade 
aneurysmal SAH undergoing invasive EEG monitoring by 
mini-depth electrodes, 38% of patients had seizures on mini-
depth recording. 43% of these seizures were only detected 
by mini-depth recording. Interestingly, 19% of intracortical 
seizures were associated with ictal-interictal continuum pat-
terns on scalp EEG [150]. It is possible that many focal sei-
zures occurring across the cerebral cortex, but not 
synchronized sufficiently to generate scalp EEG changes, 
may contribute to impaired consciousness in some comatose 
patients without evidence of seizures on cEEG. Whether tar-
geting these events for therapy improves patient outcomes 
needs to be determined. When possible, physiology-driven 
data (such as the lactate/pyruvate ratio and glutamate on 
microdialysis) can be used to decide which EEG patterns 
require additional treatment and which do not.

�Summary

Nonconvulsive seizures are common in brain-injured patients 
with altered mental status and even in critically ill patients 
without structural brain injury. Seizures can contribute to 
depressed level of consciousness and cause secondary neuro-
nal injury. Therefore, in both of our centers, we recommend 
cEEG for all critically ill patients with acute brain injury and 
altered mental status and for patients with fluctuating or 
unexplained impaired mental status. Patients who are 
encephalopathic, but not comatose, are typically monitored 
for 24 h to exclude NCSz. However, patients who are coma-
tose, who have PDs, or who are having sedation/AEDs with-
drawn undergo at least 48 h of cEEG.  Once NCSz or 
equivocal periodic patterns are identified, monitoring can 
continue for several days. If NCSzs are identified, cEEG is 
necessary to monitor the response to treatment and, more 
importantly, correlate improvement in the cEEG findings 
with improvement in the patient’s clinical status. If the cEEG 

Fig. 3.7  Physiologic changes associated with intracortical seizures. 
Increase in HR, RR, MAP, and CPP is seen very early, correlating with 
increased spectral power on depth EEG recording. Rise in ICP is seen 
later. A transient decline in jugular bulb oxygen saturation is seen 
around 2 min after seizure onset, followed by a drop in partial brain 
tissue oxygenation. Regional cerebral blood flow increase is seen 
around 10  min after seizure onset (Reproduced from Claassen et  al. 
[150] with permission from Wiley-Blackwell Publishing)
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demonstrates periodic activity that is suspicious for, but not 
definitively, seizure activity, further monitoring can help the 
neurophysiologist gather additional evidence for or against 
the ictal nature of the pattern (e.g., to see if there are unequiv-
ocal seizures). This monitoring requires 24 h technologist 
coverage to connect patients and perform maintenance, 
appropriate information technology infrastructure, and avail-
able neurophysiologists to review the data and tools (quanti-
tative EEG) to speed data review. While this requires a 
substantial amount of resources, it is feasible, and cEEG is 
routinely employed in many neuroscience ICUs around the 
world. In addition, cEEG has applications outside of NCSz 
detection that can expand the number of patients who may 
benefit from monitoring. Advances in the use of cEEG for 
ischemia detection and general brain function monitoring 
can make it a widely applicable tool for dynamic assessment 
of neurological function, in combination with other monitor-
ing modalities, with the potential to detect brain injury 
moments after it occurs and even to prevent it.
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�Introduction

Continuous EEG (cEEG) monitoring has become increas-
ingly utilized as high rates of nonconvulsive seizures (NCS) 
and nonconvulsive status epilepticus (NCSE) in ICU patients 
have become widely recognized. Diagnosis of NCS and 
NCSE requires continuous EEG monitoring [1–3]. Timely 
seizure recognition is important as it may lead to acute 
changes in therapy aimed at suppressing seizures and cor-
recting potential precipitating factors [4, 5].

As continuous EEG monitoring has become more prev-
alent, the time-consuming review necessary by neuro-
physiology experts trained in evaluating these records has 
become taxing and in many cases difficult to maintain. 
Although demand for continuous EEG (cEEG) monitor-
ing has increased dramatically, the number of EEG read-
ers has remained stable [6]. Many facilities that could 
benefit from the availability of cEEG may not have skilled 
EEG interpreters to provide ongoing interpretation of 
cEEG in the ICU. Even when skilled EEG reviewers are 
available, if multiple patients simultaneously undergo 
prolonged cEEG monitoring, interpretation and commu-
nication of findings becomes fragmented, the problem of 
“continuous monitoring and intermittent care” and 
delayed intervention [7].

Routine evaluation of EEG consists of visual inspection 
of the data with an average review time of 20–30 min per 
24-h study, with more detailed analysis taking more time 
[7]. Visual analysis of the raw EEG record may miss grad-
ual trends in EEG that evolve over long periods of time [8]. 
To address these challenges, different quantitative methods 
to evaluate cEEG data have emerged. Advantages, hoped 
for, of quantitative EEG (qEEG) techniques include the 
ability to quantify information within the EEG signal, to 
compress the time scale and shorten the review time, to 
quickly identify events/periods of interest for closer analy-
sis, and to make real-time monitoring more feasible. The 
main impetus for developing qEEG methods in ICU EEG 
has been to assist with rapidly identifying rare/occasional 
seizures in prolonged recordings without the need for 
exhaustive visual screening of each 10-s display window of 
raw EEG [9].

In summary, qEEG has the potential to improve efficiency 
of interpretation and communication in intensive medical 
care [10, 11]. However, qEEG remains a relatively new fam-
ily of technologies, many of which are still in early stages of 
development, validation, and adoption. In this chapter we 
first provide a brief survey of qEEG methods that are in clini-
cal use. We then provide a detailed treatment of one of the 
oldest and most clinically useful qEEG methods, “com-
pressed spectral arrays” or spectrograms.

�Overview of Quantitative EEG Methods

�Amplitude-Based Methods

Amplitude-integrated EEG (aEEG) is a simplified bedside 
continuous EEG monitoring technology that has become 
widely used in the neonatal population over the past two 
decades to monitor for seizures and to assist with prognosti-
cation in neonates with hypoxic-ischemic encephalopathy 
[12]. aEEG is typically based on a limited number of 
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recording channels, the data from which is filtered, rectified, 
and displayed on a semilogarithmic time- and amplitude-
compressed scale [7]. Processed in this way, seizures are 
often evident as sudden increases and then decreases in EEG 
amplitude [13].

Envelope trend-based qEEG displays the median ampli-
tude of all background activity over a specified time interval. 
Seizures can often be identified by an increase in median 
amplitude [9]. One study found that envelope trend analysis 
could accurately identify seizures lasting >1 min by experi-
enced users with 88% sensitivity and few false positives [14].

Spectrograms
Various informative EEG displays may be created from 

the power spectrum as a function of time, also known as the 
compressed spectral array (CSA)) or spectrogram. By show-

ing relatively large stretches of data in a compressed format 
while making changes in background activity salient, spec-
trograms can be used to expedite EEG review (Fig. 4.1) [10]. 
The spectrogram is sometimes referred to as the “FFT of the 
EEG,” though this is a misnomer, as explained in the section 
on the theory of spectrograms.

�Displays Derived from Spectrograms

Asymmetry trends use comparisons in power between 
homologous electrodes in the right and left hemispheres to 
highlight power asymmetries between the hemispheres. The 
comparison can be made based on absolute or relative power. 
This may be helpful to identify lateralized or focal seizures. 

Fig. 4.1  An example compressed spectral array (CSA). Panels, top to 
bottom: left parietal average signal, left temporal average signal, right 
temporal average signal, right parietal average signal, relative asym-
metry index. Inset: region CSA corresponding to the onset of a seizure 

as shown in the native EEG segment. This CSA is an example of regu-
lar flame pattern of seizures. Please see Sect. 5 and Table 4.1 for further 
details
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Asymmetry spectrograms are shown in subsequent sections 
as the fifth panel in the case examples discussed in section 
“Case Vignettes with Example Spectrogram Patterns”. In our 
case examples, red represents greater power in the right 
hemisphere and blue represents greater power in the left 
hemisphere (though in other systems, this color scheme may 
be reversed).

�Methods for Monitoring Burst Suppression

Monitoring burst suppression in ICU patients is another 
area in which qEEG can be informative. Pharmacologically 
induced burst suppression is often used in the treatment of 
refractory status epilepticus. In these cases EEG monitor-
ing is important to ensure that medications can be appropri-
ately titrated in real time to ensure appropriate levels of 
burst suppression while avoiding over- and under-dosing. It 
is also helpful to have such monitoring capabilities in 
patients with pathologically generated burst suppression 
patterns, such as after severe hypoxic-ischemic injury, to 
assess for trends in this background pattern for 
prognostication.

Burst suppression can be quantified using the burst sup-
pression ratio (BSR), defined as the percentage of time 
within an epoch spent in suppression [15], or as the burst 
suppression probability (BSP), defined as the instantaneous 
probability that the EEG is in the suppressed state [15, 16]. 
Under steady-state conditions, the BSR and BSP agree 
closely. However, the BSP algorithm is better suited for 
tracking the depth of burst suppression under dynamic con-
ditions. An example of tracking the BSP in a patient with 
status epilepticus is shown in Fig. 4.2.

�Automated Seizure Detection

One of the ultimate goals of qEEG is to offer the potential for 
automated detection of clinically significant events such as 
seizures and ischemia. Ictal patterns are highly variable and 
thus make the development of such detectors difficult. 
Features that have been used to develop seizure detectors 
include amplitude, frequency, rhythmicity, and degree of 
asymmetry [9]. Most of these algorithms have been designed 
for identification of classic seizure patterns in the setting of 
the epilepsy monitoring unit. However, seizures in ICU 
patients typically have different characteristics than those of 
the EMU population and thus are not as reliably detected 
with standard seizure detection algorithms [9]. Pitfalls in 
qEEG analysis include the high degree of false-positive 
detections due to common ICU artifacts in addition to false 
negatives from very brief, low amplitude of slowly evolving 
seizures. Because seizures occurring in critically ill patients 
frequently exhibit patterns of rhythmicity and evolution that 
are slower than those seen in epileptic patients, existing 
detection programs may be relatively insensitive to certain 
types of ICU ictal patterns [8]. Another challenge is that 
many ICU seizures tend to wax and wane with subtle onset 
and termination rather than the abrupt ictal onset and cessa-
tion patterns of seizures typically seen in the EMU.

�Automated Detection of Other  
Epileptiform Patterns

Recently one group has developed software, called 
NeuroTrend, that attempts to detect patterns in the long-term 
scalp EEGs in the ICU using the standardized EEG 

Fig. 4.2  Burst suppression 
probability (BSP)). (a) EEG 
signal compressed over 
75 min. (b) Ticker plot 
representing each burst. (c) 
BSP increases over time as 
the periods of suppression 
become more frequent as the 
recording progresses
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terminology [17]. Persyst Corp. has also recently developed 
an algorithm for identifying periodic discharges, available in 
version P13 of its software. Details from the algorithms from 
both NeuroTrend and Persyst Corp. are unpublished and pro-
prietary. Rigorous external validation studies remain to be 
performed.

�Fundamentals of Spectrograms

�Motivation for Spectral Analysis

It is often natural to describe oscillatory signals like the EEG 
in the frequency domain. Indeed, this is reflected in the con-
vention of describing clinical EEG recordings in terms of 
activity within frequency bands (e.g., delta, theta, alpha, and 
beta). In this section we briefly review key concepts from the 
mathematical analysis of frequency domain or spectral char-
acteristics of signals. This overview will help the reader to 
better understand common features of spectrograms encoun-
tered in the ICU setting, reviewed in section “Interpretation 
of Spectrograms.”

�Spectral Decomposition: Fourier Transforms 
and the “FFT”

The basic problem of spectral estimation theory is: given a 
finite segment of a signal, estimate how the total power in 
the signal is distributed over a range of frequencies. The 
emphasis on estimation is because the EEG, like many other 
biological signals, is best regarded as composed of signal 
and noise. The noise must be suppressed in some way to 
obtain a clear view of the underlying spectral EEG character-
istics that are of interest.

Before one can understand how to analyze stochastic sig-
nals like the EEG, one first needs to understand the princi-
ples underlying the more basic theory of spectral 
decomposition, which we will review now. Figure 4.3 shows 
the decomposition of a fairly complex 9-s long single-
channel EEG signal into a series of sinusoids of varying 
phases and amplitudes. The black curve in Fig. 4.3a shows 
the original signal, consisting initially of a low-amplitude 
“baseline” period and an epileptiform discharge around t = 4 
s, followed by a larger amplitude oscillating pattern at 
approximately 2 Hz that decays in amplitude while slowing 
in frequency to approximately 1 Hz by the end of the figure 
window.

The overlaid red curve is an approximation to the black 
curve, obtained by adding together a series of 50 sine and 
cosine waves or “components,” with frequencies ranging 
from 0 to 35 Hz spaced evenly at intervals of approximately 
0.7 Hz. The nine components which make the largest contri-

bution to the approximation, i.e., the components with the 
largest amplitudes, sorted by frequency, are displayed in 
Fig. 4.3b.

For the most part, the sum of these sinusoidal components 
faithfully represents the original black signal. Careful scru-
tiny reveals that the approximation succeeds by a delicate 
series of constructive and destructive interferences of peaks 
and troughs. This remarkable balancing act is accomplished 
automatically by a mathematical formula known as the dis-
crete Fourier series. In the examples shown in Figs. 4.3 and 
4.4, the formula used is called the discrete Fourier transform, 
or DFT.

The amplitude spectrum for a signal is obtained by taking 
the geometric mean of the amplitudes of the sine-cosine pair 
for each frequency and plotting these amplitudes as a func-
tion of frequency, as shown in Fig. 4.3c.

For the most part, the red approximation or “reconstruc-
tion” is faithful to the original black signal. However, in 
places, the reconstruction is not accurate. These failures are 
instructive. Note particularly the epileptiform discharge or 
“spike” that occurs at approximately t = 4 s. Here, the recon-
struction is smoother than the original signal. It fails to 
reproduce the abrupt rise in voltage and subsequent abrupt 
decrease that constitute the spike. This is because in this 
reconstruction we deliberately excluded sinusoids above 
35  Hz from the reconstruction. The true bandwidth of the 
signal is evidently greater than 35 Hz. That is, higher fre-
quency components are required in the Fourier sum to cap-
ture the more abrupt transitions or “sharper turns” that make 
up an epileptiform discharge. In this case, had we included 
components for all frequencies up to the Nyquist sampling 
rate (in this case, approximately 100 Hz), the reconstruction 
would have been essentially perfect.

�Signal Sharpening Manifests as Amplitude 
Spectrum Broadening

We further illustrate the important relationship between 
“sharpness” and the presence of higher frequency compo-
nents in the amplitude spectrum in Fig. 4.4. In Fig. 4.4a, we 
show a bell-shaped curve, reminiscent of an EEG “slow 
wave,” together with the components in a frequency decom-
position and the corresponding amplitude spectrum. As in 
the previous figure, there is an underlying black curve and an 
overlaid red curve which approximates the black curve as a 
sum of sinusoids with amplitudes calculated by the formula 
for the DFT. We see that, for a waveform with a blunted or 
non-sharp morphology, the amplitude spectrum is relatively 
narrow. By contrast, Fig.  4.4b shows a narrow, spikelike, 
bell-shaped curve, reminiscent of an epileptiform discharge. 
We see that a broader range of sinusoids extending to a much 
higher range of frequencies is required to faithfully represent 
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a spikelike transient. We will see that this observation, that 
signal “sharpness” manifests in the frequency domain as a 
broadening of the amplitude spectrum, is fundamental in 
interpreting spectrograms in ICU EEG monitoring.

�From Spectra to Spectrograms

Though we have seen that it is possible to decompose com-
plex signals into simple sinusoidal components, there is 
something unnatural about this decomposition for signals like 
the one shown in Fig. 4.3. In particular, the signal appears to 
change character over course of the 9 s shown. It would be 
more natural to break signals like this into smaller segments 
or windows, over which the signal characteristics are approx-
imately constant. In statistical jargon, we desire to break the 
signal into segments that are statistically stationary.

Figure 4.5 shows an example of another signal that shows 
marked nonstationarity. This example shows a 3-min-long 
single-channel EEG signal. Figure  4.5b is the raw signal 
containing a seizure that begins around t = 20 s and ends 
around t = 120 s. The panels in Fig. 4.5a show the power 
spectrum (essentially, the amplitude spectrum squared, 
except for some smoothing—see next below) calculated 
from three different windows centered at t = 20, 60, and 130 
s. The spectra within these three windows differ markedly, 
reflecting the evolution of signal characteristics that typify 
seizure activity.

Figure 4.5c shows the result of repeatedly calculating the 
spectrum of signals in 2-s windows, using a “sliding win-
dow” to obtain a new spectrum every 0.1 s. These spectra 
collectively form an image, or time-frequency spectrogram, 
formed by representing the power spectrum on a colormap. 
In this example, the power is shown in decibel (log) units, 

Fig. 4.3  Spectral 
decomposition. (a) Original 
signal (black) with 
superimposed approximation 
signal (red) composed of sine 
and cosine “components” 
making up the original signal. 
(b) Frequency 
decomposition—nine 
components which make up 
the largest contribution of the 
approximation. (c) Amplitude 
spectrum showing the 
distribution of frequencies 
contributing to the signal with 
higher amplitudes 
contributing more to the 
reconstructed signal
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according to convention. This display convention allows 
simultaneous visualization of the signal power over a wide 
range of frequencies in one image, despite the fact that in 
human EEG the power at different physiologically relevant 
frequencies can vary by an order of magnitude or more. 
Representing this EEG signal as a spectrogram clearly brings 
out the salient dynamical features of the seizure, namely, an 
increase in the dominant frequency of oscillatory activity 
and a sharpening of the signal contour, followed by slowing 
down as the seizure ends. These features are not visible in the 
raw signal at this scale, though they are clearly evident when 
examining the signal within a more conventional 10-s win-
dow used for clinical review of EEG data. By contrast, these 
dynamics are clearly evident in the spectrogram despite the 
“large” 3-min window. The ability of spectrograms to dis-
play salient features of the EEG at a zoomed out or “com-
pressed” scale is a major reason that spectrograms are useful 
in ICU EEG. Further examples at more compressed scales (2 
h) will be discussed in subsequent sections.

�Understanding Spectrograms: Cardinal 
Patterns from Synthetic Signals

The principles of spectral analysis described above are 
exploited to interpret patterns that occur commonly in spec-
trograms from cEEG recordings in the ICU setting. We illus-
trate these patterns using synthetic data in Fig. 4.5, before 
turning to real examples. Figure 4.6a shows a simple signal, 
a “monotonous” or unchanging low-amplitude sinusoid of 
2 Hz. The corresponding spectrogram has a single peak at 
2 Hz within every time window that manifests in the spectro-
gram as a red line at 2 Hz. This signal is reminiscent of the 
common ICU EEG pattern of “delta slowing” seen in patients 
with encephalopathy. Figure 4.6b shows a sinusoidal signal 
with a frequency that begins at 2 Hz, then increases follow-
ing a linear ramp to 5 Hz while increasing also in amplitude, 
and then drops abruptly back to 2 Hz. The evolving portion 
of this pattern is manifest in the spectrogram as an upsloping 
line. This example is reminiscent of the classic pattern of 

Fig. 4.4  Effect of signal “sharpness” on spectral components. (a) Bell-
shaped “slow wave” with its frequency decomposition and amplitude 
spectrum. As with Fig. 4.3, the original signal (black) and approxima-
tion signal (red) are superimposed. Non-sharp morphology results in a 

narrow amplitude spectrum. (b) Narrow “spike-shaped” curve with the 
same functions plotted as in (a). This sharp morphology requires a 
broader range of sinusoids to approximate its signal
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evolution characteristic of many epileptic seizures and typi-
fies what we will refer to in a subsequent section as a “flame”-
type seizure.

Figure 4.6c shows a more complex synthetic signal, con-
sisting of a series of sharp discharges of randomly varying 
amplitudes, occurring in a regular or periodic fashion at 
1 Hz. The spectrogram in this case shows high power not 
only at 1 Hz, reflecting the periodicity of the repeating pat-
tern, but also a broadening of the spectrum up to approxi-
mately 5 Hz and beyond. This broadband character of the 
spectrogram reflects the fact that the morphology of the dis-
charges is sharp and thus has a broad amplitude or power 
spectrum, as discussed previously in connection with 
Fig. 4.4b. Figure 4.6d shows another more extreme example, 
a sawtooth wave.

In both Fig. 4.6c, d, the pattern can be characterized as 
broadband monotonous, referring to the repetitive periodic 
nature combined with the relatively broadband of high power 
due to the sharpness of the underlying discharges. As will be 
seen in the real examples below, the broadband-monotonous 
pattern typifies the spectrogram when the underlying EEG is 
in a state of either periodic epileptiform discharges or certain 
closely related states of status epilepticus.

�Technical Considerations: Trade-Offs 
in Spectral Estimation

Our discussion regarding spectral estimation has glossed 
over many important technical details that are critical in cer-
tain applications of spectral estimation. We touch briefly on 
two important fundamental issues that affect the quality of 
spectrograms.

�Trade-Off Between Temporal and Spectral 
Resolution

Consider again the example of a seizure and its spectrogram 
shown in Fig. 4.5. In that example we chose to make the win-
dow size 2 s. This choice in turn dictated a limit to the level 
of detail with which we were able to resolve temporal fea-
tures in the EEG, so that the spectrogram has a certain degree 
of blurring or smoothness across time. If we attempt to obtain 
higher temporal resolution by making the analysis windows 
progressively smaller, we would at the same time see that we 
progressively lose the ability to distinguish detail in the 
frequency domain. This is because decreasing the signal 

Fig. 4.5  Nonstationarity of a 
3-min EEG signal containing 
a seizure. (a) Power spectra 
calculated at three different 
time windows of the 
recording (t = 20, 60, 130 s). 
(b) Raw EEG signal 
compressed over a 3-min 
interval, with box insets 
corresponding to the time 
windows plotted in (a). (c) 
Spectrogram of EEG signal 
from (b) using two sliding 
windows, box insets 
correspond to the time 
windows plotted in (a)
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segment length (keeping the sampling rate constant) reduces 
the number of frequency components and increases the spac-
ing between components in the DFT. In effect, nearby peaks 
in the spectrum become single peaks, in the same way that 
creating a histogram using wide bins can smooth together 
and obscure peaks in a distribution that has multiple modes.

This consideration highlights a fundamental trade-off that 
exists between the maximal spectral resolution (the level of 
detail with which we can calculate the spectrum, i.e., the spac-
ing between frequency components) and the maximal temporal 
resolution (the smallest window over which we can perform 
spectral analysis on a signal). The mathematical reasons behind 
the trade-off between temporal and spectral resolution are in 
fact identical to those that describe the well-known “Heisenberg 
uncertainty principle,” which describes the inverse relationship 
between the precision with which one can simultaneously mea-

sure the position and velocity of a particle.

�Trade-Off Between Bias and Variance

A second fundamental trade-off arises from the fact that the 
EEG, like many other naturally occurring signals, is best 
regarded as stochastic, containing an underlying signal of 
interest that is corrupted by noise. Consequently, the spec-
trum and hence the spectrogram need to be estimated. This 
fact gives rise to a trade-off between bias and variance.

The bias-variance trade-off in spectral estimation is illus-
trated in Fig. 4.7. In Fig. 4.7a, we show a sample of a sto-
chastic signal generated by a model with a known power 
spectrum, shown as a red curve in Fig. 4.7b–e. This spectrum 
has two peaks, at approximately 11 and 14 Hz. Let us assume 
that we have already chosen a window size for our spectral 
estimates, based on either the maximum window length over 
which the signal can be considered to be statistically station-

Fig. 4.6  Four simulated EEG patterns converted to CSAs. (a) 
Sinusoidal signal at 2 Hz without variation, reminiscent of “delta slow-
ing.” CSA shows a red line, representing a consistent peak at 2 Hz. (b) 
Sinusoidal signal with linear ramp from 2 to 5 Hz followed by an abrupt 
termination, modeling an evolving seizure. CSA shows a rise in the 
power of frequencies up to 5 Hz corresponding to the linear ramp seen 

in the sinusoidal signal and a return back to 2 Hz. (c) Synthetic model 
of periodic sharp discharges at 1 Hz. CSA shows a high-power band at 
1 Hz with a broadening of the spectrogram reflecting the sharpness of 
the discharges as described in Fig. 4.4. (d) Synthetic model of extreme 
sawtooth pattern, which best exemplifies the broadband-monotonous 
pattern described in Table 4.1
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ary or the desired level of temporal resolution. In this case 
we have chosen a window size of 15 s.

Given the chosen window length, a common but subopti-
mal way to obtain a spectral “estimate” from this finite-
length signal is simply to calculate the discrete Fourier 
transform, usually using a fast algorithm known as the “fast 
Fourier transform” (FFT), and to then take the squared 
amplitude of the result as an estimate of the power spectrum. 
The result is shown as the blue line in Fig. 4.7b. The spec-
trum appears very noisy. This is not surprising when one 
considers that what we have done amounts to “estimating” a 
quantity using only a single sample. Estimates obtained in 
this way are sometimes called “periodograms.” (We have 
passed over the fact that, technically, to calculate the peri-
odogram, one usually multiplies the signal by a windowing 
function or “data taper” before computing the FFT to reduce 
an effect known as spectral leakage. All spectral estimates 
shown in this chapter have been computed with appropriate 
data tapers.)

Under the right conditions in a laboratory, it might be pos-
sible to obtain numerous repeated sample segments of the 
same signal. Given enough repeated samples, we could 
obtain an accurate estimate of the underlying true spectrum 
by averaging periodograms. However, in ICU EEG monitor-
ing, we of course do not have the luxury of holding the 
patient’s state constant to obtain repeated samples. We are 
thus forced to resort to methods of reducing the variance of 
the spectral estimates, i.e., of making the spectrogram 
smoother. Figure 4.7c–e show progressively more aggressive 
smoothing of the original signal. Smoothing necessarily 
blurs together fine spectral details, as evidenced by the fact 
that beyond a certain point the spectral peaks in this example 
become indistinguishable (Fig. 4.7e).

We operationally define the spectral resolution of the 
estimated power spectrum as the minimum distinguishable 
difference between two narrow peaks that can be distin-
guished in the estimated spectrum. Judging by eye, the 
approximate spectral resolution in Fig. 4.7c–e is <1 Hz, 2 
Hz, and 5 Hz, respectively. The optimal trade-off between 
variance reduction (smoothness) and spectral resolution in 
this example appears to be most closely achieved in 
Fig. 4.6d. Note that the spectral resolution is thus usually 
lower than the maximal spectral resolution discussed in the 
preceding subjection. The maximal spectral resolution 
depended on the window width rather than on statistical 
considerations.

The most appropriate degree of spectral smoothing clearly 
depends on the spectral characteristics and intrinsic smooth-
ness of the underlying processes which generate the signal 
and thus varies depending on the application. In clinical ICU 
EEG monitoring, a spectral resolution of approximately 
0.75 Hz is usually adequate and allows for sufficient spectral 
smoothing to obtain high-quality spectral estimates. This is 
the resolution used for the spectrogram in Fig. 4.5 and in the 
examples shown later.

Fig. 4.7  The bias-variance trade-off. (a) A stochastic signal generated 
by a model with a known power spectrum (red curves, b–e). (b–e) Test of 
varying time windows used for estimating the discrete Fourier transform. 
Short time windows (b) result in noisy estimations, while broad windows 
(e) smooth the data so much as to make peaks indistinguishable
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Numerous approaches to spectral smoothing have been 
proposed. Common methods include averaging spectra from 
consecutive neighboring windows (“weighted overlapping 
segment averaging,” WOSA) or replacing the amplitudes in 
a “noisy” spectrum obtained from an appropriately com-
puted discrete Fourier transform by locally weighted aver-
ages of neighboring values. Various window functions or 
“kernels” can be used for this “kernel smoothing” method. 
The current state of the art, however, is the method called 
multitaper spectral estimation algorithm (MTSA), which 
involves averaging together the amplitude spectra of multi-
ple discrete Fourier-transformed segments that have been 
pre-multiplied by a specific series of windowing functions or 
“tapers,” known as the discrete prolate spheroidal sequences 
(DPSS). While the technical details of MTSA are beyond the 
score of this chapter, it suffices for our purposes to know that 
MTSA is the solution to a mathematically well-defined opti-
mization problem, designed to achieve a balance between 
spectral resolution (bias) and the variance of spectral esti-
mates. Surprisingly, though it was invented in the early 
1980s, MTSA is not yet in wide use. In fact spectral estima-
tion routines implemented in many commercial products 
produce relatively poor-quality spectrograms, very often 
simply “computing the FFT” [18–20].

As with all smoothing methods, MTSA has adjustable 
parameters that allow one to decide precisely how to balance 
the bias against variance. In the remaining figures shown in 

this chapter, spectrograms are computed with a moving win-
dow length of 4 s, with overlapping windows shifting by 0.1 
s, and a spectral resolution of 0.75 Hz.

�Interpretation of Spectrograms

We now turn from theory to the interpretation of ICU EEG 
recordings. While there is no single pattern on a spectrogram 
that is invariably associated with seizures or other abnormal 
periodic patterns, many events of interest fall into a small 
number of recognizable patterns. In this section we briefly 
review some of the most common spectral patterns associ-
ated with pathological ICU EEG events. In the next section, 
we review a series of actual cases to gain experience with 
spectrogram interpretation.

The most easily recognizable seizures present with an 
abrupt increase in power across a range of frequencies that 
stands out clearly from the surrounding background. Given 
the red and white color typically used to indicate high power 
on a color density spectrogram and the shape of these events 
in the spectrogram, these abrupt changes resemble small 
flames (e.g., Fig.  4.1). We refer to this pattern as regular 
flame, to distinguish it from the less clear-cut pattern of 
choppy flame (see below).

Cyclic seizures are also often easy to recognize as a series 
of repeating regular flame events (e.g., Figs. 4.1, 4.8, and 4.9). 

Fig. 4.8  Cyclic seizures (Case 1). This example is typical of the regu-
lar flame morphology. For Figs. 4.8–4.23, the 2-h CSA panels are dis-
played as follows (from top): left lateral, left central, right central, right 
lateral, and hemisphere asymmetry (a.k.a. relative asymmetry). For the 

top four panels, high power is in red and low power in deep blue. The 
hemisphere asymmetry panel assesses where spectral power of the right 
> left hemisphere (red), left > right hemisphere (blue), or both are equal 
(white)
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Once a cyclic seizure has been verified by review of the raw 
EEG, further seizures can often easily be identified by review 
of the spectrogram alone. It may even be possible for inexpe-
rienced users at the bedside, such as nurses or residents, to 
detect recurrent seizures in these cases.

State changes and decreased sedation may also cause rel-
atively abrupt increases in power that may mimic flame-type 
seizure patterns. However, these changes will often have a 
choppier or more irregular appearance than when an actual 
seizure is present; hence we refer to these as choppy flames 
(e.g., Fig.  4.10). However, in practice, differentiating sei-
zures from other changes without review of the raw EEG can 
be challenging.

Similarly, longer-lasting nonconvulsive seizures or peri-
odic discharges often manifest with a spectral signature that 
is high power across a broadband of frequencies, extending 
from delta up to theta or higher. These patterns are often 
unchanging or “monotonous” over long periods or exhibit 
only changes in their spectral signatures, without a clear 
beginning or end. We refer to these patterns as “broadband 
monotonous.” The broadband-monotonous patterns are high 
power because of their typically high amplitude. They are 
broadband because of the regularity and sharpness of the 
underlying waveforms, as was explained in the synthetic 
examples shown in Fig. 4.6c, d. Other examples are shown in 
the cases that follow (e.g., Figs. 4.11 and 4.12).

As opposed to the broadband-monotonous pattern, dif-
fuse nonrhythmic slowing as is commonly seen in patients 

with encephalopathy who are not having seizures typically 
produces a spectral pattern that is monotonous and relatively 
restricted to the low-frequency part of the power spectrum. 
We refer to this pattern as “narrowband monotonous” (e.g., 
Fig. 4.18).

A final easily recognizable common spectral pattern in 
ICU EEG is that of burst suppression. Burst suppression 
typically appears as a series of colored “stripes,” represent-
ing the bursts, alternating with a blue (low-power) back-
ground, corresponding to the suppression periods (e.g., 
Fig. 4.14).

Very brief or very focal seizures may be missed by spec-
trogram review alone [10, 11]. Because spectrograms com-
press EEG data and display long periods of time on a single 
screen, very brief seizures may not result in an identifiable 
change. Similarly, as spectrograms typically average across 
a number of leads, very focal seizures may also be impossi-
ble to visualize.

�Case Vignettes with Example Spectrogram 
Patterns

In this section, we show several examples of common pat-
terns encountered in EEG spectrograms of ICU patients, 
including seizures, periodic discharges, and artifact. Where 
possible, we will describe these patterns using the categories 
introduced above: regular flame, choppy flame, broadband 

Fig. 4.9  Frequent cyclic seizures (Case 2). Again, this shows the regular flame morphology
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Fig. 4.10  Irregular flame morphology (Case 3). This pattern often represents seizures, but can correspond to waxing and waning periodic dis-
charges or artifacts

Fig. 4.11  Postanoxic status epilepticus (Case 4). A striking example of the broadband-monotonous pattern, often seen with status epilepticus or 
with periodic discharges
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Table 4.1  Proposed nomenclature for common spectrographic patterns

Spectrogram pattern Description Example(s)

Regular flame Sudden rise and subsequent fall in power across a broad range of frequencies in a brief period 
reminiscent of a candle flame
This is the most common seizure pattern observed

Fig. 4.8
Fig. 4.9

Choppy flame Discrete events that stand out against the background, but each event is not as well formed and 
solid as in the regular flame pattern. The flames are more “wispy”
This most often reflects seizures, but can correspond to periodic discharges or artifacts

Fig. 4.10

Broadband monotonous High-power band over a broad range of frequencies across time. Appears as a thick band across 
the spectrogram
This is seen either in status epilepticus or with periodic discharges or less often in high-amplitude 
rhythmic delta activity

Fig. 4.11
Fig. 4.12

Narrowband monotonous High-power band over a narrow range of frequencies across time. Appears as a thin band across 
the spectrogram
This is most commonly seen in focal or generalized slowing

Fig. 4.13

Burst suppression Repetitive dark blue vertical stripes, corresponding to “suppression segments,” alternating with 
brighter (higher power) stripes representing high-power “bursts”

Fig. 4.14

Fig. 4.12  Nonconvulsive status epilepticus (Case 5). A more typical example of the broadband-monotonous pattern

monotonous, narrowband monotonous, and burst suppres-
sion (Table 4.1). We note that while the authors have found 
these terms helpful, they are not presently part of any offi-
cially recognized or validated nomenclature.

�Basic Patterns

Case 1:  (Fig. 4.8)

A 75-year-old woman with a history of dementia and 
anticoagulation for deep venous thrombosis presented with 
seizures in the setting of a left frontoparietal hemorrhage 
secondary to cerebral amyloid angiopathy. Her cEEG 
showed 3–5 electrographic nonconvulsive seizures per hour 
and left centrotemporal and posterior lateralized periodic 
discharges (LPDs).

In this spectrogram one sees three generalized electro-
graphic seizures with clearly defined discrete starting and 
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ending points. This example is very similar to the example in 
Figs.  4.1 and 4.5. The sudden rise and subsequent fall in 
power across a broad range of frequencies in these discrete 
intervals is reminiscent of a candle flame. This is an example 
of the regular flame pattern characteristic of many seizures.

The background EEG between seizures showed general-
ized periodic epileptiform discharges. The corresponding 
spectrogram, not surprisingly, falls into the broadband-
monotonous category (described in Cases 4 and 5), with pro-
longed periods lasting more than 10  min at a time of 
high-power activity extending above 5 Hz.

Case 2:  (Fig. 4.9)
A 75-year-old man presented with a syncopal episode 

resulting in a left frontoparietal skull fracture and an under-
lying parenchymal contusion. His hospital course was com-
plicated by intracranial hypertension and status epilepticus. 
The patient developed repetitive, regularly recurring left 
hemisphere seizures. Seizures started abruptly with 10–12-
Hz low-amplitude (<20-mV) discharges and had no clinical 
correlate. A diagnosis of nonconvulsive status epilepticus 
was made.

The seizures in this example again fit into the category of 
regular flame seizures. The repetitive, periodic nature of 
these events demonstrates a spectrographic pattern of left 
hemisphere cyclic seizures.

The background in the right lateral, left central, and right 
central regions had a narrowband-monotonous pattern 
(described in Case 6), corresponding to diffuse slowing in 
these regions on the raw EEG.

Case 3:  (Fig. 4.10)
A 70-year-old woman with a history of stroke, subarach-

noid hemorrhage, and seizures presented with status epilep-
ticus in the setting of bilateral subdural hematomas. After 
treatment with anticonvulsants, her cEEG revealed bilateral 
independent multifocal sharp waves and recurrent discrete 
nonconvulsive left centrotemporal seizures.

The seizures in this case have a different spectrographic 
thumbprint from the preceding cases. There are still discrete 
events that stand out against the background, but each event 
is not as well formed and solid as in the prior two cases. 
These “flames” are more “wispy,” perhaps reminiscent of 
flames generated by an electric fireplace. We have termed 
this the choppy flame spectrographic pattern. While this pat-
tern often reflects seizures as in this case, it can also corre-
spond to waxing and waning periodic discharges or artifacts 
more often than the regular flame pattern.

Case 4:  (Fig. 4.11)
A 36-year-old woman with a history of alcohol abuse 

presents with coma after cardiac arrest. Despite undergoing 
therapeutic hypothermia, she developed generalized periodic 

discharges at 5 Hz consistent with postanoxic nonconvulsive 
status epilepticus.

This is a striking example of a spectrogram where the 
power is relatively high over a broad range of frequencies, 
which changes slowly with time. In the spectrogram one sees 
a thick orange band going across the left hemisphere spectro-
gram and a lighter yellow band over the right hemisphere 
regions. The thickness of this band remains relatively stable 
across the displayed recording time, waxing and waning 
slowly. Given these features, this pattern can be described as 
broadband monotonous. This pattern can be seen with either 
status epilepticus (as in this case) or with periodic discharges, 
as discussed in connection with Fig. 4.6c, d.

Case 5:  (Fig. 4.12)
A 50-year-old female with developmental delay, familial 

transthyretin amyloidosis, and non-aneurysmal subarach-
noid hemorrhage presented with acute hydrocephalus. The 
patient had near continuous seizures that persisted until an 
intravenous propofol infusion was initiated.

This is a more typical example of the broadband-
monotonous spectrogram pattern. The widening of the red 
stripe corresponds to increased power and sharpness and 
reflects in this case continuous nonconvulsive seizure activ-
ity. The power then shifts back to the lower frequencies as 
propofol is uptitrated. Near the end of the 2-h epoch, the 
EEG has entered a state of burst suppression, as reflected by 
the appearance of a striped pattern in the spectrogram (com-
pare with Case 7, Fig. 4.14).

Case 6:  (Fig. 4.13)
An 83-year-old man with a history of end-stage renal dis-

ease, coronary artery bypass grafts, hypertension, and 
hyperlipidemia presented with aphasia and poor mental sta-
tus. He was found to have a left middle cerebral artery 
stroke. He had some intermittent staring spells, which were 
concerning for seizures, so cEEG monitoring was per-
formed. His EEG showed diffuse slowing without any epi-
leptiform abnormalities.

Here, one can appreciate a thin yellow-orange band that 
continues through the displayed record in the low (<3-Hz)-
frequency range. Unlike the broadband-monotonous pattern, 
this narrowband-monotonous pattern is most commonly 
associated with focal or generalized slowing observed on 
cEEG, rather than periodic discharges or seizures.

Case 7:  (Fig. 4.14)
A 33-year-old man with history of severe traumatic brain 

injury and meningitis status-post ventriculoperitoneal 
shunting presented with status epilepticus due to shunt mal-
function. His EEG showed evidence of recurrent right fron-
totemporal 2–3-Hz sharp waves evolving to 3–4-Hz 
lateralized periodic discharges, unresponsive to second-line 
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Fig. 4.13  Diffuse slowing (Case 6). This is an example of the narrowband-monotonous pattern, often seen in focal or diffuse slowing

Fig. 4.14  Burst suppression on propofol and midazolam (Case 7). Here is an example of what burst suppression patterns look like on CSA
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intravenous anticonvulsants. He was diagnosed with refrac-
tory status epilepticus and treated with intravenous propofol 
and midazolam.

This is an example of a burst suppression on a spectro-
gram. There are repetitive dark blue vertical stripes through-
out the record. The dark blue stripes correspond to the 
“suppression” segments and the light blue stripes with asso-
ciated small red-orange bases represent the higher power 
“bursts.”

Case 7, continued:  (Fig. 4.15)
This is the succeeding epoch of the same case vignette 

above. Here, one can again appreciate dark and light blue 
stripes representing the signature pattern for burst suppres-
sion. However, during this displayed epoch, sedation was 
lightened. As burst suppression lightens, one can appreciate 
that the density of the dark blue stripes lessens. One can also 
appreciate the emergence of at least four regular flame-
shaped seizures “breaking through” as sedation lightens.

�Combination Patterns

Case 8:  (Figs. 4.16–4.18)
An 83-year-old man with a medical history significant for 

chronic kidney disease and atrial fibrillation developed status 

epilepticus after cardiac arrest. The cEEG showed diffuse 
background attenuation associated with generalized periodic 
discharges and myoclonic movements. Sedation was 
increased and the seizures resolved, albeit gradually.

This case example illustrates three different patterns. The 
first (Fig. 4.16) shows very frequent cyclic seizures of the 
regular flame pattern, which become less frequent toward the 
end of the first 2-h window, with further reduction in seizure 
frequency in Fig.  4.17. The seizures stop approximately 
24 min into Fig. 4.17. The spectrogram pattern then changes 
to a broadband-monotonous pattern and then finally narrow-
band monotonous by the third 2-h epoch (Fig. 4.18).

Case 9:  (Figs. 4.19–4.20)
A 38-year-old man with alcoholic cirrhosis presented 

with variceal hemorrhage complicated by sepsis and renal 
failure, managed with ciprofloxacin and meropenem. He 
developed NCSE during his hospitalization. The cEEG 
showed seizures consisting of abrupt onset of beta activity 
every 2–5 min without clinical correlate.

This case example is illustrated across two consecutive 
2-h epochs. In the first epoch (Fig. 4.19), there are regular 
flame seizures in a cyclic pattern that increase in frequency 
and ultimately fuse into a broadband-monotonous pattern, 
consistent with status epilepticus. The patient receives anti-
seizure medication, and the status epilepticus converts into a 

Fig. 4.15  Lifting sedation after burst suppression (Case 7, continued). Here is a continuation of the CSA in Fig. 4.14, showing the burst suppres-
sion pattern lightening and the emergence of regular flame-shaped seizures
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Fig. 4.16  Frequent regular flame-shaped seizures consistent with status epilepticus (Case 8)

Fig. 4.17  Evolution of seizures as sedation increased (Case 8, continued). The CSA begins with regular flame seizures continued from Fig. 4.16, 
with a reduction in frequency followed by a transition to a broadband-monotonous pattern
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Fig. 4.19  Regular flame seizures evolving into broadband-monotonous status epilepticus (Case 9)

Fig. 4.18  Evolution to diffuse slowing (Case 8, continued). A continuation of Fig. 4.17, the CSA now shows a narrowband-monotonous pattern 
suggestive of diffuse slowing
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cyclic seizure pattern with less frequent regular flame sei-
zures, on a narrowband-monotonous background pattern, 
corresponding to generalized slowing on the underlying 
EEG (Fig. 4.20).

Artifacts:
No qEEG method can escape the inherent limitations of 

scalp EEG and this is particularly true in the ICU environ-
ment. Frequent interventions and the use of multiple tech-
nologies make differentiating seizures and other patterns of 
interest from artifact sometimes challenging. We present a 
few examples to illustrate common artifacts seen on spectro-
grams in ICU patients.

Case 7, continued:  (Fig. 4.21)
This spectrogram is from a later 2-h epoch of Case 7 

(Figs. 4.14–4.15). Please refer back to Case 7 for the clinical 
vignette.

At the beginning of the epoch, the spectrogram shows a 
uniform deep blue, reflecting near-complete suppression of 
the EEG background. In this case the suppression is not due 
to pharmacological intervention, but rather reflects the end 
stage of severe diffuse anoxic brain injury. Near the end of 
the 2-h epoch, we see an abrupt change from very low to 
very high, full-bandwidth power, which manifests as a red 
color across the entire bandwidth of the spectrogram. This is 
a typical pattern for disconnection artifact. This pattern 

occurs when the EEG shows high-amplitude voltages due to 
amplifier saturation, due to either disconnection of the elec-
trodes from the scalp or disconnection of all the electrodes 
from the headbox, as in this example.

Case 10:  (Fig. 4.22)
A 51-year-old man presented with subarachnoid hemor-

rhage secondary to aneurysm rupture. An EEG was per-
formed for vasospasm monitoring.

The background spectrographic pattern is intermediate 
between narrowband and broadband monotonous, raising 
the possibility of periodic discharges, although in this case in 
fact the background showed generalized high amplitude 
slowing. Interrupting this background pattern intermittently, 
one can see high-power red stripes that span the entire fre-
quency range. Unlike the above example of disconnection 
artifact, these stripes are of much shorter duration suggesting 
very brief high-amplitude, high-frequency artifact such as is 
generated by movements leading to amplifier saturation or 
temporary EEG disconnection.

Case 11:  (Fig. 4.23)
A 70-year-old man with a history of laryngeal cancer 

treated with radiation developed a delayed right common 
carotid artery rupture requiring carotid artery ligation. 
A cEEG was performed for cerebral perfusion monitoring in 

Fig. 4.20  Antiepileptic drug administration prompting the transition from status epilepticus back to regular flame seizures with a narrowband-
monotonous, diffuse slowing background (Case 9, continued)
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Fig. 4.22  Movement artifact (Case 10). High-amplitude, high-frequency artifacts of much briefer duration than those seen in disconnection 
artifact

Fig. 4.21  Disconnection artifact (Case 7, continued). Seen as abrupt change in CSA from low power to sudden high-amplitude voltages due to 
amplifier saturation
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the setting of a drug-induced hypertension trial. There was 
no deterioration of neurological exam despite carotid liga-
tion and withdrawal of hypertension-inducing medications. 
His EEG showed right frontotemporal slowing but no epi-
leptiform discharges.

This spectrogram represents another typical example of 
frequent movement artifacts. One can imagine how the arti-
facts in the middle of the 2-h epoch might be mistaken for a 
regular flame pattern.

Case 6, continued:  (Fig. 4.13)
On reexamination of the spectrogram in Fig. 4.13 from 

Case 6, in addition to the narrowband-monotonous pattern 
that constitutes the background, we note that there are tran-
sient bursts of yellow at higher frequencies. These events are 
sometimes described as looking like falling rain, rays of sun-
shine, or stalactites hanging from a cave ceiling. This pattern 
is typical of myogenic artifact. A similar myogenic artifact 
event is evident near the beginning of the epoch in Fig. 4.12, 
in the left lateral, right central, and right lateral regions.

There are many other types of artifacts that can give rise 
to unusual spectrogram patterns. For example, oscillating 
beds are characterized by the well-demarcated appearance of 
a high-power band that corresponds to the frequency at 
which the bed is oscillating. Electrical artifact at 55 Hz or 
60 Hz caused by the numerous devices present in an ICU 

occurs at higher frequencies than are routinely displayed on 
spectrograms. Patient cleaning and repositioning may result 
in artifact that appears similar to the movement artifacts 
illustrated above. For patients undergoing active cooling fol-
lowing cardiac arrest, shivering – even minute shivering that 
is not clearly visible – can result in high-frequency move-
ment and myogenic artifact. Some commercially available 
quantitative EEG software includes algorithms to identify 
and reduce artifact or to exclude leads with significant arti-
fact from quantitative analysis and display.

�Clinical Utility Of Quantitative EEG 
and Spectrograms

Determining the validity and utility of qEEG for clinical use 
is important to the continued use and optimization of these 
tools for patient care. Multiple studies have evaluated the 
sensitivity and specificity of various qEEG methods, though 
the most commonly evaluated has been spectrograms, usu-
ally by the terms CSA or DSA in the existing literature.

In a study of qEEG for pediatric ICU EEG data, one group 
compared the diagnostic accuracy of CSA and amplitude-
integrated EEG for seizure identification [21]. For pediatric 
data, they found that sensitivity was relatively similar for 
CSA vs. aEEG (83 vs. 81%). However, overall, more seizures 

Fig. 4.23  Movement artifact (Case 11). Such artifacts can sometimes be mistaken for regular flame seizures
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were completely missed when using CSA (21%) vs. aEEG 
(14%). The most commonly missed seizures were those with 
low-amplitude, short and focal seizures. Other authors have 
also confirmed that CSA-guided review in many different 
protocols can support sensitive screening of critical patho-
logical information in cEEG recordings [10, 12, 14, 21–25].

One study focusing on qEEG for interpretation of adult 
ICU EEG recordings concluded that spectrograms could be 
used as sensitive screening tool for seizures [11]. They 
trained two non-expert electrophysiology reviewers (neurol-
ogy residents) to assess CSA signals for the presence or 
absence of seizures or other clinically important patterns. 
The reviewers were blinded to the presence or absence of 
seizures and were not allowed to view the primary cEEG 
data. An independent experienced electroencephalographer 
reviewed the raw EEG within 60 s on either side of each 
mark and recorded any seizures. Seizures were considered to 
have been detected if the CSA mark was within 60 s of the 
seizure. The CSA reviewers in this study achieved high sei-
zure detection rates, but the study design deliberately allowed 
high false-positive rates to do so.

In a follow-up study, by allowing reviewers to review 
selected segments of raw cEEG data when guided by CSA-
based screening (see Fig. 4.1), the authors hypothesized that 
the time required for review would be significantly less than 
required for conventional review of the entire raw cEEG 
without compromising the sensitivity for seizures or other 
critical pathologies [10]. This method also mirrors the way 
spectrograms are typically used in actual clinical practice by 
EEG experts, i.e., as an addition and aid for reviewing the 
raw EEG. In this study CSA-guided cEEG review identified 
all patients with seizures and detected 87% of all individual 
seizures among the cohort. Using this method, they were 
also able to detect period epileptiform discharges, rhythmic 
delta activity, focal slowing, and generalized slowing in 
>95% of patients. Using this method, they found CSA-
guided screening identified the vast majority of seizures and 
other abnormal patterns while cutting review times by nearly 
75% and missing only rare, brief, highly localized, noncon-
vulsive seizures. The authors concluded that the correlation 
of CSA patterns with the underlying EEG was critical in 
achieving high sensitivity and efficiency.

Given that one of the major limitations of cEEG is the 
limited availability of expert neurophysiologists, it would be 
optimal if qEEG methods could be interpreted by a broader 
audience. Several groups have explored the possibility of 
training non-neurophysiologists to utilize qEEG trends for 
seizure detection. One group evaluated the diagnostic accu-
racy of electrographic seizure detection by neurophysiolo-
gists and non-neurophysiologists using qEEG trend panels. 
They found that in isolated review of a qEEG panel, there 
was an overall sensitivity of 84% and specificity of 69% for 
all reviewer types for the detection of the presence of seizures 

[26]. These results were corroborated by other groups that 
evaluated critical care nurses, residents, and fellows [27]. 
They found that accuracy was not different between nurses 
and physicians after a short training program. Amorim et al. 
favored challenging CSA displays, which included seizures 
(50%) and periodic discharges (35%), a much higher fre-
quency than commonly seen in patients monitored in a neu-
rological ICU [28]. The false-alarm rate for nurses in this 
study was twice as high as for epileptologists in cases involv-
ing periodic discharges without seizures. The false-alarm 
rate in CSA displays with periodic discharges was not sys-
tematically reported in other studies; however, the number of 
displays containing seizures was comparable (30–66%) [27–
30]. These findings suggest that in cases in which separation 
of seizures from periodic discharges is challenging, non-
expert review of CSA would likely benefit from combined 
CSA and raw EEG correlation by neurophysiologists, simi-
larly to what was done in Moura’s protocol [10].

�Quantitative EEG Outside the Realm 
of Seizures

Quantitative ICU EEG also has clinical applications outside 
the realm of seizures and status epilepticus, particularly for 
ischemia detection. Delayed cerebral ischemia (DCI), a 
major complication that occurs after aneurysmal SAH, can 
be seen in up to 50% of patients [31, 32]. Currently, transcra-
nial Doppler ultrasonography (TCD) to assess blood flow 
velocity in the major cerebral arteries is most commonly 
used, but is operator dependent and done at most once per 
day. cEEG can potentially provide continuous real-time data 
for DCI monitoring.

The two features of qEEG that are commonly used to 
detect ischemia are the alpha-delta ratio and the relative 
alpha variability [33]. As cerebral blood flow decreases, pre-
dominantly slower oscillations are seen in the EEG, and 
there is a sequential loss of alpha followed by delta frequen-
cies and subsequent suppression [33]. The alpha-delta ratio 
(ADR) is the ratio of the sum of the power within the alpha 
band (8–13 Hz) and delta band (1–4 Hz). The ADR is typi-
cally displayed as a moving average or histogram. Figure 4.24 
shows an example of how a relative drop in alpha frequency 
power compared to delta frequency power results in a 
decrease in the ADR. Foreman and Claassen showed changes 
in the ADR with changes in GCS, neurological exam, and 
treatment [33]. ADR was found to have a strong association 
with DCI in a retrospective study that looked at qEEG in 34 
high-grade (Hunt and Hess IV and V) SAH patients with 
high sensitivity (100%) and relatively good specificity (76%) 
[34]. Relative alpha variability (RAV) is the other commonly 
used qEEG parameter to detect early ischemia. This method 
uses the alpha-to-total power ratio (8–12 vs. 1–20 Hz). One 
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study evaluated RAV on a poor to excellent scale of 1–4, 
respectively [35]. A decrease in RAV by 1  in at least one 
channel was correlated risk of impending DCI.

Quantitative EEG is also increasingly used to help deter-
mine prognosis in post-cardiac arrest patients with anoxic 
brain injury. The burst suppression ratio, response entropy, 
state entropy, and wavelet sub-band entropy are some of the 
qEEG features that have been investigated in patients with 
anoxic brain injury [36]. The Cerebral Recovery Index (CRI) 
is a recently introduced prognostic index that combines 
power, Shannon entropy, alpha-to-delta ratio, “regularity,” 
and coherence in the delta band. An initial pilot study found 
that higher CRI correlates with better outcomes [37].

�Summary

qEEG can be a useful tool to augment evaluation of raw 
cEEG data in the ICU setting. Properly used, qEEG methods 
can reduce review time while maintaining adequate sensitiv-
ity. qEEG may reduce the burden of raw EEG review by 
expert encephalographers as well, since studies have shown 
that at least some qEEG trends can be evaluated by novices 
with minimal training to identify seizures and other patterns 
of interest. The increased employment of qEEG could poten-
tially make tele-EEG review more feasible, thereby increas-
ing the availability of EEG data at institutions which would 
not otherwise have these resources. Most importantly, the 
use of existing qEEG tools can facilitate real-time monitor-
ing, which is vital to optimizing care of patients in the ICU 
setting.

There are still limitations with using existing qEEG tech-
nology that have proven challenging to overcome thus far. 
One of the most prominent limitations is that unlike EMU 
populations, seizures in critically ill patients frequently 
exhibit patterns of rhythmicity and evolution that are slower 
and may be harder to identify based on current algorithms 
[8]. Additionally, because of the variation in patterns seen in 
ICU patients, it is often difficult to have high expert interra-
ter reliability in review of the raw EEG [38]. Thus, some of 
the limitations in sensitivities of qEEG methods may be 
related to this inherent inconsistency. There is also some 
concern that the false-positive rates for seizure identification 
are of concern as patients may be exposed to anticonvulsive 
therapy or anesthetics unnecessarily. Furthermore, some 
argue that these false-positive identifications may increase 
the burden of electroencephalographers to review the raw 
data and communicate misidentified events to the clinical 
providers. At present, it is still important to avoid using 
qEEG in isolation. Instead, it is best used as an adjunct to 
review of the raw EEG.

There are many directions in which qEEG can advance in 
the near future. A useful first step would be to develop stan-
dardized terminology with which to describe the most com-
mon physiologic and artifactual spectrogram patterns 
observed. By cataloging the common patterns and 
standardizing terminology, studies can better develop and 
cross-validate the sensitivity and specificity of these qEEG 
patterns to the raw EEG patterns. It may also help in the 
development of more uniform training modules for non-
electrophysiology expert staff members who become 
involved in monitoring qEEG data at the bedside. In this 

Fig. 4.24  Alpha-delta ratio (ADR). As the alpha power in a spectrogram decreases relative to delta frequency power, there is a decrease in the 
alpha-delta ratio
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chapter, we introduced the use of some informal terminology 
(regular flame, choppy flame, broadband monotonous, nar-
rowband monotonous) that could perhaps serve as a seed to 
develop such nomenclature.

Another important problem is determining the degree to 
which the information generated by qEEG (or EEG in gen-
eral) impacts intervention and/or outcome in ICU patients. 
One of the main advantages of qEEG is the improved effi-
ciency by which data can be reviewed. Does this or can this 
faster evaluation impact real-time clinical decision making? 
Are patients being clinically reexamined or scanned or 
receiving increased interventions based upon the informa-
tion conveyed, and if so, does this lead to net benefit? A 
related topic is whether such efficiency can be improved by 
training a wider variety of staff members. The studies dis-
cussed above have shown that non-expert reviewers can be 
trained in evaluating qEEG with relatively preserved sensi-
tivity. However, high false-positive rates remain problem-
atic. Would this lead to overtreatment in certain cases? 
Alternatively, would the burden of cross-checking by neuro-
physiologists outweigh any benefit of training non-expert 
readers? Improved training programs for using qEEG tech-
nology will likely improve the clinical utility of qEEG, as 
will the development of a well-calibrated standardized 
terminology.

These issues are vital to the future of qEEG since these 
methods are meant to improve the delivery of care and hope-
fully patient outcomes. There has already been an exponen-
tial growth of interest in qEEG. This will likely continue as 
the field strives to improve qEEG algorithms and increase its 
integration into the real-time assessment of ICU patients.
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�Introduction

Spreading depolarization (SD) is the generic term for patho-
logic events of abrupt, near-complete breakdown of the neuro-
nal intra-/extracellular ion gradients associated with sustained 
near-complete depolarization [1, 2]. It is observed as a large 
negative direct current (DC) shift in subdural and intracortical 
electrocorticographic (ECoG) recordings (DC frequency 
range, <0.05 Hz) (Fig. 5.1a) [3]. SD typically propagates as a 
wave in the brain’s gray matter with a velocity of 2–9 mm/min 
[4] and induces spreading depression of spontaneous activity 
[5]. SD originates in neurons [6, 7], while astrocytes support 
the recovery of the neuronal ion gradients and protect from SD 
[8, 9]. Also astrocytes show marked depolarization during SD 
[10]. The astrocytic depolarization is presumably produced 

passively by the decline in the potassium transmembrane 
gradient following the rise in extracellular potassium concen-
tration. The depolarization implicates a flux of negatively 
charged chloride ions into the astrocyte. Because of the chlo-
ride influx, the membrane potential remains more negative 
than the new potassium equilibrium potential, and this attracts 
potassium to follow chloride into the astrocyte.

The other important pathological network event in the 
brain is epileptiform activity (Fig. 5.1b). The so-called par-
oxysmal depolarization shift (PDS) characterizes interictal 
or preictal epileptiform activity on the cellular level. This is 
a synchronous event resulting from a giant excitatory post-
synaptic potential that usually lasts for 80–200 ms [11]. The 
giant excitatory postsynaptic potential seems to be the con-
sequence of a synchronous activation of recurrent excitatory 
paths. In ECoG and scalp electroencephalography (EEG) 
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traces, its extracellular correlate is the interictal or preictal 
spike [12]. Ictal epileptiform events (IEEs) result from lon-
ger cellular depolarizations, which seem to be the conse-
quence of melting PDS [13]. Clinical correlates of IEE are 
convulsive and nonconvulsive epileptic seizures.

From a thermodynamic perspective, IEE and SD represent 
two different levels of free energy between the physiological 
state of neurons and dead tissue. This concept has been based 
on the free energy contained in the electrochemical gradients 
across the neuronal membranes [10]. These gradients reach 
robust, characteristic ceiling levels during IEE and SD [14–
18]. Table 5.1 shows the typical stepwise changes of electrical, 
sodium, calcium, and potassium transmembrane gradients in 
animals from the physiological state to IEE to SD. According 
to these changes, IEE is closer to the physiological state, while 
SD is closer to dead tissue. In fact, SD is the largest known 
disruption of viable cerebral gray matter. Nonetheless, cortical 
tissue spontaneously recovers from SD except under condi-

tions of severe pathology or energy deprivation when long-
lasting depolarization can lead to cell death or infarction.

Among the many variables reflecting this thermodynamic 
hierarchy, the negative DC shift is the one most readily mea-
surable in humans. Here, we performed a direct comparison 
between DC amplitudes of IEE and SD in the human brain 
for the first time. The changes were similar to those previ-
ously observed in other mammals.

�Methods

�General

We describe four consecutive patients with aneurysmal sub-
arachnoid hemorrhage (aSAH) who showed both IEE and 
SD on subdural ECoG monitoring during intensive care. The 
patients were prospectively enrolled at two participating 

Fig. 5.1  SD and IEE. (a) SD is observed as a large negative DC shift 
(first trace, full-band recording between 0 and 45 Hz). (A) shows the 
amplitude and (B) the duration of the negative DC shift. SD is associ-
ated with spreading depression of spontaneous activity (second trace, 
frequency range from 0.5 to 45 Hz; third trace, power of the spontane-
ous activity; fourth trace, integral of the power of the spontaneous activ-
ity). (C) gives the mean amplitude of the spontaneous activity before 
and (D) during SD. Note the amplitude reduction (= silencing = depres-

sion) during SD. Analogously, (E)–(H) display the amplitudes of the 
power and integral of the power of spontaneous activity before and dur-
ing SD. Note the decreases. Depression durations of SD were scored 
beginning at the initial decrease in the integral of the power of the 
AC-ECoG and ending at the start of the recovery phase (I). (b) The IEE 
is analyzed accordingly (J–P). Note that the IEE shows a smaller DC 
shift than the SD, and the amplitudes of spontaneous activity, power, 
and integral of the power increase during IEE in contrast to SD
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centers of the Co-Operative Study on Brain Injury 
Depolarizations (COSBID), Campus Benjamin Franklin, 
and Campus Virchow-Klinikum (Charité University 
Medicine Berlin, Berlin, Germany). Inclusion criteria were 
(1) age ≥ 18 years, (2) World Federation of Neurosurgical 
Societies (WFNS) grades I–V, (3) ruptured saccular aneu-
rysm proven by computed tomography (CT) angiography 
(CTA) or digital subtraction angiography, and (4) either sur-
gical treatment of the aneurysm via craniotomy or, in coiled 
patients, burr hole trepanation for placement of a ventricular 
drain or oxygen sensor, which allows the simultaneous 
placement of a subdural electrode strip [19–21]. Exclusion 
criteria were subarachnoid hemorrhage due to other causes 
(e.g., trauma, fusiform, or mycotic aneurysm), admission in 
a clinical state with unfavorable prognosis (e.g., wide, non-
reactive pupils for more than 1 h), bleeding diathesis or preg-
nancy, unavailability of the monitoring equipment, and 
refusal of the patient or legal representative to participate in 
the study. The research protocol was approved by the local 
ethics committee of the Charité University Medicine Berlin. 
Either informed consent or surrogate informed consent was 
obtained for all patients. Research was conducted in accor-
dance with the Declaration of Helsinki.

Aneurysmal SAH was diagnosed by assessment of CT 
scans. Hemorrhage was graded according to the original 
Fisher scale [22, 23], and clinical presentation on admission 
according to the WFNS scale. A study neurologist or neuro-
surgeon performed a neurological and general medical eval-
uation on admission. Baseline demographic data and clinical 
signs and symptoms of the initial hemorrhage were recorded. 

The aneurysm was assessed using four-vessel digital 

subtraction angiography or a more restricted study when 
indicated.

After treatment of the aneurysm, all patients were trans-
ferred to the neurocritical care unit where the continuous 
neuromonitoring data were acquired for up to 15 days. 
Glasgow Coma Score, blood gases, glucose, and electrolytes 
were documented at least every 6 h. A thorough neurological 
examination was performed at least daily. Oral nimodipine 
was given prophylactically. Transcranial Doppler sonogra-
phy was performed daily as described previously [24]. 
Delayed ischemic neurological deficit (DIND) was defined 
as the occurrence of focal neurological impairment (such as 
hemiparesis, aphasia, apraxia, hemianopia, or neglect) or a 
decrease of at least two points on the Glasgow Coma Scale 
(either on the total score or on one of its individual compo-
nents (eyes, motor on either side, verbal) >72 h after aSAH 
onset). Moreover, the diagnosis of a DIND required that the 
neurological deficit not to have been present immediately 
after aneurysm occlusion lasted for at least 1 h and could not 
have been attributed to other causes such as hydrocephalus 
or rebleeding by means of clinical assessment or imaging 
studies of the brain and appropriate laboratory investigations 
[24–26]. Whenever necessary, serial CT scans were per-
formed at times of clinical deterioration. Patients were diag-
nosed to have delayed cerebral ischemia (DCI) when they 
showed a DIND and/or a neuroimaging-proven delayed 
ischemic stroke [26]. Patients with DCI were treated with 
hyperdynamic therapy (hypertension, hypervolemia) [27]. 
Angioplasty or intra-arterial therapy was not performed. At 
the conclusion of the monitoring period, the electrode strip 
was removed at the bedside by gentle traction.

�Recording of the Neuromonitoring Data

For the continuous ECoG recordings, a linear, six-contact 
platinum electrode strip (Wyler, 5  mm diameter; Ad-Tech 
Medical, Racine, Wisconsin, USA) was placed on cerebral 
cortex accessible through craniotomy during aneurysm sur-
gery as described previously [20]. Ground was provided by a 
subdermal platinum needle ipsilateral to the recording strip 
(Technomed Europe, Maastricht, Netherlands). Full-band 
ECoG, including both DC and alternating current (AC) 
components, was recorded in six active channels from the 
six-contact linear electrode array (interelectrode distance 1 
cm) with a subdermal platinum needle serving as reference. 
Monopolar recordings were acquired with a BrainAmp 
amplifier (Brain Products GmbH, Munich, Germany) as 
reported previously [20, 28]. Data were sampled at 200 Hz 
and recorded, filtered (0–45 Hz), and analyzed with a 
PowerLab 16/SP analog/digital converter and Chart-7 soft-
ware (ADInstruments, New South Wales, Australia). 
Intracranial pressure (ICP) was monitored via ventricular 

drainage catheter or ICP transducer (Codman or Camino 

Table 5.1  Comparison between physiological state, IEE, and SD 
based on animal experiments [75]

Variable Physiology IEE SD

Sustained negative 
neuronal membrane 
potential (mV)

60–70 40–45 1–17

Negative intracortical 
extracellular DC shift 
(mV)

– 1–4 5–30

Size of extracellular 
space (%)

18–22 14 5–9

Intra-/extracellular 
sodium concentration 
(mM)

10/146–154 16/135–143 35/57–59

Intra-/extracellular 
calcium concentration 
(μM)

0.06/1200–
1300

0.13/800–
1000

25/80

Intra-/extracellular 
potassium 
concentration (mM)

134/2.3–3.1 126/10–12 106/35–
60

Free energy content in 
the electrochemical 
gradients across the 
cellular membranes of 
neurons (J/l) (10)

21.9–24.4 19.1–21.6 2.4–2.5
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systems). The systemic arterial pressure was continuously 
recorded via a catheter in the radial artery. Mean arterial 
pressure (MAP) and cerebral perfusion pressure (CPP) were 
calculated according to standard practice.

�Analysis of Neuromonitoring Data

In accordance with the analytical framework and characteris-
tics described previously [24, 29, 30], SD was observed in 
the DC-ECoG (bandpass, 0–0.05 Hz) as the consecutive 
onset of a large negative DC shift in neighboring ECoG 
channels.

In contrast to DC changes that define the phenomenon of 
SD, spontaneous and evoked electrical activity of the brain is 
observed in the AC range of the ECoG above ~0.5 Hz. In 
electrically active tissue, SD typically causes spreading 
depression of spontaneous activity. This is observed in 
neighboring ECoG channels as a rapidly developing reduc-
tion in amplitude, power, and integral of the power of the 
AC-ECoG activity (bandpass, 0.5–45 Hz) as shown in 
Fig. 5.1a [31].

Depression durations of SD were scored beginning at the 
initial decrease in the integral (60 s decay time constant) of 
the power of the AC-ECoG and ending at the start of the 
recovery phase as described previously and shown in 
Fig. 5.1a [31].

IEEs were defined as any spikes, sharp waves, or sharp-
and-slow-wave complexes lasting for 10 s or more at either a 
frequency of at least 3/s or a frequency of at least 1/s with 
clear evolution in frequency, morphology, or recording sites 
of the electrode strip. IEE are typically associated with an 
increase in the AC-ECoG power and integral of the power 
[24, 32, 33] and were analyzed as shown in Fig. 5.1b.

�Statistics

First, the median of each variable was calculated within a 
given patient. Based on this, median, first, and third quartile 
of each variable was then calculated for the four patients. All 
SDs or, respectively, all IEEs within one patient were in 
other words treated as dependent. P ≤ 0.05 was accepted as 
statistically significant. Further details of the statistical anal-
ysis are given in the “Results” section.

�Results

�Case Reports

All patients had both aSAH and a large intracerebral hema-
toma. The clinical variables are summarized in Table 5.2.

Patient 1 showed a DIND characterized by altered con-
sciousness, diplopia, left facial palsy, and left arm paresis. 
She was treated with hyperdynamic therapy. In addition, 
lorazepam was given during this time period because she 
reported anxiety and agitation. No clinical seizures were 
observed. She slowly improved after day 10 without evi-
dence of a delayed infarct on follow-up neuroimaging.

Patient 2 showed neither DIND nor delayed infarct. 
However, early in the course, he developed hydrocephalus, 
which was initially treated with extraventricular drainage. 
Later on, a ventriculoperitoneal shunt was established. Chest 
x-ray was significant for pneumonia on day 4. Pneumonia 
and a urinary tract infection were treated with antibiotics. On 
day 12, the nurses noted spells associated with breath-
holding that were interpreted as epileptic seizures, since the 
ECoG showed IEE. The patient was treated with levetirace-
tam. After discharge, he developed posthemorrhagic 
epilepsy.

Patient 3 had a history of migraine with olfactory auras 
for over 20 years. During the monitoring phase, she had two 
typical migraine attacks, but developed neither DIND nor 
delayed infarct. There was no clinical evidence of epileptic 
seizures. She did not receive any anticonvulsant 
medication.

Patient 4 had neither DIND nor delayed infarct nor clini-
cal seizures. Pulmonary function was severely compromised, 
and the patient progressively developed a severe hepatorenal 
syndrome. She died on day 12.

�Comparison Between SD and IEE

A total of 215 SDs and 371 IEEs were observed and ana-
lyzed during a total ECoG recording time of 771.8 h in these 
four patients. Figures  5.2–5.5 display the typical electro-
physiological signatures and Fig. 5.6 the time courses of SD 
and IEE for each patient including the time points of treat-
ment with anticonvulsant drugs. The electrophysiological 
variables are summarized in Table 5.2.

The median amplitude of the negative DC shift of SD was 
14 times larger than that of IEE (8.4 (6.2, 10.9) mV (first 
quartile, third quartile) versus 0.6 (0.2, 0.9) mV, P = 0.029, n 
= 4 patients, Mann-Whitney Rank Sum Test). The median 
duration of the negative DC shift of SD was 153 (136, 169) s 
(n = 4 patients), and the median monopolar depression dura-
tion of SD was 503 (475, 505) s (n = 4 patients). The depres-
sion duration always exceeded the duration of the negative 
DC shift. During spreading depressions, the power fell from 
100 to 35 (16, 57) % and the integral of power from 100 to 
26 (16, 39) % (n = 4 patients). The median duration of IEE 
was 158 (99, 243) s (n = 4 patients). During IEE, the power 
increased from 100 to 395 (242, 817) % and the integral of 
power from 100 to 318 (194, 679) % (n = 4 patients). Overall, 
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Table 5.2  Cases and electrophysiological variables

Patient 1 Patient 2 Patient 3 Patient 4

Age 48 71 42 78

Sex F M F F

History of epilepsy No No No No

Location of aneurysm MCA ACoA MCA ACoA

WFNS grade 1 5 4 4

Fisher grade 3 4 3 3

ICH (largest ∅, cm) 5 6 3.5 5

Surgical intervention Clip ligation Clip ligation Clip ligation Clip ligation

Total recording time of monopolar DC/AC recordings 
(h)

138.6 226.8 195.6 210.8

Number of SDs in the monopolar DC/AC recordings 58 114 28 15

Median amplitude of the negative DC shift of SD (mV) 
(n = local measurements)

6.3 (4.8, 7.6)  
(n = 158)

5.7 (3.9, 8.0) (n = 261) 11.9 (8.2, 3.5) 
(n = 90)

10.5 (7.6, 12.7) 
(n = 30)

Median duration of the negative DC shift of SD, 
minimum and maximum duration (s)

146 (116, 179) 
52–418

159 (129, 111) 59–359 198 (157, 
215) 108–361

104 (93, 123) 
67–154

Median monopolar depression duration in the integral of 
power (s)

505 (345, 675) 501 (251, 909) 505 (332, 
720)

397 (321, 611)

Depression of AC-ECoG power during SD in percent of 
baseline (=100%)

11 (6, 22) 70 (35, 87) 18 (10, 29) 52 (31, 81)

Depression of the AC-ECoG integral of power during 
SD in percent of baseline (=100%)

11 (4, 20) 58 (37, 75) 18 (9, 31) 33 (24, 37)

Recording sites involved in SD Up to 4 Up to 3 Up to 4 Up to 3

Median of mean MAP during SD (mmHg) 98 (93, 105) 97 (92, 101) 95 (88, 104) 81 (78, 86)

Median of mean ICP during SD (mmHg) 1 (1, 1) 15 (11, 18) 12 (8, 16) 11 (8, 15)

Median of mean CPP during SD (mmHg) 98 (92, 104) 82 (76, 87) 80 (75, 93) 71 (65, 74)

Number of IEEs in the monopolar DC/AC recordings 15 34 127 195

Median amplitude of the negative DC shift of IEE (mV) 
(n = local measurements)

0.2 (0.0, 1.0) (n = 
30)

1.0 (0.5, 1.6) (n = 71) 0.9 (0.6, 1.2) 
(n = 219)

0.0 (0.0, 0.3)  
(n = 319)

Median duration of IEE (s) 201 (94, 278) 367 (241, 434) 55 (34, 82) 114 (77, 153)

Increase of AC-ECoG power during IEE in percent of 
baseline (=100%)

204 (166, 272) 1659 (727, 2865) 254 (169, 
359)

536 (377, 834)

Increase of the AC-ECoG integral of power during IEE 
in percent of baseline (=100%)

203 (169, 231) 1418 (627, 2197) 165 (140, 
223)

433 (292, 688)

Recording sites involved in IEE Up to 2 Up to 4 Up to 3 Up to 2

Median of mean MAP during SD (mmHg) 100 (98, 104) 99 (94, 104) 92 (89, 96) 80 (78, 86)

Median of mean ICP during SD (mmHg) 1 (0, 1) 15 (12, 19) 17 (14, 19) 13 (9, 15)

Median of mean CPP during SD (mmHg) 100 (97, 103) 84 (76, 88) 75 (72, 79) 68 (64, 74)

ACoA anterior communicating artery, MCA middle cerebral artery
The numbers in parentheses represent the first and third quartiles

the analysis of percent changes in the integral of power was 
less robust (more artifact laden) than the analysis of percent 
changes in the power (SD, 370 versus 494 successful mea-
surements at different electrodes; IEE, 624 versus 634). In 
the pooled analysis of all SD and IEE, linear regression 
found that the changes in power and integral of power sig-
nificantly correlated with each other during both SD and IEE 
(SD, adjusted R2 = 0.613, P < 0.001, n = 349 local measure-
ments; IEE, adjusted R2 = 0.470, P < 0.001, n = 622 local 
measurements). No significant differences in mean MAP, 
mean ICP, or mean CPP were found between SD and IEE (n 
= 4 patients) (Table 5.2).

�Discussion

�Comparison of IEE and SD

On the surface of the human brain, we observed that the 
median amplitude of the negative DC shift was 14 times 
larger during SD than during IEE. This corresponds well to 
recordings in animals in vivo and in brain slices [2, 34–36]. 
Full-band recordings using platinum electrodes were already 
performed previously to measure the large DC shift of SD 
on the surface of the human brain [20, 28–30, 37], and the 
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results presented here were similar. However, such record-
ings have not yet been performed in patients during IEE to 
our knowledge. Gross and colleagues used an amplifier with 
a high-pass filter of 0.01  Hz and stainless steel subdural 
electrodes [38], which are characterized by worse low-fre-
quency recording properties than platinum electrodes [39]. 
These authors did not observe low-frequency shifts with 
most IEEs. Ikeda and colleagues used platinum electrodes 
similar to us and found low-frequency shifts with most 
IEEs, but the amplifier was yet equipped with a high-pass 
filter in contrast to the present study [40]. Such a filter dis-
torts the DC signal and causes an artificial reduction in 
amplitude [41].

In general, noise and movement artifacts limited the inter-
pretation of SD and IEE in a similar fashion in the present 
study. However, our results suggest that it should be easier 
for neurophysiologists and neurointensivists to learn the 
assessment of SD than the assessment of IEE, given the size 
and the duration of the events and the more restricted num-
ber of SD versus IEE variants. Admittedly, this may sound 

paradoxical in view of the previous difficulties to record SD 
and the resulting debates of the past whether or not SD 
occurs in the human brain at all [42].

The difference in DC shift amplitudes between SD and 
IEE reported here roughly reflects the differences in ionic 
concentration changes and free energy between these two 
types of pathological network events (Table 5.1). However, 
there are not only quantitative but also qualitative differ-
ences in the generation of DC shifts between IEE and 
SD. Accordingly, SD was associated in hippocampal slices 
with a very large current sink located in the layer of apical 
dendrites, maximal among the proximal segment of den-
drites, to which the cell body layer served as a source [43]. 
By contrast, a sink limited to the cell body layer was observed 
throughout the duration of IEE. It is assumed that the DC 
shift of IEE reflects, in particular, longitudinal and trans-
membrane current loops between the glial syncytium and the 
extracellular space, which are largely driven by the inhomo-
geneous distribution of the extracellular potassium concen-
tration [44]. Further, somatodendritic neuronal dipoles are 

Fig. 5.2  Example traces of SD and IEE in patient 1. IEE with 3/s spike-wave activity followed by SD. The star in the third trace marks the time 
period which is shown in the lowest trace at higher temporal resolution
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Fig. 5.3  Example traces of SD and IEE in patient 2. IEE with rhythmic 2.5/s delta activity followed by SD. The star in the second trace marks the 
time period which is shown in the lowest trace at higher temporal resolution

involved due to transmitter-dependent and excitation-
dependent depolarization [45]. During SD, regional depolar-
ization in single neurons seems to be the predominant factor. 
Following the core conductor theory, the regional depolar-
ization establishes longitudinal gradients of neuronal depo-
larization and transmembrane current loops that sum up in 
the extracellular space to build the negative DC shift of SD 
[46]. This is possible because pyramidal cells are tightly 
arranged in parallel, thus optimizing the extracellular addi-
tion of currents and the spatial matching of single cell to 
population events with subcellular accuracy.

In addition to neurons and glial cells, the blood-brain bar-
rier (BBB) is another source of DC potentials in the brain. 
For example, CO2-dependent DC deflections are generated 
across the BBB [47, 48]. However, BBB-generated DC 
deflections show a homogeneous laminar profile throughout 
cortex and white matter unlike the steep zonal gradients 
observed in the cortex during IEE or SD [49–51]. Another 
argument for either no or only a small contribution of the 
BBB to intracortical DC shifts of IEE or, respectively, SD is 

that they are remarkably similar between brain slices, which 
lack an intact BBB, and the brain in vivo [34, 35, 52].

SD also differs in its binary, all-or-nothing nature from 
IEE. Thus, SD is always observed as a large negative DC 
shift; both depolarization and breakdown of ion homeostasis 
are always near complete; and the depolarization always 
lasts for at least ~30 s. Depending on the local tissue energy 
status, the polarization state and ion homeostasis then either 
recover or not. By contrast, epileptiform activity shows an 
interictal-ictal continuum between physiology and full-
blown IEE. This interictal-ictal continuum has been clini-
cally defined as repetitive generalized or focal spikes, sharp 
waves, spike-and-wave or sharp-and-slow-wave complexes 
lasting for 10 s or more with a frequency between 1/s and 3/s 
without clear evolution in frequency, morphology, or loca-
tion [32, 33].

The most conspicuous point of contrast between IEE and 
SD is the opposite nature of the associated changes in spon-
taneous activity. Spontaneous activity is produced by rapid 
extracellular field potential changes associated with 
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Fig. 5.4  Example traces of SD and IEE in patient 3. IEE with rhythmic 3/s spikes followed by SD. The star in the fourth trace marks the time 
period which is shown in the lowest trace at higher temporal resolution

G.S. Revankar et al.



85

Fig. 5.5  Example traces of SD and IEE in patient 4. IEE with rhythmic 1.7/s spikes followed by SD. The star in the second trace marks the time 
period which is shown in the lowest trace at higher temporal resolution

postsynaptic potentials in cortical neurons. The summation 
of these potentials causes measurable changes in the ECoG 
frequency range above ~0.5  Hz. Notably, the sustained 
depolarization underlying IEE remains below the inactiva-
tion threshold for the action potential-generating channels 
in distal axons. This allows for continuous, synchronous, 
highly frequent firing of neurons, superimposed on the 
moderate sustained depolarization. In contrast to IEE, SD 
causes depression of spontaneous activity [5]. This is 
because the sustained depolarization exceeds the inactiva-
tion threshold for the action potential-generating channels 
[53]. However, the depression of activity is longer-lasting 
than the actual SD process, suggesting that it is maintained 
by other mechanisms that affect synaptic function such as 
intracellular zinc, calcium and/or adenosine accumulation, 
and activation of the electrogenic sodium pump [54–57]. In 
the AC-ECoG power and integral of the power, these 
changes of IEE and SD are reflected by large increases and 
decreases, respectively, in amplitude [24]. The present 
study demonstrated that for both IEE and SD, the AC-ECoG 
power and integral of the power are more or less inter-

changeable, but the integral of power was slightly more 
artifact laden. Nonetheless, visual assessment of the dura-
tion of the SD-induced depression period has been more 
robust using the integral of power [31].

�Synergism of IEE and SD

Both IEE and SD co-occur spontaneously in experimental 
models of acute hyperexcitability such as the low-magnesium 
[56, 58] or high-potassium models [52, 59] in rodent and 
human brain slices, models of electrical stimulation in juve-
nile hippocampal slice cultures [57], or models of GABAA 
receptor [60, 61] or sodium pump inhibition [52, 62]. 
Moreover, SD can be initiated in a susceptible area by a sin-
gle discharge of an epileptic focus termed spike-triggered 
SD [63]. Repeated SD may enhance epileptiform activities 
[64] by selective suppression of GABAergic function [65]. 
Therefore, it is not surprising that IEE and SD also co-occur 
in patients with acute cerebral injuries, although SD is more 
predominant. The estimated incidence of IEE in continuous 

5  Seizures and Spreading Depolarization



86

Fig. 5.6  Occurrences of SD and IEE over time in patients 1–4. Note the predominance of SD over IEE in all patients
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EEG or ECoG recordings during the first week after the ini-
tial insult can be as high as 23% in traumatic brain injury 
(TBI) [66], 38% in aSAH [24, 33, 67], 31% in intracerebral 
hemorrhage (ICH) [68], and 27% in ischemic stroke [69]. 
SD in the acute and subacute period was recorded in about 
56% of patients with TBI [70, 71], 60–70% of patients with 
ICH [72, 73], 70–80% of patients with aSAH [24, 31], and 
practically 100% of patients with malignant hemispheric 
stroke (MHS) [4, 74].

Further, there seems to be a clinical overlap between syn-
dromes of epilepsy and migraine aura, one of the clinical 
manifestations of SD [75]. For all three genes associated 
with familial hemiplegic migraine, there are carriers of the 
mutations who also had epilepsy [76–78]. In a large cohort 
of participants with non-acquired generalized and focal epi-
lepsy, a shared genetic susceptibility to migraine with aura 
and epilepsy was demonstrated [79]. Moreover, after acute 
cerebral injury, early SD may be a risk factor for the develop-
ment of late epilepsy. In a pilot study, the peak SD number 
early after aSAH was significantly higher in patients who 
later developed posthemorrhagic epileptic seizures [24]. In 
the course of epileptogenesis, the propensity to SD may, 
however, decline, while the propensity to spontaneous IEE 
increases. The potassium threshold for SD was increased in 
neocortical slices both from patients who had undergone sur-
gery for intractable epilepsy and from rats that had chronic 
epilepsy following pilocarpine-induced status epilepticus 
[35]. By contrast, brain slices from age-matched healthy 
control rats showed a significantly lower threshold. In a sim-
ilar fashion, the propensity to SD was reduced following epi-
leptogenesis in the course of BBB disruption and 
pentylenetetrazol kindling in rats [80, 81]. Speculatively, the 
decreased propensity to SD in chronically epileptic tissue 
could result from the decline in neuron density [82] or from 
upregulation of yet unknown defense mechanisms.

�Perspective on Injury and Plasticity

Our findings add another argument that the signal character-
istics and fundamental processes of IEE and SD have been 
highly conserved in the phylogenesis of the central nervous 
system across lissencephalic and gyrencephalic species, 
including humans. This conservation could be interpreted in 
two radically different ways: (1) features pushing the brain 
toward cutting-edge neural processing, such as denser pack-
aging of neurons and speeding of synaptic transmission, 
could represent phylogenetic advantages for the healthy indi-
vidual but may carry the risk of greater network instability 
that permits IEE and SD under pathological conditions or (2) 
IEE and SD could have long-term advantages after cerebral 
injury that outweigh their adverse effects in the short term.

Ample evidence from experimental studies demonstrates, 
in particular, that SD mediates infarct development in meta-
bolically compromised tissue in the short term through pro-
longed ionic breakdown and spreading ischemia [75]. 
Although less well established, IEE might be unfavorable as 
well [33]. Nonetheless, mid- and long-term effects of IEE 
and SD could, potentially, be beneficial. Objects of debate 
include such effects as preconditioning [83–85], immuno-
logical modifications [86–88], and promotion of plasticity 
[89] or regeneration [90, 91]. However, the lack of suscepti-
bility to SD of the neonatal brain may be mentioned as a 
developmental argument against the notion that SD shows an 
overall benefit for the injured brain [92]. Indeed, if SD 
evolved as a process protecting neurons from injury, the 
brain should be very prone to generate SD during birth since 
birth is the point in life cycle at which the statistical risk for 
hypoxia is maximal. By contrast, maximal susceptibility to 
both IEE and SD is found in childhood when the learning 
capacity is maximal and the risk of cerebral injury is low [35, 
61, 93, 94]. A link between learning, kindling, seizures, and 
SD was already suggested previously in relationship with 
N-methyl-D-aspartate (NMDA) receptors because they are 
crucially involved in all of these phenomena [95, 96] and 
show characteristic modifications in subunit composition 
during postnatal development [97, 98]. These opposing 
hypotheses deserve further study in the context of acute cere-
bral injury, treatments that target SD and IEE, and adaptive 
(rehabilitation) and maladaptive (epileptogenesis) long-term 
plasticity.
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Abbreviations

cEEG	 Continuous EEG
dEEG	 Depth/intracortical EEG
EEG	 Electroencephalography
MMM	 Multimodality monitoring
sEEG	 Surface EEG

�Neuro ICU Monitoring Modalities

In the context of the neurological intensive care unit and as 
discussed below the term multimodality monitoring (MMM) 
usually implies both non-invasive and invasive diagnostic tools. 
Non-invasive ones include neuroimaging, continuous scalp 
EEG, extra- and transcranial duplex and Doppler exams, 
evoked potentials, and near infrared spectroscopy (NIRS). 
Commonly used invasive monitors measure and record intra-
cranial pressure (ICP), cerebral oxygenation (partial brain tis-
sue oxygenation, PbtO2), regional cerebral blood flow (rCBF), 
intracranial EEG, cortical spreading depressions, and cerebral 
chemistry via microdialysis (MD). By subtracting the ICP from 
the mean arterial pressure (MAP), the cerebral perfusion pres-
sure (CPP) can be approximated. It is important to be aware of 

strengths and limitations of each monitoring modality in order 
to optimize their utility, especially in the context of seizures. In 
the following chapter we will first briefly introduce the main 
intracranial monitoring techniques (for an in-depth discussion 
of cortical spreading depression please refer to Chap. 20), fol-
lowed by an overview of the physiologic signal detected from 
invasive monitoring devices during seizures.

�Intracranial Pressure

ICP measurements may be achieved via pressure sensors 
located within the ventricle (external ventricular drain, 
EVD), with the advantage that CSF can also be drained from 
the ventricle in order to lower the pressure [1, 2]. The disad-
vantage is that most commercially available EVDs either 
drain CSF or measure ICP at a given time but are unable to 
perform both functions simultaneously. In contrast, intrapa-
renchymal ICP monitors provide a constant account of the 
ICP with similar reliability and accuracy [3].

ICP values higher than 20–25 mmHg are usually a trigger 
for treatment interventions in clinical practice [4]. At the 
same time, there is broad consensus that this cutoff is some-
what arbitrary and that the interpretation of ICP depends on 
the clinical context and duration of ICP elevation [5, 6]. 
Although an association between response to ICP-lowering 
treatment and outcome has been shown [7–9], there is a pau-
city of high quality data showing that the current practice of 
ICP management improves outcomes in patients with acute 
brain injury [10, 11]. In defense of ICP monitoring it may be 
argued that, rather than absolute ICP values, ICP changes 
over time and cumulative ICP burden may contain valuable 
diagnostic information [10, 12–17]. In addition, the ICP 
waveform contains information on intracranial compliance 
and autoregulation and may influence blood pressure man-
agement [18, 19]. In the context of MMM, ICP monitoring is 
indispensable as it may herald newly developing intracere-
bral masses or impending herniation, and is necessary to cal-
culate cerebral perfusion pressure (CPP) [20–22].
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�Cerebral Perfusion Pressure and Regional 
Cerebral Blood Flow

Brain perfusion can be estimated globally through CPP 
calculation (MAP-ICP) or locally. Local measurements are 
possible via laser Doppler flowmetry [23], or via insertion of 
a thermal dilution probe into the brain parenchyma, which 
then measures regional cerebral blood flow (rCBF) in an area 
of approximately 3  cm2 surrounding the probe [24]. 
Furthermore Xenon CT and Perfusion CT provide snapshot 
measures of brain perfusion, but these techniques will not be 
reviewed here.

CPP is considered normal at values between 55 and 70 
mmHg [25], but as with MAP and ICP, the clinical interpre-
tation of CPP is very much context-dependent and absolute 
values are limited as targets of therapeutic interventions [22, 
26, 27].

A given CPP value’s validity as therapeutic target is 
dependent on intact cerebrovascular autoregulation. 
Autoregulation refers to the ability of arterioles in the brain 
to adjust diameter over a range of CPP in order to maintain 
constant end-organ blood flow. Thus, with intact autoregula-
tion, the measure of CPP is independent of the rCBF [28]. 
However, patients with acute brain injury often have 
impaired autoregulation, which is why in these patients’ 
MAP increases may cause ICP increases, and CPP and rCBF 
may be linearly correlated [21].

The pressure reactivity index (PRx) is a reflection of autoregu-
lation that takes into account both individual variability among 
patients and temporal perfusion dynamics within individuals [29, 
30]. PRx measures the degree of correlation between MAP and 
ICP and is calculated over a sliding time window of several min-
utes. Poor correlation corresponds to intact and strong correlation 
to absent autoregulation. Absent autoregulation also implies that 
the therapeutic regulation of CPP is paramount since in this situa-
tion CPP directly determines rCBF in the brain [31]. For most 
patients, plotting the CPP against the PRx yields an optimal CPP 
or CPPopt, where the brain is best protected from hypo- and 
hyperperfusion. While in TBI patients with impaired autoregula-
tion both low CPP and high CPP have been associated with poor 
outcomes [13, 22, 28], the more individualized approach of 
CPPopt-driven blood pressure regulation has not been established 
as clearly beneficial so far. Feasibility studies have shown 
improved outcomes in patients who remain at their individual 
CPPopt during the first 48 h [26, 32], but prospective phase III 
intervention studies reproducing these results are not available so 
far [33].

The most commonly used intraparenchymal probe to esti-
mate brain perfusion uses thermal dilution principles mea-
suring the convection and heat conduction properties of the 
surrounding brain tissue. These rCBF values are comparable 
to those obtained by Xenon-CT [24]. Widely accepted ranges 
defining normal and abnormal rCBF remain to be established 
[4]. An averaged approximation to a normal value is 50 

ml/100 mg/min, with white matter being less perfused on 
average (20 ml/100 mg/min) than grey matter (80 ml/100 
mg/min). Major measurement artifacts are introduced 
through periodic recalibration of the temperature sensor. 
Moreover, the technique is considered less reliable in patients 
with elevated body temperature. However, despite method-
ological limitations, relative changes in conjunction with 
other monitoring modalities—especially quantification of 
metabolic demand through MD—may aid the detection of 
impending tissue ischemia or seizure activity [34]. Currently 
there is no evidence that rCBF-targeted treatment of patients 
with acute brain injury leads to better outcomes [4].

�Brain Tissue Oxygenation

There are two invasive methods to measure brain paren-
chyma oxygenation locally, the Licox system (Integra 
Neurosciences) and the Neurovent-PTO System (Raumedic), 
which yield comparable results [35]. The Neurovent-PTO 
system measures oxygen tension by means of a fluorescence 
sensor. The Licox system consists of a Clark-type polaro-
graphic probe coated by a semi permeable membrane [36, 
37]. Oxygen probes are commonly coupled with a tempera-
ture probe (in the Licox system temperature is measured by 
the same probe) or with temperature and ICP probes 
(Raumedic) [38, 39] (Fig. 6.1). Similar to rCBF partial brain 
tissue oxygen pressure (PbtO2) should be interpreted in syn-
thesis with other parameters, such as CPPopt [40, 41]. 
Moreover low PbtO2 values can easily be “improved” by 
increasing the fraction of inspiratory oxygen, which, how-
ever, does not necessarily improve brain metabolism.

The physiologic PbtO2 range is still a matter of debate. 
Based on data obtained in patients undergoing elective neu-
rosurgical procedures and in patients with acute brain inju-
ries, 20–35 mmHg can be considered normal, <20 mmHg 
moderate hypoxia, and <10 mmHg severe hypoxia [42–44]. 
There is an abundance of data showing that very low PbtO2 
values correlate with poor outcome, in both TBI and SAH 
patients [45–48]. Further evidence for the physiologic plau-
sibility of PbtO2 measurement was provided by a study cor-
relating PbtO2 and regional cerebral blood flow [49] and by 
a study showing that PbtO2  in brain dead patients is zero 
mmHg [50]. So far, PbtO2-targeted therapy and its impact on 
outcome have only been studied in small patient cohorts but 
with some promising results [51].

�Cerebral Microdialysis

MD allows the determination of interstitial molecule con-
centrations in the brain, by insertion of a catheter–with 
attached tubing system for filtering and passage of the dialy-
sate–into the white matter [52, 53]. The dialysate is then 
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typically analyzed at the bedside [54]. The maximal sam-
pling frequency is limited to approximately 6 times per hour 
due to the time needed for equilibration of the chemical mol-
ecule gradient across the microdialysis membrane. Most 
institutions that use MD on a routine basis sample the cath-
eter fluid once per hour, which may be a limitation when MD 
parameters are to be compared to other monitoring modali-
ties with higher time resolution.

Molecules of interest include brain glucose, the glycoly-
sis products lactate and pyruvate, as well as markers of exci-
totoxicity or cell damage, such as glutamate and glycerol 
[55]. The lactate-pyruvate ratio (LPR) rather than the two 
parameters in isolation is believed to be associated with tis-
sue energy failure. A low interstitial brain glucose concentra-
tion in combination with a high LPR can be indicative of 
hypoxia/ischemia. However, elevation of the LPR alone may 
indicate an accelerated brain metabolism and is not necessar-
ily associated with brain damage. MD-values need to be 

interpreted in context; the comparison with PbtO2 and rCBF 
has been shown to provide a meaningful first approach to 
evaluate the metabolic state of the brain tissue [56, 57].

Normal glucose values range between 1.5 and 2 mM. LPR 
values of greater than 25 and 40, respectively, have been 
described as a marker of injury [58–60]. Normal ranges of 
glycerol and glutamate—markers of brain cell membrane 
break down and excitotoxicity—are less well established. 
Generally glutamate concentrations <10 mM and glycerol 
concentrations <50 mM are considered normal [54, 
61–63].

Both low glucose and high LPR are associated with poor 
outcome [17, 56, 57]. Moreover high interstitial glutamate in 
SAH patients has been shown to indicate delayed cerebral 
ischemia [64]. In a large observational study including 223 
patients with TBI, glucose and LPR contralateral to trau-
matic injury were each independently associated with 
6-month mortality [59].

Fig. 6.1  Invasive 
multimodality monitoring 
“bundle” in a patient in the 
neurointensive care unit. (a) 
External view of the patient’s 
head with microdialysis and 
rCBF probes in the 
foreground and the Licox 
probe (PbtO2, Temperature, 
ICP) in the background. (b) 
X-ray skull survey with right 
frontal insertion of probes 
shown in (a). (c) CT head 
without contrast showing the 
tips of the probes (red arrow) 
immediately next to each 
other. (d) Conventional 
Angiography showing MMM 
probes in relation to the 
cerebral vasculature in the 
right frontal ACA/MCA 
territory. rCBF regional 
cerebral blood flow, PbtO2 
partial brain oxygen pressure, 
ICP intracranial pressure, 
MMM multimodality 
monitoring, ACA anterior 
cerebral artery, MCA middle 
cerebral artery
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Although brain glucose metabolism can be altered by sys-
temic interventions [65], to date, no interventional studies 
using MD-values as treatment targets to improve clinical 
outcome have been conducted. However, MD with PbtO2 
measurements have been used to identify optimal MAP/ICP 
and hemoglobin values, which may indirectly impact clinical 
outcome [26, 66, 67].

�EEG as a Component of Multimodality 
Monitoring

�Surface EEG
In the neuro ICU several methods of EEG recording can be 
applied to obtain EEG data from patients with acute brain 
injury, among them spot EEG, repeated short EEG record-
ings, continuous surface EEG, and depth EEG (dEEG). All 
of these modes of EEG recording can be enhanced by using 
quantitative EEG (see Chap. 20 for details). Surface EEG 
(sEEG), as one of the oldest and most intensely studied tech-
niques of monitoring the brain, has its unquestioned diagnos-
tic value in seizure detection, monitoring the depth of 
sedation, and in prognostication [68]. Open questions in the 
neuro ICU context include the choice of EEG technique (or 
combination of techniques) and duration of EEG recording 
that produces the highest diagnostic yield in a given disease 
entity and patient [69]. In recent years, technical advance-
ments have made digital transformation of the analog EEG 
signal, storage, and—at least partly—the automated analysis 
of large amounts of EEG data possible. Nevertheless, con-
tinuous EEG (cEEG) recordings still require a substantial 
amount of manpower at significant cost, which is why 
research on effective use is warranted.

Both through modifications of the EEG recording tech-
nique and through development of data analysis methods 
researchers have tried to improve the applicability of sEEG 
in the neuro ICU [70].

�Quantitative EEG (for an Extensive Discussion 
on qEEG Please Refer to Another Chapter 
of the Book)
A relatively new development in the neuro ICU is the use of 
quantitative EEG (qEEG) to aid in the timely extraction of 
diagnostic information from the large amounts of cEEG 
data. Various algorithms are available to analyze and visual-
ize qEEG data. After undergoing Fast Fourier Transformation 
the raw EEG data can either be represented as total power, 
ratios of power (e.g., alpha delta ratio), or spectrograms. 
Spectrograms in turn can be graphed as numbers, com-
pressed spectral arrays (CSA), staggered arrays, or histo-
grams [71, 72]. The analogous interpretation of raw EEG 
data is too time consuming to be feasible by a neurointensive 
care physician alone whose responsibilities will only grow 

with the technical progress in the field of neurocritical care, 
leaving less time for EEG review. The alternative, employ-
ment of full time electrophysiologists, is a financial and 
logistic challenge that most hospitals are not able to afford. 
In the future, qEEG will hopefully offer efficient screening 
and alarm mechanisms indicating clinically concerning EEG 
trends, in order to make big EEG data accessible and useful 
at the bedside [73].

�Automated Seizure Detection Algorithms
Another approach to master the task of extracting relevant 
information from large amounts of raw EEG recordings is 
the development of seizure detection software. For such soft-
ware to detect seizures with reasonable sensitivity and speci-
ficity, seizures should ideally have a clear on- and offset and 
should be clearly distinguishable from the EEG background. 
While this is often the case in a relatively noise-free environ-
ment, such as epilepsy monitoring units, it is rarely the case 
in neurointensive care units that have many ambient sources 
of noise [74, 75]. Moreover, muscle artifacts and periodic 
discharges are more common in the NICU. The latter share 
many electrographic features with seizures and are therefore 
difficult to distinguish by automated seizure detection soft-
ware [76, 77]. Indeed there is ongoing debate regarding the 
clinical relevance of periodic discharges that fall along the 
ictal-interictal spectrum lacking the discrete on–offset of 
events that are universally recognized as ictal. Seizure detec-
tion algorithms using intracortical EEG data have not been 
tested so far, but are promising given the overall high signal 
to noise ratio of dEEG.

�Depth EEG
Surface EEG has the advantage of providing a global elec-
trophysiological signal covering most parts of the cerebral 
cortex. However, sEEG electrodes are separated from the 
source of the EEG signal originating from the brain tissue by 
several structures: skin, hair, the skull, as well as the menin-
ges and any pathologic material (blood, pus, etc.) that may 
lie within. Distant from the source of the signal, sEEG is also 
close to sources of noise. Sources of noise include poor elec-
trode contact and—particularly in the neuro ICU–surround-
ing electronic devices, which may cause artifacts distorting 
the EEG signal. Another major source of artifact is the elec-
trical signal generated by muscle and movement. These dis-
advantages may be overcome by the local insertion of 
intracortical electrodes, which allows at least local—not 
global—EEG recordings with minimal artifact and a high 
signal to noise ratio.

Invasive EEG monitoring as a diagnostic modality arose 
in the context of seizure focus localization in patients with 
treatment-refractory focal epilepsy. It is typically achieved 
either by subdural/epidural grid placement or by implanta-
tion of intracortical strip or depth electrodes [78], which 
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share a similar risk profile with other invasive monitoring 
techniques [79]. Despite comparatively poor spatial resolu-
tion, intracortical electrodes may prove to be a valuable 
diagnostic addition to sEEG monitoring in neurointensive 
care units that routinely use depth electrodes [79, 80].

�EEG and Multimodality Monitoring
The concurrent use of EEG with other MMM techniques 
provides the opportunity to get a more complete picture of 
ongoing brain physiology, during major pathologic events 
like seizures, delayed cerebral ischemic events after SAH, or 
during waves of cortical spreading depression [81–83].

Apart from a few recent studies data are lacking using a 
combined EEG/MMM methodology [80, 84–86]. One of the 
most promising areas of research is the characterization of 
ongoing physiology during seizures, which may potentially 
help find treatment targets beyond administration of anticon-
vulsant drugs, with the goal to improve physiology. Seizures 
in ICU populations are both very common and associated 
with worse outcomes [85, 87], which is why the character-
ization of the physiologic signature of seizures through the 
use of MMM is very promising. With the use of cEEG elec-
trographic seizures have been detected in up to 15% of 
patients with spontaneous SAH [87, 88], in 15% of patients 
with post-cardiac arrest syndrome [89], in around one quar-
ter of patients with intracerebral hemorrhage [90, 91], in up 
to one third of patients with TBI [92, 93] and in one third of 
patients with CNS infections [94]. By the same token, 16 and 
10% of patients in surgical and medical ICU populations are 
found to have electrographic only seizures [95, 96]. Better 
understanding of the underlying pathophysiological pro-
cesses occurring during acute brain injury seizures may 
allow identification of seizures that deserve more or less 
aggressive treatment. Lastly, through the combined use of 
EEG and MMM the so-called ictal-interictal continuum 
might be characterized further, distinguishing EEG patterns 
that warrant treatment from those that do not [97].

�Multimodality Monitoring Signature 
of Seizures

The detection of electrographic seizures is important because 
studies suggest a negative influence of seizures on clinical 
outcome [85, 87, 98]. A study in 479 SAH patients, undergo-
ing cEEG monitoring using sEEG electrodes in the vast 
majority of cases, suggested a vicious cycle between sei-
zures, inflammation, and poor outcome following acute brain 
injury [98]. However, the changes of physiology and metab-
olism of brain tissue during seizures remain poorly charac-
terized, which is why treatment of seizures is restricted to 
administration of anticonvulsant drugs. MMM during sei-
zures has the potential to generate a more complete picture 

of brain tissue changes and eventually open up new thera-
peutic options that target restoring physiology rather than 
seizure cessation.

�Animal Studies

In animal models researchers have investigated the MMM 
signature of seizures for decades using varying techniques to 
measure ICP, CPP, cerebral blood flow, brain oxygen, and 
cerebral metabolites before, during, and after seizures [99]. 
Animal models have the advantage of being “clean” models 
of seizure physiology in contrast to human patients in the 
neurointensive care unit who tend to have a severe underlying 
brain pathology and systemic effects such as pneumonia or 
sepsis to account for [100]. Despite variability among studies 
regarding the type of animal model, the mode of seizure 
induction, and the methods employed (including variable 
sites of MD catheter placement) some comparable results can 
be extracted, indicating a potential common MMM signature 
of seizures.

As early as 1939, Penfield and co-workers described an 
increase of cerebral blood flow during seizures [101] and this 
finding has been reproduced quite consistently across animal 
species and seizure models using different types of intrapa-
renchymal probes to measure rCBF [102–105].

Conversely brain tissue oxygen tension eventually 
decreases with ongoing seizure activity, sometimes follow-
ing an initial increase of local oxygen tension, indicating a 
possible initial compensatory effort which eventually ends 
with decompensation of oxygen delivery [106–109].

Although not consistently reproduced across different 
disease processes, there are some animal studies showing 
that prolonged seizures may cause ICP elevations [110, 111]. 
Consequently CPP may be reduced during seizure activity, 
unless increased blood pressure during the event compen-
sates the ICP elevation. However CPP is also influenced by 
various other factors such as presence or absence of func-
tioning autoregulation; therefore, CPP changes during sei-
zures are difficult to investigate and have not been 
systematically studied in animal models [84].

During experimentally induced status epilepticus initially 
marked increases in extracellular glucose and lactate levels 
have been observed, indicating increased energy demand 
and turnover [112]. This hypermetabolic situation may even-
tually lead to energy failure as indicated by decreases of 
extracellular glucose and increases in the LPR after 20–40 
minutes of ongoing status epilepticus, as observed in the 
L-homocysteine induced seizure model in rats [113]. Marked 
increases of extracellular glutamate and glycerol after pro-
longed seizure activity have been interpreted as indicative of 
cell death as a consequence of prolonged status epilepticus 
[112, 114–118].
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�Studies in Humans

MMM studies in humans often face criticism because data is 
heterogeneous and not always conclusive, perhaps not sur-
prising as most studies include heterogeneous disease pro-
cesses and disease severities. In clinical practice all efforts 
are being made to terminate seizures as early as possible. 
However, a clear picture of MMM changes during seizure 
activity can often only be seen after prolonged status epilep-
ticus, as evident from the animal studies described above. 
Figure  6.2 illustrates typical changes of brain oxygen and 
perfusion preceding, during, and after a prolonged electro-
graphic seizure in a patient with a high-grade spontaneous 
subarachnoid hemorrhage (Fig. 6.2).

Apart from the dynamics of MMM parameters, second-
arily developing lesions are often encountered following 
acute brain injury such as ischemic and hemorrhagic lesions 
and will affect the recorded brain physiology. 
Pathophysiologic changes of primary injury may at times be 
difficult to differentiate from secondary events. Moreover, 
variable disease severity at baseline is likely reflected in dif-
ferent baseline MMM values which is hypothetically the rea-
son why pooled data is less likely to produce statistically 
significant results than comparison of within-subject changes 
[81, 85]. Despite these “real life” limitations a decent body 
of scientific evidence has been generated describing MMM 
changes during seizure activity in human patients.

Ictal hyperperfusion is a well-studied phenomenon, and 
has been seen in numerous studies using positron emission 
tomography, CT perfusion, MR perfusion, and Xenon CT in 
patients with and without acute brain injury, but studies 
using invasive rCBF measurement are sparse [119, 120]. In 
line with animal data, one study found that rCBF during sei-
zures increases with continuous seizure activity, after 
approximately 10 minutes [85]. Also consistent with the ani-
mal data, PbtO2 has been found to decrease during seizures 
prior to the increase of rCBF, suggesting that perfusion may 
increase as a compensatory reaction to hypoxia [85]. In a 
group of 10 TBI patients with seizures compared to a 
matched control group of TBI patients without seizures, the 
occurrence of seizures correlated with a prolonged sustained 
increase of ICP [121]. In the study by Claassen et al. electro-
graphic seizures were accompanied by an immediate increase 
of ICP, CPP, heart rate, MAP, respiratory rate, and minute 
ventilation [85]. These changes in cardiovascular parameters 
are common in partial and generalized epilepsies and are 
consistent with previous studies [122, 123].

Few studies are available evaluating brain MD changes 
during seizure activity in humans. In 30 subjects with TBI 
the occurrence of electrographic seizures coincided with a 
decrease of extracellular glucose concentrations [124] and 
this finding was reproduced in a recent study in 29 TBI 
patients in whom extracellular glucose concentrations during 

seizures were significantly lower than at baseline (mean 0.8 
vs. 1.7 mmol/l) [81]. Administration of systemic insulin low-
ers both systemic and brain extracellular glucose concentra-
tions and correlates with markers of metabolic stress in the 
brain, namely increased LPR and increased glutamate con-
centrations [65, 125]. The few available studies investigating 
lactate and LPR during seizures are in line with these find-
ings. A study by During and colleagues investigated the 
effect of spontaneously occurring seizures in (otherwise 
healthy) patients with treatment-refractory complex partial 
seizures, after bilateral implantation of MD catheters in both 
hippocampi. Partial seizures with secondary generalization 
were accompanied by a mean 90% lactate increase in the 
first 60–90 minutes after seizure onset. This increase was 
restricted to the side of seizure initiation [126]. Pyruvate 
concentrations were not determined in this study.

MD changes may last beyond seizure cessation. In a study 
of non-convulsive seizures in TBI, Vespa et al. found pro-
longed and significantly higher LPR values in the seizure 
group compared to the group without seizures. This effect 
lasted beyond 100 hours after admission [121]. However, 
this finding was not reproduced in the study by Claassen 
et al., who did not find significant changes of MD parameters 
related to the occurrence of electrographic seizures. The dis-
crepancy between both papers is possibly due to the statisti-
cal methods employed or due to the different entities studied 
(TBI versus SAH) [127]. In a recent study in patients with 
severe TBI undergoing MMM including MD, the compari-
son of 12 patients with seizures and 8 patients without sei-
zures showed a numerically higher hourly LPR burden in the 
seizure group (as quantified using the area under the curve). 
This finding was not statistically significant in a pooled anal-
ysis but reached significance using a within-subject-design 
analyzing LPR changes of single patients on an hour by hour 
basis [81].

Extracellular glutamate is a key factor in abnormal neuro-
nal discharges and has been implicated in triggering and 
maintaining seizures, and in kindling epilepsy [128]. MD 
studies in patients with temporal lobe epilepsy have shown 
chronically increased extracellular glutamate concentrations 
on the side of the epileptic focus leading to excitotoxicity, 
which hypothetically entertains the increased likelihood of 
further seizures [129]. Ronne-Engström and colleagues 
investigated extracellular amino acid levels during seizures 
and during the period immediately following the seizures in 
seven patients with epilepsy of focal origin by implanting a 
MD device into the epileptic focus. Extracellular glutamate 
concentrations rose approximately sevenfold during sponta-
neously occurring seizures, but normalized immediately after 
[130]. In patients with TBI, seizures were associated with the 
occurrence of transient extracellular glutamate increases [84].

Glycerol is an essential ingredient of cell membranes and 
serves—even more so than the LPR—as a direct marker of 
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Fig. 6.2  Multimodality 
monitoring signature of an 
electrographic seizure. (a) 
rCBF, PbtO2, CPP, and HR 
relative to the onset of a 
seizure, detected on both 
surface and depth EEG. The 
background colors in (a) 
indicate (1) white = no seizure 
activity, (2) lgiht grey = 
ictal-interictal continuum, (3) 
dark grey = seizure. B1–B3, 
Raw EEG clips (16 s each) 
corresponding to the phases 
shown in (a). Panel B1 shows 
no seizure activity, B2 
ictal-interictal continuum, B3 
seizure. rCBF regional 
cerebral blood flow, PbtO2 
partial brain oxygen tension, 
CPP cerebral perfusion 
pressure, HR heart rate
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cell damage. However, the role of extracellular glycerol in 
the context of neurointensive care patients with seizures is 
poorly studied [131]. One of the few studies included just 
two patients with TBI and electrographic seizures in whom 
MD detected a higher mean glycerol concentration in com-
parison with patients who had no seizures. These concentra-
tions, however, were average concentrations during days 1–3 
and 7–9 post-injury and not time-locked to the occurrence of 
seizures [132].

�Seizure Activity on Depth Electrode 
Recordings

Ideally seizure detection would be achieved with sufficient 
sensitivity using sEEG recordings alone, which as a diagnos-
tic technique carries the advantages of being widely imple-
mented. However, a high percentage of seizures are not 
detected by sEEG recordings, as suggested by studies in 
which dEEG and sEEG were recorded simultaneously [80, 
85]. In fact, particularly recent advances in the characteriza-
tion of the physiologic signature of seizures were only pos-
sible through the use of dEEG recordings, since a high 
percentage of seizures detected by dEEG had no visible cor-
relate on sEEG [80, 81, 85, 98].

In a study by Waziri et al. in 14 patients with subarach-
noid hemorrhage, 6 patients with seizures on dEEG had no 
seizure correlate on sEEG [80]. Claassen et al. included 48 
patients with subarachnoid hemorrhage in their study. A total 
of 77 new onset seizures were identified. In this patient sam-
ple 38% had seizures on dEEG, whereas only 8% had sei-
zures on sEEG. 43% of seizure events on dEEG recordings 
had no correlate on sEEG [85]. In their recent publication 
Vespa et al. reported the combined detection rate for periodic 
discharges and electrographic seizures in 34 patients with 
TBI, and found that 43% of seizures and PDs were only vis-
ible on dEEG, not on sEEG [81].

Apart from the much higher seizure and PD detection 
rate, dEEG has the advantage of providing a much higher 
signal to noise ratio, which opens up a myriad of research 
options, such as more detailed analyses of seizure onset/off-
set, spike morphology, and seizure evolution. The greatest 
limitation of dEEG, however, is its poor spatial resolution in 
comparison with sEEG.  Moreover, despite a justifiable 
safety profile [79], it is an invasive technique, and insertion, 
maintenance, and safety control require specifically trained 
staff. sEEG, on the other hand, provides a global electro-
physiological signature of the brain with higher spatial reso-
lution, is non-invasive, can be removed before and replaced 
after neuroimaging studies, and demands no prior surgical 
training for electrode placement. To date, despite obvious 
additional diagnostic information, the use of dEEG is con-
fined to few large academic centers, and continuous sEEG 

monitoring remains the diagnostic mainstay of seizure detec-
tion and monitoring in patients with acute brain injury [68].

Design and reporting of studies on dEEG so far have 
emphasized advantages of dEEG over sEEG, not focusing 
on information contained in sEEG which is not reflected in 
dEEG. The goal of future studies cannot be to replace sEEG 
by dEEG, but to help define clinical scenarios, in which 
dEEG constitutes a reasonable diagnostic addition. 
Moreover, it may be worthwhile exploring sEEG correlates 
of seizures, primarily detected only on dEEG. Advances in 
this direction might have a more immediate and direct impact 
on clinical practice, since continuous sEEG—unlike dEEG—
is increasingly available at many centers around the world.

�The Clinical Significance of Depth 
and Surface EEG Seizures

In patients with spontaneous SAH it has been shown that the 
occurrence of seizures is associated with worse clinical out-
come. This holds true in studies in which seizure detection 
was undertaken using sEEG, and in those studies that used 
predominantly dEEG. De Marchis et al. studied 402 patients 
with spontaneous SAH, almost exclusively undergoing 
sEEG monitoring. 50 (12%) had electrographic seizures on 
cEEG. Seizures were both qualitatively (presence/absence of 
seizures) and quantitatively (sum of seizure duration, seizure 
“burden”) independently associated with worse outcome at 3 
months follow up. No significant differences were found 
between seizure and non-seizure patient groups regarding 
overall disease severity and other established outcome pre-
dictors (Hunt and Hess grade on admission, modified Fisher 
grade on admission, etc.). Moreover, seizure burden, but not 
presence of seizures per se, correlated with cognitive perfor-
mance at 3 months follow up [87].

Claassen et  al. included 48 high-grade SAH patients in 
their study, who were undergoing both sEEG and 
dEEG. Surprisingly, patients with dEEG-only seizures had 
worse functional outcome at 3 months than patients with 
both sEEG and dEEG seizures (50% versus 25% death or 
severe disability, respectively) [85]. The authors speculate 
that the failure of seizures to propagate to sufficiently large 
regions of cortex so as to be seen on sEEG may reflect more 
severe cortical or subcortical injury.

The question whether seizures on dEEG carry clinical 
significance and demand treatment is unanswered at this 
point. It is unclear whether dEEG seizures are an epiphe-
nomenon indicative of severe brain damage (and thus associ-
ated with worse outcomes), or if they are causing further 
brain injury. However, the available evidence on physiologic 
changes during dEEG seizures with the eventual depletion of 
energy substrates and brain tissue oxygen, and with the 
increase of metabolic stress markers, provides good 
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arguments that dEEG seizures are not essentially different 
from sEEG seizures and therefore should probably be treated 
[81, 85]. Another study in 479 patients with spontaneous 
SAH tested the hypothesis of a causal link between post-
SAH inflammation and seizures. Patients with seizures com-
pared to patients without seizures on cEEG had higher 
Systemic Inflammatory Response Syndrome (SIRS) scores. 
It was furthermore shown that the concentrations of several 
serum biomarkers of inflammation were higher in patients 
with seizures. The authors also conducted a mediation analy-
sis showing a potentially causal link between inflammatory 
response post-SAH and poor long-term outcome mediated 
by seizures [98].

Future research should establish frequency and signifi-
cance of dEEG seizures in forms of brain injury. To avoid 
oversimplifications by assuming causal relationships 
between coincidental or associated observations, mediation 
analysis might be a useful tool to approach the difficult prob-
lem of causality [133]. Ultimately such efforts serve the pur-
pose of defining the most promising treatment target to 
improve clinical outcomes after acute brain injury.
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Management of Critical Care Seizures
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�Introduction

Seizures are a common occurrence in critically ill patients, 
especially those with acute neurologic injury. The vast 
majority of seizures in critically ill patients are nonconvul-
sive, therefore continuous electroencephalography (cEEG) 
monitoring is required for the diagnosis and to guide medica-
tion management. The emergent treatment of seizures with 
benzodiazepines and subsequent treatment with non-sedating 
antiepileptic drugs (AEDs) will be discussed in this chapter. 
The use of intravenous sedating AEDs for seizure manage-
ment will be discussed in another chapter.

It has been well established that generalized convulsive 
status epilepticus (GCSE) is a medical emergency that 
requires immediate and aggressive treatment due to its high 
morbidity and mortality. However, the urgency of treatment 
for nonconvulsive seizures (NCS) and nonconvulsive status 
epilepticus (NCSE) is less certain. Since there is a relative 
paucity of data for the treatment of NCS and NCSE, the 
treatment of NCS and NCSE has reflected that of GCSE. This 
practice may be leading to over-treatment with intravenous 
sedating medications and potentially adverse outcomes. The 
concept of “appropriately aggressive treatment” has arisen 
from the notion that seizure types such as NCS and NCSE 
are less damaging to the brain than GCSE, and therefore may 
not need to be as aggressively. A clinical trial has recently 
been completed that provides a comparison between two 

treatments for NCS. Ongoing advances in the field of seizure 
management in critically ill patients will hopefully lead to 
improved treatment paradigms for NCS and NCSE.

�Definitions

�Convulsive Seizures

Convulsive seizures include any seizure type that presents 
with an obvious clinical manifestation. These are the easiest 
type of seizures to recognize, however, these represent only 
a minority of seizures in patients with acute neurologic ill-
ness. In a study by Claassen et al., only 8% of seizures seen 
in critically ill patients were classified as convulsive [1]. The 
clinical manifestations of convulsive seizures in critically ill 
patients can be similar to those seen in patients with epilepsy 
(generalized tonic-clonic seizures, clonic seizures, tonic sei-
zures, complex partial seizures, myoclonic seizures, partial-
onset seizures evolving to secondarily generalized seizures, 
and simple partial seizures).

�Generalized Convulsive Status Epilepticus

Status epilepticus (SE) is classified by the type of onset (par-
tial or generalized) and primary motor function (tonic, 
clonic, atonic, etc.) [2]. A common type of convulsive status 
epilepticus (CSE) is GCSE.  The definition of GCSE has 
evolved since it was first defined in the 1960s by the 
International League Against Epilepsy (ILAE) as a “seizure 
[that] persists for a sufficient length of time or is repeated 
enough to produce a fixed and enduring epileptic condition” 
[3]. Since this definition did not include guidelines of the 
time limitation to differentiate GCSE, the Working Group on 
Status Epilepticus modified the definition of GCSE as fol-
lows: continuous, generalized seizure activity lasting longer 
than 30  min or ≥2 generalized seizures within a 30-min 
period without full recovery of consciousness between 
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seizures [4]. Because most seizures have spontaneous cessa-
tion within 5 min [5, 6] and since animal data shows perma-
nent neuronal injury before 30  min of continuous seizure 
activity has occurred [7], the revised definition of GCSE pro-
posed by the Neurocritical Care Society is as follows: a sin-
gle seizure lasting longer than 5 min or recurrent, discrete 
seizures without clinical recovery in between [8]. GCSE is a 
neurological emergency because it is associated with signifi-
cant morbidity and mortality. The goal of the revised defini-
tion is to encourage more aggressive initial therapy for 
GCSE, reduce the number of refractory GCSE cases, and 
reduce the number of patients with recurrent GCSE.

�Nonconvulsive Seizures

Up to 92% of seizures in patients with acute brain injury are 
nonconvulsive [1]. Nonconvulsive seizures (NCS) are diag-
nosed only with electroencephalography (EEG) and are 
defined as seizures lasting at least 10 s that have either no 
clinical manifestations or subtle clinical manifestations (such 
as facial or limb twitching, nystagmus, sustained gaze devia-
tion, catatonia and psychosis) [9]. The EEG criteria for the 
diagnosis of NCS is made by the presence of one of the fol-
lowing: (1) repetitive generalized or focal epileptiform dis-
charges at a rate of ≥3 Hz or (2) repetitive generalized or 
focal epileptiform discharges at a rate of < 3 Hz and the pres-
ence of the secondary criterion (significant improvement in 
the clinical state or appearance of the previously absent nor-
mal EEG patterns in response to acute administration of a 
rapid-acting AED, such as a benzodiazepine) or (3) sequen-
tial rhythmic, periodic, or quasiperiodic waves at >1 Hz and 
unequivocal evolution in frequency, morphology, or spatial 
extent [10]. NCS that continue despite adequate first- and 
second-line therapy (but do not meet the definition for 
NCSE) are considered refractory NCS. In the literature, the 
term electrographic seizure (ESz) is used interchangeably 
with NCS.

�Nonconvulsive Status Epilepticus

The two phenotypes of nonconvulsive status epilepticus 
(NCSE) include (1) patients with new-onset epileptic phe-
nomenon or patients with chronic epileptic syndromes that 
present to the emergency department as “wandering con-
fused” patients or (2) patients that have an acute critical ill-
ness and have clinical manifestations of impairment in 
mental status with or without subtle motor movements [8] 
(described in NCS section above). Patients with NCSE may 
have subtle motor manifestations and this clinical condition 
is sometimes referred to as “subtle status epilepticus.”

There have been several proposals to define NCSE among 
various organizations. The definition of SE as proposed by 
the Neurocritical Care Society includes 5 or more minutes of 
continuous electrographic seizure activity and/or recurrent 
electrographic seizure activity without recovery between sei-
zures [8]. However, it is very difficult to assess clinical 
recovery between seizures in critically ill patients with acute 
neurologic injury.

A unified definition of NCSE was proposed in 2013 at 
the 4th London-Innsbruck Status Epilepticus Colloquium 
and has been widely adopted. For patients without known 
epileptic encephalopathy, NCSE is defined as (1) epilepti-
form discharges >2.5 Hz, OR (2) epileptiform discharges 
≤2.5 Hz OR rhythmic delta/theta activity (>0.5 Hz) AND 
one of the following: (a) EEG and clinical improvement 
after IV AED, OR (b) subtle clinical ictal phenomena dur-
ing the EEG patterns mentioned above, OR (c) typical spa-
tiotemporal evolution. For patients with known epileptic 
encephalopathy, NCSE is defined as: (1) an increase in 
prominence or frequency of the features mentioned above, 
when compared to baseline with observable change in clin-
ical state, OR (2) improvement of clinical and EEG features 
with IV AEDs. It is noted in the definition that “if EEG 
improvement occurs without clinical improvement, or if 
fluctuation without definite evolution, this should be 
considered possible NCSE.” The definition of typical 
spatiotemporal evolution is defined as “incrementing 
onset (increase in voltage and change in frequency), or evo-
lution in pattern (change in frequency >1  Hz or change 
in  location), or decrementing termination (voltage or 
frequency)” [11].

It should be noted that another commonly used clinical 
and research definition for the diagnosis of NCSE is electro-
graphic seizure activity lasting >30 min per hour of continu-
ous electroencephalography (cEEG) recording [12]. This 
definition is criticized by experts because it introduces bias 
against NCSE morbidity, by suggesting that NCSE requires 
less urgent treatment than CSE, which is defined by seizure 
activity >5 min. This issue is discussed in more detail in the 
“Concept of appropriately aggressive treatment” section of 
this chapter.

�Established Status Epilepticus

For patients presenting in SE, the standard, first-line treat-
ment is administration of a benzodiazepine. However, in 
approximately 30% of patients with CSE, seizures will per-
sist despite adequate doses of benzodiazepines, and these 
patients are therefore labeled as having established status 
epilepticus (ESE). ESE is also known as benzodiazepine-
resistant SE.
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�Refractory Convulsive and Nonconvulsive 
Status Epilepticus

The definition of refractory status epilepticus (RSE) as pro-
posed by the Neurocritical Care Society is defined as “SE 
that does not respond to the standard treatment regimens, 
such as an initial benzodiazepine followed by another AED” 
[8]. This definition is the same for refractory CSE and 
NCSE.

�Super refractory Status Epilepticus

Super refractory status epilepticus (SRSE) is typically 
treated with intravenous anesthetic medications, although 
this practice has recently been questioned. SRSE is defined 
as “status epilepticus that continues 24 h or more after the 
onset of anesthesia, including those cases in which the sta-
tus epilepticus recurs on the reduction or withdrawal of 
anesthesia” [13, 14]. This definition was created for patients 
that initially presented with convulsive SE. However, the 
same definition is widely accepted for patients that initially 
present with NCSE while admitted to the intensive care 
unit (ICU) that go on to develop SRSE after IV anesthetic 
AEDs fail.

�Incidence of Critical Care Seizures

Based on several retrospective and prospective studies, it 
has been well established that approximately 20% of criti-
cally ill patients undergoing cEEG monitoring have NCS or 
NCSE [1, 15]. Of patients that are found to have noncon-
vulsive seizure activity on cEEG monitoring, one study 
found that approximately 75% will have NCS and 25% will 
have NCSE [15]. Seizures in the critically ill patient popu-
lation tend to be nonconvulsive (92%) rather than convul-
sive (8%) [1]. The rate of NCS for critically ill patients 
undergoing cEEG monitoring depends on the underlying 
etiology: subdural hematoma approximately 43%, central 
nervous system infection 25–33%, postoperative from a 
neurosurgical procedure 18–29%, hypoxic-ischemic 
encephalopathy 20–54%, brain tumor 17–54%, epilepsy-
related 24–56%, ischemic stroke 6–25%, traumatic brain 
injury (TBI) 8–28%, subarachnoid hemorrhage (SAH) 
13–19%, and intracerebral hemorrhage (ICH) 13–28% 
[15]. Nonconvulsive seizures are often encountered in criti-
cally ill patients without known neurologic injury. A 2009 
study of patients in the medical ICU without known neuro-
logic injury undergoing cEEG monitoring found that 10% 
of patients have NCS [16].

�Principles of Seizure Management 
in Critically Ill Patients

�Concept of Appropriately Aggressive 
Treatment

NCS, refractory NCS, and NCSE are often discussed together 
in treatment paradigms with little differentiation between the 
different entities. This is further complicated by the fact that 
there is debate regarding specific definitions and criteria for 
these classifications. Assimilation of data from previous 
studies is difficult because outcomes of patients with SE are 
reported without differentiating between GCSE, NCSE, 
SRSE (either nonconvulsive or convulsive), and refractory 
NCS. Despite this, neurointensivists and neurophysiologists 
widely accept that there is a spectrum of severity starting 
with NCS at the lowest end of the spectrum and with convul-
sive SRSE at the highest end of the morbidity spectrum. The 
concept of “appropriately aggressive treatment” has arisen 
from the notion that the aggressiveness of therapy should 
depend on the degree of neuronal injury that is ongoing [12, 
17, 18].

Intravenous anesthetic drugs (IVADs) are often used in 
patients with SE after initial benzodiazepine and a first-line 
AED therapy have failed. The use of IVADs necessitates 
intubation and mechanical ventilation due to respiratory 
depression. A 2009 survey of 273 neurologists, neurophysi-
ologists, and neurointensivists revealed that more respon-
dents were likely to suggest intubation for patients that had 
NCSE as opposed to NCS [19]. Additionally, respondents 
favored the use of non-sedating AEDs over IVADs for the 
treatment of NCS [19]. A retrospective analysis of 126 
patients with mostly CSE found that the administration of 
IVADs was associated with poorer outcomes [20]. In a study 
of 171 patients with SE, patients treated with IVADs had 
more infections during SE and had a 2.9-fold relative risk of 
death [21]. This higher risk of death with IVAD use was 
independent of other clinical confounders, including differ-
ent grades of SE severity and etiology. These findings have 
led to a heightened awareness of the adverse risks of aggres-
sive therapy with IVADs.

The goal of AED treatment in patients with seizures is 
seizure cessation and prevention of neuronal injury. It is 
widely accepted that after 30 minutes of GCSE, there is 
reduction in cerebral oxygenation, cerebral glucose levels, 
and cerebral blood flow culminating in cerebral injury [2, 5, 
22]. Due to the relatively sparse amount of data for NCSE as 
opposed to GCSE, it is unclear if the degree of neuronal 
injury in NCSE is comparable to the degree of neuronal 
injury in GCSE. Although initially challenged, there is accu-
mulating evidence that NCSE leads to brain injury. Patients 
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with NCSE (without other neurologic injury) have been 
found to have elevated serum neuron-specific enolase [23], a 
marker of neuronal injury. Additionally, NCS in patients 
with TBI were found to be associated with markers of meta-
bolic distress [24]. Furthermore, the impact of NCS on clini-
cal outcomes and mortality for adults is unknown since 
ethical concerns prevent placebo-controlled trials evaluating 
the treatment (or lack thereof) of NCS. Without knowing the 
degree of ongoing neuronal injury for patients with varying 
degrees of NCS and NCSE, it is likely that a “one-size-fits-
all” treatment paradigm for patient with NCS and NCSE is 
not justifiable. With increasing evidence that IVADs may be 
detrimental for patients with NCS/NCSE, it is imperative 
that providers consider the concept of “appropriately aggres-
sive therapy” by weighing the risks and benefits for individu-
alized patients.

�Stages of Treatment

Historically, guidelines for the acute treatment of seizures 
termed 1st, 2nd, 3rd, and 4th line therapy as the phases of 
management. Because this did not reflect the emergent need 
for SE control, the Neurocritical Care Society revised the 
traditional SE treatment paradigm to include the stages of SE 
treatment as follows: emergent initial therapy, urgent control 
therapy, and refractory therapy [8]. There have been no pub-
lished guidelines regarding recommendations for the treat-
ment of NCS. Although the incidence of NCS in critically ill 
patients has been established, there is limited data regarding 
recommendations for NCS management. Since there is a 
paucity of data for the treatment of NCS, the treatment of 
NCS largely reflects that of GCSE and NCSE. However, as 
mentioned previously, recent studies showing poorer out-
comes with the use of sedating IVADs have raised the con-
cern that aggressive treatment paradigms for NCS reflecting 
the treatment of GCSE may be harmful.

�Emergent Initial Therapy
Per the recommendations by the Neurocritical Care 
Society, benzodiazepines (BDZs) (lorazepam, midazolam, 
or diazepam) should be the agent of choice for emergent 
initial treatment of SE (CSE, GCSE, or NCSE) [8]. These 
BDZs are discussed in more detail below. For IV adminis-
tration, lorazepam is the preferred BDZ. There are no con-
trolled trials that have allowed the determination of the 
optimal BDZ dosing for SE, therefore dosing guidelines 
discussed below are based on observational data and expert 
opinion. Emergent initial AED therapy should be adminis-
tered within 0–5 min of seizure onset. First-line anticon-
vulsants fail to terminate GCSE in 31–50% of cases 
[25–27].

�Urgent Control Therapy
The Neurocritical Care Society recommends that all patients 
presenting with SE receive additional AEDs for urgent con-
trol therapy after the administration of short acting BDZs. 
The goal of urgent control therapy for patients that have sei-
zure cessation after emergent initial therapy with BDZs is 
rapid achievement of serum AED levels and continued AED 
therapy to maintain seizure cessation.

Patients in SE that have continued seizures despite accept-
able doses of BZDs (approximately one third of patients) are 
considered to have ESE. The goal of urgent control therapy 
for patients with ESE is seizure cessation. Currently, there 
are no class I trials comparing the efficacy of various AEDs 
for the treatment of ESE. The Established Status Epilepticus 
Treatment Trial (ESETT) is a multi-center, randomized, 
double-blind study comparing the effectiveness of fosphe-
nytoin, levetiracetam, and valproic acid for the treatment of 
ESE in adults and pediatric patients >2 years old [28, 29]. 
This study is currently underway. The following IV AEDs 
are recommended by the Neurocritical Care Society for 
urgent control therapy: valproic acid and phenytoin/fosphe-
nytoin have Class IIa recommendations and midazolam infu-
sion, phenobarbital and levetiracetam have Class IIB 
recommendations [8]. Urgent control AED therapy should 
be administered within 5–10 min of seizure onset.

�Refractory Status Epilepticus Therapy
If seizures persist despite emergent initial therapy and urgent 
control therapy, the diagnosis of RSE is made (either CSE 
based on clinical exam or NCSE based on cEEG monitoring). 
After the diagnosis of RSE is made, clinicians can re-bolus 
the AED used for urgent control therapy (if dosing has not 
been maximized) or additional AEDs can be administered. 
The following AEDs are recommended by the Neurocritical 
Care Society for treatment of refractory SE: midazolam infu-
sion, propofol infusion, pentobarbital/thiopental, valproic 
acid, levetiracetam, phenytoin/fosphenytoin, lacosamide, 
topiramate, and phenobarbital [8]. If seizures persist beyond 
this time-point, the diagnosis of SRSE is made.

IVADs are often used for the treatment of SRSE, whether 
convulsive or nonconvulsive. Due to the known complica-
tions of IVADs [30], ongoing studies are being performed 
that are evaluating various new treatments for 
SRSE. Treatment of RSE and SRSE will be discussed in fur-
ther detail in another chapter.

�General Medical Care

General medical care should be continuously provided to 
patients with any type of seizure or SE.  Management and 
assessment of the patient’s airway is extremely important. 
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For both convulsive seizures and NCS, the initial treatment 
protocol should consist of attention to the ABCs (airway, 
breathing, and circulation) while ensuring adequate IV 
access. Obtaining IV access in a patient with convulsive sei-
zures may not be possible. In this circumstance, other meth-
ods of medication administration should be considered, such 
as intraosseous, buccal, intranasal, rectal, and intramuscular. 
After convulsive seizure activity cessation, peripheral, or 
central IV access should be obtained as clinically indicated.

If seizures are accompanied by respiratory failure, the 
patient should be intubated for airway protection. If neuro-
muscular blockade is necessary for intubation, the use of a 
short acting paralytic such as cisatricurium (0.2 mg/kg IV) or 
rocuronium (0.6 mg/kg IV) is preferable so that ongoing 
clinical seizure activity will not be masked. Vecuronium is 
not recommended since the active metabolite may accumu-
late in renal insufficiency. Cisatricurium and rocuronium do 
not have active metabolites. Succinylcholine is not recom-
mended due to side effect of hyperkalemia (especially in the 
setting of convulsive seizures with acidosis) and risk of caus-
ing elevated intracranial pressure.

Close hemodynamic monitoring of oxygenation, blood 
pressure, and heart rate should be performed. Oxygen should 
be administered via nasal cannula or high-oxygen flow mask 
and oxygen saturation should be continuously monitored in 
the ICU. Hypotension (SBP<90 or MAP<65) may occur due 
to the seizures themselves, the treatment with benzodiaze-
pines, or other AEDs or due to the underlying cause of the 
seizures (such as infection or sepsis). Clinicians should initi-
ate vasopressor support if hypotension is observed despite 
adequate fluid resuscitation. Conversely, hypertension may 
be observed in conjunction with seizures (for example, in the 
setting of posterior reversible encephalopathy syndrome) 
and require treatment with IV antihypertensives. Nicardipine, 
clevidipine, or labetalol infusions are preferable due to 
attractive side effect profiles. Clevidipine is an ultra-short 
acting calcium channel blocker that can be rapidly titrated. 
Since patients with SE can have severe hemodynamic insta-
bility, medications that can be rapidly titrated are preferable. 
Nitroprusside should be avoided due to the risk of cyanide 
toxicity that may be seen as early as 4 h. Additionally, nitro-
prusside can result in a reduction in cerebral perfusion due to 
vasodilation. Esmolol and nitroglycerin infusions should be 
used with caution due to the potential risk of propylene gly-
col toxicity, which may accentuate the hyperlactatemia 
induced by seizures.

A thorough diagnostic assessment should be performed; 
however, this should not result in delay of seizure treatment. 
There are numerous causes of seizures, especially in criti-
cally ill patients (Table  7.1). A thorough history, physical, 
laboratory evaluation, and imaging will often yield an expla-
nation for the acute presentation of seizures. The vast major-
ity of seizures encountered in critically ill patients will be 

related to their initial presentation (i.e., TBI, SDH, SAH, 
ICH, etc.). Laboratory evaluation of patients with seizures 
should include AED levels if the patient is known to take 
AEDs and tests for etiology of seizures if underlying diagno-
sis is unknown.

Additional diagnostic testing (Table 7.2) should be per-
formed to assess for the systemic complications of seizures, 
especially seen in GCSE. Arterial blood gas (ABG) is impor-
tant to assess for the presence of acidosis, hypoxia, and 
hypercarbia. Patients will need to be intubated if ABG test-
ing reveals hypoxia, hypercarbia, and/or respiratory acidosis. 
Bicarbonate may be indicated to treat acidosis, particularly if 
the patient’s pH is <7.0. If the patient is found to have hypo-
glycemia, initiation of IV thiamine prior to glucose adminis-
tration should be ensured to avoid precipitation of Wernicke’s 
encephalopathy. Hyperglycemia should be avoided as it can 
worsen neurologic injury in GCSE. Hyperthermia is seen in 
up to 79% of patients with GCSE and can also worsen neu-
rologic injury with GCSE. Intravascular or surface cooling 
may be indicated. Judicious use of IV fluids should be used 

Table 7.1  Etiologies of seizures in critically ill patients

History of epilepsy
 � Breakthrough seizures
 � Low AED level
Acute or chronic 
cerebrovascular disease
 �� Ischemic stroke
 � ICH, SAH, SDH, EDH
 �� Venous sinus thrombosis
Malignancy
 � Solid neoplasm (primary or 

metastatic)
 � Leptomeningeal 

carcinomatosis
 � Paraneoplastic disease
Traumatic brain injury
Hypoxic-ischemic 
encephalopathy
CNS infection
 � Meningitis or encephalitis
 � Cerebral abscess
 � Prion disease
Autoimmune/inflammatory
 � Autoimmune encephalitis  

(i.e. anti-NMDA receptor 
encephalitis)

 � Neurosarcoidosis
 � Primary CNS vasculitis
 � Systemic lupus erythematosus
 � Hashimoto’s encephalopathy

Medication-related
 � Antibiotics (penicillins, 

fluoroquinolones, imipenem)
 � Analgesics
 � Antidepressants (buproprion 

and TCAs)
 � Antineoplastic agents
 � Antipsychotics (lower 

incidence with atypical 
antipsychotics)

 � Bronchial agents 
(theophylline)

 � General and local anesthetics
 � Sympathomimetics
 � Other (amphetamines, 

anticholinergics, 
antihistamines, iodinated 
contrast, baclofen)

Substance-related
 � Cocaine, heroin, PCP, ecstasy
 � Withdrawal (alcohol, BZD, 

opioid, barbiturates)
Sepsis
Metabolic
 � Hypomagnesemia
 � Hypoglycemia
 � Hypocalcemia
 � Hyper- and hyponatremia
 � Uremia
Eclampsia or hypertensive 
encephalopathy
Posterior reversible 
encephalopathy syndrome

AED antiepileptic drug, ICH intracerebral hemorrhage, SAH subarach-
noid hemorrhage, SDH subdural hematoma, EDH epidural hematoma, 
CNS central nervous system, NMDA N-methyl-D-aspartic acid, TCA 
tricyclic antidepressant, PCP phencyclidine; BZD: benzodiazepine
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in GCSE, if rhabdomyolysis is detected, while taking cardiac 
function into consideration [31].

After the patient has reached hemodynamic stability and 
seizures or SE are under control, brain imaging should be 
performed by computerized tomography (CT) and/or mag-
netic resonance imaging (MRI) to evaluate for acute intracra-
nial processes, such as ICH, mass lesions, and infection. 
Brain CT or MRI may reveal a chronic lesion (such as a prior 
ischemic stroke) that could be a possible cause of seizures. 
Depending on the clinical presentation, sampling of the cere-
brospinal fluid with a lumbar puncture may be indicated to 
evaluate for conditions such as SAH, meningitis, encephali-
tis, or carcinomatous meningitis. However, a lumbar puncture 
may be contraindicated if brain CT or MRI reveals a mass 
lesion that may be susceptible to herniation in the presence of 
a pressure gradient caused by a lumbar puncture (for exam-
ple, when non-communicating hydrocephalus is present).

CEEG monitoring is an extremely important component 
of the diagnostic evaluation of critically ill patients with sei-
zures since 92% of seizures in the critically ill patient popu-
lation are nonconvulsive [1]. As recommended by the 
Neurocritical Care Society, the following are indications for 
cEEG monitoring: (1) recent clinical seizure or SE without 
return to baseline >10 min, (2) coma, including post-cardiac 
arrest, (3) epileptiform activity or periodic discharges on ini-
tial 30-min EEG, (4) intracranial hemorrhage including TBI, 
SAH, ICH, and (5) suspected NCS in patients with altered 
mental status [8]. The intensivist and ICU nursing staff 
should remember that the EEG leads may need to be removed 
before neuroimaging due to artifacts (CT) or non-
compatibility (MRI) and, depending on the status of the 
patient, replaced after the test. Newer MRI compatible leads 
are not widely available.

�Medications Used to Control ICU Seizures

The initial benzodiazepine treatment of seizures and SE 
(convulsive or nonconvulsive) in critically ill patients will be 
discussed in this chapter. Additionally, this chapter will dis-
cuss the use of non-sedating AEDs commonly used in the 
ICU. The use of sedating AEDs and less common treatment 
options for refractory seizures will be discussed in another 
chapter. A typical SE treatment algorithm is shown in the 
(Fig 7.1). An overview of the AEDs used to treat seizures in 
critically ill patients is outlined in Table  7.3. It should be 
noted that in the ICU setting, IV formulations of AEDs, if 
available, are preferable.

�Benzodiazepines

It is widely accepted that BDZs are first-line therapy for the 
treatment of GCSE, although other AEDs have been studied 
as first-line therapy [8]. The mechanism of action of BDZs is 
enhancement of GABA-ergic neurotransmission at GABAA 
receptors. This results in more frequent opening of the chlo-
ride ion channel, thus hyperpolarizing the neuron. Due to the 
internalization of GABA receptors with ongoing seizure 
activity, BDZs are most effective when given very early dur-
ing SE. They have broad-spectrum and potent anticonvulsant 
effects.

Bolus dosing of BDZs can result in hypotension and 
respiratory depression, therefore clinicians must be prepared 
with vasopressors, fluid boluses, and the tools needed for 
intubation and mechanical ventilation. Respiratory depres-
sion may also be caused by GCSE itself. One study showed 
that the risk of respiratory depression is highest in patients 
with GCSE that receives placebo as compared with patients 
that received BDZs [32].

The VA Cooperative Study, published in 1998, attempted 
to identify optimal GCSE treatment. The four treatment arms 
were (1) IV diazepam followed by phenytoin, (2) IV loraze-
pam, (3) IV phenobarbital, and (4) IV phenytoin. It showed 
that lorazepam was more effective than phenytoin (65% vs 
44%), but not more effective than phenobarbital (58%) or the 
combination of diazepam and phenytoin (56%) for seizure 
cessation [25]. Based on the results of this study and the lon-
ger half-life, lorazepam is the preferred BDZ for the treatment 
of SE. However, if IV access is not available, midazolam is 
the BDZ of choice when the BDZ must be administered via 
the IM route. IM absorption is most reliable with midazolam 
as compared with the other BDZs. If IV access is absent and 
if IM midazolam is contraindicated, diazepam is the BDZ of 
choice for rectal administration [8]. Clonazepam is not used 

Table 7.2  Laboratory evaluation to assess secondary complications of 
seizures

Test Complication of seizures

Telemetry Tachycardia, arrhythmias

Blood pressure Hypotension or hypertension

Pulse oximetry Hypoxia

Temperature Hyperthermia

Arterial blood gas Acidosis, hypoxia, hypercarbia

Serum creatine kinase Rhabdomyolysis

Serum troponin Cardiac ischemia

Electrocardiogram Cardiac ischemia

Lactate level Lactic acidosis

Basic metabolic panel Acute renal failure, hyperkalemia

Intracranial pressure Intracranial hypertension

Echocardiogram Heart failure

Fingerstick glucose Hypoglycemia

C.B. Swisher and A.M. Husain



109

for the acute management of seizures in the USA due to the 
lack of an available IV formulation.

�Diazepam
Diazepam is a long acting, highly lipid-soluble BDZ with a 
half-life of 20–100 h. It is available in PO, IV, IM, and PR 
formulations. The onset of action is 1–5 min after IV admin-
istration. It is rapidly absorbed and then rapidly enters the 
brain. The duration of peak effect is 15–60 min. Although its 
half-life is long, the duration of antiepileptic effect is rela-
tively short due to its rapid redistribution to other body tissues 
(adipose tissue and muscle). Therefore, even after the fall of 
diazepam levels in the brain, the sedative effects persist. With 
repeated administration of diazepam, there is accumulation 

within adipose tissue, thereby prolonging the systemic side 
effects of the medication. Diazepam has an active metabolite. 
The recommended IV dose is 0.15 mg/kg (up to 10 mg) at a 
rate of ≤5 mg/min [8]. This dose can be repeated in 5 min if 
seizures persist. IV administration of diazepam can result 
in local tissue irritation, venous phlebitis or thrombosis, and 
injection site pain. The use of diazepam for prolonged IV 
administration is covered in another chapter.

Rectal diazepam can be considered for ICU patients if IV 
access has been lost. The recommended PR dose for adults is 
0.2 mg/kg, for children 6–11 years is 0.3 mg/kg, and for chil-
dren 2–5 years is 0.5 mg/kg. Diazepam has a Class IIa, level 
A recommendation from the Neurocritical Care Society for 
emergent management of SE.

Table 7.3  Medications used to treat critical care seizures

AED Dosing NCS treatment Mechanism of action Adverse reactions

Diazepam 0.15 mg/kg IV with rate not to 
exceed 5 mg/min

Emergent treatment GABA agonist Respiratory depression, 
hypotension, and sedation

Lorazepam 0.1 mg/kg IV with rate not to 
exceed 2 mg/min

Emergent treatment GABA agonist Respiratory depression, 
hypotension, and sedation

Midazolama 0.2 mg/kg IM (maximum 10 mg 
in adults)

Emergent, urgent, or 
refractory treatment

GABA agonist Respiratory depression, 
hypotension, and sedation

Phenytoin Load 20 mg/kg IV then 5–8 mg/
kg/day divided TID

Emergent, urgent, or 
refractory treatment

Sodium channel modulator Drug rash, eosinophilia, 
purple-glove syndrome, irritative 
thrombophlebitis, and 
arrhythmias

Fosphenytoin 20 PE/kg then 5–8 PE/kg/day 
divided TID (PE = phenytoin 
equivalent)

Emergent or urgent 
treatment

Sodium channel modulator Hypotension. Lower risk of 
infusion reaction than with 
phenytoin

Valproic acid Load 20–40 mg/kg IV (max rate 6 
mg/kg/min) then 10–15 mg/kg/
day divided BID or TID

Emergent, urgent, or 
refractory treatment

Sodium channel inhibition, 
GABA potentiation, 
NMDA inhibition

Pancreatitis, hyperammonemia, 
thrombocytopenia, and 
encephalopathy

Levetiracetam 1000–3000 mg IV then daily 
dosing up to 4 gm/day divided 
BID

Emergent, urgent, or 
refractory treatment

Binds to synaptic 
vesicle-binding protein 
SV2A

Typically none but drowsiness 
and irritability can occur

Lacosamide 400 mg IV then daily dosing of 
200 mg IV BID

Refractory treatment Enhances slow inactivation 
of voltage-gated sodium 
channels

Drowsiness, PR prolongation, 
hypotension

Phenobarbital Load 20 mg/kg IV then 1–4 mg/
kg/day divided BID-TID

Emergent, urgent, or 
refractory treatment

Enhances GABA inhibition 
by modulating chloride 
currents

Long half-life (4 days), 
hypotension, respiratory 
depression, and sedation

Pregabalin 150–400 mg/day NG/PO N/A Binds to voltage-gated 
calcium channels

Dizziness, drowsiness

Gabapentin Too limited data to suggest dosing 
for critically ill patients with 
seizures

N/A Binds to voltage-gated 
calcium channels

Dizziness, drowsiness, ataxia, 
fatigue

Topiramate 200–400 mg/day NG/PO Refractory treatment Acts on sodium, GABA, 
and AMPA/kainate 
receptors

Non-anion gap metabolic 
acidosis, hyperammonemia, 
nephrolithiasis, and lethargy

Clobazam Too limited data to suggest dosing 
for critically ill patients with 
seizures

N/A GABA agonist Drowsiness

Abbreviations: AED antiepileptic drug, GABA: gamma-Aminobutyric acid, NMDA N-methyl-D-aspartic acid, AMPA α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid, IV intravenous, PE phenytoin equivalents
aMidazolam dosing for continuous infusion is discussed in another chapter. This table also does not include sedating anesthetic medications and 
other treatment options for RSE and SRSE
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�Lorazepam
Lorazepam is a high-potency BDZ and is the drug of 
choice for the emergent management of seizures. Because 
it is less lipid-soluble than diazepam (and thus subject to 
less redistribution to body tissues) and has a high degree of 
protein binding, there is a longer duration of peak effect 
than diazepam. It is available in PO, IM, and IV formula-
tions. The half-life is 10–20 h, with an anticonvulsant 
effect of 6–12 h. Due to its longer anticonvulsant effect, 
lorazepam is the drug of choice for alcohol withdrawal 
seizures.

Lorazepam is recommended as a Class I, level A medica-
tion for the initial management of SE by the Neurocritical 
Care Society [8]. The recommended dose is 0.1 mg/kg (rate 
of 2 mg/min IV push) with a maximum dose of 4 mg per 

dose. A second dose can be repeated in 5–10 min if seizures 
persist [8]. The use of lorazepam for prolonged IV adminis-
tration is covered in another chapter. As with any BDZ, seri-
ous adverse effects can include respiratory depression and 
hypotension. The IV formulation of lorazepam contains 
the  solvent, propylene glycol, which is known to cause 
hypotension and arrhythmias. Propylene glycol toxicity 
(arrhythmias, hypotension, and a clinical picture similar to 
sepsis) is a concern with prolonged high-dose administra-
tion of lorazepam. Lorazepam has an active metabolite. 
With mild-to-moderate renal or hepatic impairment, loraz-
epam should be used with caution. There is a tendency for 
tolerance to develop with BDZ treatment, therefore it is rec-
ommended that long term maintenance AEDs be adminis-
tered in addition to BDZs.

Fig. 7.1  Sample status epilepticus treatment algorithm. Abbreviations: 
SE status epilepticus, fPHT fosphenytoin, VPA valproic acid, LEV leve-
tiracetam, PB phenobarbital, LAC lacosamide, TPX topiramate, NCSE 

non-convulsive status epilepticus, PBG pregabalin, GBP gabapentin, 
ZNS zonisamide, OXC oxcarbazepine, CBZ carbamazepine
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In the VA Cooperative Study, the success rate for IV 
lorazepam was 65% for the control of overt GCSE [25]. In a 
randomized, double-blinded, placebo-controlled trial, IV 
lorazepam resulted in seizure control in 89% vs. 76% with 
IV diazepam for patients presenting with “convulsive, 
absence, partial elementary or partial complex status epilep-
ticus” [33]. Although lorazepam has been associated with a 
lower risk of cardiac and respiratory depression than diaze-
pam, this study showed similar rates of adverse cardiopul-
monary complications (lorazepam 10.6% vs. diazepam 
10.1%). In a study of treatment for out-of-hospital SE, loraz-
epam was more effective than diazepam or placebo for ter-
mination of SE (59% vs. 43% and 21%, respectively) [32]. 
Lorazepam has also been shown to be effective in pediatric 
SE.  In 2008, a Cochrane Review of drug management of 
GTC seizures, including GCSE, in the pediatric population 
found that IV lorazepam is as effective as IV diazepam (70% 
vs. 65%, respectively), but has fewer side effects [34].

The body of literature for the treatment of NCS and NCSE 
with lorazepam is limited. A 2011 survey of neurologists 
found that lorazepam is used as first-line treatment of NCSE 
by 44% of respondents and by 28% of respondents for NCS 
[35], highlighting the observation that NCSE is typically 
treated more aggressively than NCS.

�Midazolam
Midazolam is a short acting BDZ (half-life of 1–4 h) that is 
available in IV, IM, and transmucosal (nasal, buccal, and rec-
tal) formulations. Midazolam is highly water-soluble, lead-
ing to rapid absorption when administered by the IV and IM 
routes. Due to its water-solubility, it is unlikely to cause 
thrombophlebitis with IV administration and makes mid-
azolam the most attractive BDZ for IM administration. 
Unlike lorazepam, propylene glycol is not a component for 
midazolam formulations; therefore, arrhythmias are not 
encountered with midazolam administration. Midazolam is 
metabolized in the liver by the cytochrome P450 (CYP450) 
system [36]. Other medications used in ICU patients that are 
also metabolized by the CYP450 system can affect the 
metabolism of midazolam. Midazolam is 96% protein-bound 
and undergoes renal excretion. Due to rapid redistribution 
after absorption, IV midazolam has a very short anticonvul-
sant effect of <5 min, leading to a high probability of seizure 
recurrence with bolus dosing. However, patients in the ICU 
may have an expanded volume of distribution, resulting in a 
longer half-life of midazolam, especially in liver dysfunction 
[37]. IM midazolam has a longer anticonvulsant effect (2 h). 
Due to the short anticonvulsant effect of midazolam, other 
BDZs (lorazepam and diazepam) are more often used for the 
emergent treatment of seizures in the ICU.

A double blind, randomized controlled trial of IM mid-
azolam versus IV lorazepam in prehospital treatment of adult 

and pediatric SE by paramedics found that IM midazolam 
was statistically superior to IV lorazepam (73% vs. 63% sei-
zure cessation, respectively) [38]. The rate of respiratory 
depression requiring intubation was similar between groups. 
Although there is a faster onset of action with lorazepam, the 
requirement for IV placement by paramedics offset the 
delayed onset of action of IM midazolam.

There is little data supporting the use of bolus dosing of 
midazolam in NCS and NCSE in critically ill patients. A 
2010 survey of neurologists found that only 3% of respon-
dents use midazolam for first-line treatment of NCS and 7% 
for first-line treatment of NCSE. In the ICU, midazolam is 
used more commonly as an infusion for coma induction for 
the treatment of refractory NCS and NCSE [35].

The Neurocritical Care Society has given IM midazolam 
a Class I, level A recommendation for the emergent treat-
ment of SE [39]. The recommended dosing is 0.2 mg/kg IM 
(maximum 10 mg IM) in adults. For pediatrics, the recom-
mended dosing as follows: 10 mg IM for >40 kg and 5 mg 
IM for 13–40  kg. Intranasal and buccal administration of 
midazolam is not encountered in the ICU.  The dosing of 
midazolam for prolonged IV administration and the advan-
tages of midazolam over other BDZs for prolonged infusions 
is covered in another chapter. Patients should be monitored 
closely for respiratory depression and hypotension after 
administration of IM midazolam. For patients in the ICU 
without IV access, IM midazolam can be considered for first-
line therapy for convulsive or nonconvulsive seizures or SE.

�Clonazepam
Although clonazepam is a potent BDZ with a high affinity 
for the GABAA receptor, it is rarely used in the ICU for sei-
zure management due to the lack of an available IV formula-
tion in the USA. It is highly lipid-soluble, therefore resulting 
in rapid anticonvulsant effects and has a longer half-life 
(10–20 h) than all other BDZs previously discussed. 
Clonazepam does not have a recommendation by the 
Neurocritical Care Society for the treatment of SE.

�Phenytoin and Fosphenytoin

Phenytoin (PHT) has been used for the treatment of seizures 
for decades. It is FDA approved for the treatment of general-
ized tonic-clonic SE. The mechanism of action of PHT is 
stabilization of neuronal membranes and dose-dependent 
inhibition of sodium channels. It is available in IV and PO 
formulations. Phenytoin is insoluble in water and therefore, 
the parenteral formulation contains 40% propylene glycol to 
maintain solubility. PHT is highly caustic to veins, and a 
serious adverse effect of IV PHT is phlebitis due to 
extravasation of the medication. Due to this complication, it 
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is recommended that IV PHT be administered via a central 
line if possible. Purple glove syndrome (PGS) (incidence of 
6%) is characterized by limb discoloration associated with 
pain and edema distal to the peripheral infusion site. The 
pathophysiology of PGS is poorly understood and likely 
involves various mechanisms. It should be noted that PHT 
extravasation is not uniformly present in PGS, and extrava-
sation of PHT may or may not result in PGS. Cardiovascular 
complications are attributable to both propylene glycol and 
PHT itself. There is a risk of hypotension (28–50%) and 
arrhythmias (2%) with the administration of parenteral PHT, 
with more side effects seen in patients older than 50 and 
patients with cardiac disease [5].

The recommended dose of PHT is 20 mg/kg ideal body 
weight (IBW) with a maximum rate of administration of 50 
mg/min. Obese patients have prolonged PHT elimination 
half-life, greater total metabolic clearance of PHT, and pro-
longed PHT half-life. A recommended formula for PHT dos-
ing in obese patients is 20 mg/kg IBW + (1.33 x excess 
weight over IBW) [40]. Of note, a common practice has been 
the administration of 1000 mg IV PHT to all patients regard-
less of weight; however, this “one-size-fits-all” dosing will 
result in insufficient dosing in many adults. There is a fast 
onset of action as brain concentrations of PHT are close to 
maximal when the loading dose of PHT is finished (typically 
20–25 min) [5]. PHT is highly protein-bound (90–95%) and 
competes with other medications that are also highly protein-
bound. For patients with low albumin levels (as is frequently 
encountered in critically ill patients) free PHT levels should 
be checked in addition to total PHT levels. The following 
formula can be used to calculate the approximate total PHT 
level in patients with hypoalbuminemia: corrected PHT = 
measured total PHT / [(0.2 × albumin) + 0.1]. The half-life of 
PHT is 6–24 h. PHT is metabolized in the liver and excreted 
in the urine.

Fosphenytoin is a water-soluble disodium phosphate ester 
of PHT and is often used preferentially over PHT for the 
acute treatment of seizures because propylene glycol is not 
needed as a vehicle. The dosing of fPHT is expressed as the 
amount of PHT delivered (PE, phenytoin equivalents). The 
recommended loading dose of fPHT is 20 mgPE/kg IBW. For 
obese patients, the loading dose can be calculated as 20 
mgPE/kg IBW + (1.33 × the excess weight over IBW) [40]. 
This can be followed by an additional 5 mgPE/kg IV 10 min 
after the initial loading is finished if seizures persist [8]. The 
maintenance dose of fPHT/PHT is 5 mg/kg/day divided 
three times a day. The risk of local irritation at the site of 
injection is less with fPHT than PHT and therefore can be 
infused more rapidly (up to 150 mgPE/min IV). Slower infu-
sion rates can be used in less urgent situations to minimize 
adverse reactions. The absence of propylene glycol makes 
fPHT compatible with common IV solutions and is safer to 
administer than PHT. Since fPHT is water-soluble, it can be 

given IM if IV access is unavailable. IM dosing of fPHT is 
the same as IV dosing. The risk of hypotension and arrhyth-
mia is similar between PHT and fPHT [5].

fPHT is rapidly converted to PHT by hydrolysis by 
serum phosphatases. Therapeutic serum concentrations of 
PHT are achieved within 10–15 min of IV fPHT adminis-
tration at the maximum rate. Total and free PHT serum con-
centrations should be measured after full conversion of 
fPHT to PHT is complete (approximately 1–1.5 h). The ref-
erence range of therapeutic total PHT level is 10–20 μg/mL 
and free PHT of 1–2.5 μg/mL. However, the term “thera-
peutic level” is misleading since a patient may be seizure 
free with a level of <10 μg/mL or a patient may require 
levels >20 μg/mL to obtain seizure control. The measure of 
clinical efficacy should be seizure cessation and prevention 
of seizure recurrence while minimizing side effects. 
Adverse side effects can be seen at all serum concentra-
tions, but are more common with total PHT levels >20 μg/
mL.  Serum total PHT levels >30 μg/mL are considered 
toxic and may be epileptogenic. Patients with levels >40 
μg/mL are likely to be lethargic or stuporous and may need 
aggressive supportive measures.

The most common CNS side effects seen with fPHT/PHT 
are nystagmus, somnolence, ataxia, and headache. Additional 
adverse effects of PHT/fPHT include hepatotoxicity, leuko-
penia, thrombocytopenia, pancytopenia, and hepatic enzyme 
induction. Contraindications to use of PHT/fPHT include 
hypersensitivity to class, sinus bradycardia, sinoatrial block, 
2nd or 3rd degree atrioventricular block, and Adam–Stokes 
syndrome. The main drug interactions occur with CYP450 
inducers.

The Neurocritical Care Society has given PHT/fPHT a 
Class IIa, level B evidence recommendation for the emer-
gent and urgent management of SE [8]. Although PHT/fPHT 
has been studied as first-line therapy for the treatment of SE 
in the VA Cooperative Study showing an efficacy of 44%, 
the combination of diazepam and PHT was superior with an 
efficacy rate of 56% [25]. fPHT/PHT is typically used to 
maintain seizure cessation after seizures have stopped with 
typical first-line therapy of BDZs or to gain seizure cessation 
when first-line AEDs have failed. There have been numerous 
trials evaluating the efficacy of PHT/fPHT for the treatment 
of convulsive seizures and GCSE with variable results. A 
meta-analysis found that the overall efficacy of PHT for the 
treatment of CSE after BDZ failure was 50% (95% CI: 
34–66%), compared with higher efficacy rates for valproic 
acid, phenobarbital, and levetiracetam. Despite the common 
practice of using fPHT/PHT as first-line therapy for SE after 
BDZ failure, the authors of this meta-analysis suggested that 
the evidence does not support the first-line use of fPHT/PHT 
[41]. However, the results should be interpreted with caution 
since most studies are observational and retrospective and 
complicated by bias and heterogeneity.
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The efficacy and use of PHT/fPHT for NCS and NCSE 
are less studied as compared with convulsive seizures and 
SE. Based on the results of a survey of neurologists, PHT/
fPHT is the most common first-line treatment of NCS (40% 
of respondents). For NCSE, survey respondents were also 
most likely to use PHT/fPHT as second-line therapy (43% of 
respondents). Only 32% of respondents reported they recom-
mend PHT/fPHT for first-line therapy of NCSE (as com-
pared with 44% that would recommend lorazepam as 
first-line therapy) [8].

�Valproic Acid

Valproic acid (VPA) is a branched, short-chain fatty acid 
AED with broad-spectrum antiepileptic activity. It is FDA 
approved for the treatment of complex partial seizures and 
absence seizures, but is often used off-label to treat 
SE. Because VPA is available in an IV formulation in addi-
tion to PO formulations, it is commonly used in the ICU. It 
is thought that the antiepileptic effect of VPA is mediated 
through GABA-related actions, NMDA receptor antago-
nism, and histone-deacetylase inhibition. VPA has a half-life 
of 10–16 h and is extensively protein-bound. Protein binding 
is reduced in patients with renal insufficiency, chronic liver 
disease, or receiving other medications that are highly 
protein-bound, which are all common scenarios in the 
ICU. Because VPA is highly protein-bound, numerous drug–
drug interactions have been reported with VPA. There are 
multiple routes of VPA metabolism with hepatic glucuroni-
dation and beta oxidation in the mitochondria accounting for 
the majority of VPA metabolism. VPA is an inhibitor of the 
CYP450 system. Patients already receiving enzyme-inducing 
AEDs will require higher doses of VPA to achieve therapeu-
tic levels. Additionally, VPA co-administration with PHT/
fPHT will result in higher free PHT levels. Therefore close 
serum monitoring and dose adjustments are needed when 
VPA is co-administered with PHT/fPHT. It is important to 
note that the relationship between the administration dose of 
VPA and serum concentration is not linear.

Although VPA is generally safe and well tolerated there is 
black box warning by the FDA for life-threatening adverse 
drug reactions including hepatotoxocity, pancreatitis, and 
teratogenicity. The patient population that is particularly at 
risk for fatal VPA-induced hepatotoxicity are children <2 
years old treated with multiple AEDs who have other medi-
cal or neurological conditions [42]. Therefore, careful moni-
toring of hepatic function is recommended. It is relatively 
contraindicated in patients with cirrhosis and hepatic failure 
due to the concern of accumulation and additional hepatic 
injury. It is also contraindicated in patients with hypersensi-
tivity to drug class, urea cycle disorders, mitochondrial dis-
orders, and pregnancy.

Common side effects that may be seen after initiation 
include tremor, nausea, and vomiting. VPA is typically less 
favorable than fPHT/PHT in patients in the Neuroscience 
ICU for two reasons. VPA can cause adverse hematologic 
side effects (thrombocytopenia, platelet dysfunction, and 
coagulopathy). The other main concern of VPA use in the 
ICU is the side effect of elevated ammonia resulting in 
altered mental status, further complicating the clinical pic-
ture of patients with acute neurologic injury. However, these 
theoretical side effects of VPA have not been reported in 
patients with SE [41]. Unlike lorazepam, diazepam, mid-
azolam, phenobarbital, and PHT/fPHT, cardiopulmonary 
depression is not seen with VPA [43].

A meta-analysis reported the efficacy of VPA for the treat-
ment of BDZ-resistant SE was 76% (95% CI: 64–85%) 
which was superior to the efficacy of PHT (50%) [41]. Since 
VPA is a broad-spectrum AED, it has been shown to have 
efficacy for various types of SE. It is preferred over fPHT/
PHT for the treatment of SE due to generalized epilepsy dis-
orders. VPA has a Class IIa, level A recommendation from 
the Neurocritical Care Society for the emergent and urgent 
treatment of SE [8].

Although commonly used, VPA has not been FDA 
approved for the treatment of SE. The recommended loading 
dose of VPA is 20–40 mg/kg IV at a rate of 6 mg/kg/min [8]. 
It is well-tolerated in the setting of high dosage (100 mg/kg) 
[41]. If seizures persist beyond 10 minutes after the loading 
dose, an additional re-bolus dose of 20 mg/kg can be consid-
ered. The standard maintenance dose is 10–15 mg/kg/day 
divided 2–3 times a day. Serum VPA levels can be obtained 
immediately after the loading dose [44].

�Levetiracetam

Levetiracetam (LEV) is an AED that is FDA approved for 
the treatment of myoclonic seizures, partial-onset seizures, 
and primary generalized tonic-clonic seizures. LEV is com-
monly used off-label in the ICU due to availability of an IV 
formulation, minimal side effects, and drug to drug interac-
tions. Although the exact mechanism of the antiepileptic 
action is unknown, LEV has been shown to inhibit N-type 
calcium channels, facilitate GABA-ergic inhibitory trans-
mission, reduce delayed rectifier potassium current, bind to 
synaptic vesicle glycoprotein 2A (SV2A) and, thus, modu-
late neurotransmitter release. LEV is available in IV and PO 
formulations. It is rapidly absorbed, which is a desirable 
quality for medications used in the emergent management of 
seizures. LEV is only partially protein-bound (<10%). It is 
partially metabolized by enzymatic hydrolysis resulting in 
metabolites that are inactive. The elimination half-life is 6–8 
h. Levetiracetam undergoes renal excretion with the majority 
excreted unchanged in the urine. Renal elimination of 
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levetiracetam is affected by renal clearance, and therefore 
dose adjustments are needed in renal insufficiency and renal 
failure.

LEV is commonly used off-label for the treatment of SE 
and NCS/NCSE. There are no known interactions with other 
medications, including other AEDs, and no cardiovascular 
side effects [45], which have resulted in widespread use of 
LEV in critically ill patients. Common side effects include 
nausea, somnolence, dizziness, headache, irritability, depres-
sion, and psychosis. Blood levels of LEV can be obtained but 
are typically not helpful in the management of seizures in 
critically ill patients.

LEV has a Class IIb, level C recommendation from the 
Neurocritical Care Society for the treatment of SE [8]. The 
recommended initial dosing of LEV in SE is 1000–3000 mg 
IV [8]. Daily dosing is typically no more than 3000 mg/day 
since it has been shown that dosing > 3000 mg/day did not 
provide any additional benefit for patients with SE [46]. A 
meta-analysis of the efficacy of AEDs in BDZ-resistant con-
vulsive SE found that LEV has an overall efficacy of 69% 
(95% CI: 56–79%) with individual doses of 1000–3000 mg 
iv or 20 mg/kg [41]. In this meta-analysis, LEV was less 
effective than phenobarbital and VPA but more effective 
than PHT. The efficacy of LEV for the treatment of NCS 
and refractory NCS is unknown since the majority of pub-
lished data is for CSE and NCSE.  In the author’s experi-
ence, 16.1% of patients with NCS and refractory NCS will 
respond to LEV (unpublished data). There have been no 
randomized, controlled trials evaluating the efficacy of LEV 
for NCS or NCSE.

�Lacosamide

Lacosamide (LCM) is a newer AED that is gaining popular-
ity in the ICU, since an IV formulation is available in addi-
tion to a PO formulation. The exact antiepileptic mechanism 
of action is unknown, however, it is thought that LCM inhib-
its repetitive neuronal firing by enhancing the slow inactiva-
tion of voltage-gated sodium channels. LCM is FDA 
approved for use in partial-onset seizures and is gaining 
popularity for the off-label treatment of NCS, NCSE, and 
CSE. The half-life of LCM is 13 h, the time to peak effect is 
1–4 h. LCM undergoes hepatic metabolism via the CYP3A4, 
CYP2C9, CYP2C19 pathways (with inactive metabolite 
formed) and is excreted in the urine. Dose adjustments are 
recommended in patients with renal or hepatic insufficiency 
and LCM is not recommended for use in patients with severe 
hepatic impairment.

Although the rate of adverse events with LCM is low, the 
most common adverse event reported with the use of LCM 
in critically ill patients is mild sedation. Additional adverse 
events that have been reported in the ICU patient population 

are angioedema, allergic skin reaction, hypotension, and pru-
ritus. There has been one patient reported to develop third-
degree atrioventricular block and paroxysmal asystole [47]. 
LCM has been reported to have cardiovascular side effects 
with PR interval prolongation in addition to second- and 
third-degree heart blocks. Therefore, LCM should be used 
with caution in patients with conduction abnormalities, myo-
cardial infarction, heart failure, and structural heart disease. 
In addition, LCM should be used with caution when given in 
conjunction with other medications that prolong the PR 
interval.

LCM has a Class IIb, level C recommendation for the 
treatment of refractory CSE or NCSE by the Neurocritical 
Care Society [8]. In a prospective, observational study of 
patients with CSE or NCSE, LCM was effective in 57% of 
patients with SE (70% of patients with CSE and 47% of 
patients with NCSE), when used as first-, second-, third-, or 
fourth-line therapy [48]. In a recent review, LCM was found 
to have an overall success rate of 56% for CSE or NCSE 
[47]. The first trial to compare AEDs for the treatment of 
NCS in critically ill patients was the Treatment of Recurrent 
Electrographic Nonconvulsive Seizures (TRENdS) trial. 
This was a randomized, controlled trial comparing the effi-
cacy of fPHT vs. LCM for the treatment of NCS [12, 17]. 
Final results of this study are pending.

The loading dose of LCM in the TRENdS trial was 
400 mg IV and maintenance dosing was 200 mg IV twice a 
day [12, 17]. The IV formulation has the same bioavailability 
as the PO formulation, therefore dose adjustments are not 
needed when switching between IV or PO formulations.

�Phenobarbital

Phenobarbital (PHB) is a potent antiepileptic agent that also 
has sedative and hypnotic properties. PHB exerts its antiepi-
leptic effect on GABAA receptors by prolonging the duration 
of GABA-mediated opening of chloride ion channels. This 
results in neuronal hyperpolarization. PO and IV formula-
tions are available. However, the IV formulation is highly 
alkaline and may cause local irritation. After IV administra-
tion of PHB, onset of action is seen within 5 min and the 
peak effect is seen in about 30 min. The duration of action of 
IV PHB is 4–10 h. PHB is not extensively protein-bound 
(20–45%) and is 70–90% absorbed. Metabolism is primarily 
performed by liver CYP system and 25% is excreted 
unchanged in the urine. It is important to note that PHB is a 
potent inducer of the CYP system, which has numerous 
implications for drug–drug interactions. Concurrent 
medications that are metabolized by the CYP450 system will 
have decreased effectiveness due to their faster clearance. 
PHB may worsen VPA-induced hyperammonemia. It has a 
very long half-life of 2–7 days [36].
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The side effects of PHB are numerous. Common side 
effects of acute administration of PHB include confusion, 
irritability, sedation, coma, respiratory depression, and hypo-
tension. Respiratory depression and hypotension will be aug-
mented if PHB is administered to patients that have already 
received BDZs. In children, paroxysmal hyperkinetic reac-
tions can occur. The recommended loading dose is 20 mg/kg 
at a rate of 50–100 mg/min [8] followed by a maintenance 
dose of 1–4 mg/kg/day typically divided 2–3 times a day. 
Maintenance dosing adjustments can be made based on 
serum PHB levels. In adults, the typical therapeutic range of 
PHB is 20–40 mcg/mL. Symptoms seen with mild PHB tox-
icity (>40 mcg/mL) include slowness, ataxia, and nystag-
mus. Serum PHB concentration >65 mcg/mL can result in 
coma with brainstem reflexes and >100 mcg/mL will result 
in coma without brainstem reflexes. Some dosage forms may 
contain propylene glycol. Large amounts of PHB can lead to 
propylene glycol toxicity (hyperosmolality, lactic acidosis, 
seizures, and respiratory depression).

The Neurocritical Care Society has given PHB a Class 
IIb, level A recommendation for the emergent treatment of 
CSE and NCSE. In addition, there is a Class IIb, level C rec-
ommendation for both urgent treatment and refractory treat-
ment of CSE and NCSE [8]. PHB does have FDA approval 
for the treatment of SE.  In the VA Cooperative Study, the 
efficacy of phenobarbital was 58% for cessation of GCSE 
[25]. A meta-analysis reported the efficacy of PHB for the 
treatment of BDZ-resistant SE was 74% (95% CI: 58–85%) 
[41]. Although this study found that the efficacy of PHB was 
similar to that of LEV and VPA and superior to PHT, in prac-
tice PHB is rarely used as first-line therapy for the treatment 
of BDZ-resistant CSE or NCSE given its adverse side effect 
profile and potential for drug–drug interactions. For the man-
agement of NCS in critically ill patients, other non-sedating 
AEDs are preferable over PHB. A 2010 survey of neurolo-
gists reported only 2% of respondents used PHB as the first-
line AED for NCS. Additionally, only 2% of respondents 
utilized PHB for the first-line therapy for NCSE. Neurologists 
were more likely to use PHB as third-line therapy for NCS or 
NCSE, rather than first or second-line therapy [19].

�Options for Add-on Therapy

�Pregabalin
Pregabalin (PGB) is an AED that is used to treat seizures, 
neuropathic pain, postherpetic neuralgia, and generalized 
anxiety disorder. It is FDA approved for the adjunctive treat-
ment of partial-onset seizures. PGB is not FDA approved for 
the treatment of NCS and NCSE, but is sometimes used as 
add-on therapy for refractory NCS and NCSE.

PGB binds to the alpha2-delta subunit of voltage-gated 
calcium channels and inhibits excitatory neurotransmitter 

release (glutamate, norepinephrine, serotonin, dopamine, 
substance P, and calcitonin gene-related peptide) [49]. 
Although PGB is only available in PO formulation, it can be 
administered via a nasogastric tube. It has almost complete 
gastrointestinal absorption and reaches peak levels within 1 
h. Steady state is achieved within 24–48 h. The mean elimi-
nation half-life of PGB is 6 h. PGB is not protein-bound and 
is excreted unchanged in the urine. PGB does not undergo 
hepatic metabolism and has no effect on the CYP450 system, 
resulting in an absence of drug–drug interactions. PGB lacks 
idiosyncratic side effects and does not require titration [50].

Because of its predictable pharmacokinetics, lack of 
drug–drug interactions, and unique mechanism of action, 
PGB is an attractive option for add-on therapy for refractory 
NCS and NCSE. In a retrospective study, PGB was found to 
be efficacious in stopping NCS and NCSE is 52% of patients 
within 24 h of initiation [51]. In this study, PGB was mostly 
used as third or fourth-line therapy when other AEDs failed. 

PGB was more effective in stopping NCS than NCSE. Patients 
with brain tumors may respond better to PGB than patients 
with NCS or NCSE from other etiologies [51, 52]. Another 
retrospective study found the efficacy of PGB to be 45% for 
definite seizure cessation within 24 h of initiation for patients 
with various types of CSE [53]. The Neurocritical Care 
Society does not include PGB in their recommendations for 
the treatment of CSE and NCSE. When used to treat NCS 
and NCSE in critically ill patients, standard dosage is 150–
400 mg/day divided 2–3 times a day. The median daily dose 
was 375 mg/day in one study [52]. Dizziness and drowsiness 
are the most common side effects seen in critically ill patients 
receiving PGB [51]. Dose adjustments are necessary in 
patients with renal insufficiency.

�Gabapentin
Gabapentin (GBP) is an AED, but is more often used to treat 
pain syndromes (postherpetic neuralgia, neuropathic pain, 
fibromyalgia) and restless leg syndrome. GBP has a struc-
tural relationship to GABA, but has little to no action on the 
GABA receptor. Its exact mechanism of action is unknown, 
but it appears likely that GBP binds to voltage-gated calcium 
channels that possess the alpha-2-delta-1 subunit (a presyn-
aptic channel). GBP may modulate the release of excitatory 
neurotransmitters. Like PGB, GBP is FDA approved for the 
treatment of partial-onset seizures, but is sometimes used 
off-label for add-on therapy for the treatment of refractory 
NCS and NCSE.

GBP is only available in a PO formulation and has vari-
able absorption. The time to peak effect is 2–4 h. It is not 
protein-bound and does not undergo any metabolism. It is 
excreted in the urine as unchanged drug. GBP does not 
undergo hepatic metabolism and has no effect on the CYP450 
system, resulting in an absence of drug–drug interactions. 
The half-life of GBP in adults is 5–7 h, with prolongation in 
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renal insufficiency. Conversely, the half-life is reduced (4 h) 
in patients receiving hemodialysis. The most common side 
effects are dizziness, drowsiness, ataxia, and fatigue.

There have been two case reports for the successful treat-
ment of SE with adjunctive GBP in patients with porphyria 
[54, 55]. Therefore, GBP can be considered for add-on ther-
apy for patients with refractory SE who are presenting with 
an acute porphyria exacerbation. There have been no pub-
lished studies reporting the efficacy of GBP for the treatment 
of NCS and NCSE. The Neurocritical Care Society does not 
include GBP in their recommendations for the treatment of 
CSE and NCSE.

�Topiramate
Topiramate (TPM) is FDA approved for the treatment of epi-
lepsy (monotherapy or adjunctive therapy) and migraine. 
Although it is only available in PO formulation, it has been 
used off-label for the treatment of RSE in adults. TPM is 
thought to exert its antiepileptic effect by blocking voltage-
gated sodium channels, enhancing GABAA activity, antago-
nizing AMPA/kainate glutamate receptors, and inhibiting 
carbonic anhydrase. TPM undergoes rapid absorption, 
reaches a peak effect in 1–4 h, and has an elimination half-
life of 21 h. TPM is partially protein-bound (15–41%). Small 
amounts of TPM are metabolized in the liver, but the major-
ity (70%) is excreted as unchanged drug in the urine.

Because TPM can be administered via a nasogastric tube 
and can be rapidly titrated, there have been several case 
reports, case series, and retrospective reports for its use in 
RSE. The efficacy of TPM appears to be between 18 and 
71% in the largest retrospective studies [56–58]. For the 
treatment of refractory CSE and refractory NCSE, TPM 
appears to be well-tolerated [56–59]. Reported adverse 
effects in this patient population are slight non-anion gap 
metabolic acidosis, hyperammonemia, nephrolithiasis, and 
lethargy. One concern about the use of high doses of TPM in 
critically ill patients is the development of hyperchloremic, 
non-anion gap, metabolic acidosis [60]. This is due to inhibi-
tion of carbonic anhydrase enzymes. Patients who had sei-
zure cessation with TPM typically received doses of <800 
mg/day, but doses as high as 1600 mg/day were reported. In 
one study, the most common dosing was 100 mg every 4–6 h 
[58]. The Neurocritical Care Society recommends initial 
dosing of 200–400 mg/day [8]. TPM has also been reported 
to be safe and effective for the treatment of pediatric 
RSE. The Neurocritical Care Society has given TPM a Class 
IIb, level C recommendation for the treatment of refractory 
CSE and NCSE [8].

�Clobazam
Clobazam is a 1,5 BDZ that is FDA approved for the adjunc-
tive treatment of seizures in Lennox–Gastaut syndrome, but 

is often used off-label to treat other types of seizure disor-
ders, including NCS and refractory CSE and NCSE.  The 
binding of clobazam to the ω2 site on the postsynaptic 
GABAA receptor is thought to result in an antiepileptic effect 
by increasing neuronal permeability to chloride ions. 
Because clobazam has a lower affinity for allosteric ω1 site 
on GABA receptors, clobazam has an improved safety and 
tolerability profile compared with other 1,4 BDZs [61]. 
Since it is insoluble in water, clobazam is only available in 
PO formulation. It is rapidly and extensively absorbed with 
a peak time of 0.5–4 h. The elimination half-life is 36–42 h. 
There is significant protein binding (80–90%). Clobazam is 
metabolized via the hepatic CYP3A4 (and to a lesser extent, 
the CYP2C19 and 2B6 system) with active metabolites. The 
active metabolite, N-desmethylclobazam has a half-life of 
71–82 h. Despite the fact that clobazam is metabolized in the 
liver, there are no meaningful interactions with other AEDs 
metabolized in the liver [64].

In a case series of 17 patients with RSE (11 with prior his-
tory of epilepsy and most with focal SE), 13 patients (76%) 
had a successful response to clobazam after a median of 3 
failed AEDs. The authors stated that clobazam averted the 
need for anesthetic infusions in 5 patients. Sedation was the 
only side effect seen (38% of patients), however, the authors 
noted that since the patients were receiving other AEDs, it is 
not clear if sedation could be attributed solely to clobazam 
[63]. The mean initial dosage was 15.8 mg/day and the mean 
maintenance dosage used in this study was 22.4 mg/day. 
Other case reports and case series have shown clobazam to 
be safe and well tolerated for the treatment as add-on therapy 
for RSE [64, 65]. There is no data regarding the efficacy of 
clobazam for the treatment of NCS. Additional prospective 
studies are needed to establish the efficacy of clobazam for 
the treatment of NCS and refractory CSE or NCSE.  The 
Neurocritical Care Society does not include clobazam in 
their recommendations for the treatment SE. However, given 
the favorable pharmacokinetic profile, clobazam warrants 
further investigation as a treatment of refractory NCS and 
NCSE since traditional therapy with IVADs has been associ-
ated with poorer outcomes [20, 21].

�Other Medications
Zonisamide (ZNS), carbamazepine (CBZ), and oxcarbaze-
pine (OXC) are other AEDs that are often used in the outpa-
tient management of epilepsy. ZNS blocks sodium and 
calcium channels. CBZ and OXC block voltage-sensitive 
sodium channels, NMDA receptor-activated sodium, and 
calcium influx and cause stabilization of the cell membrane. 
OXC has fewer side effects than CBZ by using non-oxidative 
metabolization pathway, as opposed to the CYP450-mediated 
metabolism of CBZ. One case series found an efficacy rate 
of 61% for OXC for the treatment of RSE (mostly remote 
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symptomatic and mostly nonconvulsive). Hyponatremia was 
seen in 23% of patients with OXC [66]. Since ZNS, CBZ, 
and OXC lack the fast onset of action needed in the ICU for 
the acute treatment of NCS, CSE, and NCSE, and the side 
effect profile may be worse than with other AEDs, these 
medications are not typically used for the treatment of sei-
zures in critically ill patients.

�Antiepileptic Medication Discontinuation

All AEDs should not be discontinued abruptly due to the risk 
of worsening seizures. If AED withdrawal is indicated, ide-
ally, all AEDs should be gradually tapered to curtail the risk 
of withdrawal seizures. However, in some circumstances, 
such as severe or life-threatening adverse reactions, AEDs 
must be stopped abruptly due to safety concerns.

AED tapering (early or late) has not been studied for 
patients with seizures secondary to acute brain injury. There 
is lack of data regarding optimal management of AEDs after 
seizure cessation is obtained. Patients with refractory NCS 
or NCSE are often treated with numerous antiepileptic medi-
cations. During the course of their hospitalization, patients 
receiving multiple AEDs may experience adverse side effects 
such as dizziness, fatigue, sedation, and cognitive dysfunc-
tion in addition to the potential of drug–drug interactions 
with other medications that are administered. At our institu-
tion, it is not uncommon to begin AED tapering in the days/
weeks after we ensure seizure cessation in attempt to mini-
mize adverse side effects of AED polytherapy. However, 
there is a risk of recurrent seizures with AED tapering, thus 
the risks and benefits of an AED taper must be weighed. It is 
likely that the number of AEDs, EEG findings, clinical exam, 
and type of seizures (i.e., focal vs. generalized) is important 
factors when deciding AED withdrawal. Studies are needed 
to determine the optimal practice of AED withdrawal after 
seizure cessation for acute brain injury.

�Conclusions

There are numerous types of seizures encountered in criti-
cally ill patients, with the vast majority being nonconvulsive. 
NCS and NCSE are detectable only with cEEG monitoring, 
therefore this is an essential component to the management 
of seizures in critical care. What is less certain in the field of 
critical care seizure management is which medications 
should be used and in what order. In addition, there is a great 
deal of uncertainty regarding the urgency and aggressiveness 
of critical care seizure management.

It has been established that GCSE is a medical emer-
gency  with high morbidity and mortality, however, GCSE 

represents a minority of the seizure types encountered in the 
ICU.  Due to the lack of available evidence, the treatment 
paradigm for NCS and NCSE (the types of seizures encoun-
tered most frequently in the ICU) reflects that of GCSE. But, 
recent evidence suggests that sedative medications often 
used to treat GCSE may not be necessarily appropriate. The 
concept of “appropriately aggressive treatment” has arisen 
from the notion that the aggressiveness of seizure treatment 
should reflect the degree of ongoing neuronal injury. More 
data is needed to understand the pathology and clinical 
implications of NCS and NCSE.  In addition, more data is 
needed to determine ideal treatment for NCS and 
NCSE. Clinical trials are needed to advance the field of criti-
cal care seizure management.
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�Introduction

Based on a proposed operational definition of SE by 
Lowenstein, SE refers to at least 5 min of (a) continuous sei-
zures or (b) two or more discrete seizures between which there 
is incomplete recovery of consciousness [1]. Status epilepticus 
(SE) is a true medical emergency that requires aggressive and 
prompt therapeutic intervention preferably in an ICU environ-
ment. The physician may encounter a patient with SE in the 
ICU, either because the patient was admitted for management 
of the SE or because the patient developed SE during the course 
of his admission for another medical reason. SE is particularly 
frequently seen with CNS infection/inflammation and brain 
hemorrhages, but may also be encountered in those patients 
with systemic inflammatory processes such as sepsis [2, 3]. In 
the Neuro-ICU additionally some patients, who are admitted 
for continuous electroencephalogram (EEG) monitoring after 
intracranial electrode placement, may develop frank SE (after 
the antiepileptic medications are withdrawn) and constitute a 
third category of “semi-intentional” iatrogenic SE.

The most important principle in the treatment of SE is that 
time to initiation of the first anti-seizure medication is likely 
the most important predictor of seizure control and outcome 
[4, 5]. Undertreatment of the seizures should be avoided as 
this may lead to more refractory seizures and some may even 

go straight to continuous infusion of anesthetic drips if the 
first anticonvulsant fails to control the seizures [6]. Persistent 
convulsive or nonconvulsive seizure activity not responding 
to first-line treatment requires ICU admission and an aggres-
sive treatment approach [7], as untreated SE has an overall 
poor prognosis. Most agree that NCSE should be treated just 
as CSE, but based on mostly retrospective case series some 
doubt has been raised about the use of anesthetic infusions as 
these are associated with medical complications and poor 
outcome [8]. Likely these associations are based on the fact 
that more aggressive interventions are given to sicker and 
more refractory patients. Diagnosis of the underlying etiol-
ogy for SE is important as certain etiologies may only be 
successfully controlled if the precipitating offender is cor-
rected. SE in the setting of hypoglycemia illustrates this 
well, as correction of the underlying metabolic abnormality 
is a prerequisite for successful seizure control. The seizure 
burden in SE of acute brain injury has been associated with a 
cumulative increase of worse functional and cognitive out-
come for each additional time period spent seizing in both 
children and adults [9–11].

�Pathophysiology

Physicians need to understand the underlying pathophysiol-
ogy of SE because this is important in order to adjust the 
treatment of SE, as some treatments such as ketamine are 
aimed at the evolving, self-sustaining pathophysiologic 
changes seen with ongoing seizure activity. Most seizures 
are self-terminating phenomena lasting from few seconds to 
few minutes. A single seizure is followed by a refractory 
period characterized by higher seizure threshold that pre-
vents seizure recurrence. However, under certain conditions 
the mechanisms responsible for seizure termination fail and 
seizures recur, i.e. SE ensues. This may lead to CNS damage 
either directly or indirectly and further seizures.

Direct mechanisms include abnormal release of excitatory 
aminoacids and decreased release of inhibitory ones at the 
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synapse [12]. There is increased glutamate release with repeti-
tive presynaptic activation (called facilitation) eventually lead-
ing to excitotoxic damage through Ca++ influx to the neurons 
via NMDA and AMPA receptors. At the same time, release of 
GABA from the presynaptic storage sites is decreased when 
the presynaptic neuron is activated repetitively (referred to as 
fading of inhibition) [13]. Except for the transient synaptic 
effects, there are additional longer lasting ones affecting the 
expression of genes and leading to apoptosis of more vulnera-
ble classes of cells, especially in the hippocampus. In addition, 
local epileptogenic processes, if repeated, can lead to dissemi-
nation of seizure propensity to other regions of the brain, a pro-
cess named secondary epileptogenesis [14].

The effect that antiepileptic medications have in control-
ling SE may also vary with the duration of seizures and drug 
resistance may develop. As mentioned above, this drug 
resistance may be due to antiepileptic drug (AED) target 
alterations induced by SE, such as reduced membrane 
expression or increased trafficking of GABAA receptors 
[15], in addition to reduced GABA release. Apart from tar-
get alterations by receptor trafficking (i.e., from the synaptic 
membrane into endosomes, making them unavailable to the 
neurotransmitter), SE is known to increase the brain expres-
sion of drug efflux transporters such as P-glycoprotein (Pgp) 
at the blood-brain barrier, which might reduce concentra-
tions of AEDs at their brain targets. In a study of two rat SE 
models, no increase of Pgp expression in brain capillary 
endothelial cells during SE was found, whereas significant 
overexpression was determined in both models 48h after 
SE. These data suggest that alterations in Pgp are not criti-
cally involved in refractory SE, at least in the first couple of 
days [16]. If SE occurs in the context of pre-existing epi-
lepsy, increased Pgp expression may already be present at 
the time of status onset. In this case, drugs such as vera-
pamil (a Pgp inhibitor) may reverse the resistance to AEDs, 
which are substrates to Pgp (phenytoin, phenobarbital), in 
long-lasting refractory SE [17].

Indirect CNS damage from SE is the result of systemic 
derangements that follow. The seminal animal studies by 
Meldrum have shed a light on this issue. After prolonged 
bicuculline-induced convulsive SE in baboons, neuronal 
damage and cell loss was evident in the neocortex, cerebel-
lum, and hippocampus. When systemic factors were kept 
within normal physiological limits (paralyzed and artificially 
ventilated animals with adequate serum glucose levels), 
there was decreased but still present neocortical and hippo-
campal cell damage, but absent cerebellar cell injury [18, 
19]. These experiments suggest that the seizure activity per 
se is responsible for the neuronal damage and the systemic 
derangements play an additional role.

These derangements are especially important for the ICU 
patient who is in SE, because they are amenable to ICU treat-
ment. Table 8.1 presents the most common changes by sys-

tem involved. Lothman divided the systemic changes after 

convulsive SE into two phases [13]. During phase 1 (or early 
phase, within the first 30 min) the initial consequences of a 
prolonged seizure or SE are an increase in the cerebral blood 
flow (CBF) and a massive increase of plasma catechol-
amines, leading to increased blood pressure, heart rate, 
serum glucose, sweating, and body temperature. Cardiac 
arrhythmias are common. Acidosis is the result of increased 
serum lactate and CO2 retention. Minute ventilation may be 
increased in this phase, but later, periods of hypopnea pre-
dominate and can be exacerbated with respiratory depressant 
antiepileptics, such as barbiturates and benzodiazepines. In a 
clinical study, the pH ranged between 6.28 and 7.5  in 70 
spontaneously ventilating patients with SE: it was <7.35 in 

Table 8.1  Systemic physiologic changes induced by prolonged 
generalized convulsions or generalized convulsive SE

CNS

Tissue hypoxia (decreased O2 delivery and increased demand)

Cerebral edema (angiogenic and cytotoxic)

Increased CBF-CMRO2

Increased intracranial pressure

CSF pleocytosis

Hemorrhage

Cerebral venous thrombosis

Cardiovascular

Hypertension followed by hypotension

Tachycardia

Myocardial ischemia

Arrhythmias

Cardiac arrest

Respiratory

Hypopnea/apnea

Hypoventilation

Aspiration

Pulmonary hypertension and edema

Pulmonary embolus

Metabolic

Acidosis (both metabolic and respiratory)

Dehydration

Electrolyte changes (hyponatremia, hyperkalemia)

Hypoglycemia

Hyperthermia

Skeletomuscular

Rhabdomyolysis

Dislocations

Fractures (bilateral humeral head, compression of the first four 
lumbar bodies)

Renal

Acute tubular necrosis

Gastrointestinal

Hepatic failure

Hematologic

Peripheral leukocytosis

Disseminated intravascular coagulopathy

Adapted from [44, 76]
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59 and <7.0 in 23 patients. Thirteen patients had PaCO2 > 60 
mmHg and overall 30 patients had a respiratory component 
to the acidosis [20]. Acidosis is markedly attenuated with 
neuromuscular blockade, indicating anaerobic muscle 
metabolism as a major source of lactate [19]. Hypoxia, on 
the other hand, is usually modest. In primate models of SE, 
the mean PaO2 was 58–68 mmHg and alone did not seem to 
induce cerebral injury [18, 21]. After approximately 30 min 
of seizing the patient enters the 2 phase (or late phase) of 
SE. The systemic and cerebral protective mechanisms pro-
gressively fail, leading to multi-organ compromise: 
Hypotension, cardiac failure with increased pulmonary cap-
illary leaking (leading to neurogenic pulmonary edema), loss 
of cerebral autoregulation (resulting in a systemic pressure 
dependent CBF, which together with the increased intracra-
nial pressure exacerbates the cerebral hypoperfusion), renal 
failure secondary to rhabdomyolysis or acute tubular necro-
sis, hypoglycemia and hepatic failure, severe electrolyte 
abnormalities (hyperkalemia which may reach life-
threatening levels), and a disseminated coagulopathy. 
Cardiac arrhythmias are life-threatening in up to 60% of 
patients with prolonged SE [22]. Sinus tachycardia or supra-
ventricular tachycardia is most common and can be compli-
cated by the rapid infusion of antiepileptics such as phenytoin. 
Temperature elevation of 40° in seizing primates can be 
reached within 60–90 min after SE onset and, if persisting 
for >3 h, leads to neuropathic changes greater than those pre-
dicted from the seizure duration alone. When the baboons 
were paralyzed, the mean temperature increase was only 
2.05°C over a 7-h observation. A similar dangerous tempera-
ture elevation has been observed in humans. Seventy out of 
90 patients with SE had hyperthermia, with maximum tem-
perature reaching 107°F. The duration of hyperthermia out-
lasted the duration of SE, with most patients remaining 
febrile at 12 h after the cessation of the convulsions, but only 
3/27 were febrile at 48 h [20].

Patients that develop SE in the setting of acute brain 
injury may be particularly susceptible to acquire additional 
brain injury due to the brain being more susceptible to 
injury, as well as some of the stabilizing pathophysiologic 
processes being affected, such as loss of autoregulation 
leading to a delayed increase in regional cerebral blood flow 
to compensate for the increased metabolic demands of the 
seizing brain tissue [23].

Another important characteristic of late-phase status is an 
electromechanical dissociation that occurs and may lead to 
misinterpretation of the clinical situation: convulsions may 
decrease or evolve to minor twitching, although electrical 
cerebral seizure activity continues as NCSE [24]. Table 8.2 
presents a scheme of these evolving stages. It is interesting to 
note that SE is a dynamic state, with different characteristics, 
depending on when the patient is examined [25]. Thus 
depending on the time of observation in the ICU, the patient 

may have obvious grand-mal convulsions or only subtle 
twitching of the fingers, abdomen or face or nystagmoid 
jerks of the eyes or no clinical activity, but being in deep 
coma state. Although the chances in the ICU are that the 
intensivist will be notified early, because of vital sign moni-
toring and frequent examinations by the ICU staff, this may 
not be the case with a patient who was just admitted for 
ongoing status. This possibility must be kept in mind and all 
previously seizing patients, who do not regain consciousness 
soon, should be monitored with a continuous EEG to exclude 
ongoing NCSE.

�Goals of ICU Management and Treatment 
Options for SE

Management of ICU seizures and SE should include (1) 
emergent medical management, (2) termination of seizures, 
(3) prevention of recurrence of seizures, (4) diagnosis and 
address of the underlying cause of seizures, and (4) preven-
tion and treatment of complications. In a survey of 408 inten-
sivists from the UK, it was shown that following failure of 
initial management of resistant SE, a benzodiazepine infusion 
(35%) or anesthetic induction agent (32%) was the preferred 
second-line treatments. The majority of respondents (57%) 
gave anesthetic induction agents within 60 min of the start of 
SE. Thiopentone was administered in 82% of these cases. 
Clinical assessment was used to monitor the response to the 
treatment in almost half the cases. However, in more special-
ized ICUs, such as pediatric or neurological or neurosurgical 
units the majority of responders used a cerebral function 
monitor in addition to the clinical examination, emphasizing 
the greater experience these physicians had [26]. In a more 
recent survey of international experts in the treatment of SE 
with a 50% response rate (60/120), there was consensus for 
using intravenous lorazepam for the emergent (first-line) 
therapy of SE in children and adults. For urgent (second-line) 
therapy, the most common agents chosen were phenytoin/fos-
phenytoin, valproate sodium, and levetiracetam; these choices 
varied by the patient age in the case scenarios. Physicians 

Table 8.2  Clinical and EEG seizure correlation during generalized SE

Time Clinical activity EEG activity

Onset Discrete convulsions Discrete seizure activity

Continuous convulsions Merging seizure activity

Minutes Continuous convulsions Continuous seizure activity

Minimal twitching in 
face or distal 
extremities

Intermittent suppression 
between bursts of seizure 
activity

Hours No muscular activity Periodic epileptiform 
discharges on a flat 
background

Adapted from [25, 76, 225]
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who care for adult patients chose cIV therapy for RSE, espe-
cially midazolam and propofol, rather than a standard AED 
sooner than those who care for children; and in children, there 
is a reluctance to choose propofol. Pentobarbital was chosen 
later in the therapy for all ages [27].

As a general principle, the time to initiate treatment and to 
not undertreat early after onset of SE is a more important 
factor in determining seizure control and outcome than the 
specific choice of antiepileptic agent [28, 29]. This is illus-
trated by evidence that early treatment initiation for SE has 
been shown to be effective [4, 5] and by the fact that while 
lorazepam was superior to other options in the treatment of 
SE, the difference was not tremendous (i.e., when compared 
to phenobarbital [30]), and second agent add-on therapy in 
the out of hospital setting was ineffective but higher than 
usual doses of benzodiazepine in the out of hospital setting 
were effective in controlling SE [28, 29]. A general treatment 
algorithm for convulsive SE is presented in Table 8.3. The 
treatment is divided in stages, based on the response to sei-
zure cessation (clinical or electroencephalographic).

�Emergent Medical Management

�Prehospital Management
Management of SE must begin by the emergency medical 
services in a prehospital setting. Several studies have 
attempted to assess the possibility of aborting SE even prior 
to the hospital. In a randomized, double-blinded study, 
lorazepam was 4.8 and diazepam 2.3 times more effective 
than placebo in terminating SE on the arrival at the emer-
gency department when given intravenously (IV) by para-
medics [4]. In another prehospital study, midazolam at 
doses of 2 mg/kg for children or 10 mg for adults intrana-
sally or intramuscularly (IM) was comparable or better than 
IV diazepam [31]. The RAMPART study was a double-
blind, randomized, noninferiority trial comparing the effi-
cacy of intramuscular (IM) midazolam (10 mg followed by 
placebo IV, n = 448) with that of IM placebo followed by 
intravenous lorazepam (4 mg, n = 445) for children and 
adults in SE treated by paramedics. At the time of arrival in 
the emergency department, seizures had ceased without res-
cue therapy in 73.4% and 63.4%, respectively, favoring 
midazolam by an absolute 10% (95% CI 4.0–16.1, p < 
0.001). Based on this data the authors concluded that mid-
azolam IM is at least as safe and effective as lorazepam IV 
for prehospital seizure cessation [5].

If there is a history of diabetes mellitus or insulin use, an 
emergent glucose measurement should be done by paramed-
ics and if an accucheck is not available, glucose in the form 
of orally administered juice or sugar or IV injection of DW 
50% should be considered. As soon as measurement of glu-
cose becomes available, glucose should be rechecked and 

thiamine administration also considered.

Oxygen should be administered in a convulsing patient in 
the ambulance and all prehospital measures to keep an open 
airway should also be taken.

�In-Hospital Management in the Emergency 
Department or ICU
Management of the convulsing patient who arrived in the 
Emergency Department or was transferred to an ICU room 
comprises general medical supportive and diagnostic mea-
sures and at the same time specific treatment to terminate the 
seizures. It is unclear what type of ICU setting is a better fit to 
deal with SE and current data do not necessarily support 
admission to a specialized Neuro-ICU.  In a single center, 
non-randomized study of 151 patients (with 168 episodes of 
SE), 46 (27%) were admitted to an NICU and 122 (73%) to 
an MICU based on bed availability. APACHE II scores were 
significant higher in the MICU group (17.5 vs 13.4, p = 0.003) 
and age in the NICU (58.3 vs 51.5 years, p = 0.041). More 
continuous EEGs were ordered in the NICU (85 vs 30 %, p < 
0.001), where fewer patients were intubated, but more even-
tually tracheostomized. The NICU had a higher rate of com-
plex partial SE and more alert or somnolent patients, whereas 
the MICU had a higher rate of generalized SE and more stu-
porous or comatose patients. Admission diagnoses also dif-
fered, with the NICU having higher rates of strokes and the 
MICU higher rates of toxic metabolic etiologies (39 vs 12% 
and 11 vs 21 %, p = 0.002). After adjustment, no difference 
was found in mortality, the ICU or hospital length of stay and 
modified Rankin score at discharge [32], but discharge status 
is typically not a great outcome measure as the recovery pro-
cess is potentially still ongoing and benefits of an intervention 
or treatment setting may be underappreciated.

General Medical Supportive and Diagnostic 
Measures for SE
Basic life support with maintenance of airway, breathing 
and circulation should be provided as soon as the diagnosis 
of SE is established [6]. Endotracheal intubation (ETI) is 
important in maintaining adequate oxygenation and pre-
venting aspiration pneumonia. However, few patients with 
SE require intubation. In the RAMPART study, out of 1023 
enrollments, 218 (21%) patients received ETI. Two hundred 
four (93.6%) of the ETIs were performed in the hospital and 
14 (6.4%) in the prehospital setting. Intubated patients were 
older and men underwent ETI more often than women. 
Patients with ongoing seizures on ED arrival had a higher 
rate of ETI, as did those who received rescue anti-seizure 
medication. Most ETI (62%) occurred early on (prior to or 
within 30  min after ED arrival). Late ETI was associated 
with higher mortality (14%) compared to early ETI (3%) 
[33]. Adequate oxygen supply with a non-rebreather facial 
mask and airway patency with oral or nasopharyngeal 
devices may be enough measures for a patient who has had 
one or more seizures, but has stopped having convulsions. 
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Table 8.3  Treatment algorithm for SE

3A Prehospital measures

IM midazolam 10 mg or, if not available, lorazepam 4 mg IV, intranasal midazolam or clonazepam

Provide oxygen by nasal cannula or face mask

If a history of diabetes, check finger-stick blood glucose, if available. Administer 1 amp of DW 50% IV if <60 mg/100 dl

3B In-hospital measures

Stage 1: Emergent initial measures

Preserve airway and oxygenation by oxygen face mask or intubation, as needed

Establish IV access

Order EEG to be available during therapy

Measure finger-stick blood glucose. Administer 1 amp of DW 50% IV if <60 mg/100 dL and 100 mg Thiamine IV

Send to the Lab: antiepileptic drug(s) blood levels, electrolytes, basic metabolic panel, serum glucose, complete blood count, total and ionized calcium, 
magnesium, and arterial blood gases

At the same time with the above: Immediate benzodiazepines—IV lorazepam 0.07–0.1 mg/kg [4 mg IV with an additional 4 mg if no response, if no 
weight available] or diazepam 0.15–0.25 mg/kg IV. If no IV access, diazepam 20 mg per rectum or midazolam 10 mg IM, buccally or intranasally. 
Skip this step and go directly to Stage 2, if patient has already received prehospital treatment with benzodiazepines

Stage 2: Urgent Control

Give one of the following two agents

•  Phenytoin loading dose 20 mg/kg IV at 50 mg/min or fosphenytoin 20 mg/kg PE (phenytoin equivalents) IV at 150 mg/min or IM or

•  Valproate 25–40 mg/kg IV load at 1.5–3 mg/kg/min

•  If seizures continue after this step maybe give additional phenytoin or fosphenytoin (load additional 5 mg/kg PE to 10 mg/kg PE; goal serum level 
20 mg/dl to 25 mg/dl) or valproate (load additional 20 mg/kg IV)

•  Alternatives if allergies or unavailability of the above prevent administration to consider: levetiracetam 30–70 mg/kg IV (500–mg/min) or 
Phenobarbital 20 mg/kg IV (rate 100 mg/min)

EEG connected and running

Stage 3: Refractory SE

Intubation and mechanical ventilation

Hemodynamic support by pressors and IV fluid boluses

AEDs for RSE:

• � Midazolam 0.1–0.2 mg/kg IV bolus, which can be repeated every 5 min up to total 2 mg/kg, followed by infusion 0.1–2.0 mg/kg/h, suppress 
seizure activity for 24 h then start weaning

• � If for any reason unable to give midazolam, give Propofol 2 mg/kg IV bolus and 150 μg/kg/min to 200 μg/kg/min infusion, suppress seizure 
activity for 24 h then start weaning

•  If not used yet and in patients with DNR status may use valproate (dosing as above)

•  Additional AED alternatives include levetiracetam, phenobarbital, or lacosamide

Need continuous EEG monitoring at this point. NCSE should be managed the same as CSE.

Stage 4: Super-refractory SE

Stage 4.1

AEDs for (consider one of the following)

• � Pentobarbital 10 mg/kg IV load at up to 50 mg/min, can be repeated several times until EEG burst-suppression pattern with 20–30 s suppression 
goal is achieved. Start at the same time continuous infusion 1 mg/kg/h and titrate up to 10 mg/kg/h for same goal.

•  Thiopental 2–3 mg/kg IV bolus and 0.3 mg/kg/min to 0.4 mg/kg/min infusion or

•  Additional agents to consider especially if breakthrough or withdrawal seizures are recorded:

o Ketamine 0.5–4.5 mg/kg bolus IV and up to 5 mg/kg/hour infusion for 24–48 h

o Phenobarbital 15–20 mg/kg load

Stage 4.2

Can be used after 4.1 measures fail or in parallel with them (in order from the first to the last resort)

•  Isoflurane or desflurane or gabapentin or levetiracetam (in acute intermittent porphyria)

•  Topiramate 300–1600 mg/day per orogastric tube (if no increased stomach residuals)

•  Magnesium 4 g bolus IV and 2–6 g/h infusion (keep serum levels <6 mEq/L)

•  Pyridoxine 100–600 mg/day IV or via orogastric tube

•  Methyl-prednisolone 1 g/day IV for 5 days, followed by prednisone 1 mg/kg/day for 1 week

•  IVIG 0.4 g/kg/day IV for 5 days

•  Plasmapheresis for 5 sessions

•  Hypothermia 33–35°C for 24–48 h and rewarming by 0.1–0.2°C/h

•  Ketogenic diet 4:1

•  Neurosurgical resection of epileptogenic focus if any

•  Electroconvulsive therapy

•  Vagal nerve stimulation or deep brain stimulation or transcranial magnetic stimulation

Stage 4.3

If several weaning attempts have failed over a period of months, consider end-of-life discussion with family or surrogate decision maker and 
withdrawal of life support with subsequent autopsy (if no etiology has been found)

Modified from [35, 190, 226, 227]
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On the other hand, most ICU physicians would intubate a 
patient in SE for airway protection and for anticipation of 
administration of respiratory depressant antiepileptics. The 
goal after intubation is adequate oxygenation (initially 
100% FiO2) and ventilation with a goal of normal pH: initial 
hyperventilation in a paralyzed patient with metabolic aci-
dosis is acceptable, but frequent arterial blood gases are 
necessary to avoid subsequent respiratory alkalosis, which 
may further decrease seizure threshold [34].

Paralytics are almost always used for the intubation of a 
seizing patient, but short-acting agents such as IV rocuronium 
(0.6–1.2 mg/kg) or vecuronium (0.1 mg/kg) are preferable to 
succinylcholine, which can induce severe hyperkalemia in 
neurological patients. As for sedation, thiopental can be used 
at 3–5 mg/kg, a drug which can also help in seizure control. 
At least two large IV catheters should be inserted and care-
fully secured for fluid, drug administration, and withdrawal 
of blood samples. This is not easy in a convulsing patient: an 
alternative site such as external jugular catheterization or an 
alternative route such as intramuscular or rectal administra-
tion should be sought [5].

Continuous electrocardiogram, pulse oximetry, and tem-
perature monitoring should be initiated. Non-invasive blood 
pressure measurements should be started, but the physician 
should be reluctant to treat elevated pressure during the con-
vulsion phase, unless it is extreme (for example >230 mmHg 
systolic) or there is suspicion it is the primary cause of the 
seizures (see the Chapter on hypertension and ICU seizures). 
Usually, control of the seizures with the first-line AEDs 
would be enough to reduce the blood pressure. Continuous 
invasive monitoring of blood pressure should be initiated for 
all patients in SE as many of the AEDs of choice have strong 
hypotensive effect, especially barbiturates.

EEG recording should be used to assess the presence or 
absence of ongoing seizure activity and to direct treatment, 
but this should not delay initiation of the urgent treatment of 
SE (see above).

Blood of all patients should be sent for blood glucose, 
complete blood count, basic metabolic panel, calcium 
(total and ionized), magnesium, AED levels [35]. On a 
case-by-case basis work-up should also include a compre-
hensive urine and blood toxicology panel (focussing on 
toxins that frequently cause seizures such as isoniazid, tri-
cyclic antidepressants, theophylline, cocaine, sympatho-
mimetics, alcohol, organophosphates, and cyclosporine), 
liver function tests, serial troponins, coagulation studies, 
arterial blood gas, and tests to detect inborn errors of 
metabolism.

For those with diagnosed hypoglycemia (typically via a 
finger-stick-accucheck), 50  ml of 50% glucose solution 
should be given. Hyperglycemia may exacerbate neuronal 
damage caused by SE, therefore glucose should be only 
administered when lab results confirm hypoglycemia [36, 

37]. In case of suspected or confirmed history of alcoholism 
or other suspected dietary deficiency, 100 mg of IV thiamine 
is given first along with glucose to avoid precipitating 
Wernicke’s encephalopathy.

Lumbar puncture is indicated, if there are no signs of 
increased intracranial pressure or non-communicating 
hydrocephalus and an infectious process causing SE is sus-
pected. Twenty percent of patients with SE may have “benign 
postictal pleocytosis” (up to 70 white blood cells/mm3) [38]. 
This SE-induced pleocytosis is usually polymorphonucleoc-
itic in the differential [20] and this may help differentiate 
from a primary viral encephalitis as the cause of SE (where 
the differential is mainly mononucleocytic [7]). This latter 
case may be resistant to treatment to the point that the term 
“malignant SE” has been coined [39]. Eight out of 54 (15%) 
patients with SE may have CSF protein elevation >50 
mg/100  ml but in only one case the value exceeded 75 
mg/100 ml [20].

Termination of Seizures During SE
Management of an isolated seizure is discussed in another 
chapter but prolonged or recurring seizures, such as those 
seen in SE, should be treated aggressively and without delay. 
The earlier the treatment is initiated, the easier the termina-
tion of seizures: 80% of patients had termination of SE when 
treated within 30 min of onset and <40% when treated after 
the first 2 h from onset [40]. Compared to the ED, where 
recurrent convulsive seizures are easily recognized as SE, in 
the ICU many seizures are nonconvulsive in nature, and are 
only discovered on EEG. In this situation most intensivists 
would try to break the convulsion or electrographic seizures 
by administering benzodiazepines IV (such as lorazepam) 
for the short-term control of the seizing patient (first-line 
treatment) and loading the patient with an IV antiepileptic, 
such as phenytoin or valproate for the long-term control 
(second-line treatments) (Table 8.3). Because at this point it 
may not be clear if the flurry of seizures heralds the entry of 
SE, a very low threshold should exist to intubate the patient 
in anticipation of more seizures and the need for airway con-
trol during the work-up.

If the seizures persist despite 2 AEDs, SE is considered 
refractory (RSE) and special measures are taken in the ICU 
(Stage 3, Table  8.3), including the administration of anes-
thetic doses of short-half-life anti-seizure medications (third-
line treatment). In select cases additional dose of second-line 
AEDs (such as phenobarbital or lacosamide) may be consid-
ered but most would start continuous infusions of anesthetic 
IV drugs, such as midazolam or propofol at this point, which 
also current guidelines recommend [27, 35]. As mentioned 
above some question the benefits for anesthetic agents to 
treat RSE altogether [8], while others consider giving anes-
thetic agents even earlier in the management course poten-
tially as a second-line agent [35]. If these measures fail, 
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induced barbiturate coma with longer-half-life agents such 
as pentobarbital is performed which marks the transition to 
super-refractory (SRSE) (Stage 4). Barbiturate treatments 
can be used for a short period (24–48 h) with subsequent 
slow emergence of the patient from coma or, in case seizures 
recur, for a longer period (usually a week). Additional agents 
such as ketamine are used at this stage (Table 8.3, Stage 4.1) 
and additional measures should be considered with various 
reported success rates based on small case-series at best 
(Table 8.3, Stage 4.2). Throughout the management and par-
ticularly if seizures are difficult to control the underlying 
cause for SE should be kept in mind and constantly ques-
tioned as disease modifying interventions such as plasma-
pheresis or neurosurgical interventions may be successful in 
certain scenarios. Prolonged SE may have a very favorable 
outcome and particularly in young patients with an unclear 
underlying etiology. Such an example is an 18-year-old man 
with SRSE who remained in the ICU for 79 days, but subse-
quently recovered [41]. End-of-life discussions with the 
family should only be entertained if these extreme and 
unproven measures fail to control the seizures in the ICU and 
only after all possible etiologically treatable causes have 
been considered (Table 8.3, Stage 4.3).

It should be noted that as the intensivist moves down the 
list of treatment options, the data supporting these treatments 
become more and more thin and expert-opinion-based. In 
fact, some of them may be independently associated with 
worse outcomes. In a recent study, mentioned above, 171 
patients were treated over 6 years for SE, of whom 37% were 
treated with IVADs. Mortality was 18%. Patients with anes-
thetic drugs had more infections during SE (43% vs 11%; p 
< 0.0001) and a 2.9-fold relative risk for death (2.88; 95% 
confidence interval 1.45–5.73), independent of possible con-
founders (i.e., duration and severity of SE, non-anesthetic 
third-line antiepileptic drugs, and critical medical condi-
tions) and without significant effect modification by different 
grades of SE severity and etiologies [8].

The intensity of treatment with therapeutic coma has also 
been challenged. In another recent study, 50 out of 467 
(10.7%) patients with incident SE were managed with thera-
peutic coma. Therapeutic coma was associated with poorer 
outcome in the whole cohort: these patients had higher rela-
tive risk ratio for new disability (6.86; 95% CI, 2.84–16.56) 
and higher for mortality (9.10; 95% CI, 3.17–26.16). This 
effect was more important in patients with complex partial 
compared with generalized convulsive or nonconvulsive SE 
in coma. Prevalence of infections was higher (odds ratio, 
3.81; 95% CI, 1.66–8.75), and median hospital stay in 
patients discharged alive was longer (16 days [range, 2–240 
days] vs 9 days [range, 1–57 days]; p < 0.001) in subjects 
managed with therapeutic coma [42].

The intensivist, however, has to remember the more 
refractory the status is the worst the outcome and these chal-

lenging and unproven treatments may be the last resorts to 
save the life of the patient and stop the seizures. Of the gen-
eral anesthetics, pentobarbital coma is probably the one 
treatment with the most challenges (see below in the specific 
section). However, it may be an efficacious and safe drug to 
use in super-refractory SE cases. In a recent study from 
Columbia Presbyterian Hospital in New  York, 31 SRSE 
patients were treated with continuous pentobarbital infusion. 
Only 8 (26%) of them had a history of epilepsy and 23 (74%) 
presented with convulsive SE.  Underlying etiology was 
acute symptomatic seizures in 16 (52%, 12/16 with encepha-
litis), remote seizures in 10 (30%), and unknown in 5 (16%). 
The mean duration of pentobarbital infusion was 6 days and 
it controlled seizures in 90% of patients. Seizures recurred in 
48% while weaning the infusion, despite the fact that 
burst-suppression was attained in 90% of patients and per-
sisted >72 h in 56% of them. Weaning was successful after 
adding phenobarbital in 12 out of 15 (80%) of patients with 
withdrawal seizures. Complications during or after pento-
barbital infusion included pneumonia (32%), hypotension 
requiring pressors (29%), urinary tract infection (13%), and 
propylene glycol toxicity and cardiac arrest in one patient 
each. Interestingly, one third (35%) of patients had no identi-
fied new complication after starting the infusion. At one year 
after discharge, 74% of patients were dead or in a state of 
unresponsive wakefulness, 16% were severely disabled, and 
only 3 out of 31 (10%) had no or minimal disability. The 
authors concluded that pentobarbital-induced coma for 
SRSE leads to infrequent complications, effectively aborts 
seizures, and may be successful even after weaning if com-
bined with phenobarbital [43].

All of these studies are observational case series and not 
randomized controlled trials and therefore the reported asso-
ciations between treatment and outcome will always remain 
circumstantial at best. At the heart of it, the chicken-and-egg 
problem with underlying etiology and SE on the one side and 
SE treatment on the other side (all being related to each other 
and affecting the ultimate outcome to different degrees), will 
remain unresolved in an observational data set. Clearly 
patients with RSE will not spontaneously stop seizing and 
recover without intervention. In the following sections we 
will review the available medication options and the ratio-
nale for their use.

�Rationale for Using Specific Antiepileptic 
Medications

Treatment of recurrent seizures and status epilepticus 
requires fast drug absorption and therefore parenteral admin-
istration is essential. Among the currently available standard 
antiepileptics, only phenytoin, phenobarbital, levetiracetam, 
lacosamide, and valproate are available in injectable prepa-
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rations. In addition, benodiazepines such as diazepam, loraz-
epam and general anesthetics (such as pentobarbital, 
thiopental, midazolam, and propofol) are available in paren-
teral forms. In order to act rapidly, the drugs need to cross the 
blood-brain barrier readily. This is the case with most drugs 
that are effective in acute seizure management: they are 
highly lipid-soluble and thus cross in seconds to minutes. 
High lipid solubility also leads to redistribution from the 
central compartment (blood and extracellular fluid) to 
peripheral compartments (fat and organs). The redistribution 
leads to a drop in plasma concentrations. Therefore repeat 
infusions are necessary to maintain adequate plasma levels. 
Continuous administration increases the concentration of the 
drug in the central compartment and leads to saturation of 
the peripheral compartment to the degree that the drug no 
longer redistributes. If drug administration ceases, plasma 
levels will be maintained by diffusion from the peripheral to 
the central compartment, which may result in unfavorable 
side effects, such as prolonged obtundation or cardiorespira-
tory collapse. These effects are dangerous and account for 
some of the morbidity and mortality associated with SE [44]. 
When administered in an ICU setting with readily available 
central access for urgent administration of IV fluids and 
vasopressors to counteract any drug-induced hypotension, 
this side effect is not associated with worse outcome [45].

The rationale for using benzodiazepines as first-line drug 
was based on a number of randomized controlled trials. The 
first randomized, double-blind study was conducted by 
Leppik et  al., who compared diazepam to lorazepam in 
patients with SE. Both drugs were highly efficacious at con-
trolling the seizures (see below) [46]. Another randomized, 
non-blinded clinical trial compared a combination of diaze-
pam and phenytoin to phenobarbital in 36 patients with gen-
eralized convulsive SE. The cumulative convulsion time had 
a strong trend to be shorter for the phenobarbital group than 
for the diazepam/phenytoin group (median 5 vs 9 min, P < 
0.06). The response latency (elapsed time from the initiation 
of therapy to the end of the last convulsion) had also a ten-
dency for being shorter for the phenobarbital group (median 
5.5 vs 15 min, P < 0.10). The frequencies of intubation, hypo-
tension, and arrhythmias were similar in the two groups [47]. 
The results of his study, although not reaching statistical sig-
nificance due to the small number of patients, provided evi-
dence of the safety and efficacy of phenobarbital, but did not 
convince the majority of the medical community, who pre-
ferred shorter acting agents with a safer clinical profile.

Ten years later, the landmark study from the Veterans 
Affairs Status Epilepticus Cooperative Study Group was pub-
lished [30]. It was a randomized, double-blind, multicenter 
trial from 16 VA medical centers of four IV regimens, either 
for overt SE or subtle SE: diazepam (0.15 mg/kg) followed by 
phenytoin (18 mg/kg), lorazepam (0.1 mg/kg), phenobarbital 
(15 mg/kg), and phenytoin alone (18 mg/kg). Interestingly, 
lorazepam followed by phenytoin, the most commonly used 

combination today, was not included. If the first treatment had 
failed, an algorithm to follow with a second and third treat-
ment regimen was also available. Treatment was considered 
successful when all motor and EEG seizure activity ceased 
within 20  min after the beginning of the drug infusion and 
when there was no return of seizure activity during the follow-
ing 40  min. Five hundred seventy patients were enrolled. 
Three hundred eighty-four patients had verified overt convul-
sive SE and 134 subtle SE. An important finding was that SE 
has to be controlled with the first antiepileptic agent: the sec-
ond agent was successful in only 7% of cases when the first 
one failed. In the convulsive SE group, lorazepam was suc-
cessful in 64.9% of patients, phenobarbital in 58.2%, diaze-
pam plus phenytoin in 55.8%, and phenytoin in 43.6% (P = 
0.02, but in the intention-to-treat analysis only with a trend). 
Lorazepam was significantly superior to phenytoin in a pair-
wise comparison (P = 0.002). In the subtle SE group no sig-
nificant differences among the treatments were detected 
(17.9%, 24.2%, 8.3%, and 7.7%, respectively, for the four 
regimens, P = 0.18, in the intention-to-treat analysis P = 0.91). 
There were no differences among the treatment groups with 
respect to recurrence during the 12-h study period, the inci-
dence of adverse reactions (hypoventilation, hypotension, car-
diac arrhythmias), or the outcome at 30 days. However, 
comparing the two types of SE, outcomes for subtle SE were 
significantly worse at 30 days (50.1% of patients with overt 
SE were discharged from the hospitals vs only 8.8% of those 
with subtle SE, P < 0.001). Similarly, hypotension requiring 
treatment occurred more often in patients with subtle SE (p < 
0.001). During the first 12 h after the end of the infusions, no 
patient with subtle SE regained consciousness, compared to 
17% of patients with overt SE (but with no significant differ-
ence among the four treatment groups).

At 30 days, the outcome of patients who responded to the 
first-line drug in both the overt and subtle SE groups was 
better than those who did not respond in the Veterans Affairs 
Status Epilepticus Cooperative Study Group [30]. Mortality 
in the non-responders was twice as high as that in the 
responders. Based on these results, Treiman and colleagues 
concluded that lorazepam was more efficacious than phe-
nytoin in overt SE treatment and overall easier to use than 
the other regimens. Also based on these results, various treat-
ment algorithms have been proposed which combine treat-
ment first with lorazepam and then with phenytoin within the 
first 30 min after SE onset [48].

Recently a small French study compared a single to an 
early double antiepileptic agent approach for the treatment of 
SE in the out of hospital setting (68 patients in each arm). 
This randomized, double-blind, placebo-controlled trial 
explored the efficacy of levetiracetam as add-on therapy to 
benzodiazepines (clonazepam 1 mg) for generalized CSE 
[29]. This study found no difference for the primary outcome 
measure defined as cessation of convulsions at 15 min after 
drug administration and also no difference in the predefined 
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post-hoc analyses of secondary safety and efficacy endpoints. 
Impressively, 84% of patients in the control arm who only 
received 1  mg of clonazepam were seizure free, which is 
higher than the 59% and 65% for intravenous lorazepam 
(4 mg or 0.1 mg/kg) and 73% for intramuscular injection of 
midazolam (10 mg) [4, 5, 30]. Patients were allowed to get an 
extra dose of clonazepam and possibly the higher dosed ben-
zodiazepine should be credited with the high response rate.

After these measures fail and if the patient is in the ICU, 
anesthesia with midazolam or propofol is suggested for 
treatment of RSE. Alternatively, phenobarbital is tried first 
for the next 30 min, before one proceeds to general anesthe-
sia. The notion, however, is to individualize the treatment to 
the patient, than follow a strict, inflexible algorithm: for 
example, there are selected patients with good response to IV 
lorazepam, who may benefit from subsequent oral adminis-
tration of the drug instead of an additional medication [49]. 
When the first-line drugs fail to control SE, the subsequent 
choices have markedly reduced efficacy [30], either due to 
intrinsic refractoriness or delay of treatment with reduced 
probability for response [50]. Until now we do not have a 
way to predict which patient will not respond to treatment 
and for whom the intensivist should, for example, skip treat-
ment steps and go directly to general anesthesia. Mayer et al. 
examined the issue of predictive factors for refractory SE in 
a retrospective study of 74 patients with 83 episodes of 
SE. Refractory SE was defined as seizures occurring >60 min 
despite treatment with benzodiazepines and an adequate 
loading of a second standard IV antiepileptic. In 57 (69%) 

episodes seizures occurred after benzodiazepine treatment 
and in 26 (31%) even after a second agent was administered 
(i.e., fulfilling the criteria for RSE). NCSE and focal motor 
seizures at onset were independent risk factors for RSE in 
the multivariate analysis (odds ratio 11.6, 95% CI 1.3–11.1, 
P = 0.03 and 3.1, 1.1–9.1, P = 0.04, respectively) [51].

However, there is no standardized management of RSE 
even among neurologists specializing in critical care. A sur-
vey among 63 (out of 91 participants who responded) experts 
in this field from Austria, Germany and Switzerland found 
that two thirds would apply another non-anesthetizing drug 
(such as phenobarbital) for both convulsive and complex 
partial SE after the failure of first-line drugs. A general anes-
thetic was more often used in convulsive than in complex 
partial SE as an alternative (35% vs 16%, P = 0.02). All par-
ticipants would proceed to general anesthesia for ongoing 
seizures after these measures had failed, in case of CSE and, 
interestingly, 75% of them in case of NCSE. One third of 
participants would not use EEG, but only aim for clinical 
seizure termination. The vast majority (72%) responded that 
they would start weaning general anesthesia within 24–48 h 
[52]. The more recent international survey of critical care 
experts, however, suggested that for adult patients the prefer-
ence was to choose continuous IV therapy for RSE, espe-
cially midazolam and propofol, rather than a standard AED, 
which may reflect a shift in the treatment paradigm [27].

In the following sections we will present the individual 
drugs used in the treatment of ICU seizures. Some of the most 
important data regarding pharmacokinetics, adverse effects, 

Table 8.4  Doses, half-life and elimination route for antiepileptic medications used in the ICU for prolonged seizures or SE [48, 62, 76, 79, 142, 
168, 228]

IV Loading dose Maximum Rate Maintenance (po-IV) T 1/2 Elimination

Diazepam 0.15–0.25 mg/kg 5 mg/min 24–57 h Hepatic

Lorazepam 0.05–0.1 mg/kg 2 mg/min 8–25 h Hepatic

Midazolam 0.1–0.3 mg/kg 4 mg/min 0.08–0.4 mg/kg/h 1.5–4 h Hepatic

Clonazepam 1 mg (repeat × 4) 2 mg/min 10 mg/day 20–40 h Hepatic

Phenytoin 15–20 mg/kg 50 mg/min 4–5 mg/kg/day 12–48 h Hepatic

Fosphenytoin 15–20 mg PE/kg 150 mg PE/min 4–5 mg PE/kg/day 10–15 min Hepatic, RBC, tissues

Lidocaine 1.5–2 mg/kg 50 mg/min 3–4 mg/kg/h 1.8 h Hepatic

Lacosamide 100 mg 1–2 mg/min 50–400 mg/day 13 h Renal

Levetiracetam 1500 mg (up to 3 
g)

Within 15 min 1–3 g/day 7 h Renal

Valproic acid 10–25 mg/kg 1.5–3 mg/kg/min 15–50 mg/kg/day 7–18 h Hepatic

Thiopental 2–4 mg/kg 250 mg/min 3–5 mg/kg/h 14–34 h Hepatic

Pentobarbital 6–12 mg/kg 50 mg/min 0.5–2 mg/kg/h 20 h Hepatic

Phenobarbital 1520 mg/kg 100 mg/min 1–4 mg/kg/day 75–120 h Hepatic, renal (25%)

Propofol 1–2 mg/kg 5 min 5–10 mg/kg/h initially, 
reduced to 1–3 mg/
kg/h

0.5–1 h Hepatic

Paraldeyde 5–10 ml rectally Glass syringes Repeated in 15–30 min 3 h Hepatic, lungs

Isoflurane 0.8–2% inhaled Anesthetic system Titrate to 
burst-suppression

Lungs

PE phenytoin equivalents
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and efficacy, based on published studies pertinent to the ICU, 
will be presented to the interested reader. Table 8.4 presents an 
overview of these medications. A more in-depth analysis can 
be found in standard Epilepsy and Pharmacology textbooks.

�Medications Used to Control ICU Seizures 
and SE (Table 8.4)

�Benzodiazepines

�Introduction
Benzodiazepines have maintained a significant role as first-
line IV treatment for acute seizures or SE since they were 
shown to be broad spectrum and potent anticonvulsant agents 
[53]. Their effect is at the synaptic level via the benzodiaze-
pine GABAA receptor complex. They enhance the inhibitory 
GABA action by increasing the Cl-channel openings and 
hyperpolarizing the postsynaptic neuron [54, 55]. However, 
one must keep in mind that first-line anticonvulsants like 
benzodiazepines and phenytoin fail to terminate convulsive 
SE in 31–50% of cases [1, 4, 5, 30, 51]. Recent data suggests 
that possibly the dose of the benzodiazepine as much as the 
time lapse between seizure onset and medication administra-
tion predicts the rate of response, though this was not specifi-
cally tested in the trial [29].

�Diazepam
Diazepam is a highly lipid-soluble benzodiazepine, which 
has been used extensively for the treatment of SE, but 
recently has at least in the USA lost some popularity to loraz-
epam. It is recommended that diazepam be administered by 
direct IV injection through a needle or a catheter rather than 
by infusion. Due to its solubility profile it rapidly enters the 
brain tissue. However, it redistributes to other parts of the 
body (fat stores and muscle) in approximately 15–20  min 
after it enters the brain. This results in loss of the clinical 
effect due to a fall in the brain drug levels. Its distribution 
half-life is 30–60 min and its elimination half-life 24–57 h 
[56]. Nonetheless, sedative adverse effects are persistent and 
cumulative in particular with repeated administration, since 
the drug remains in the fat stores. It has been shown that 
5–10 mg/min of diazepam can terminate seizures in 5–10 min 
in 70–80% of patients. The recommended dose is 10–20 mg 
(0.15–0.25 mg/kg, at a rate of ≤5 mg/min) [46].

In cases that prolonged IV treatment is recommended for lon-
ger term management, the use of an alternative drug is advised. 
The injectable solution contains 5 mg/ml diazepam in a mixture 
containing 40% propylene glycol and 10% ethanol and can 
cause local tissue irritation, venous thrombosis or phlebitis, and 
pain at the site of injection. Careful monitoring of vital signs is 
recommended to prevent systemic adverse effects such as hypo-
tension, respiratory depression, profound sedation and coma. 

Co-administration of other sedatives such as barbiturates can 
increase the risk of serious systemic side effects [44, 57–59].

Diazepam can also be given by rectal administration. Two 
controlled clinical studies were conducted to demonstrate 
the effectiveness of rectal diazepam in treating seizure clus-
ters. The trials were randomized, double-blind, placebo-
controlled with the first dose administered at the onset of an 
identified episode. Seizure frequency was measured over the 
course of 12 h. Both trials showed that a significantly greater 
percentage of diazepam-treated patients that ranged from 55 
to 62% were seizure free during the observation periods 
compared with placebo-treated patients. Somnolence was 
the most commonly reported adverse effect and in over 500 
patients treated with rectal diazepam not a single episode of 
respiratory depression was reported [60, 61]. Despite this 
favorable drug profile, rectal diazepam administration in the 
ICU should be considered only in the very few patients with-
out immediate IV access (for example those who, during 
their convulsions, lose their IV access, continue to seize, and 
have no obvious veins for cannulation). However, newer 
benzodiazepines, such as IM midazolam, may be better 
suited for those problematic administration route cases (see 
below).

�Lorazepam
Lorazepam is closely related to diazepam in terms of effi-
cacy and adverse effects. It has become the drug of choice in 
the acute management of seizures since the drug is less lipid-
soluble than diazepam and subject to less rapid redistribu-
tion. Its distribution half-life is <10 min and its elimination 
half-life 8–25 h [56]. A single injection is highly effective 
and it has been associated with lower risk of cardiorespira-
tory depression and hypotension than diazepam. The anti-
convulsant effect lasts approximately 6–12 h, making it 
preferable to diazepam (15–30 min) and particularly appro-
priate for the management of withdrawal seizures [62]. In a 
randomized, double-blind trial, lorazepam was compared 
with diazepam in the treatment of 81 episodes of SE. Patients 
received one or two doses of 10 mg of diazepam or 4 mg of 
lorazepam IV. The onset of action did not differ significantly 
(mean time to end the seizures was 2 min for diazepam and 
3 for lorazepam). Seizures were controlled in 89% of the epi-
sodes treated with lorazepam and 76% treated with diaze-
pam. Adverse effects, such as respiratory depression, 
occurred in 13% of the lorazepam-treated and in 12% of the 
diazepam-treated patients [46]. This slightly superior clini-
cal profile of the drug was also confirmed in the pediatric 
population. The two drugs were compared in 102 children in 
a prospective, open, “odd and even dates” trial. Convulsions 
were controlled in 76% of patients treated with a single dose 
of lorazepam and in 51% of those treated with a single dose 
of diazepam. In this study, some patients received lorazepam 
rectally with 100% efficacy. Significantly fewer patients 
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treated with lorazepam required additional anticonvulsants 
to terminate the seizures. Respiratory depression occurred in 
3% of lorazepam-treated patients and 15% of diazepam-
treated patients. Interestingly, no patient who received loraz-
epam required admission to an ICU [63].

In another retrospective study, efficacy, safety, and cost of 
lorazepam treatment in 90 episodes of SE was compared to 
diazepam. Fewer seizure recurrences followed lorazepam 
administration (given either as first, second, or third dose of 
benzodiazepine, P = 0.0006). There was no difference in 
adverse effects or cost. The authors recommended that loraz-
epam be the first-line therapy in preference to diazepam in 
adults with convulsive SE [64].

Most importantly, as discussed above, lorazepam was 
found to be the most efficacious and safe treatment for treat-
ment of SE when compared to diazepam with phenytoin, 
phenytoin alone, and phenobarbital [30], and also shown to 
be safely administered in the out of hospital setting [4].

Due to the strong tendency for tolerance following loraze-
pam treatment, longer-term maintenance antiepileptic drugs 
must be given in addition. The recommended dose of loraze-
pam is 0.05–0.1 mg/kg (usually 4 mg), repeated after 10 min if 
necessary. The rate of injection should not exceed 2 mg/min.

�Midazolam
Midazolam is a unique water-soluble compound, whose 
benzepine ring closes when in contact with serum and con-
verts it into a highly lipophilic structure, crossing rapidly 
the blood-brain barrier. Its water solubility leads to rapid 
absorption by intramuscular injection or by intranasal or 
buccal administration. Midazolam is 96% protein-bound 
and is metabolized in the liver before renal excretion. It has 
an ultra-short distribution half-life of <5 min and a short 
elimination half-life of 1.5–4 h [56]. Thus, its action is very 
short and seizures may recur few minutes after they have 
stopped. However, in the ICU the volume of distribution 
may be expanded and the half-life may be prolonged, espe-
cially with liver dysfunction [65]. Acidosis can also reduce 
the lipid solubility of the drug by opening the benzepine 
ring structure and thus, decrease CNS entrance and seizure 
control. Despite these deficiencies, midazolam is probably 
the best benzodiazepine that can be used as a continuous 
infusion, because of its favorable kinetics and the lack of 
propylene glycol as a vehicle (which can cause cardiac 
arrhythmias). An IV bolus of 0.1–0.3 mg/kg at a rate not to 
exceed 4 mg/min can be repeated once after 15 min. The 
recommended rate for IV infusion is 0.08–2 mg/kg/h [35]. 
Higher rates may be associated with hypotension but when 
given in a critical care setting rates up to 2.9 mg/kg/h are 
likely safe [45]. The high water solubility of midazolam 
and rapid absorption makes it a better agent for IM injec-
tion than the other benzodiazepines, when IV administra-
tion route becomes a problem in the ICU [66]. The mean 

half-life of IM midazolam (2 h) is slightly longer than the 
IV route. IM diazepam and lorazepam have a relatively 
slower absorption, induce local discomfort or can precipi-
tate at the injection site and are not recommended for the 
treatment of SE [62]. However, IM midazolam has been 
successfully used to stop frequent seizures or SE within 
5–10 min in children and adults [67–71]. In a prospective, 
randomized study in the emergency department IM mid-
azolam was compared to IV diazepam in their ability to 
stop seizures. Eleven patients received diazepam (0.3 mg/
kg, maximum 10 mg) and 13 midazolam (0.2 mg/kg, maxi-
mum 7 mg). Midazolam was administered faster, because 
of no need for starting an IV line (mean time from arrival to 
administration of the drug was 3.3 vs 7.8 min, P = 0.001) 
and resulted in faster cessation of seizures (mean time from 
arrival to cessation 7.8 vs 11.2 min, P = 0.047) [69]. The 
usual IM dose of midazolam is 5–10 mg (0.2 mg/kg).

More recently, Ulvi et  al. prospectively evaluated mid-
azolam infusion in 19 patients with refractory SE (not 
responding to initial IV administration of 0.3 mg/kg diaze-
pam (three times at 5-min intervals), 20 mg/kg phenytoin, 
and 20 mg/kg phenobarbital. These patients were given an 
IV bolus of midazolam (200 mcg/kg) followed by a continu-
ous infusion at 1 mcg/kg/min. The dose was increased by 1 
mcg/kg/min every 15 min until seizures were controlled. In 
18 (94.7%) patients, seizures were completely controlled in 
a mean time of 45 min, at a mean infusion rate of 8 mcg/kg/
min. No significant changes in blood pressure, heart rate, 
oxygen saturation, or respiratory status were noticed. The 
mean time to full consciousness after stopping the infusion 
was 1.6 h and the mean infusion duration of midazolam was 
14.5 h [72].

A recent randomized controlled trial demonstrated that 
intramuscular injections of midazolam as first-line treat-
ments for convulsive SE were in the out of hospital setting at 
least as effective and safe as intravenous administration of 
lorazepam [5]. One of the advantages of this approach is that 
midazolam unlike lorazepam does not have to be refrigerated 
making it a more practical choice to use in the field for many 
emergency services.

�Phenytoin and Fosphenytoin

Phenytoin is insoluble in water, and the parenteral formula-
tion contains 40% propylene glycol, 10% alcohol, as well 
as sodium hydroxide to adjust the pH to 12. This solution is 
highly caustic to veins and it may cause necrosis to the sur-
rounding tissues by extravasation. The rate of administra-
tion has been limited to a maximum of 50 mg/min, although 
in clinical practice it is given more slowly—over 25–45 min 
in the adult patient—to minimize the pain at the injection 
site and reduce the risk of cardiovascular toxicity from the 
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propylene glycol diluent. It should be mixed only with nor-
mal saline and other drug administration through the same 
line should be avoided. As a lipid-soluble compound, phe-
nytoin readily enters the brain (it reaches peak levels within 
15 min) and its redistribution out of the CNS is slower than 
the benzodiazepines [73]. The drug is 96% protein bound 
and competes with other highly bound medications. With 
low albumin levels, one should consider measuring free 
instead of total phenytoin levels. Fast infusion of the drug 
carries the risk for hypotension and QT prolongation, there-
fore ECG and frequent blood pressure measurements are 
recommended. Pain, edema, and distal to the infusion site 
ischemia characterizes the “purple-glove” syndrome, 
which may occur in 9/152 (5.9%) patients who received 
phenytoin through a peripheral IV line [74]. There may be 
a delay of several hours between the infusion and the clini-
cal presentation of the syndrome, which makes the recogni-
tion difficult. Nevertheless, phenytoin is a highly effective 
drug in treating SE [75].

Fosphenytoin sodium is a phosphate ester prodrug of phe-
nytoin that was developed as a replacement for parenteral 
phenytoin and was approved in the US market in 1996. After 
administration, phenytoin is cleaved from the prodrug by 
phosphatases found in the liver, red blood cells, and many 
other tissues. The conversion rate is not affected by age, 
hepatic status or the presence of other drugs. Unlike phe-
nytoin, fosphenytoin is freely soluble in aqueous solutions, 
including IV solutions. It is supplied as a ready-mixed solu-
tion of 50 mg/ml in water for injection and is buffered to a 
pH 8.6–9.0. This relatively lower pH of the vehicle for fos-
phenytoin is responsible for the lack of local adverse side 
effects at the injection site as opposed to the highly alkaline 
IV phenytoin solution. Fosphenytoin can be administered IV 
or IM and it is extensively bound (~95%) to plasma albumin. 
The dosage of the drug is expressed in phenytoin equivalents 
(PE). Seventy-five mg of fosphenytoin results in 50 mg of 
phenytoin in the serum after the enzymatic conversion; 
75 mg of fosphenytoin is therefore labeled as 50 mg phe-
nytoin equivalent (thus 15  mg PE of fosphenytoin is the 
same as 15 mg of phenytoin) [76]. The drug is administered 
IV or IM at doses corresponding to customary phenytoin 
sodium loading (15–20 mg PE/kg) and consistently produces 
therapeutic plasma phenytoin concentrations (total 10–20 
μg/ml and free 1–2 μg/ml). A maintenance dose of 4–7 mg 
PE/kg can be given either IV or IM. Therapeutic phenytoin 
concentrations are attained in most patients within 10 min of 
rapid IV fosphenytoin infusion (up to 150 mg PE/min) and 
within 30 min of slower IV infusion (<100 mg/min) or IM 
injection. Maximal total plasma phenytoin concentration 
increases with increasing fosphenytoin dose, but is less 
affected by increasing the infusion rate at a given dose level. 
It is recommended, following fosphenytoin administration, 
that phenytoin concentrations not be monitored until com-

plete conversion of fosphenytoin to phenytoin is established. 
Since the conversion half-life is approximately 10–15 min 
[77], conversion is completed within 1–1.5 h; serum phe-
nytoin peaks at 30 min following the start of IV fosphenytoin 
infusion and at 3 h after IM injection.

Fosphenytoin has fewer local adverse side effects (pain, 
itching, or burning at the site of injection) when given IV or 
IM compared with IV phenytoin. The most common CNS 
side effect incidence, such as nystagmus, somnolence, ataxia, 
and headache does not differ between phenytoin and 
fosphenytoin [78]. Fosphenytoin has been associated with 
hypotension in 7.7% of patients, which rarely lead to an 
intervention and with higher pruritus than phenytoin [79]. 
Phenytoin administered at fosphenytoin rates can lead to car-
diac arrest [80], therefore intensivists have to be very careful 
while prescribing the drug in the ICU during emergencies. 
Paresthesias of the lower abdomen, back, head, or neck have 
been reported with fosphenytoin in particular, when high 
doses and rapid infusion rate were used. They rapidly resolve 
without sequelae. A possible explanation is the competitive 
displacement of derived phenytoin from plasma protein 
binding sites by fosphenytoin. Earlier and higher unbound 
phenytoin plasma concentrations, and thus an increase in 
systemic adverse effects, may also occur following IV fos-
phenytoin loading doses in patients with a decreased ability 
to bind fosphenytoin and phenytoin (renal or hepatic disease, 
hypoalbuminemia, the elderly). Close vital sign monitoring 
and reduction in the infusion rate by 25–50% are recom-
mended for these, frequently encountered, ICU patients [81].

�Valproic Acid (VPA)

Valproate is an antiepileptic drug with broad spectrum activ-
ity against absence seizures [82], generalized tonic-clonic 
seizures [83], focal seizures [84, 85] and myoclonic seizures 
[86].

The drug has enjoyed increasing popularity in the ICU, 
especially after the introduction of the parenteral formula-
tion. Although VPA is safe and generally well tolerated, 
there have been early reports of altered hepatic function 
and of several fatalities in patients taking VPA in combina-
tion with other antiepileptics [87]. Careful monitoring of 
hepatic function is required in patients being treated with 
VPA, but dose reduction alone may be effective in prevent-
ing hepatic complications. In order to provide information 
on which patients are at risk for VPA-induced hepatotoxic-
ity, Dreifuss et al. conducted a retrospective review of all 
reports of fatal hepatic dysfunction received by Abbott 
laboratories between 1978–1984. Patients found to be at 
the greatest risk for developing fatal hepatotoxicity where 
children <2 years treated with multiple antiepileptics, and 
who had other medical conditions, congenital abnormali-
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ties, mental retardation, developmental delay, or other neu-
rologic diseases [88]. From 1980 to 1986 the number of 
VPA-related hepatic fatalities had declined from eight to 
one, while the number of patients treated had increased 
nearly six-fold. Nevertheless, VPA is relatively contraindi-
cated in cirrhosis or hepatic failure where it can accumulate 
and further promote liver damage (see below). Additional 
side effects include a dose-related thrombocytopenia, plate-
let dysfunction and coagulopathies (4% incidence in chil-
dren [89]), pancreatitis, and elevated ammonia.

Valproate sodium injection (Depacon) is approved for use 
when clinical factors make oral administration difficult or 
impossible. The pharmacokinetics of the oral and parenteral 
forms are similar, but if fast therapeutic levels is the goal, 
like in many ICU situations, the IV form has significant 
advantages. It can be delivered at a more physiological pH, 
does not require organic solvents, and has a wider range of 
solution compatibility compared to phenytoin. In addition, it 
does not cause sedation or respiratory compromise like the 
barbiturates or benzodiazepines and has a safer hypotension 
profile compared to phenytoin and the barbiturates [90]. The 
drug has an elimination half-life between 7.2 and 17.7 h in 
studies given to healthy volunteers and this may be due to its 
90–95% plasma protein binding [91–93]. Depacon was 
approved for infusions up to 10–15 mg/kg at 1.5–3 mg/kg/
min in the absence of other antiepileptics and in patients 
valproate-naive. IM injection may produce muscle necrosis 
and should be avoided.

In a multicenter, open-label trial examining safety of IV 
VPA, 318 patients with previously treated epilepsy were 
enrolled; a need for parenteral VPA therapy for various rea-
sons was documented. The median dose of IV VPA was 
375  mg given over 1 h. Fifty-four (17%) patients experi-
enced transient adverse effects, such as headache (2.4%), 
local reactions (2.2%), somnolence and nausea without vom-
iting (2.2%). The side effects led six patients to withdraw 
from the study [93]. However, these recommended doses 
generally result in sub-therapeutic levels of VPA, and they 
have been challenged in subsequent studies. In a small study 
by Venkataraman and Wheless, 24 infusions of IV valproate 
were carried out electively in 21 patients with epilepsy. The 
dose ranged from 21–28 mg/kg (mean 24.2 mg/kg) and was 
weight-adjusted. Target infusion rates were 3 or 6 mg/kg/
min, i.e. over 4–8 min. No significant BP changes or EKG 
abnormalities were reported. Based on these results the 
authors suggested a rate of 6 mg/kg/min [94]. Doses up to 40 
mg/kg [95] have been given without serious side effects 
including significant changes in blood pressure or electro-
graphic abnormalities or respiratory depression. This is in 
contrast to other commonly used parenteral antiepileptics, 
such as lorazepam, phenobarbital, diazepam, and fosphenyt-
oin, which have been variably associated with hypoventila-
tion, cardiac arrhythmias, or hypotension [30, 96].

Of special concern in the ICU is co-administration of 
VPA with phenytoin, two highly albumin-bound AEDs. Two 
factors, hypoalbuminemia and VPA co-administration with 
phenytoin have been shown to increase free phenytoin frac-
tion, and a combination of these two markedly increased free 
PHT fraction. In this case, free levels of both drugs should be 
measured in addition to total levels [97].

Intravenous VPA has not been approved for the manage-
ment of status epilepticus (SE). However, the use of IV val-
proate in SE has been reported in the medical literature in 
both children and adults [98–102] and in a rat model of SE 
induced by intra-hippocampal application of 4-aminopyridine 
[103]. It has been used in both CSE and NCSE.

Price evaluated 24 neurosurgical patients with general-
ized CSE refractory to diazepam, treated with IV VPA, either 
as a bolus of 400 mg followed by infusion of 100 mg/h or 15 
mg/kg load followed by 6 mg/kg/h infusion. Seizure control 
was achieved in 6/15 (40%) patients within 2 h in the first 
group and in 7/9 (78%) patients within 1 h in the second. 
Only one patient developed thrombocytopenia, without a 
clear cause-and-effect relationship ever established [104].

In one study conducted in Europe, the efficacy of IV 
sodium valproate was evaluated in 23 valproate-naïve adult 
patients with SE (8 with convulsive and 15 with nonconvul-
sive). A loading dose of 15 mg/kg followed by 1 mg/kg/h 
infusion led to VPA levels of 68.5 mg/l at 1 h, which was 
deemed satisfactory. Disappearance of SE in <20 min was 
considered successful, while in >30 min was considered a 
failure. Use of IV valproate resulted in the resolution of SE 
in 19 (83%) patients (7/8 with convulsive and 12/15 with 
NCSE). All four patients who failed to respond to VPA, as 
well as to other antiepileptics, had SE secondary to cerebral 
lesions. There were no relapses of SE within the first 24 h. 
All patients showed a slight reduction in systolic blood pres-
sure and heart rate, but none required treatment for that. The 
serum concentrations varied most in four patients older than 
80 years, but valproate was still well tolerated. Despite these 
promising results, the authors suggested that IV valproate be 
used cautiously in the elderly [101].

Another study assessed the safety and efficacy of IV val-
proate in 35 patients with SE.  Twenty patients had failed 
treatment with benzodiazepines, and three patients had failed 
phenytoin treatment. SE was interrupted in 27/35 (77%) 
patients; the majority of them responded during the bolus 
infusion. Among the eight patients considered treatment fail-
ures, five patients were also refractory to other antiepileptic 
drugs, two patients responded to an increased valproate dose, 
and one patient responded to clonazepam. Two patients 
developed nausea and allergic skin rash after the VPA in 
these series [105].

In a small retrospective review of hospital records, 13 
patients with SE and hypotension received IV VPA therapy. 
Mean age of patients was 74 and the mean loading dose of 
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VPA was 25 mg/kg (range 14.7–32.7), at a mean rate of 36.6 
mg/min (range 6.3–100). There were no significant changes 
in blood pressure, pulse, or use of vasopressors, suggesting 
that VPA loading at these high rates is well tolerated, even 
in patients with cardiovascular instability. Seizures were 
controlled in 4 (31%) patients with IV VPA, but eventually 
all patients died as a consequence of their underlying illness 
(six were post-anoxic and 3 had stroke) [96]. The same 
group presented their results of using IV VPA in 30 patients 
on a later occasion. Control of seizures was achieved in 5/11 
(45%) of patients with overt convulsive SE, 2/6 (33%) of 
patients with subtle SE, 4/8 (50%) patients with complex 
partial SE and all four (100%) patients with simple partial 
SE.  Among patients with overt convulsive SE, the mean 
duration of SE prior to treatment in patients who responded 
was 2.6 h vs 36 h in those who did not respond [106].

Based on a review of the available literature until mid-
2000, Hodges and Mazur suggested 3 clinical situations, 
where IV VPA could be considered as a third or fourth-line 
agent for the treatment of SE (Table 8.5). We also added a 
use in patients who have a well-documented allergic reaction 
to phenytoin or fosphenytoin.

This sequence of treatment options may be challenged by 
new data comparing phenytoin to VPA.  In a retrospective 
study of 63 patients treated with IV VPA (average dose 31.5 
mg/kg, range 10–78 mg/kg) because of allergy to phenytoin, 
myoclonus or refractoriness to the other AEDs, Limdi et al. 
reported 63.3% efficacy, which was increasing with the order 
that the drug was used (higher as a 4th AED than as a 1st 
AED). The rate of administration in this study reached 500 
mg/min in the majority of patients, with minimal adverse 
events [107]. In a prospective study from India, Misra et al. 
evaluated 68 patients with CSE who were randomly assigned 
to two treatment groups, either VPA 30 mg/kg IV over 
15 min or phenytoin 18 mg/kg IV at a rate of 50 mg/min. 
Interestingly, no benzodiazepines were used before VPA or 
phenytoin. If seizures failed to be controlled after this first-
line treatment, the other agent was subsequently used. 
Seizures were aborted in 66% in the VPA group and 42% in 
the PHT group. As a second-line treatment in refractory 

patients, VPA was effective in 79% and PHT was effective in 
25%. The side effects in the two groups did not differ [108].

This study is the first to demonstrate superiority of VPA over 
phenytoin, but generalizability is questionable as skipping a 
first-line benzodiazepine clearly deviated from generally 
accepted standard of care. Further, these results were not 
replicated in a subsequent randomized study, which compared 
50 patients treated with IV VPA with 50 age and sex-matched 
patients treated with phenytoin, but after administration of ben-
zodiazepines without success. Intravenous VPA was successful 
in 88% and IV phenytoin in 84% of patients of SE (no signifi-
cant difference), with a significantly better response in patients 
of SE <2 h. As in the study by Misra et al., the total number of 
adverse events did not differ significantly between the two treat-
ment groups [109]. Lastly, in a prospective, quasi-randomized 
open-label study, Gilad et al. treated patients who presented in 
the emergency department with SE or acute repetitive seizures 
with either IV VPA 30 mg/kg or IV phenytoin 18 mg/kg over 
20 min in a 2:1 ratio. No benzodiazepines were initially used 
and in case of failure of the first drug to control seizures, the 
other one followed. Seventy-four adult patients participated in 
the study, 49  in the VPA and 25  in the phenytoin arm. In 43 
(87.8%) of the VPA patients, the seizures discontinued, and no 
rescue medication was needed. Similar results were found in the 
PHT group in which seizures of 22 (88%) patients were well 
controlled. Side effects were found in 12% of the PHT group, 
and in none of the VPA group [110]. In another prospective 
study from Norway, Olsen et al. treated 41 patients with SE or 
serial seizure attacks with 25 mg/kg of IV VPA loading dose 
over 30 min, followed by continuous infusion of 100 mg/h for 
at least 24 h. All patients had initially received diazepam as first-
line unsuccessful treatment. In 76% of the cases (31 of 41), sei-
zures stopped and anesthetic agents were not required [111].

Despite the small numbers and conflicting results, these 
small unblinded studies show better safety profile of VPA 
compared to phenytoin, at least equivalent efficacy, tolera-
bility of higher infusion rates (up to 6 mg/kg/min) and may 
begin to challenge the current treatment algorithms. In fact 
recent European and US guidelines recommend IV VPA 
(20–40 mg/kg IV, allowing for additional 20 mg/kg if sei-
zures continue) as an alternative to phenytoin second-line 
treatment for benzodiazepine resistant SE [6, 35]

�Levetiracetam (LEV)

Levetiracetam (LEV) was approved as add-on therapy for 
refractory partial-onset seizures with or without secondarily 
generalization. The mechanism of action is poorly under-
stood. It binds to the synaptic vesicle protein 2A (which 
regulates vesicular traffic and neurotransmitter release), 
inhibits the N-type high voltage-activated Ca++ channel cur-
rents, and suppresses the activity of negative allosteric mod-

Table 8.5  Indications for use of IV valproic acid in SE

1. As adjunctive agent, after benzodiazepines and phenytoin/
fosphenytoin have been properly given and while preparations are 
being made for third-line agents (propofol, midazolam or 
barbiturates)

2. Once third-line agents have been given without complete 
cessation of SE

3. Instead of third-line agents in patients who do not wish to be 
mechanically ventilated

4. Patients allergic to one or more other antiepileptics

5. Absence SE or myoclonic SE as first or second-line agent

Adapted from [90]
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ulators (such as zinc and beta carbolines) in the chloride 
influx via GABA and glycine-gated channels (therefore 
restoring chloride influx) [112–114]. It is metabolized by 
plasma hydrolysis and not through the cytochrome P450 sys-
tem. LEV and its inactive metabolites are excreted 60–70% 
renally and the remaining 30% via the fecal route. Renal 
elimination is proportional to the renal clearance, and the 
half-life increases in renal insufficiency.

A significant advantage of the drug is that it virtually has no 
known interaction with the majority of ICU-used drugs, 
including other antiepileptics. This was explored in a retro-
spective study conducted in the NICU at the University of 
Cincinnati by Szaflarski et al. [115]. These authors analyzed 
the data of 379 critically ill patients and reported that phenyt-
oin used prior to the NICU admission was frequently replaced 
with LEV monotherapy. Patients treated with LEV monother-
apy when compared to other AEDs had lower complication 
rates and shorter NICU stays. Older patients and patients with 
brain tumors or strokes were preferentially treated with LEV 
for prevention and/or management of seizures.

LEV has been used in the treatment of SE because of its 
IV formulation advantage, although it has never been FDA-
approved for this indication. Rossetti et  al. retrospectively 
analyzed 23 patients with SE treated with enteral LEV [116]. 
The median daily dose of LEV was 2000 mg (range: 750–
9000 mg). Ten patients (43%) responded. Initiation of treat-
ment and dosage were significantly different between 
responders and non-responders: all responders had received 
LEV within 4 days after the beginning of their SE episode 
and were administered less than 3000 mg LEV/day. These 
authors concluded that LEV may be a useful alternative in 
SE if administered early, even in intubated patients, and that 
escalating the dosage beyond 3000 mg/day will unlikely pro-
vide additional benefit.

In another study from Jena, Germany, Rupprecht et  al. 
compared 8 patients who received LEV as a second-line 
agent for NCSE with 11 patients treated with conventional 
IV medications for NCSE [117]. Those patients treated with 
LEV showed a marked clinical improvement with final ces-
sation of ictal EEG-activity and clinical symptoms of NCSE 
within 3 days (mean 1.5 days). The response to conventional 
treatment was similarly effective but there were severe side 
effects whereas no relevant side effects in the LEV-treated 
group were noticed. The authors report no significant differ-
ences in hospitalization time, time in intensive care unit and 
outcome between the LEV group and the control group.

LEV has also been used in patients with refractory 
SE. Patel et  al. published a small series of 6 patients with 
refractory SE (not responding to at least 2 antiepileptic medi-
cations), who eventually responded to enteral LEV (dose 
range 500–3000 mg/day) within 12–96 h [118].

LEV became also available in a parenteral form. Although 
it is considered bioequivalent to the enteral form and should 

be administered IV at a similar to the per os dose, it will 
build serum levels at a much faster rates (500–1500 mg can 
be given within 15 min), a potential advantage in case of 
SE.  In fact, even higher infusion rates (up to 2500 mg IV 
over 5 min) were tolerated in healthy adults, with adverse 
effects (dizziness, 52.8%; somnolence, 33.3%; fatigue, 
11.1%; headache, 8.3%) consistent with the established 
safety profile for the oral formulation [119]. Additionally, it 
may be considered an attractive alternative in critically ill 
patients in general, where the enteral administration may 
lead to delayed or erratic absorption or when swallowing or 
nasogastric tube placement is not deemed possible. Parenteral 
LEV has been used for treatment of SE in a study from Basel, 
Switzerland [120]. In this retrospective study, Ruegg et al. 
used IV LEV to treat 50 critically ill patients, 24 of which 
were in SE. These patients in SE received 20 mg/kg IV LEV 
within 15 min and in 16 (67%) of them (including 4, who 
received the drug as first-line treatment for simple partial or 
NCSE) SE ceased. Except for transient thrombocytopenia in 
2/50 patients, no other serious or life-threatening side effects 
were reported by the authors. These results were replicated 
in the study by Knake et al., who reported their experience 
with the use of IV LEV for the treatment of 18 episodes of 
benzodiazepine refractory focal SE in 16 patients, including 
four patients with secondary generalized SE [121]. SE was 
controlled in all patients by the given combination of drugs. 
Additional antiepileptic medications after the IV LEV were 
necessary in two episodes.

Whether or not these retrospective data from small case 
series support the notion that LEV can be effectively used to 
treat SE remains to be seen. More recently, a randomized, 
double-blind, placebo-controlled study from France, for add-
on therapy of LEV (2.5 g IV) or placebo to benzodiazepine 
(clonazepam 1 mg) in the prehospital setting was prema-
turely stopped after 3.5 years and after 107 patients were ran-
domly assigned to receive placebo and 96 were assigned to 
receive levetiracetam. The interim analysis showed no evi-
dence of a treatment difference in the modified intention-to-
treat analysis [29].

�Lacosamide

This novel agent was approved by FDA on 28 October 2008 
for the adjunctive treatment of partial-onset seizures in 
patients 17 years of age and older with epilepsy. Despite the 
advantage conferred to ICU patients because of the IV formu-
lation availability, lacosamide has not been FDA-approved 
for status epilepticus. The mode of action is unclear, but the 
drug binds to the collapsin response mediator protein 2 
(CRMP-2), a phosphoprotein expressed mainly in the CNS 
and playing a role in neuronal differentiation and control of 
axonal outgrowth. This drug is renally eliminated [122]. 
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Although a substrate for the CYP2C19, its metabolite is inac-
tive. Reduction of the maximum daily dose up to 300 mg/day 
is recommended in patients with severe renal insufficiency 
and in those with mild to moderate hepatic insufficiency. 
After hemodialysis, an extra dose of 50% should be consid-
ered. It is available in oral and IV formulations (a potential 
advantage in ICU patients). In a double-blind, double-dummy, 
randomized inpatient trial, 60 patients with partial-onset epi-
lepsy received either IV lacosamide plus oral placebo or IV 
placebo plus oral lacosamide. During treatment period, 
patients received twice-daily doses of lacosamide equivalent 
to their oral dose in an other open-label lacosamide trial 
(range 200–600 mg/day). Intravenous lacosamide showed a 
similar safety and tolerability profile to oral lacosamide when 
used as replacement therapy [123]. There is only one case 
report of its use in a patient with NCSE, who responded to its 
IV formulation (200 mg IV bolus within 3–5 min, followed 
by 100 mg po q12 h the next day) [124].

In an uncontrolled case series and systematic case series 
some efficacy of lacosamide was reported for patients with 
convulsive and nonconvulsive SE [125, 126], but not enough 
evidence exists at this point to recommend its routine use for 
benzodiazepine refractory SE [127].

�Barbiturates

Barbiturates are potent antiepileptic medications and can be 
used either as additives to the antiepileptic regimen for better 
seizure control (such a s phenobarbital, infrequently as first 
or second-line drugs due to sedation risk in non-intubated 
patients) or as inducers of general anesthesia in case of 
refractory SE. A number of barbiturates are used as intrave-
nous scheduled medications (i.e., phenobarbital) and con-
tinuous drips (i.e., thiopental and pentobarbital) to treat SE 
in the ICU. They are very potent but may be associated with 
serious side effects.

�Issues with Barbiturate Infusions in the ICU
A number of side effects need to be taken into account when 
making the decision to use pentobarbital or thiopental infu-
sions to treat SE. A major problem with barbiturate drips is 
the need for complete and prolonged support of vital organs 
when administered in high doses that challenges and exhausts 
many ICU resources. The neurological examination, an 
important assessment tool in all cases where an intracranial 
pathology is associated with SE (for example, hemorrhage, 
tumor, or trauma) is reduced to few brainstem reflexes (the 
last retained reflex with increasing depth of coma being the 
pupillary response) or complete disappearance of all indica-
tions of brain activity. This reduces our ability to differenti-
ate between brain death and profound sedation and obviates 
the need for ancillary bedside tests including EEG and pos-

sibly tests to determine the presence of cerebral flow such as 
Transcranial Doppler or CT angiogram and CT perfusion. 
Respiratory depression with barbiturates obligates endotra-
cheal intubation and mechanical ventilation. Frequent suc-
tioning of respiratory secretions is necessary due to ciliary 
immobility and cough suppression. Hypotension due to both 
vasodilatation and myocardial depression is frequently 
encountered. Arterial blood pressure monitoring should be 
performed for all patients that undergo pentobarbital infu-
sions, and on a case-by-case functional cardiac monitoring 
using pulse contour analysis or less often pulmonary wedge 
pressure (goal 12–14 mm Hg) monitoring may be helpful in 
case of prolonged administration of high dose pentobarbital 
or other barbiturates [128]. Most patients will need some 
kind of vasopressor or inotropic infusion (dopamine 10–20 
mcg/kg/min or neosynephrine 1–8 mcg/kg/min). These mea-
sures will also keep adequate renal perfusion and urinary 
output that are usually decreased with barbiturate coma. 
With high dose barbiturate infusion, propylene glycol toxic-
ity may ensue. It presents with hyperosmolarity and lactic 
acidosis, which may progress to develop refractory hypoten-
sion, arrhythmias, hemolysis, renal dysfunction, and multi-
organ failure. An elevated osmolar gap may guide the 
intensivist to the correct diagnosis and early discontinuation 
of the barbiturate infusion to improvement [129]. With deep 
coma, poikilothermia ensues and special care should be 
taken to keep the temperature to the predefined range. On the 
other hand, all barbiturates are potent immunosuppressives 
[130] and special care should be taken to avoid nosocomial 
infections. All procedures should be performed under strict 
sterility, samples of potentially infected fluids (bronchial 
secretions, urine, blood) should be collected with even low 
suspicion level and all infections should be aggressively 
treated. Enteral nutrition through nasogastric or nasojejunal 
tubes, although feasible and preferable [131], can become 
problematic due to gastric and bowel hypomobility with 
high gastric residuals and risk of regurgitation-aspiration. 
Intestinal infarction can complicate ileus during high barbi-
turate dosage [132]. Therefore, in some cases total parenteral 
nutrition through a dedicated central line port becomes a 
viable alternative. Immobility leads to skin ulceration and 
deep venous thromboses, increasing the risk for pulmonary 
embolism. Frequent repositioning of the patient in bed and 
special inflatable or rotating mattresses decrease the inci-
dence of the former. Sequential compression devices and 
low-molecular weight heparin administration are common 
measures taken in the ICU to avoid the latter.

Despite these myriad problems with barbiturate-induced 
coma, these are effective drugs in highly refractory SE cases. 
The intensivist should not forget that patients with CSE or 
NCSE may be in coma anyway with minimal neurological 
responses and if left untreated have few chances of survival 
or independent living. New data support this balance between 
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risks-benefits of barbiturates. In a recent study from 
Columbia-Presbyterian Hospital in New  York, 31 patients 
with SRSE were treated with pentobarbital infusion for an 
average of 6 days. Seizures were controlled in 90% of patients 
but recurred in 48% upon weaning the infusion and were 
eventually controlled with the addition of another barbiturate, 
phenobarbital, in 80% of previously un-weanable patients. 
Interestingly, complications did not occur in 11 (35%) patients 
and in the rest were pneumonia (32%), hypotension requiring 
pressors (29%), urinary tract infection (13%), and propylene 
glycol toxicity and cardiac arrest in one patient each. At one 
year after discharge, 74% of patients were dead or in a state 
of unresponsive wakefulness and another 16% severely dis-
abled, but 10% had a good outcome [43].

�Depth and Duration of Barbiturate Coma
Most authorities agree that ICU patients on barbiturate coma 
should be monitored with EEG, preferably in a continuous 
basis. However, there is no consensus regarding the depth of 
the EEG suppression that must be achieved. Some experts 
recommend a burst-suppression pattern of 5–10 s [128, 133], 
while others advocate for complete suppression or “flat 
record” [134]. In a retrospective study of 35 patients treated 
with pentobarbital for refractory SE, persistent seizure con-
trol was achieved in 6/12 (50%) patients reaching a burst-
suppression level as the greatest depth of EEG suppression 
and in 17/20 (85%) patients reaching a “flat” record (P = 
0.049). Three patients with neither pattern and just slow 
EEG had also persistent control. Survival was non-
significantly better in the more suppressed group (25% vs 
60%, P = 0.08). Isolated epileptiform discharges during the 
barbiturate infusion did not correlate with relapse of status. 
These results suggest that patients with deeper suppression 
appear to have fewer relapses and a better outcome, as well 
as that it is not necessary to suppress all epileptiform dis-
charges [135]. However, these patients were not randomized 
to different treatments, the study was small and underpow-
ered, and one needs to balance the benefits of the deeper sup-
pression level with the adverse effects such a more aggressive 
treatment portends. A systematic review evaluated studies 
describing use of midazolam or propofol or pentobarbital for 
refractory SE. Compared with seizure suppression, titration 
of treatment to EEG background suppression level was asso-
ciated with a lower frequency of breakthrough seizures (4 vs. 
53%; p < 0.001), but also a higher frequency of hypotension 
(76 vs. 29%; p < 0.001). No difference in short-term mortal-
ity was found between these three anesthetic agents [136]. 
Another recent retrospective study of 127 episodes of SE 
(excluding post-anoxic cases), 49 of which were refractory 
to treatment, did not find any benefit regarding mortality in 
achieving burst suppression (via barbiturates or propofol or 
combination of anesthetic agents) [137]. The criticism of this 
study was that one third of patients were not monitored by 

continuous EEG and that no patient achieved complete and 
sustained burst suppression [138]. Acknowledging the lack 
of high quality data, current guidelines recommend cessation 
of electrographic seizures or achieving burst suppression as 
the titration goal for anesthetic infusion of antiepileptic med-
ications (strong recommendation, very low quality) [35].

There is also no general agreement regarding the duration 
of the induced barbiturate coma [139]. Most authorities 
believe that 24–48 h are enough (weak recommendation, 
very low quality) [35], but some recommend up to 96 h 
[140]. Krishnamurthy and Drislane conducted a retrospec-
tive analysis of 40 patients with 44 refractory SE episodes on 
pentobarbital coma. Patients with more prolonged treatment 
(>96 h) and those receiving phenobarbital at the time of pen-
tobarbital taper were less likely to relapse [141]. Treatment 
is gradually tapered and the patient is closely monitored 
clinically and electrographically for recurrence of seizures. 
If seizures return, the process is reversed and the patient re-
anesthetized for progressively longer periods, as needed. 
Therapeutic levels of additional antiepileptics should be 
reached (for example, phenytoin level of 20–25 mcg/ml) 
before a new weaning trial. A load of phenobarbital some-
times is helpful. Mirski et al. described a patient with refrac-
tory generalized SE, who was treated with barbiturate-induced 
burst suppression coma for 53 days with good neurologic 
recovery [41]. Initially, pentobarbital was used, with serum 
pentobarbital levels necessary to control EEG seizure activ-
ity ranging from 40 to 95 mg/l (177 to 419 μmol/l). After the 
first 15 days, phenobarbital was introduced and kept at levels 
that reached 220–290 mg/l (947–1249 μmol/l) for seizure 
control. In addition, phenytoin with over-therapeutic levels 
of 25–35 mg/l (99–139 μmol/l; unbound phenytoin concen-
tration 2.0–4.0 mg/l [7.9–15.9 μmol/l]) was used. Maintaining 
these concentrations required 2500–3000 mg/day of pheno-
barbital and 800–1200 mg/day of phenytoin. Overall, the 
patient spent 79 days in the ICU. This extreme case reveals 
the feasibility of an aggressive treatment approach. More 
recently, phenobarbital has been shown to support successful 
weaning from pentobarbital infusion in a case series of 
patients with SRSE [43].

�Phenobarbital
Parenteral phenobarbital is available in preparations that 
are highly alkaline and may irritate the tissues. 
Phenobarbital’s entry into the brain is more gradual than 
with more lipid-soluble compounds such as benzodiaze-
pines. Therefore, peak concentrations in the brain may not 
occur for 15–20 min after the peak blood concentration is 
reached. This represents a limitation that makes pheno-
barbital not the best choice as a first-line drug. 
Phenobarbital is solely eliminated by the liver and has a 
prolonged half-life of 4 days (75–120 h). This pharmaco-
kinetic property may be advantageous since it is associ-
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ated with prolonged antiepileptic effect. However, if the 
dose is excessive, reversal of the effect will be slow. 
Phenobarbital can cause severe sedation and even coma, 
but in children paradoxical hyperkinetic reactions are not 
uncommon. Elderly with cerebral disease may also exhibit 
confusion and irritability rather than sedation. Sedation 
subsides with chronic therapy. Respiratory depression and 
hypotension can occur especially if it is given as a second 
or third-line drug to a patient previously treated with ben-
zodiazepines or other barbiturates. In most cases, intuba-
tion and maintenance of ventilation are essential if 
phenobarbital is administered. The recommended loading 
dose is 10–20 mg/kg at a rate of 100 mg/min (usual adult 
dose 600–800 mg) followed by a maintenance dose of 1–4 
mg/kg/day [48, 62, 76].

�Thiopental
Thiopental is a highly effective anticonvulsant medication 
with some potential cerebral protective action. It has rapid 
onset of action and reduces the intracranial pressure, cere-
bral blood flow, and cerebral metabolism. Thiopental is the 
preferred drug for barbiturate-induced anesthesia for 
refractory SE in Europe [26]. A study from Finland reported 
the outcomes of 10 patients treated with high-dose thiopen-
tal for refractory SE in an ICU. The median time from sei-
zure onset to burst-suppression EEG was 11.5 (6–12) hours 
and from ICU admission to starting thiopental anesthesia 
113 (80–132) minutes. The median dose of thiopental to 
achieve burst-suppression was 19 (13–21) mg/kg and the 
median infusion rate to maintain the burst suppression 7 
(5–8) mg/kg/h. The median duration of ventilation was 8.5 
days and the median ICU length of stay 10 days. Eight 
patients developed atelectasis and nine received antibiotics 
based on clinical signs of infection [128]. This small study 
is indicative of the difficulties encountered in the ICU with 
such treatment. Sedation, hypotension, and respiratory 
depression that require intubation and mechanical ventila-
tion usually occur. The drug has a strong tendency to accu-
mulate, the elimination half-life may extend to 14–36 h 
[139] and a prolonged recovery time of days should be 
expected after the anesthetic doses used for the treatment of 
SE. Monitoring of the blood levels of the drug or its active 
metabolite pentobarbitone is advisable. Other less common 
adverse effects include spasm at the site of injection, 
hepatic dysfunction, pancreatitis and hypersensitivity reac-
tions. Administration of thiopental requires full cardiore-
spiratory support with IV fluids, pressors and prolonged 
EEG monitoring to maintain a burst-suppression pattern. 
Hypotension below 90 mmHg is a sign that thiopental 
should be lowered. All these adverse effects make the drug 
less suitable for elderly patients or those with cardiac, 
hepatic, or renal disease [142]. The recommended dose is 
2–4 mg/kg IV bolus given over 20 s followed by 3–5 mg/

kg/h infusion in 0.9% sodium chloride solution. Thiopental 
should be slowly withdrawn 12 h after the last seizure has 
ceased and when optimal levels of antiepileptic drugs are 
documented.

�Pentobarbital
Pentobarbital is an alternative to thiopental (and an active 
metabolite of the latter). It has a shorter elimination half-life 
than phenobarbital (approximately 24 h, range 15–60 h) 
[133]. Due to the short action of the drug, withdrawal results 
in a fairly prompt recovery of consciousness. However, sei-
zures may also recur, as with all barbiturates, during the 
withdrawal period. In the retrospective study by 
Krishnamurthy and Drislane, 40 patients were treated for 
refractory SE with pentobarbital coma. Eight of 9 (89%) 
patients with relapse of seizures after the drug was discontin-
ued died, compared to only 9/26 (35%) with persistently 
controlled seizures (P < 0.005). Etiology was the major 
determinant of relapse and survival, with 19/20 (95%) 
patients with chronic epilepsy, infections, or focal lesions 
having achieved good control as compared with 2/9 (22%) 
with multiple medical problems (P < 0.001). In this study, 
treatment delay did not predict a worsened outcome. 
Hypotension caused dose reduction, but never required treat-
ment discontinuation [141].

Sedation, respiratory depression, and hypotension due to 
both vasodilatation and myocardial depression commonly 
occur. Decerebrate posturing and flaccid paralysis have been 
reported. Flaccid paresis may persist for weeks after with-
holding pentobarbital. Blood level monitoring is not very 
helpful, since there is inconsistent relationship between 
serum level and seizure control. Lactic acidosis due to 40% 
v/v propylene glycol content in pentobarbital infusion has 
been reported. An anion gap metabolic lactic acidosis, hyper-
osmolality with increased osmolal gap, refractory hypoten-
sion, renal and multi-organ failure, constitute alerts for 
propylene glycol toxicity syndrome that can be resolved 
after discontinuation of the drug [129, 143]. The recom-
mended IV dose is 5–15 mg/kg over 1 h followed by infusion 
of 0.5–5.0 mg/kg/h or higher until burst-suppression EEG 
pattern is evident [35]. In a literature review until September 
2001, Claassen et al. compared the efficacy of midazolam, 
propofol, and pentobarbital for the treatment of refractory 
SE [136]. No prospective, randomized trial was found. 
Overall 28 studies, mainly case series, with a total of 193 
patients were included. Mortality was not different between 
the groups. Compared to the other two medications, pento-
barbital was associated with a lower frequency of short-term 
treatment failure (8 vs. 23%; P < 0.01), breakthrough sei-
zures (12 vs 42%; P < 0.001), and changes to a different con-
tinuously infused antiepileptic (3 vs 21%; P < 0.001). 
However, a higher frequency of hypotension was reported 
with pentobarbital (77 vs 34%; P < 0.001).
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There are no large randomized controlled trials to guide 
the use of anesthetic drips for the treatment of status epilep-
ticus except from one underpowered study by Rosetti and 
colleagues that compared RSE treated with infusion of pro-
pofol to those treated with pentobarbital. Medications were 
titrated towards EEG burst-suppression for 36–48 h and then 
progressively weaned. This study reported comparable effi-
cacy of seizure control (RSE controlled after a first course of 
study medication in 43% in the propofol versus 22% in the 
barbiturates arm, P = 0.40), functional outcomes, and com-
plications, except for longer days of mechanical ventilation 
in the pentobarbital arm. However, findings have to be inter-
preted with caution as the study was terminated early due to 
poor recruitment (enrolled 23 of 150 needed) [144].

�Propofol

Propofol is a potent anticonvulsant non-barbiturate anesthetic, 
with barbiturate-like and benzodiazepine-like effects at the 
GABAA receptor [145]. It has rapid onset of action (within 3 
min) and recovery (5–10 min after the drug has been stopped). 
It is metabolized in the liver and thus, affected by liver disease. 
Usage for SE management in anesthetic doses always requires 
assisted ventilation. Neuroexcitatory effects possibly through 
subcortical disinhibition result in muscle rigidity, opisthoto-
nos, or myoclonic jerks [142]. These involuntary movements 
are usually not associated with EEG changes. However, not all 
experts agree with this thesis [146]: propofol has been shown 
to increase the frequency of spikes during electrocorticogra-
phy and to activate neocortical foci [147, 148]. A systemic 
review of reports on seizure-like phenomena (SLP) associated 
with propofol was conducted by Walder et al. In 70 patients 
without epilepsy, SLP happened during induction in 24 (34%), 
during maintenance in two (3%), during emergence in 28 
(40%), and were delayed in 16 (23%). Most frequent clinical 
presentations of SLP were generalized tonic-clonic seizures in 
30 patients (43%), increased tone with twitching and rhythmic 
movements not perceived as generalized tonic-clonic seizures 
in 20 (36%), and involuntary movements in 11 (16%). EEG 
was performed in 24 patients, in all after the SLP had stopped. 
Two patients had generalized spikes and three general slow-
ing. Out of 11 patients with epilepsy, seven (64%) had gener-
alized tonic-clonic seizures during emergence. Only two 
patients had an EEG that showed generalized spikes and slow-
ing in one patient and focal temporal spikes in the other. The 
time point of the SLP occurrence according to this study sug-
gests that a change in cerebral concentration of propofol may 
be causative, because it is quite rare to witness these phenom-
ena during the maintenance phase of anesthesia [146].

The recommended dose is 2 mg/kg bolus followed by 
continuous infusion of 5–15 mg/kg/h initially, reducing to 
1–3 mg/kg/h. When seizures have been controlled for at least 

12 h the drug should be slowly tapered over 12 h. To prevent 
rebound seizures, a decremental rate of 5% of the mainte-
nance infusion per hour (i.e., over approximately 24 h [142]) 
or 1 mg/kg or less every 2 h has been recommended. Propofol 
infusion may cause hypotension that can be prevented by 
adequate use of vasopressors and IV fluids. Bradycardia 
including asystole has also been reported [149]. Metabolic 
acidosis, increased incidence of infection, rhabdomyolysis 
[149] and lipidemia may occur after prolonged use, but the 
use of 2% formulation of propofol has reduced the incidence 
of the latter. A propofol-infusion syndrome has been 
described in children and adults [150, 151]. Cremer et  al. 
reported 7 adult cases with head injury in a neurosurgical 
ICU. Five of them died due to progressive myocardial failure 
and arrhythmias, rhabdomyolysis, metabolic acidosis, and 
hyperkalemia. All patients received propofol at rates >5 mg/
kg/h for >58 h. Interestingly, the incidence was higher after 
the introduction of 2% propofol (5% before vs 17% after), 
although it did not reach statistical significance. The authors 
discouraged these high doses of propofol for long periods 
[152]. An association between propofol and catecholamine 
infusions (to support low blood pressure) in patients with 
traumatic head injury has also been reported [153]. Although 
it is unclear if the same risk is present in patients with SE, the 
intensivist treating these patients with high dose propofol 
should be cognizant of this possibility. A small retrospective 
study comparing propofol to midazolam for the treatment of 
refractory SE found that the two agents did not differ in clini-
cal or electrographic seizure control. Propofol-treated 
patients with Acute Physiology and Chronic Health 
Evaluation (APACHE) II score of ≥20 had higher mortality 
(P = 0.05) [154].

A more recent, prospective study—mentioned above—of 
10 patients with refractory SE showed that propofol had to 
be titrated at high doses (median rate 9.5 mg/kg/h) to induce 
burst-suppression pattern for at least 12 h. Three patients had 
recurrence of their seizures after the propofol was tapered 
[155]. These preliminary data suggest that midazolam may 
be tried before propofol, especially if used for several days 
and propofol before pentobarbital, because of shorter 
mechanical ventilation risk, as per the aforementioned 
randomized-controlled trial’s results [144].

�Ketamine

Animal data suggest that during SE there is an initial response 
to GABAergic agonists, which is lost later in the course, at 
about the same time that NMDA receptor-mediated trans-
mission becomes enhanced [156]. NMDA antagonism at this 
late state, when SE becomes refractory (i.e., not responding 
to benzodiazepines, propofol or barbiturates) seems a logical 
next step [157]. Ketamine is an NMDA antagonist, which 
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has been used in refractory SE in both animal models [158] 
and humans [159]. In a report, for example, a 22-year-old 
woman with mitochondriopathy and pre-existing epilepsy 
developed SE not responding to benzodiazepines, phenytoin, 
thiopental, and propofol. SE was terminated within days 
after supplemental administration of continuous ketamine 
infusion to midazolam. The authors suggested that ketamine 
should be incorporated into therapeutic regimens for 
difficult-to-treat SE [160].

In a multicenter case-series of 60 patients with RSE, per-
manent seizure control was achieved in 57% of patients and 
in 32% of these ketamine contributed to permanent control 
in the judgement of the investigators. No likely responses 
were observed when infusion rates were lower than 0.9 mg/
kg/h, when ketamine was introduced at least 8 days after SE 
onset, or after failure of seven or more drugs. The study 
observed a 43% mortality rate but ketamine was discontin-
ued due to side effects in only five patients (only one with 
propofol-related infusion syndrome) [161]. In a case report 
of subtle SE, ketamine controlled the seizures, but 3 months 
later diffuse cerebellar and worsened cerebral atrophy, rais-
ing the possibility of NMDA antagonist-mediated neurotox-
icity was found [162], but these observations are difficult to 
differentiate from the underlying cause of status. Based on 
these data the intensivist should consider ketamine as a treat-
ment of SRSE not as the last resort, but earlier than before.

�Other Less Commonly Used Medications for SE

In support of these options are mostly anecdotal reports or at 
most single case series. Isoflurane, which produces electro-
graphic suppression and has no reported organ toxicity is the 
most commonly used volatile anesthetic for treating refrac-
tory SE not responding to IV agents [163]. It has minimal 
hepatic or renal metabolism (thus, no toxicity to the organs) 
and most is exhaled unchanged. Compared to other volatile 
anesthetics it also has less cardiac and blood pressure effects. 
Its major limitation for more widespread use is the lack of 
scavenging apparatus in most ICUs. In addition the experi-
ence with the agent has been limited: only small case series 
of its use have been reported. Kofke et al. have administered 
isoflurane for 1–55 h, in 9 patients with 11 episodes of 
SE.  Seizures stopped in all patients and burst-suppression 
patterns on EEGs were achieved. Hypotension was recorded 
in all patients. Seizures resumed upon discontinuation of iso-
flurane on eight of 11 occasions. Six of the nine patients died 
and the three survivors sustained cognitive deficits. This 
small series suggest that isoflurane is an effective, rapidly 
titratable anticonvulsant, but with potential seizure recur-
rence after its discontinuation [164]. In another retrospective 
study, Mirsattari et al. reported seven patients treated with an 
average of ten AEDs in addition to isoflurane (one patient 

also received desflurane for 19 days). Regardless of seizure 
type, isoflurane and desflurane consistently stopped epileptic 
discharges with adequate, sustained EEG burst suppression 
within minutes of initiation of the inhalation therapy. Four 
patients had good outcomes and three died. Complications 
during the inhalation therapy included hypotension (7/7), 
atelectasis (7/7), infections (5/7), paralytic ileus (3/7), and 
deep venous thrombosis (2/7) [165]. Isoflurane has also been 
suggested as an antiepileptic agent in patients with acute 
intermittent porphyria [79]. Its dose is titrated for end-tidal 
concentration of 0.8–2% and burst-suppression on the EEG.

Lidocaine can be tried as a second-line drug for the treat-
ment of early SE [166]. The drug has a cell membrane stabi-
lizing effect that reduces ion exchange and depolarization. 
Its action is not prolonged and with repeated doses there is 
significant risk for toxicity and even exacerbation of seizures 
(see Chapter of Drugs Used for the Critically Ill and Critical 
Care Seizures). Based on a study which showed efficacy in 
31/42 episodes of SE after the first bolus of the drug, lido-
caine is administered as a bolus of 1.5–2 mg/kg IV over 2 
min, which can be repeated only once (total dose up to 200 
mg). A continuous IV infusion of 3–4 mg/kg/h should not 
extend for >12 h [167].

Paraldeyde is a cyclic polymer of acetaldehyde with foul 
odor that has to be administered through a glass syringe 
(plastic tubing systems or syringes should be avoided). It 
has been used in the past extensively for treating SE, but 
during the last decades has lost popularity with the advent 
of newer antiepileptics. It has to be taken from fresh prepa-
rations kept in dark containers, because, if decomposed, it 
can induce toxicity or thrombosis of veins and micro-
embolism if given IV. The preferred route is per rectum. It 
is rapidly absorbed and its antiepileptic effect is evident 
within few minutes and is usually long lasting. Most of the 
metabolism occurs in the liver, but 20–30% of the dose is 
exhaled through the lungs. Sedation, cardiorespiratory 
depression, and metabolic acidosis with increased lactate 
are the major adverse effects. The drug is diluted by the 
same volume of water (5–10 ml for adults) and given rec-
tally in a dose of 5–10 g.

Clomethiazole is given as an IV bolus followed by a con-
tinuous infusion, but its popularity has declined because of 
the risk for accumulation with prolonged use. However, the 
drug has rapid onset of action and can be titrated to desired 
effect. Cardiorespiratory arrest is a real risk with higher infu-
sion rates or prolonged use and the patient should be con-
tinuously monitored. Other adverse effects include sedation, 
vomiting, phlebitis, fluid overload, and electrolyte distur-
bances. It is administered as a bolus of 320–800 mg (40–100 
ml) at a rate of 5–15 ml/min, followed by an infusion of 1–4 
ml/min and titration to response [168].

Verapamil, a Ca++ channel antagonist with inhibitory 
effects on the P-glycoprotein (an efflux transporter for sev-
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eral AEDs, the overexpression of which is thought to convey 
resistance to AEDs during prolonged SE—see above in 
Pathophysiology), has been successfully administered IV 
(0.034 mg/min) to terminate SE after 37 days in an 11-year-
old boy [17].

�Other Potential Treatment Options for SRSE 
(Table 8.3, Stage 4.2)

�Hypothermia

Hypothermia decreases the oxygen consumption and meta-
bolic rate of the brain. There has been growing evidence of 
its beneficial effects in stroke and head trauma. Even in ear-
lier studies, hypothermia has been recognized as a useful 
measure to decrease seizure activity [169]. There are animal 
data showing that hypothermia ameliorates and hyperther-
mia aggravates brain damage from seizures or SE [170]. In a 
rat model of kainic acid-induced seizures and SE, ictal dis-
charges were decreased by 50% with mild hypothermia 
(28°C) and nearly abolished when body temperature was 
further lowered to 23°C. There was no hippocampal cell loss 
in hypothermic rats, whereas gross cell loss in the hippocam-
pus was observed at normal body temperature. Hyperthermia 
(42°C), on the other hand, markedly aggravated the seizures 
and hippocampal damage induced by kainic acid in all rats; 
all animals died of tonic seizures within 2 h [171, 172]. In a 
more recent animal study, rats with SE induced by lithium 
and pilocarpine and refractory to midazolam were exposed 
to deep hypothermia (20°C for 30 min). A reduced EEG 
power over 50-fold was observed, SE was stopped within 12 
min, and hypothermia reduced EEG spikes by 87% [173].

In addition, hypothermia may have a synergistic effect on 
thiopental-induced burst-suppression EEG pattern. Kim 
et  al. compared normothermic to hypothermic (33.3°C) 
patients undergoing cerebral aneurysm clipping with EEG 
monitoring after a thiopental bolus was given: the onset time 
for suppression was shortened and the duration of suppres-
sion and of isoelectric EEG was prolonged in the group with 
mild hypothermia [174]. Moderate hypothermia (30–31°C) 
in addition to thiopental-induced coma has been used in 
three children with refractory SE.  The seizures were con-
trolled and 48 h to 5 days later the patients were rewarmed at 
a rate of 1°C every 3–4 h [175].

Corry et al. treated four patients with refractory SE with 
hypothermia (goal 31–33°C) via an endovascular cooling 
system [176]. These patients also received midazolam or pen-
tobarbital infusions for rapid seizure control and were main-
tained hypothermic for 24 h. If no seizures recurred, they 
were rewarmed at a rate of 0.5°C every 4 h. Therapeutic 
hypothermia was successful in aborting seizure activity in all 
four patients, allowing midazolam infusions to be discontin-

ued. In 3 patients a burst-suppression EEG was reached. After 
rewarming, two patients remained seizure-free, and all four 
demonstrated a marked reduction in seizure frequency. Thus, 
although there are no randomized clinical studies evaluating 
the effect of hypothermia on SE, we prefer to keep our ICU 
patients with SE normothermic or slightly hypothermic.

More recently, a systematic review of studies utilizing 
hypothermia in the treatment of RSE has been published. 
Overall, 13 studies were identified, with 10 manuscripts and 
3 meeting abstracts. A total of 40 patients were treated until 
May 2014. The common target temperature was 33° Celsius 
and was sustained for a median 48 h. Patients displayed a 
62.5%, 15%, and 22.5% rate of seizure cessation, seizure 
reduction, and failure of treatment, respectively. External 
cooling was utilized in the majority of cases. Deep venous 
thrombosis, coagulopathy, and infections were the com-
monly reported complications. Based on this data, the 
authors conclude that Oxford level 4, GRADE D evidence 
exists to support the use of therapeutic hypothermia to con-
trol seizures in RSE [177]. Because several recent trials 
showing harm in the hypothermia arm of patients treated 
with traumatic brain injury [178] or meningitis [179] warrant 
caution as to its unrestricted application.

�Resective Surgery

This strategy is usually reserved for cases of partial refrac-
tory SE, with an identifiable epileptic focus. This approach 
has been reported in a child with complex partial SE or in 
patients who fail to respond to three courses of cerebral sup-
pressant therapy for at least 2 weeks [180, 181]. Duane et al. 
reported a 7-year-old boy with left hemiparesis secondary to 
right hemispheric cortical dysplasia. Burst-suppression pat-
tern during pentobarbital coma was not successful and he 
seemingly had generalized spike and waves on the EEG and 
scattered areas of regional hypometabolism bilaterally on the 
[18F]fluorodeoxyglucose positron emission tomography. 
When the EEG was reviewed with increased time resolution, 
however, spikes suggested a right hemisphere origin. The 
patient underwent bilateral intracarotid amobarbital spike-
suppression test that showed only minimal suppression of 
epileptiform discharges with injection of the left carotid, but 
complete suppression of spike activity after right-sided 
carotid injection. A right hemispherectomy was performed 
with complete cessation of status epilepticus [182].

In 10 children, who all failed high-dose suppressive 
therapy for at least 2 weeks and all had neuroimaging 
abnormalities, resective therapy acutely terminated SE in 
all of them with no mortality and no substantial morbidity. 
At median follow-up of 7 months, 7 (70%) of 10 patients 
were seizure free, and 3 (30%) of 10 had significant 
improvement in their epilepsy [183]. In a study, Ng et al. 
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reported a total of five children who presented with refrac-
tory SE, including complex partial SE, epilepsia partialis 
continua, and “status gelasticus.” Multiple medical thera-
pies had failed to control their seizures, and focal resection 
was performed. Seizures were fully controlled in four 
patients, and in one patient seizure frequency was reduced 
by more than 90% [184].

A case of neuro-sarcoidosis admitted to an NICU with 
refractory complex partial SE, with occasional generaliza-
tion, who failed barbiturate coma treatment has been 
reported. This patient had an epileptic focus identified 
through intracranial electrode placement, surgical resection 
and successful outcome [185]. Despite these case reports or 
small case series, safety and effectiveness of resective sur-
gery has yet to be proved in a controlled study. The approach 
appears most promising if a single, identifiable focus can be 
seen on imaging (including ictal SPECT/PET).

�Brain Stimulation

Refractory SE has been reported to respond to various meth-
ods of brain stimulation, including low frequency cortical 
stimulation via subdural electrodes (0.5 Hz stimulations to 
the ictal onset zones in 30 min trains daily for 7 consecutive 
days). This 26 year-old woman, who was on two anesthetics 
plus high doses of 2–4 enteral AEDs responded after 1 day of 
stimulation and one anesthetic agent was successfully dis-
continued. Seizures only returned by the 4th day when the 
second anesthetic had been reduced by 60%. Upon returning, 
seizures arose from only one of the five original ictal onset 
zones [186].

Vagal nerve stimulation has also become one of the 
treatment options in epilepsy. A 30-year-old man with 
refractory SE was placed on pentobarbital coma in another 
case report. He underwent left vagal nerve stimulator place-
ment after nearly 9 days of barbiturate coma, with stimula-
tion initiated in the operating room. On the following day, 
EEG revealed resolution of previously observed periodic 
lateral epileptiform discharges and the patient was free of 
seizures [187].

Thalamic stimulation has been proposed and showed a 
good electrographic result but clinical improvement was 
lacking in a 27-year-old man with encephalopathy of 
unknown origin, post cardiac arrest and with EEG showing 
generalized periodic epileptiform discharges [188].

Electroconvulsive therapy (ECT) has been reported in a 
number of case series of RSE but has not been systematically 
evaluated [189, 190]. In one case report, ECT (3 sessions/
week, 6 total) was administered in a patient who was in 
refractory SE, not responding to pentobarbital coma for 40 
days. After the 2nd session the barbiturate was removed and 
eventually the patient recovered within 1 month [191].

�Immunosuppressive Therapy

The decision to start blindly immunotherapy for suspected 
autoimmune SRSE is difficult. One should remember that 
these cases are treatment-resistant and no randomized trials 
have been published. When no other etiology has been found, 
such an approach should be considered after a paraneoplastic 
antibody panel has been collected (serum or CSF), even in the 
waiting period before the results are back. Higher clinical 
suspicion for autoimmune SE should be present when no 
longstanding history of epilepsy is reported, when prominent 
memory loss and psychiatric symptomatology is quickly 
evolving, when a known malignancy is present and other neu-
rological signs, such as ataxia or autonomic dysfunction, 
coexist [192]. If on CT or PET of the entire body a tumor is 
discovered, then resection of the mass may improve seizure 
control. The AEDs are the same as those used against 
SRSE.  Many patients in SE already host infections and 
immunosuppressive treatments should be initiated only after 
the infection is under control. In parallel with the AEDs, high 
dose corticosteroids (1 g methylprednisolone IV for 5 days, 
followed by 1 mg/kg prednisone/day) with or without intra-
venous immunoglobulin (2 g/kg over 5 days) [193, 194] or 
plasmapheresis (5 sessions) [195] are treatments that can be 
used based on expert opinions and anecdotal experience. 
Second-line treatments include cyclophosphamide or ritux-
imab [196] and, for maintenance or recurrences, mycopheno-
late mofetil or azathioprine. Surgical resection of an 
epileptogenic focus or for Rassmussen’s encephalitis should 
also be considered [192].

�Management of Focal SE

Although single or multiple focal involuntary movements are 
not uncommonly encountered in the ICU, the intensivist 
should be familiar with the remote possibility that sensory 
complaints, changes of mental status or speech or visual dis-
turbances represent seizures. Focal SE encompasses a wide 
range of clinical manifestations lasting for >30 min, includ-
ing epilepsia partialis continua (EPC or Kojewnikoff’s epi-
lepsy, defined as continuous focal jerking of a body part, 
usually distal limb, over hours, days or years) [197], opercu-
lar myoclonic SE (OMASE, characterized by fluctuating 
cortical dysarthria without true aphasia associated with epi-
leptic myoclonus involving bilaterally the glossopharyngeal 
musculature) [198], sensory SE [199], aphasic SE [200], or 
occipital lobe SE (presenting as visual loss, mimicking 
migraine) [201]. These unusual clinical presentations gener-
ate a lot of questions in the ICU, regarding their nature as 
epileptic phenomena, their need for treatment and their out-
come, because staff is more familiar with the clinical presen-
tation and treatment of generalized tonic-clonic SE. However, 
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until a more diffuse process is excluded (for example, hypo-
glycemia), their very presence indicates focal cerebral 
pathology that should alert the clinician. Common causes 
include vascular or traumatic lesions, epilepsy (benign epi-
lepsy of childhood with rolandic spikes), tumors or Russian 
spring-summer or Rasmussen’s encephalitis (see in the 
Chapter on Presentation and Pathophysiology of Seizures in 
the Critical Care Environment). More diffuse processes are 
much less common, with non-ketotic hyperglycemic diabe-
tes mellitus [202] and hyponatremia, mitochondrial enceph-
alopathies (MELAS-MERRF), paraneoplastic syndromes 
[203] or antibiotics (penicillin, azlocillin-cefotaxime [204]) 
the most prominent [205]. Rasmussen’s encephalitis was the 
most common cause of EPC in patients younger than 16 and 
cerebrovascular disease in older patients in a British series of 
36 cases [197]. Acute disease was also found in most of the 
41 patients described by Drislane et  al., vascular disease 
being present in over half of them [206]. Inflammatory or 
autoimmune EPC has also been reported. In a case from 
Turkey, a patient diagnosed with neuro-Behcet disease 
developed EPC resistant to treatment [207]. In another case 
report from the same country, a 37-year-old woman pre-
sented with migrating focal motor SE. She was found to have 
autoimmune thyroiditis and was treated successfully with IV 
steroids. The authors recommended anti-thyroid antibody 
screening for multifocal motor status epilepticus cases of 
unspecified cause [208]. In another case report, a 19-year-old 
Japanese man presented with EPC. Clobazam improved the 
EPC, but action myoclonus developed, which responded to 
oral tandospirone (30 mg/day, since 5-hydroxyindole acetic 
acid was markedly decreased in the CSF). In this patient, the 
MR structural images were unremarkable, but cerebral 
SPECT showed decreased uptake in the left thalamus and 
bilateral frontal lobes. Antibodies against glutamate receptor 
subunit ε2 was positive in the CSF [209].

Focal SE except for the etiologic implications is also 
important because it may precede or follow generalized clini-
cal seizures or SE [206]. An EEG may be ordered when there 
is suspicion of secondary generalization or when a new focal 
neurologic deficit cannot be explained by neuroimaging alone. 
Subdural hematomas in particular are lesions in which it is 
important to consider the possibility of focal SE as the reason 
of worsening symptoms or mental status changes [206].

Although EPC is notoriously resistant to antiepileptics, in 
up to one third of cases there may be improvement or com-
plete resolution with treatment [197]. Focal SE usually neces-
sitates polypharmacy, which, in our experience as well as in 
others, must include phenytoin or phenobarbital, although 
there are no randomized studies comparing these medications 
to the newer antiepileptics or placebo. The same guidelines 
presented in Tables 8.6, 8.7, and 8.8 can be used, but most 
physicians would be reluctant to reach general anesthesia to 
control focal seizures. In non-motor simple partial SE there is 
no evidence that secondary brain damage ensues. On the 

other hand, the outcome of focal SE with motor symptoms is 
more strongly related to the underlying condition. As an 
example, tight glucose control in a case of non-ketotic hyper-
glycemia resolved the EPC in two separate episodes [202]. 
EPC following Rasmussen’s has worse prognosis, because of 
the progressive nature of the disease [206, 210]. It should be 
kept in mind that the longer acting antiepileptics appear more 
helpful and that the response to the drugs may be quite 
delayed in focal SE (up to 48 h in one series [206]). Intravenous 
nimodipine, a calcium channel blocker, has been used to suc-
cessfully treat two patients with EPC [211], but no controlled 
trials exist. In another study, all four patients with simple par-
tial SE treated with IV valproate (mean loading dose of 22.9 
± 7.9 mg/kg) achieved seizure control with mean levels of 
92.2 ± 50.1 mg/l [106]. Repetitive transcranial magnetic stim-
ulation (rTMS) has also been used in several reports. Seven 
patients with EPC of mixed etiologies were treated with 
rTMS applied over the seizure. rTMS was delivered in high-
frequency (20–100 Hz) bursts or as prolonged low-frequency 
(1 Hz) trains and resulted in a brief (20–30 min) pause in 
seizures in 3/7 patients and a lasting (>or=1 day) pause in 2/7. 
These authors also conducted a literature search, which iden-
tified six additional reports of EPC treated with rTMS where 
seizures were suppressed in 3/6. Seizures were not exacer-
bated by rTMS in any patient. Generally mild side effects 
included transient head and limb pain, and limb stiffening 
during high-frequency rTMS trains [212].

Prevention and treatment of complications

Complications of generalized tonic-clonic seizures can be 
divided into acute systemic complications due to the sympa-
thetic overdrive and the stress of extreme motor activity and 
to persistent neurological complications that occur at a later 
stage [213]. Most of these complications have been already 
presented under the section pathophysiology of SE.

One of the most common complications encountered with 
SE is hyperthermia: it is usually due to excessive muscle activ-
ity rather than infection [20], but there are few cases where a 
CNS infection is the cause of SE.  Therefore, the intensivist 
should be vigilant and order the appropriate work-up in atypical 
cases. Hyperthermia can spontaneously resolve following sei-
zure control. However active cooling is recommended if body 
temperature exceeds 40°C. Because of the aforementioned ben-
eficial results of hypothermia from experimental animal models 
[171], we believe more aggressive and earlier treatment of fever 
should be instituted in the ICU. Pilot data of hypothermia use in 
SE in humans suggests some efficacy (see above).

Extreme muscle activity also leads to lactic acidosis [21]. 
Catecholamine excess can cause hyperglycemia, which can 
further exacerbate acidosis through anaerobic metabolism. 
Lactic acidosis has also been reported with high-dose propo-

fol and pentobarbital use (see above). Acidosis, induced by 
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hypercarbic ventilation attenuates neuronal injury in a rat 
model of SE [214].

Hyperglycemia, on the other hand, may have detrimental 
effects in several types of brain injury (for example, isch-
emia), but its effects are less clear in SE. Regional brain glu-
cose utilization during seizures is increased in the brain, 
especially the hippocampus [215]. In a rat model of 
L-allylglycine-induced SE, Swan et al. studied the lactate and 
glucose content of hippocampal cells at increasing plasma 
glucose concentrations. Although brain lactate concentration 
was elevated in SE and maximal in the high-glucose group, it 
did not reach ischemia levels thought to induce cell death nor 

did it correlate with neuropathologic damage [216]. The 
intracellular pH, however, decreased in hyperglycemic rab-
bits with pentylenetetrazole induced SE [37]. Therefore, 
although hyperglycemia should be avoided in the manage-
ment of several underlying cerebral injurious processes, 
which may lead to SE, this may not be the case when seizures 
or SE ensue. Our personal preference is to start all our ICU 
non-hypoglycemic patients in SE on finger-stick checks q6 h 
for the first 24 h and treat glucose readings >130 mg/dl with 
subcutaneous insulin based on a “non-aggressive” sliding 
scale (part of a tight glucose control protocol that is used in all 
patients admitted to our Neuro-ICU).

Table 8.6  Effects of common ICU medications on anti-epileptics

Phenytoin Carbamazepine Valproate

ADDED DRUG

Salicylates ↑ ↑
Ibuprofen ↑
Erythromycin ↑↑ ↑
Chloramphenicol ↑
Trimethoprim ↑
Isoniazid ↑ ↑ ↑
Fluconazole, ketoconazole ↑↑ ↑
Propoxyphene ↑ ↑↑
Amiodarone ↑ ↑
Diltiazem, verapamil ↑
Cimetidine ↑↑ ↑
Omeprazole ↑
Chlorpromazine ↑
Ethanol ↓
Folic acid ↓
Rifampicin ↓
Digitoxin ↓
Cyclosporine ↓
Warfarin ↓
Theophylline ↓
Glucocorticosteroids ↓

Adapted from [229–232]
↓ = decrease, ↑ = increase

Table 8.7  Effects of anti-epileptics on common ICU medications

Phenytoin Carbamazepine Phenobarbital

ICU MEDICATION

Warfarin ↓ ↓↓ ↓↓
Theophylline ↓↓ ↓↓ ↓↓
Corticosteroids ↓↓ ↓↓ ↓↓
Haloperidol ↓ ↓
Lithium ↑
Tricyclics ↓ ↓ ↓
Cyclosporine ↓↓ ↓↓ ↓↓
Nimodipine ↓ ↓ ↓
Non-depolarizing paralytics ↓ ↓
↓ = decrease, ↑ = increase
Adapted from [229–232]
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Another common complication is rhabdomyolysis, which 
may cause acute tubular necrosis and renal failure if left 
untreated. Patients should be screened for myoglobinuria 
and serum creatinine level should be measured. If myoglo-
binuria is detected or creatinine levels are highly elevated, 
serum potassium monitoring, urinary alkalinization and 
forced diuresis should be considered. Special attention to 
rhabdomyolysis after high-dose, prolonged propofol infu-
sions (as part of the propofol infusion syndrome) should be 
paid in the Neuro-ICU, especially if catecholamine infusions 
are used to support the blood pressure [153].

Cardiorespiratory complications include arrhythmias, 
hypotension, respiratory depression, neurogenic pulmonary 
edema, central apnea, and pulmonary aspiration (see above). 
Mean arterial pressure is elevated due to elevated total periph-
eral resistance, which can lead to decreased cardiac output. 
Patients with atherosclerotic cardiovascular risk factors may 
have a gradual deterioration in hemodynamic parameters, 
whereas other patients decline acutely [22, 217–219]

�Management of Seizures and SE 
with Antiepileptics in ICU Patients 
with Organ Dysfunction

�Hepatic Failure

Because of their renal clearance, low protein binding and 
metabolism, gabapentin, levetiracetam, vigabatrin, pregabalin 
seem excellent choices. However, there are not many data 
regarding these newer antiepileptic drugs. Vigabatrin may nor-
malize plasma alanine aminotransferase levels, making impos-
sible to use it as an index of the hepatic dysfunction [220].

Phenytoin can accumulate and its plasma protein binding 
capacity is reduced. Reduction of the dose and frequent 
determinations of free levels are required in order to con-
tinue using the drug. Phenobarbital is metabolized in the 
liver, but is also partially excreted unchanged in the urine 
(20–25% of the dose). Biliary excretion is minimal and cho-
lestasis is not a reason to adjust the dosage. Therefore, it can 
be used po or IV, but one should remember that its half-life 
in hepatic failure may be prolonged up to 130 h. Measuring 
serum levels of the drug and close monitoring for respiratory 
depression is recommended. The same is true for the benzo-
diazepines: oxazepam is a short-acting drug without oxida-
tive metabolism, but is not available in IV form. All 
benzodiazepine dosing, except for oxazepam, should be 
reduced with liver failure. Lack of active metabolites makes 
lorazepam a better choice than diazepam, which should be 
avoided. The short acting barbiturates, such as pentobarbital 
and thiopental are completely metabolized in the liver and 
should not be used because of poor elimination. In addition 
to hepatotoxicity, which is idiosyncratic and mainly encoun-
tered in young children (see above), and pancreatitis, val-
proic acid can induce elevations of ammonia. In epileptic 
patients without hepatic disease, this adverse effect does not 
require treatment, unless symptomatic [221]. However, it 
can lead to confusion when treating patients with hepatic 
dysfunction and baseline hyperammonemia, who may clini-
cally worsen; therefore, VPA is generally contraindicated in 
hepatic failure. If absolutely necessary to be used, the dosage 
should be reduced, because the half-life of the drug is 
increased up to 18 ± 5 h. Although large, randomized con-
trolled trials of levocarnitine treatment in valproic-acid-
induced hyperammonemic encephalopathy are lacking, 
levocarnitine has been shown to be generally safe and effec-
tive in retrospective trials and case reports. Overall, there is 
more literature supporting the use of levocarnitine in enceph-
alopathy associated with acute overdose than with short- or 
long-term treatment with usual dosages of valproic acid 
[222]. If this translates to supplementation with L-carnitine, 
when using valproic acid to treat SE in a patient with liver 
failure, is unknown.

�Renal failure

Drugs hepatically metabolized should be used instead of 
those with renal elimination, but there are several details that 
are important to remember. Phenytoin has decreased half-life 
and the unbound fraction is increased. Free levels should be 
followed and doses should be smaller and more frequent (q8 
h). Only the free fraction is dialyzable, therefore, there is 
usually no need for extra dosing post dialysis. A significant 
amount of phenobarbital, on the other hand, is dialyzable and 
has to be supplemented post dialysis with careful monitoring 

Table 8.8  Interaction between anti-epileptic medications

PHT PB CBZ OXC VPA TB LTG ZNS BDZ

Added 
drug

PHT ~ ↓ ↓ ↓ ↓ ↓ ↓
PB ↑, 

then 
↓

~ ↓ ↓ ↓ ↓ ↓

CBZ ~ ~ ↓ ↓ ↓ ↓ ↓ ↓ ↓
OXC ↑ ** ↓
VPA ↓ * ↑ ~ or 

↑ **
↑ ↑

ZNS ↑ **

BDZ ↓ ~ ~

Adapted from [232]
PHT phenytoin, PB phenobarbital, CBZ carbamazepine, VPA valproate, 
TB tiagabine, OXC oxcarbazepine, ZNS zonisamide, BDZ 
benzodiazepines
↓ = decrease, ↑ = increase, ~ = variable, * = ↑ free DPH level, ** = 
epoxide
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of the levels. Because of the potential for accumulation, the 
dosage of the drug should be reduced. Valproic acid is barely 
affected by renal failure, since it is mainly hepatically metab-
olized. As with phenytoin, the decreased protein binding in 
uremia may lead to elevated free levels, which should be fol-
lowed. Dialysis does not affect its levels. An increased risk 
for valproic-induced pancreatitis has been reported in uremic 
patients [223] and amylase should be measured in case of 
unexplained abdominal pain. Benzodiazepines do not seem 
to be affected by uremia or dialysis and, generally, their dose 
does not need adjustment. Because diazepam’s active metab-
olite and oxazepam are renally excreted, caution is advised 
with their use in severe uremia.

Among the enterally administered antiepileptic drugs, 
carbamazepine is together with valproic acid a good option, 
since its levels are barely affected in uremia and there is no 
need for post dialysis supplementation. However, rare 
instances of idiosyncratic renal damage have been reported 
with this drug [224]. Tiagabine, a hepatically metabolized 
antiepileptic can also be used without any dosage adjust-
ment in uremia, but if the patient is in status, it should prob-
ably be avoided (see above). With gabapentin a sliding scale 
dosage based on creatinine clearance has been 
recommended:

•	 60 ml/min, 400 mg tid
•	 30–60 ml/min, 300 mg bid
•	 15–30 ml/min, 300 mg qd
•	 <15 ml/min, 300 mg every other day

Because the drug is highly dialyzable, an extra dose of 
200–300 mg should be also given after each dialysis session.

If levetiracetam is used in renal failure, the following dos-
ing schedule is recommended based on creatinine 
clearance:

•	 >80 ml/min, 500–1000 mg bid
•	 50–80 ml/min, 500–1000 mg bid
•	 30–50 ml/min, 250–750 bid
•	 <30 ml/min, 250–500 mg bid
•	 End stage renal disease—hemodialysis, 500–1000 mg/day

Following dialysis, 250–500 mg extra IV or po levetirace-
tam can be administered.

Topiramate and zonisamide induce formation of renal cal-
culi and should be probably avoided in case of single kidney, 
history of renal stones and after kidney transplantation.

�Hemato-Poetic Dysfunction

Immunosuppressed or post chemotherapy ICU patients have 
special needs regarding the antiepileptic drug use. Phenytoin 

can lead to megaloblastic anemia, responding to folate sup-
plementation. An idiosyncratic pseudolymphoma syndrome, 
with diffuse lymphadenopathy, fever and skin rash, different 
than the more common hydantoin lupus-like rash, can be 
misdiagnosed as true lymphoma and lead to unnecessary 
diagnostic work-up. Thrombocytopenia is much less com-
mon with phenytoin, but is a dose-related adverse effect of 
valproic acid. Usually only purpura or petechiae occur and 
only rarely organ bleeding. However, in the ICU, in pre- or 
postoperative patients or those with active bleeding or coag-
ulopathy, any drop in the platelet count should lead to a 
decrease of the dose of the drug or substitution with an alter-
native agent. Neutropenia is less common with valproic acid, 
but a well-known adverse effect of carbamazepine (10%, 
usually during the first few months of use). The drug should 
be stopped only in case of white cell count <2500 or absolute 
neutropenia (<1000 polymorphonuclear cells). 
Carbamazepine can also induce aplastic anemia. 
Phenobarbital when chronically administered can induce 
folate-deficient megaloblastic anemia, but this is rarely a 
problem in the ICU. The benzodiazepines have no signifi-
cant hematologic adverse effects.

�Drug interaction in the ICU

Several of the interactions between antiepileptics and com-
mon medications used in the ICU have been mentioned in 
the other chapters of this book. The physician treating ICU 
seizures or SE should be familiar with the most important of 
them, before he assumes treatment failure or is surprised by 
obvious signs of toxicity. Table  8.6 presents the effects of 
these drugs on antiepileptic medication levels. Aluminium 
hydroxide, magnesium hydroxide, and calcium antiacids can 
decrease the absorption of enterally administered phenytoin, 
lowering its level. Conversely, antiepileptic medications can 
affect the metabolism of numerous ICU drugs and few of 
these interactions are presented in Table 8.7. Finally, antiepi-
leptic medications interact with each other (Table 8.8) and 
the intensivist using polypharmacy in the management of 
epileptic seizures should consider potential changes in the 
free or total levels of individual medications.
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Ischemic Stroke, Hyperperfusion 
Syndrome, Cerebral Sinus Thrombosis, 
and Critical Care Seizures

Panayiotis N. Varelas and Lotfi Hacein-Bey

�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 [1] and few years later William Gowers, in 1885, 
introduced the term “post-hemiplegic epilepsy” [2].

Seizures can occur early following a stroke (within the 
first 2 weeks) or start at later stages. They can occur >24 h 
before clinical evidence of stroke (“antecedent” seizures) or 
within the 24 h period before or after the initial neurologic 
deficit (“at onset” or “acute phase” seizures) [3, 4]. Early 
seizures may be seen during the index admission in the ICU 
for stroke, or may occur later in the course of the event, 
justifying admission or re-admission to the Unit. Three 
major questions arise in the ICU when a patient with stroke 
develops one or more seizures: (1) how do the seizures 
impact on the stroke (2) are the seizures, especially the early 
ones, a mode of entrance into epilepsy, and (3) when and for 
how long is anti-epileptic treatment appropriate. While try-
ing to address the importance of the problem, one may 
encounter several difficulties reviewing the literature: many 
studies are older, from the pre-computed tomography (CT) 
era, retrospective, based on small numbers of patients, not 
including all types of stroke, not considering the timing (not 

differentiating between early or late seizures). It is important, 
however, to differentiate between early and late post-stroke 
seizures because there are several clinical, etiological, and 
prognostic differences, justifying a separate analysis [5]. 
Moreover, in several studies, the time between stroke onset 
and admission is unclear, making uncertain whether sei-
zures occurred before a health care personnel encountered 
the patient, an important detail since many seizures occur 
during the very first minutes or hours after the onset of a 
stroke. Finally, many studies do not control effectively for 
the presence of anti-epileptic medications when the seizures 
occur, potentially underestimating the natural history of 
post-stroke seizures.

�Seizures After Ischemic Stroke

�Clinical Studies

The reported incidence of post-stroke seizures varies between 
4.4% and 13.8% depending on the design of the study, the 
patient selection included in the analysis, the methods used 
to evaluate the stroke, the neurophysiological type of moni-
toring, and the follow-up period [5–14]. A male preponder-
ance has been reported in two studies [5, 15]. Early seizures 
(definition varying from the first 24 h to the first 4 weeks post 
stroke) usually occur at the stroke onset in 1.8–33% of 
patients and constitute the majority of post-stroke seizures 
[5, 6, 8, 9, 11, 12, 16–20]. The majority of early seizures 
occur immediately post-stroke and the most of those are 
inaugural of stroke [12]. In a study of 10,261 patients in the 
Canadian Stroke network Registry, seizures at ischemic 
stroke presentation occurred in 1.53% and seizures during 
hospitalization post-ischemic stroke in 2.03% of patients 
[21]. Late post-stroke seizure occurrence also depends on the 
definition and the duration of follow-up, with a reported inci-
dence of 2.5–67% of cases [6, 10, 12, 20, 22–25]. Recurrent 
seizures (epilepsy) after stroke can occur in 4–9% of patients 
[26, 27]. Although some studies have reported that early 
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seizures did not lead to the development of late seizures [28, 
29], the cumulative risk for epilepsy may reach 19% by 6 
years, a figure 22 times higher than the expected age-specific 
incidence of epilepsy in the general population [17]. Loiseau 
et  al., in a large epidemiological study from southwestern 
France, found that cerebrovascular disease was the most fre-
quently recognized etiology of seizures in the aging popula-
tion: it was the underlying cause in 36.6% of patients with 
spontaneous seizures and in 53.9% of the patients with con-
firmed epilepsy [15]. Therefore, although only 5% of epi-
lepsy is due to cerebrovascular disease (pre-CT data from 
Rochester, Minnesota) [17], because stroke incidence is high 
in the elderly, stroke may account for 25–50% of new epi-
lepsy cases in this population segment [15, 30–34].

Most of the seizures after stroke have a focal onset and are 
of the simple partial type [9–11, 35, 36]. Almost half of them 
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-EEG monitoring. 
Complex partial seizures are less frequent, although in one 
retrospective study their incidence reached 24% of all post-
stroke seizures [36]. The incidence of primary generalized 
seizure lies between the two, although this may be an overes-
timate since most authorities agree that most of them are sec-
ondary generalized [37].

There have been very few studies conducted in a Stroke 
Unit or other ICU, since the majority of stroke patients are 
managed in an acute floor setting and get admitted to an 
ICU environment only if they have significant co-morbidi-
ties or they deteriorate. In this chapter, we provide a review 
of all currently available data, so that the reader may form 
his own opinion.

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 with presumed throm-
botic infarction based on clinical criteria [10]. The incidence 
of seizures was 7.7%. Early seizures were reported in 55% 
and late in 45% of 60 patients with seizures. Epilepsy devel-
oped in 3% of patients with early seizures and 81% of 
patients with late seizures during an average follow-up 
period of 27 months.

Another early report of a large stroke population admitted 
to an Acute Stroke Unit in Toronto found 83/827 (10%) 
patients to have seizures during the first admission or during 
the 2- to 5-year follow-up [38]. Seizures occurred only in 
patients with hemispheric lesions and were equally repre-
sented in those with infarcts and hemorrhages. Early seizures 
(within 1 week) 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 differ-
ent in those patients with and without seizures.

In a retrospective analysis of 90 patients with post-
ischemic stroke seizures, immediate seizures (defined as 

occurring within 24 h) were observed in 30% and early sei-
zures (within 2 weeks) in 33% [35]. Overall, 98% of the ini-
tial post-stroke seizures were observed within 2 years. The 
authors could identify precipitating factors for initial sei-
zures in four patients (one with hypoglycemia, one with 
hyponatremia, and two with fever due to pneumonia). Early 
seizures were more likely partial and late seizures general-
ized. Recurrent seizures occurred in 35/90 (39%) patients 
with a mean follow-up of 30 months. Eighty six percent of 
patients with recurrent seizures had identifiable precipitating 
factors, the major being non-compliance with the anti-
epileptic medications. There was no difference in the recur-
rence rate between those patients with early (40%) and late 
seizures (38%).

In a retrospective analysis of medical records from 
Taiwan, approximately 2000 patients were admitted with 
presumed cerebral infarction and 118 of them had seizures 
[36]. A bimodal distribution of post-thrombotic stroke sei-
zures was found, with an early peak within 2 weeks (early 
seizures) and a late one between 6 months and 1 year [36]. 
Early seizures were reported in 13/118 (11%) patients with 
seizures and late seizures in 66/118 (66%). However, this 
study has several limitations, including 42/118 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 
previous stroke. In those patients with a single infarct 
(excluding lacunes 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 sei-
zures 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 isch-
emic 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 ICH [6]. The risk for seizures was higher in 
those patients with ICH, cortical involvement and large stroke 
(defined as a lesion involving more than one lobe). Early onset 
seizures (within the first month) occurred in 54.5% and sei-
zure recurrence in 6/22 (27%) of patients with seizures. There 
was no difference in the type, location, and size of stroke 
between those patients with early and late seizures.

In a prospective study conducted in Birmingham, UK, 230 
patients were followed for at least 27 months after acute stroke 
[11]. Early seizures at the onset of stroke (defined as within a 
24 h period before or after the initial neurological deficit onset) 
occurred in 13 (5.7%) of patients, all with strokes in the inter-
nal carotid artery distribution. In the ischemic stroke subgroup 
the percentage was 4.3%, in the ICH 10.7% and the SAH 
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11.1%. 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 anti-epileptic medica-
tions before the onset of the stroke. None of the remaining 
patients with post-stroke seizures, who survived their stroke 
(5/7) had further seizures during a minimum follow-up of 30 
months. The authors concluded that anti-epileptics failed to 
control seizures in these patients.

A large prospective study was conducted in Australia, fol-
lowing 1000 patients admitted for stroke [9]. The incidence 
of early seizures (within 2 weeks) was 4.4% (44 patients) 
and in 43/44 (97%) occurred within the first 48 h. Four 
patients had SE (0.4%) and 18 (1.8%) multiple seizures. All 
patients that received anti-epileptic treatment (77%) had 
readily controlled seizures. The highest incidence of early 
seizures (15.4%) was found in patients with supratentorial 
lobar or extensive (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 TIAs. No 
early seizures were found in any patients with subcortical, 
lacunar, or vertebrobasilar distribution infarcts or deep cere-
bral or infratentorial ICHs. There was no difference in the 
incidence of seizures after cardioembolic infarct compared 
to large vessel extracranial disease. As a follow-up to the 
previous study from Australia, the same authors reported the 
incidence of late seizures (defined as seizures occurring after 
discharge) in 31/44 patients with early seizures without TIA, 
who survived [39]. Late seizures occurred in 32% of these 
patients, compared to 10% of age, sex, and type of stroke 
matched patients without early seizures from the same 
cohort. 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 months (3 months to 2.5 years) 
and the type of seizure was not associated with seizure recur-
rence. Twenty one patients were on anti-epileptic treatment 
at discharge, but the authors could not conclude about their 
usefulness to prevent late seizures due to the small 
numbers.

Early seizures (within 2 weeks) occurred in 2.5% of 1200 
patients admitted for acute stroke in a large, retrospective 
study from China [16]. 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 sei-
zure occurrence. Carotid artery territory cortical infarctions 
had tenfold increased incidence of seizures compared to non-
cortical infarctions and lobar ICH 20-fold increased inci-
dence compared to 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 Marseille, France [12]. Seventy eight 
patients out of 2016 (3.9%) developed seizures after acute 
stroke and were followed for an average of 30.2 months. 
The authors observed a biphasic chronological distribu-
tion of seizures: early seizures (within the 1st month) 
were observed in 28/78 (36%) of patients with seizures 
and late seizures (after the 3rd month) in 64%. Among 
those with early seizures, two thirds occurred within the 
first 24 h (23% of all seizures) and among the late ones, 
two thirds occurred between the 3rd and 12th months 
(42% of all seizures). Compared to ischemic strokes, ICH 
was followed more frequently by early seizures (p = 0.05). 
The proportion of seizures following cardioembolic stroke 
was analogous to that from other causes. Simple partial 
seizures (with or without secondary generalization) were 
observed in 64%, primary generalized in 32%, and com-
plex partial in 4% of patients. SE presenting as first sei-
zure occurred in 14% of cases. EEG was performed in 
97% of patients with seizures and showed focal slowing 
abnormalities 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 with seizures that 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 [40]. Seizures after ischemic stroke 
occurred in 4.7% of patients and after ICH in 5.7%. In the 
ischemic group, seizures heralded the stroke in 10.7% of 
patients with seizures, were early (within 2 weeks) 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 (within the first 48 h) seizures [18]. Younger age, con-
fusional syndrome, hemorrhagic stroke, large lesion size, 
involvement of parietal and temporal lobes were more fre-
quently 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). Presence of early seizures 
after stroke was an independent predictor of in-hospital mor-
tality (odds, 95% CI 6.17, 2.13–17.93). In a subsequent arti-
cle, with one more year of data included, the authors reported 
similar findings, regarding early seizures: in the multivariate 
analysis only cortical involvement (6, 2.5–14) and acute 
agitated confusional state (4.4, 1.4–13.8) were independent 
predictors for early post-stroke seizures [41].
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In a prospective multicenter international study (Seizures 
after Stroke Study Group, SASS), 1897 patients with acute 
stroke were admitted to teaching hospitals [7]. Seizures were 
present in 8.6% of patients with ischemic stroke and 10.6% 
of patients with ICH. Early onset seizures (within 2 weeks) 
occurred in 4.8% of patients with ischemic stroke. Forty per-
cent 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 year actuarial risk for seizures 
was 20% for patients with ICH and 14% for patients with 
ischemic stroke. Using a Cox proportional hazards model, 
late-onset seizures conveyed in the total cohort an almost 
24-fold increased risk for epilepsy. In the ischemic stroke 
group, cortical involvement and stroke disability (as mea-
sured by the modified Canadian Neurological score) were 
independent factors for development of seizures and late-
onset seizures for the development of epilepsy (12-fold 
increased risk).

In a retrospective study from Hong Kong, 34/994 patients 
(3.4%) with stroke developed post-stroke seizures. No 
patient with subarachnoid hemorrhage or posterior circula-
tion infarct developed seizures. Male sex and cortical stroke 
location were the only independent factors associated with 
seizures (odds ratios 3.2, 95% CI 1.45–7.08 and 3.83, 1.05–
14, respectively). Early seizures (within 30 days from onset 
of stroke) occurred in 1.6% (47% of patients with post-stroke 
seizures) and epilepsy in 0.7% [42].

In a prospective study from Norway, 484 patients were 
followed for 7–8 years after ischemic stroke. Post-stroke epi-
lepsy (defined as ≥2 seizures ≥1 week after the stroke) 
developed in 5.7% of patients and in all of them it was partial 
epilepsy. Scandinavian Stroke Scale (SSS) score <30 on 
admission was a significant independent predictor for devel-
oping post-stroke epilepsy (odds ratio 4.9) [43].

In a large study from Turkey, 1428 patients admitted to a 
stroke unit were followed for a mean period of 5.5 years. 
Although details regarding the timing of seizure presentation 
are not provided, 3.6% of patients developed epilepsy (2.7% 
with ischemic and 12.8% with hemorrhagic stroke and 
26.6% with venous infarction). Using TOAST classification 
criteria [44], the authors reported post-stroke epilepsy in 
2.7% of patients with atherothrombotic, in 2.6% with cardio-
embolic, and in 1.3% with lacunar strokes [45].

Another retrospective study from Turkey evaluated 1880 
patients with stroke and found 200 (10.6%) of them having 
seizures. These patients with seizures were compared with 
400 control patients, but there was no matching between the 
groups. Instead, the controls were matched to the rest of the 
patients without seizures (i.e., they were a good random 
sample). This study is unique because it reported similar 

incidence of seizures between ischemic (10.6%) and hemor-
rhagic (10.7%) strokes. Early seizures (within 2 weeks) 
occurred in 38.5% of patients with seizures and late seizures 
in 61.5% [46].

In a large retrospective study from Croatia, 3542 patients 
with stroke and seizures, defined as convulsions immediately 
before or within 24 h from the onset of neurological deficits, 
were evaluated. Seizures were observed in 1.43% of patients 
with ischemic stroke and in 3.76% of patients with hemor-
rhagic stroke. Total inpatient mortality was 21.4% in the 
group without seizures, and significantly more (30.8%) in 
the group with seizures [47].

In a prospective study of 638 patients with first-ever 
stroke (543 ischemic and 95 hemorrhagic) admitted to a 
Stroke Unit in Perugia, Italy, early seizures were observed in 
4.8%. Seizures were significantly more common in patients 
with cortical involvement, severe and large stroke, and in 
patients with cortical hemorrhagic transformation of isch-
emic stroke. Hemorrhagic transformation was the only inde-
pendent predictor for early seizures. There was no association 
between these seizures and worse outcome [48].

In a prospective study of 400 patients treated with t-PA in 
Calgary, Canada, seizures occurred in 4% (62.5% of those 
presented within a week and the rest later). Atrial fibrillation 
was associated with seizures and their presence with higher 
mortality. There was no adjustment for co-variates in this 
study [49].

In the Registry of the Canadian Stroke Network, 10,261 
patients were evaluated for post-stroke seizures. Compared 
to stroke patients without seizures, post-stroke patients with 
presentation or during hospitalization seizures were younger, 
had more severe strokes, a higher admission rate to the ICU, 
higher morbidity, and higher mortality. Presentation seizure 
was associated with female sex and less limb weakness, 
while hospitalization seizure with pneumonia and the pres-
ence of hemineglect [21].

The only prospective hospital-based study conducted in 
the ICU examining the incidence of post-stroke seizures was 
conducted at UCLA, Los Angeles, CA, using CEEG moni-
toring [50]. None of the ischemic stroke patients received 
prophylactic anti-epileptic treatment. All patients with ICH 
were covered with such a regimen. Despite the prophylaxis 
difference, seizures occurred in 18/63 (28%) of patients with 
ICH and 3/46 (6%) patients with ischemic stroke (odds ratio 
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 non-convulsive (unresponsive patients 
with absence of overt convulsions).

In a retrospective study from Taiwan, 143 patients with 
first-time ischemic stroke were followed for a minimum of 6 
years. Seizures occurred in 13 (9.1%) of them. Acute 
symptomatic seizures developed in two (1.4%) and unpro-
voked seizures in the other 11 (7.7%) patients [51].

P.N. Varelas and L. Hacein-Bey



159

In a large prospective hospital-based Stroke registry in 
Germany, 58,874 patients with TIA, ischemic stroke, or ICH 
were included. Acute post-stroke seizures were identified in 
0.7% of patients with TIA, 2.2% of patients with ischemic 
stroke and in 5.1% of patients with ICH. Lower age, higher 
stroke severity, acute nonneurologic infection, history of dia-
betes mellitus, and history of preceding TIA were indepen-
dent predictors of acute post-stroke seizures in patients with 
ischemic stroke, whereas younger age, acute infection, and a 
history of TIA were predictors after ICH [52].

In a more recent prospective study of 2053 patients admit-
ted to a Stroke Unit, 58 (2.8%) with ischemic stroke pre-
sented with early seizures (first week) [53]. The severity of 
strokes in patients with early seizures was greater than in 
those without (NIHSS >14  in 50 vs. 25%), as well as the 
30-day mortality (29 vs. 14%). Independent seizure predic-
tors were: total anterior circulation infarct, hemorrhagic 
transformation, hyperglycemia, and the interaction term dia-
betes x hyperglycemia.

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

The oldest population-based study was conducted in 
Rochester, Minnesota and included 535 patients with first 
ischemic stroke [54]. Onset seizures (within 24 h) occurred 
in 4.8% of these patients and early seizures (within 1 week) 
in 6%. The cumulative probability of developing late sei-
zures (after the 1st week) within the 1st year was 3% (a risk 
23-fold higher than for the general population), by 5 years 
7.4% and by 10 years 8.9%. In the multivariate analysis, 
anterior hemisphere location of the infarct was a strong pre-
dictor of early seizures (odds ratio 4, 95% CI 1.2–13.7). 
Early seizures and stroke recurrence were independent pre-
dictors for late seizures and recurrent seizures (epilepsy). A 
criticism of these results may be based on the fact that sev-
eral patients had their first stroke in the sixties, when com-
puted tomography was not available and might have had 
hemorrhagic instead of ischemic strokes.

Another large prospective population-based study was 
performed in France between 1985–1992 [5]. Using the 
Stroke Registry of Dijon, the authors reported 90 (5.4%) 
patients with early seizures (within the first 15 days) out of 
1640 patients with acute stroke, with an understudy popula-
tion of 150,000. All patients had CT of the head and all 
patients with seizures an EEG evaluation. Patients with cere-
bral infarct due to atheroma had seizures in 4.4%, those with 
cardiogenic embolus in 16.6%, those with lacunes in 1%, 
and those with TIAs in 1.9%. 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 cardioem-
bolic infarction (20.8%) compared to infarction from ather-
oma (5%, p = 0.01) in the anterior circulation distribution. 
There was no such difference in the vertebrobasilar distribu-
tion. 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 waves in 43 
patients, bilateral slow waves in 18, periodic lateralized epi-
leptiform discharges (PLEDS) in 15, paroxysmal features in 
ten and electrical partial SE in four.

A second large, prospective, population-based study was 
conducted in Besancon, France [24]. 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 ones in 102 (3.2%) patients. During 
a mean follow-up period of 47 months, 68/135 (50%) 
patients with a first post-stroke seizure had seizure recur-
rence. A second seizure occurred more often in patients with 
late as opposed to early seizures (p < 0.01). Occipital 
involvement and late-onset first seizure were independent 
predictors of multiple seizure recurrences.

A large European population study was conducted in the 
Oxfordshire community, UK [8]. Over 4 years, 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 
seven, simple partial in six and complex partial in one. 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%) within the first year and 9.7% (3.7–15.7%) within 
5 years. 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. Survivors of total 
anterior circulation infarction had a 34% (12–57%) risk for 
post-stroke seizures within 2 years, 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 month post stroke (actuarial risk at 5 years 
4.2% (0.1–8.3%). Compared to the general population, isch-
emic stroke conveyed a 29-fold increased risk for seizures 
within the 1st year and a 21-fold increased risk within the 2nd 
year. This difference was accentuated in the age group <65 
years, where the risk for seizures within the 1st year was 
76-fold increased compared to the general population without 
stroke. Interestingly, in this age group and during the second 
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year, the risk for seizures, although still higher than for the 
general population, was lower than for the other age groups 
(17.2-fold increase versus 18.5–23.2-fold increase in patients 
>65 years old). Thus, younger patients were noted to have a 
dramatically increased risk for seizures during the 1st 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 years 
[19]. Early seizures (within the first 14 days after stroke) 
occurred in 4.2% of patients, most within the first 72 h 
(86%). Early seizures were only related to the severity of 
stroke, as estimated by the Scandinavian Stroke Scale (SSS). 
For each ten point increase in the SSS the risk for early sei-
zures 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 dropped as a 
predictor of seizures. Mortality in patients with early sei-
zures was 50% compared to 20% in patients without sei-
zures, 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 sei-
zures were emanating from a larger ischemic penumbra, 
which represents salvageable brain tissue. Interestingly, in a 
subsequent analysis of this cohort, followed for 7 years, the 
authors reported that 3.2% of patients developed post-stroke 
epilepsy, which was independently associated with younger 
age, higher onset stroke severity, larger lesion size, intracere-
bral hemorrhage, or presence of early seizures [55].

In another population-based study (Northern Manhattan 
Stroke Study—NOMASS), seizures within the first 7 days of 
the stroke onset occurred in 4.1% of all 904 patients enrolled 
and in 3.1% of 704 patients with ischemic strokes [56]. The 
most common type of seizures was complex partial seizures 
(48.7%), followed by primary generalized (24.3%), simple 
partial (10.8%), and undetermined (16.2%) seizures. 
Compared to ischemic infarcts, seizures post ICH conferred a 
2.4 times increased risk for subsequent seizures (95% CI, 
1.2–5.2). Compared to 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 (7.9, 1.4–43.6, 25.3, 5.1–125.2 and 13.2, 2.7–86.4, 
respectively). In a subgroup with recorded NIHSS scores, sei-
zures were more commonly associated with NIHSS > 15 on 
admission. Early seizures post-ischemic stroke were not inde-
pendently predictive of 30-day case fatality, a finding which 
was in conflict with earlier studies [18].

A large prospective study from Lausanne, Switzerland, 
using the Lausanne Stroke Registry reported 43/3628 (1.2%) 
patients with seizures [57]. Those patients with seizures were 

age, sex, and location-type of lesion-matched with two con-
trols without seizures from the same cohort. Early seizures 
(within the first 24 h) occurred in 23/3270 (0.7%) patients 
with ischemic stroke and 14/352 (3.97%) patients with 
ICH. Patients with infarcts were statistically fewer 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 stria-
tocapsular ICH). In the multivariate analysis, a high blood 
cholesterol level was an independent predictor for decreased 
risk for early seizures (odds ratio 0.18, 95% CI 0.06–0.54).

A large population-based study from Cincinnati, Ohio, 
evaluated 6044 patients with acute stroke and reported 
190 (3.1%) of them having acute onset seizures (within 
the first 24 h). No difference was found between first-ever 
versus recurrent strokes on the incidence of seizures. 
Ischemic strokes and TIAs had an overall 2.4% incidence 
of these early seizures, in contrast with 7.9% for ICH and 
10.1% for SAH.  Of the patients with ischemic stroke, 
there was higher incidence of seizures in cardioembolic 
(3%) versus small or large vessel ischemic strokes (1.7%). 
Independent risk factors for seizure development included 
hemorrhagic stroke, younger age, and pre-stroke Rankin 
score of ≥1 [58].

In a large recent meta-analysis of 102,008 patients from 
34 longitudinal cohort studies, the pooled incidence rate of 
post-stroke (ischemic and hemorrhagic) seizures was found 
to be 0.07 (95% confidence interval, 0.05–0.09), while the 
rate of post-stroke epilepsy was 0.05, 0.04–0.06. The inci-
dence of post-stroke seizures in hemorrhagic stroke (0.10, 
0.08–0.13) was much higher than in ischemic stroke (0.06, 
0.04–0.08) and when the cortical region was involved (0.15, 
0.10–0.21) [14].

In summary, many studies suffer from retrospective 
design, mixed ischemic and hemorrhagic stroke populations 
and various definitions and follow-up periods. The best esti-
mates from prospective studies place the incidence of early 
seizures after ischemic stroke in the 0.7–6.5% range, of late 
seizures in the 2.03–6.8% range, total seizures in the 1.02–
8.6% range (with up to 16.6% for cardioembolic strokes) and 
of epilepsy in the 2.1–2.7%. Table 9.1 summarizes the afore-
mentioned studies of stroke and seizures, as well as percent-
ages of early, late, recurrent (epilepsy), or total seizures.

�Status Epilepticus

SE may be an additional risk factor 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 pneumonia [56]. Thus 
SE is an unquestionable reason for ICU admission.
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Table 9.1  Studies with reported seizure incidence after a stroke

Study Type of study No of patients
Type of 
stroke Total seizures Early seizures Late seizures Epilepsy

Louis and McDowell [10] R 1000 Isc 7.7% 3.3% 2.7% 3% early, 
81% late

Black et al. [38] R 827 Isc, hem 10% 57%a 43%a

Gupta et al. [35] R 90 Isc 33%a 1 year 40%a

2 years 24%a

39%a

Sung et al. [36] R 118 Isc 5.9% 11%8 66%a 35% earlya

90% latea

Lancman et al. (6) R 230 Isc, ICH 10% 5.4% 2.7%

Shinton et al. [11] P 230 Isc, ICH, 
SAH

5.7%

Kilpatrick et al. [9] P 1000 Isc, ICH, 
SAH

4.4% 32% earlya

10% without 
earlya

Lo et al. [16] R 1200 Isc, ICH, 
SAH

2.5%

Milandre et al. [12] R 2016 Isc, ICH 3.9% 1.4% 2.5% 1.7%

Daniele et al. [40] R 4425 Isc, ICH Isc 4.7%
ICH 5.7%

Isc 2.6%
ICH 3.6%

Isc 2.1%
ICH 2.1%

Arboix et al. [41] P 1099 Isc, ICH, 
SAH

2.5%

Bladin et al. [7] P 1897 Isc, ICH Isc 8.6%
ICH 10.6%

Isc 4.8%
ICH 7.9%

Isc 3.8%
ICH 2.6%

Isc 2.1%
ICH 2.6%

Vespa et al. [50] P 109 Isc, ICH Isc 6%
ICH 28%

So et al. [54] R 535 Isc 6% 1 year 3%
5 year 7.4%
10 year 8.9%

Giroud et al. [5] P 1640 Isc, ICH, 
SAH

Ath 4%
Card 16.6%
Lac 1%
TIA 1.7%

5.4%

Berges et al. [24] P 3205 Isc, hem 5% 1.8% 3.2% 50%b

Burn et al. [8] P 675 Isc, ICH, 
SAH

Isc 4.2%/9.7%
ICH 19.9%/26.1%
SAH 22%/34.3%

2%

Reith et al. [19, 55] P 1195 Isc, ICH 4.1% Isc 3%
ICH 8%

3.2%

Labovitz et al. [56] P 904 Isc, ICH, 
SAH

Isc 3.1%
ICH 7.3%
SAH 8%

Devuyst et al. [57] P 3628 Isc, ICH 1.02% Isc 0.7%c

ICH 3.97%c

Neau et al. [113]e R 65 Isc 10.8%

Lamy et al. [22]f P 581 Isc 2.4% 1 year 3.1%
3 years 5.5%

2.3%

Cheung et al. [42] R 994 Isc, ICH, 
SAH

3.4% Isc 3.3%
ICH 4.1%
SAH 0%

0.7%

Cordonnier et al. [116] P 202 Isc, ICH 5.4%
Isc 4.5%
ICH 12%

6.9%
Isc 6.8%
ICH 8%

Lossius et al. [43] P 484 ICH 5.7%

Benbir et al. [45] P 1428 Isc, ICH, 
CVT

3.6% Isc 2.7%
ICH 
12.8%
CVT 
26.6%

(continued)
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Acute stroke is the third most common cause for SE [59], 
accounting for approximately 20% of all SE cases [60–62]. In 
a retrospective study, 8% of all initial post-stroke seizures pre-
sented as SE (6% focal and 2% generalized) [35]. SE was 
more common with early (14%) than late (5%) onset seizures, 
but did not occur as recurrent seizures. This was demonstrated 
in the largest pre-CT retrospective study of seizures following 
non-embolic cerebral infarction, that found the majority of SE 
attacks to occur in the acute post-stroke phase [10]. In another 
retrospective study, SE occurred in 13% of 118 patients with 
thrombotic stroke and was generalized tonic-clonic in 60%. 
This latter study reported only one patient with SE as the ini-
tial stroke manifestation and another three with SE in the acute 
stroke phase: 60% of patients had SE as late seizure manifes-
tation post infarction [36]. Milandre et al. found that 14% of 
their patients with initial post-stroke seizures were in SE [12] 
and Lo et al. that 10% of early seizure patients were in SE 
[16]. Within the first 7 days following an ischemic stroke, SE 
occurs in 0.9% of patients in the NOMASS-population-based 
study, and represents 18.9–27% of first-time or early seizures 

after stroke, respectively [56, 63].

A large, prospective, population-based study was conducted 
in Besançon, France [63]. Out of 3205 patients with first-time 
strokes, 159 (5%) had first-time seizures. SE occurred in 31/159 
(19%) patients with post-stroke seizures. Partial SE occurred in 
12 patients, NCSE in ten, generalized in six, and unclassifiable 
in three patients. SE occurred in 22/2742 (0.8%) patients with 
ischemic stroke and 22/116 (19%) patients with ischemic stroke 
who had post-stroke seizures. SE occurred in 9/463 (1.9%) 
patients with ICH and 9/43 (21%) patients with ICH and post-
stroke seizures. There was no significant difference between the 
two etiologies of stroke (ischemic stroke or ICH) regarding the 
occurrence of post-stroke SE. In 4/3205 (0.12%) patients stroke 
initially manifested as SE and in 17/159 (11%) SE occurred as 
the first post-stroke epileptic symptom. In patients with SE, it 
manifested as the first epileptic syndrome in 17/31 (55%) 
patients (in 7 as “early” SE—within the first 2 weeks—and in 
10 as “late” SE) and in 14 patients it followed another seizure 
after the stroke (in two patients it was “early” SE and in 12 
patients it was “late” SE). In an average 47-month follow-up of 
the 16/17 surviving patients with SE as the first epileptic symp-

tom, only 3 (19%) developed additional episodes of SE and 

Table 9.1  (continued)

Study Type of study No of patients
Type of 
stroke Total seizures Early seizures Late seizures Epilepsy

Misirli et al., [46] R 1880 Isc, ICH 10.6% 4.1% 6.5%

Szaflarski et al. [58] P 6044 Isc, ICH, 
SAH

3.1% 3.1%
Isc 2.4%
ICH 7.9%
SAH 10.1%

Basic-Baronica et al. 
[47]

R 3542 Isc, ICH 1.8% Isc 1.43%
ICH 3.76%

Alberti et al. [48] P 638 Isc, ICH 4.9%
Isc 4.8%
ICH 16.3%

Chiang et al. [51] R 143 Isc 9.1%

Strzelczyk et al. [136] P 264 Isc, ICH 10.9% 4.5% 6.4% 3.8%

Denier et al. [87] P 328 Isc 4.3%

Krakow et al. [52] P 58,874 Isc, TIA, 
ICH

Isc 2.2%
TIA 0.7%
ICH 5.1%

Mecarelli et al. [99] P 232 Isc, ICH 6.5%

Procaccianti et al. [53] P 2053 Isc, ICH 3.2%

Couillard et al. [49] R 400 Isc 4% 2.5% 1.5%d

Pezzini et al. [88] P 516 Isc, ICH 3.9%

Huang et al. [21] P 10,261 Isc 3.6% 1.53% 2.03%e

Zou et al. [14] M 102,008 Isc, ICH 6.93%
Isc 6%
ICH 10%

5%

P prospective, R retrospective, M meta-analysis, Isc ischemic, ICH intracerebral hemorrhage, SAH subarachnoid hemorrhage, hem hemorrhage, 
Ath atheroma, Card cardioembolic, CVT cerebral venous thrombosis, Lac lacunar, TIA transient ischemic attack
aPatients with seizures
bSurvivors with first seizure
cExcluding 6 pts with prodromal seizures
dAfter 1 week
eDuring hospitalization
fAge group 15–45 years
gAge group 18–55 years
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50% were SE or seizure-free. By contrast, all 14 patients with 
SE after one or more seizures had recurrences: five with SE 
(36%) and 9 (64%) with only seizures. Thus, SE as the first 
epileptic symptom was associated with a lower risk for subse-
quent seizures (p < 0.01). Such favorable association was not 
noted with early or late occurrence of SE.  Fifteen out of 31 
(48%) patients with post-stroke SE died. In five of them (16%, 
all with infarction) SE was considered the direct cause of death. 
There was no significant difference in mortality for patients 
with post-stroke seizures and post-stroke SE. Permanent neuro-
logic deterioration after SE occurred in two patients only and 
transient deterioration in 13 patients. However, there was no 
radiological change in these 15 patients. In another large, multi-
center study of 346 patients with generalized convulsive SE, 
mortality reached 11% in those patients with stroke as the pre-
cipitating cause [60].

Another large, retrospective hospital-based study was 
reported from Turkey [64]. Out of 1174 patients with first-time 
stroke, 180 (15.3%) developed post-stroke seizures, 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 was no difference between the group with SE and 
the group with post-stroke 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 7/17 patients, of whom 
SE occurred as the first epileptic symptom in six (stroke begun 
as SE in two patients) and as SE after at least one seizure in one 
patient. Late-onset SE was found in 10/17 patients, of whom SE 
occurred as the first epileptic symptom in three. Five of seven 
patients with early onset SE compared to none of those patients 
with late-onset SE experienced recurrence of SE (p = 0.003). 
Mortality was not different among patients with SE (53%) com-
pared to those with post-stroke 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 conse-
quence of SE in two patients (12%). Poor functional disability 
was the only independent clinical factor for developing post-
stroke SE and age for mortality after post-stroke SE.

In the large prospective study from Lausanne, Switzerland, 
SE was reported in 3/37 (8%) patients with early seizures 
after stroke, but in only 0.08% of all patients with ischemic 
infarction or ICH in this cohort [57].

In a prospective study from Turkey that evaluated 121 
patients with SE, 30 (24.8%) were associated with stroke. 
This study does not report incidence of post-stroke SE. All 
stroke types were evenly distributed within the early onset 
group (within 2 weeks), whereas only ischemic stroke was 
found in the late-onset group (after 2 weeks). Posterior cere-
bral artery (PCA) infarcts were significantly more common 

within the late-onset group. NCSE was more frequent than 
convulsive SE in the early onset group [65].

In a retrospective study from Taiwan, 143 patients with 
first-time ischemic stroke were followed for a minimum of 6 
years. One (0.07%) developed SE during hospitalization [51]

In a prospective study of 2053 patients admitted to a 
Stroke Unit, 58 (2.8%) with ischemic stroke presented with 
early seizures and 13 (0.6%) with SE [53].

In summary, the same methodological problems (see end 
of subsect. 2.1) are true for studies that report SE after stroke. 
From prospective studies, the best estimate is that SE occurs 
in 0.08–0.9% of patients after ischemic stroke.

Table 9.2 is a summary of the aforementioned studies 
reporting SE incidence after stroke.

�Pathophysiology

�Seizures Before Stroke: Chicken or Egg First?
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. Others, however, reported the outcomes in these 
patients with “vascular precursor epilepsy” [10, 36]. In one 
particular study from UK, 46% of patients who developed 
seizures after acute stroke were epileptics, raising the possi-
bility that epileptic patients may have more frequent seizures 
after a stroke than non-epileptic patients [11]. This could be 
explained either through recurrent or continuous focal isch-
emia capable of inducing an epileptogenic 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 non-epileptic patients 
[3]. In another study from Taiwan, four patients had seizures 
preceding the thrombotic stroke onset from a few hours to 
2–3 days [36]. In the Oxfordshire study 2% of patients had a 
seizure in the year before the stroke, a threefold increase 
compared to the general population [8]. Another case-control 
study of 230 patients showed an eightfold increased risk of 
epilepsy before stroke [66]. A more recent, population-based 
study from the UK matched 4709 patients who had seizures 
beginning at or after the age of 60 with controls and followed 
them for 5–7 years. In the seizures group, 10% of patients 
developed strokes and in the control only 4.4%. In a Cox 
model, the estimated relative hazard of stroke at any point 
for patients with seizures compared with the control group 
was 2.89 [67]. In addition, the previously cited large pro-
spective study from Switzerland reported 6/3628 (0.16%) 
patients with seizures within the week preceding the stroke 
onset [57]. Three patients had infarcts and three ICH. The 
authors suggest that these pre-stroke seizures are caused by 
an initially pre-clinical lesion, which because of rebleeding, 
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developing edema or extension or dysfunction of adjacent or 
remote structures (diaschisis) evolves into a clinical stroke 
syndrome. Because up to 11% of patients with first clinical 
strokes have asymptomatic cerebral infarctions on computed 
tomography (half of which involve the cortex) [68], it is con-
ceivable that the preceding seizures arise from these asymp-
tomatic lesions [36]. Two studies support this theory: in the 
first study, 15/132 (11.4%) patients with late age onset sei-
zures and no history of stroke had infarcts on CT of the head 
versus two of age- and sex-matched controls (p = 0.003). 
However, 60% of these infarcts were lacunes [69]. In another 
study, 75/387 (19%) of patients older than 50 years with 
new-onset seizures had ischemic lesions on CT of the head, 
making cerebral vascular disease the most frequently identi-
fied cause of late-in-life-onset epilepsy [34].

�Ischemic Changes in Time and Development 
of Seizures
The interplay between the depth and duration of ischemia 
and the development of epileptic epiphenomena is still 
unknown, but new developments have shed a light. Post-
stroke seizures are associated with more severe brain isch-
emia as shown by positron emission tomography [70]. 
Seizures associated with migraine may be warning signs of 
an underlying cerebral infarction [71]. 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 not show epi-
leptiform activity and the movements did not respond to phe-
nytoin [3, 72].

Onset seizures after acute stroke have common features 
with acute seizures after traumatic brain injury and imply a 

common pathogenesis [7, 8]. In animal models, however, 
there may be differences. In rats, for example, non-convulsive 
seizures occur more acutely and intensely after permanent 
middle cerebral artery occlusion than penetrating ballistic-
like brain injury [73].

Since there may be a free time interval between the devel-
opment of late seizures after early post-stroke seizures, the 
pathophysiologic mechanisms may differ between early and 
late seizures or be evolving in time [12]. Early seizures are 
thought to emanate from electrically irritable tissue in the pen-
umbra of the lesion [74, 75], due to regional metabolic dys-
function and excitotoxic neurotransmitter release, such as 
glutamate [76]. Dysfunction of inhibitory GABAergic circuits 
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 [77], where cortical neurons 
in the neocortex and hippocampus had altered membrane 
potentials and increased excitability [78, 79], as well as in vitro 
models of hippocampal neuron cultures, where a single 30 min 
5 mcM glutamate exposure produced dead cells or cells mani-
festing recurrent epileptiform discharges and with increased 
intracellular calcium levels [76].

In a rat model, Nedergaard and Hansen showed that the 
penumbral depolarization after MCA occlusion is either 
spreading depression waves (from K+ or glutamate release 
from the core of the infarct) or ischemic depolarizations (due 
to blood flow fluctuations around the threshold of anoxic 
membrane failure) [80]. These derangements do not remain 
stationary, but constitute an evolving process. In a rat model of 
forebrain ischemia, there was a differential seizure threshold 
to infused pro-epileptic agents, that was changing over time 

Table 9.2  Studies with reported status epilepticus (SE) incidence after a stroke

Study Type of study No of pts SE Comments

Sung et al. [36] R 118 15% 0.8% initial stroke manifestation

Kilpatrick et al. [9] P 1000 0.4% Pts with early seizures

Lo et al. [16] R 1200 0.25% Pts with early seizures

Milandre et al. [12] R 2016 0.5%

Gupta et al. [35] R 90 8% 14% of pts with early seizures
5% of pts with late seizures

Labovitz et al. [56] P 904 0.9%

Rumbach et al. [63] P 3205 Isc 0.9%
ICH 1.9%

0.12% initial stroke manifestation
19% pts with SE had recurrent SE, when 1st epileptic symptom
36% pts with SE had recurrent SE, when SE followed seizures

Velioglu et al. [64] R 1174 1.45%
Isc 1%
ICH 0.45%

0.17% initial stroke manifestation
71% pts with SE had recurrence, when early onset SE
0% pts with SE had recurrence, when late-onset SE

Devuyst et al. [57] P 3628 0.08% Excluding 6 pts with prodromal seizures

Lamy et al. [22] P 581 0.34% age group 18–55 years

Chiang et al. [51] R 143 0.07%

Procaccianti et al. [53] P 2053 Isc, ICH
0.6%

P prospective, R retrospective, Isc ischemic, ICH intracerebral hemorrhage
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[81]. Thus, it is suggested that after an initial critical period, 
estimated around 3 h, the progression of the penumbra tissue 
towards necrosis leads to lessened epileptogenic activity, 
which accounts for the decrease in seizure frequency between 
3 and 24 h after stroke [57]. These findings are supported by 
another neurophysiological study using transcranial magnetic 
stimulation, where six out 84 patients with stroke showed a 
decrease in duration of the silent period in either the arm or leg 
of the affected side compared to the unaffected limb [82]. Five 
of these six patients had early or late post-stroke focal seizures 
and no interictal epileptiform activity on the EEG. The authors 
suggested that this finding was due to decreased cortical inhib-
itory activity related to functional or structural impairment of 
GABAergic interneurons.

The potential role that hypoxemia may play, in addition to 
the presence of a penumbra is exemplified in a large retro-
spective study from Belgium. Two hundred thirty seven 
patients with post-stroke seizures were compared with 939 
stroke patients without seizures. The interesting finding from 
this study was that the only independent factors associated 
with post-stroke seizures were partial anterior circulation 
syndrome/infarct and presence of chronic obstructive pul-
monary disease (COPD). The authors suggested that noctur-
nal desaturations in patients with COPD playing an additional 
role to stroke [83].

How much do seizures affect the evolution of the trig-
gering 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 worsening of the neurologic deficits [18, 84]. In 
one particular study, persistent partial motor post-stroke 
seizures led to persistent worsening of the prior neurologic 
deficit in 10/48 patients, without new CT or MRI findings 
[84]. In a rat model of permanent occlusion of the middle 
cerebral artery, levetiracetam was given immediately 
before the surgery in one group and its vehicle to the con-
trols. Both in drug-treated and in control rats, EEG activity 
was suppressed after the MCA occlusion. In control but 
not in drug-treated rats, EEG activity reappeared approxi-
mately 30–45  min after the occlusion and initially con-
sisted in single spikes and, then, evolved into 
spike-and-wave and polyspike-and-wave discharges. In 
rats sacrificed 24 or 72 h after the occlusion, the ischemic 
lesion was approximately 50% smaller in drug-treated 
than in control rats, implying a neuroprotective effect of 
levetiracetam potentially through seizure-like phenomena 
suppression [85]. However, several other studies have 
failed to demonstrate worsening of prognosis after post-
stroke seizures [9, 11, 19, 56].

Late seizures probably are due to gliosis and the develop-
ment of meningocerebral cicatrix, leading to persistent hypo-
perfusion and anoxia, dendritic deformation and 
hypersensitivity or denervation supersensitivity [3, 35, 75].

Another interesting recent finding was the association of 
post-stroke seizures with subsequent development of demen-
tia. In the Lille, France, large prospective stroke/dementia 
cohort, cognitive function before and after a stroke was eval-
uated longitudinally with a battery of tests. Early post-stroke 
seizures (within 1 week from stroke onset) were indepen-
dently predicting new-onset dementia within 3 years (hazard 
ratio 3.81, 95% CI 1.13–12.8). The authors suggested that 
seizures were a marker of an underlying condition associated 
with an increased risk for dementia, such as more severe vas-
cular pathology, an underlying pre-clinical degenerative dis-
ease such as Alzheimer’s or post-stroke complications [86].

A summary of possible mechanisms for seizures in vary-
ing temporal relationships to stroke can be found in the arti-
cle of Armon et al. [3] and Solverman et al. [75].

�Localization and Etiology of Ischemic Stroke 
and Seizures
The importance of cerebral cortical involvement and specific 
cortical areas in the generation of post-stroke seizures is 
exemplified in a large prospective study of 661 patients 
admitted to a Stroke Unit. In this study, 328 patients had 
MRI-confirmed cerebral infarcts (with cortical involvement 
in 178 of them). Early onset seizures (defined as seizures 
within 14 days) were all initially partial seizures and occurred 
in 4.3% and at stroke onset in 1.5% of patients. These sei-
zures occurred exclusively in patients with cortical involve-
ment. With infarcts involving the cerebral cortex, there was 
a higher risk of early seizures in watershed infarctions than 
in territorial strokes (23.1% vs 5.3%). Logistic regression 
analysis showed an almost four fold increased risk of early 
seizures in patients with watershed infarctions compared 
with other cortical infarcts (odds ratio, 95% CI, 4.7, 1.5–
15.4). Interestingly in this study, age, sex, diabetes mellitus, 
hypertension, smoking, NIHSS score, and cardioembolic 
origin were not significant predictors for early seizures [87]. 
Cortical distribution of the ischemic infarction was also 
independently associated with seizures (odds ratio, 95% CI 
5.5, 1.53–20.2) in a retrospective study from Taiwan with a 
long follow-up period (minimum 6 years) [51]. In a prospec-
tive study from Perugia, Italy, cortical involvement, severe 
and large stroke size and cortical hemorrhagic transforma-
tion were predictors for early post-stroke seizures in the uni-
variate analysis, but only hemorrhagic transformation was an 
independent predictor in the multivariate [48].

In addition, neurological complications within the first week 
of an acute stroke may influence the risk of early seizures. In the 
Brescia Stroke Registry in Italy, 3.9% of 516 patients with acute 
stroke developed early seizures. Patients with early seizures had 
a higher burden of complications compared with those without 
(30 vs. 4.2%, for patients with >6 complications). The odds 
ratio and 95% CI were 1.57, 1.21–2.01 for any increase of 1 in 
the number of complications [88].
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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 asso-
ciated with lesions involving subcortical structures. In mice 
exposed to permanent occlusion of the right common carotid 
artery and then systemic hypoxia, generalized motor seizures 
were observed within 72 h. These seizures occurred nearly 
exclusively in animals with extensive brain injury in the 
hemisphere ipsilateral to the carotid occlusion, but their gen-
eration was not associated with electroencephalographic dis-
charges in bilateral hippocampal and neocortical recordings, 
suggesting origin from deep subcortical structures [89]. In 
humans, lacunar infarcts have been implicated in the devel-
opment of seizures, either through more widespread cerebro-
vascular 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, 
29]. Four out of 13 patients with seizures after acute stroke 
had subcortical lesions in a prospective study from 
Birmingham, UK [11]. Only 3 out 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 11/13 
(85%) patients with seizures and CT-proven lenticulostriate 
strokes had an associated ipsilateral posterofrontal or antero-
temporal cortical ischemic lesion demonstrated by MRI. On 
SPECT, 13/13 (100%) patients had decreased CBF in the 
ipsilateral frontal area. Also, in patients with a lenticulostri-
ate stroke, a larger size of both the subcortical and ipsilateral 
cortical ischemic lesions were predictive of seizures [90]. 
Five patients (3%) in the Oxfordshire study with lacunes had 
seizures [8] and another five patients with lacunes and grand 
mal seizures have been reported in a case series from Israel 
[91]. In the multicenter, prospective SASS study, 2.6% of 
patients with lacunes developed seizures, but 7/8 had also 
other identifiable reasons [7]. In a prospective hospital-based 
registry, 113 patients with non-lacunar 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 [92]. In the Hong Kong study, 1.5% of patients with 
lacunar strokes developed seizures, contrasting with the 
8.8% of those with total anterior circulation infarcts and 7% 
of those with partial anterior circulation infarcts [42]. In the 
recent Turkish study, epilepsy developed in 1.3% of patients 
with lacunar strokes [45]. Other large studies have not found 
an association between lacunes and seizures [9].

Other subcortical or white matter changes have been 
implicated in post-stroke seizures. Ten percent of patients 
with CADASIL have seizures, usually related to ischemic 
stroke development [93]. In a case report, a patient with 
new-onset focal epilepsy showed on MRI FLAIR sequence 

white matter hyperintensities on both hemispheres with con-
fluent lesions at the right parieto-occipital junction, with jux-
tacortical components. The authors suggested that these 
white matter lesions closer to the cortex may be the cause of 
seizures, like in multiple sclerosis [94].

Seizures associated with embolic infarcts may be due to 
commonly seen hemorrhagic conversion, since iron deposi-
tion in rat brain tissue is known to be epileptogenic [95]. The 
same way, iron deposition may play a significant role in sei-
zure 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 sei-
zures after ICH [96].

�EEG Findings

In the ICU, EEG allows evaluation of post-stroke neurologi-
cal symptoms [75], such as focal weakness (Todd’s paraly-
sis) or coma (due to NCSE) [97], which may be due to 
seizures rather than be permanent deficits from stroke and 
may be treatable. Normal EEG after post-stroke seizures has 
been reported in 4–15% of cases [9, 12, 16, 35]. As with ICH 
[50], the use of CEEG monitoring in the ICU has revolution-
ized the detection of seizures post-ischemic stroke, many of 
which are subclinical. [50]. In a study from Switzerland, 
which evaluated 100 patients admitted to a stroke unit with 
acute stroke (ischemic in 91 and hemorrhagic in nine 
patients), CEEG was performed for a mean duration of 17 h 
34 min. Epileptic activity occurred in 17 patients and con-
sisted of repetitive focal sharp waves in seven, repetitive 
focal spikes in seven, and PLEDs in three. Although clinical 
seizures occurred in three patients before CEEG (only one 
had repetitive focal spikes on CEEG), electrical seizures 
were only recorded in two patients without clinical seizures. 
On multivariate analysis, stroke severity (higher NIHSS) 
was the only independent predictor [98].

Abnormalities on the EEG may have a differential pre-
dictive value regarding the development of seizures after 
cerebral infarction. Holmes found that 98% of post-stroke 
patients with sharp waves, spikes and PLEDs on the EEG 
developed seizures, but did not correlate these findings 
with seizure recurrence [13]. Twenty six percent of patients 
who developed post-stroke seizures had PLEDs in this 
study compared to only 2% of those who never had one. 
The prognostic significance of post-stroke PLEDs has also 
been emphasized in another retrospective study, which 
noted that all four patients with PLEDs on the initial EEG 
had recurrent seizures [35]. Conversely, in patients with 
post-stroke seizures, focal irritative abnormalities (electro-
graphic seizures, epileptiform abnormalities, PLEDs) can 
be found on the average in one fourth of cases and focal 
slowing in two thirds [12, 16, 35]. Epileptiform abnormali-
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ties on EEG performed within the first 24 h (“unless the 
patient was critically ill”) were found in 14% of patients 
with peri-stroke seizures in a large recent prospective study 
[57]. In another study of 232 patients with stroke (177 with 
ischemic stroke) with EEG performed within 24 h after 
stroke onset, sporadic epileptiform focal abnormalities 
were found in 10% and PLEDs in 6%. SE was recorded in 
71.4% of patients with PLEDs. At the multivariate analysis, 
only early epileptic manifestations were independently 
associated with PLEDs. These specific patterns, such as 
PLEDs, that are closely related to early seizures, could be 
detected with EEG monitoring only [99]. The specificity of 
the test is poor, since similar findings are not uncommon in 
patients with stroke without seizures [12]. The frequency 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, epileptiform abnormali-
ties were reported in only 2/77 (2.6%) patients with supra-
tentorial strokes [26]. EEGs were obtained in all patients 
within the 1st week after the stroke and repeated at 3 and 6 
months. All seven patients who developed epilepsy in this 
series had focal delta and theta activity on the EEG. One 
patient had epileptiform activity at 3 months post-stroke, 
before he developed epilepsy and another on the first EEG 
recorded 6 days after stroke and 5 days after the first sei-
zure. The authors conclude that EEG was not helpful in 
determining the risk for developing epilepsy.

Figure 9.1 shows a patient who was in status epilepticus 
after an old ischemic stroke.

Figure 9.2 shows another patient who developed a stroke, 
followed by seizures while driving.

�Neuroimaging

Diffusion-weighted MRI (DWI) and apparent diffusion coef-
ficient (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 changes lead to cytotoxic edema and decreased diffu-
sion of water. On DWI ischemic brain appears brighter (high 
signal) than normal brain, while 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 [100], making 
interpretation more difficult when these conditions co-
exist. Senn et al. reported a patient with partial status that 
had high DWI and ADC signal in the affected areas at the 
onset of seizures. Seven days later, DWI signal had 
regressed and ADC had further increased and 10 days later 
there was marked regression of all signals and signs of 

focal atrophy [101]. These findings contrast with those of 

Lansberg et al., who reported three patients with complex 
partial status epilepticus and decrease in ADC on the first 
day [102]. These differences may be due to timing of the 
MRI during SE. Low density changes on CT and high sig-
nals on T2-weighted MRI (that do not respect vascular ter-
ritories), leptomeningeal contrast enhancement (indicative 
of alteration of the blood-brain barrier and vasogenic 
edema), local hyperperfusion on MRA and cerebral activa-
tion on functional MRI, all reversible, have been well asso-
ciated with partial epilepsy and could help differentiate 
between ischemic stroke and seizure activity [101, 102]. 
Therefore, combining DWI and perfusion sequences may 
give more interpretable results than ADC and help distin-
guish the effect of seizures from that of oligemia or isch-
emia due to stroke. MRI shows hyperperfusion in seizing 
brain using gadolinium based or arterial spin labeling 
(ASL) sequences [103, 104]. DWI will display restricted 
diffusion despite increased perfusion during seizures [105]. 
In two patients who had partial status epilepticus associated 
with an old infarction and two episodes each of left hemi-
paresis and hemisensory disturbance without convulsion, 
DWI showed a hyperintense lesion in the cortex around the 
old infarction lesion mimicking current infarction. Although 
EEG failed to reveal ictal discharges or interictal paroxys-
mal activities in three of four episodes, perfusion images 
with ASL clearly demonstrated ictal hyperperfusion in the 
area corresponding to the cortical hyperintense lesion on 
DWI.  The clinical deficits disappeared after appropriate 
anti-epileptic treatment [106]. Recent evidence suggests 
that DWI restriction adjacent to ongoing seizure activity 
may result from local cortical metabolic disturbances and 
more widespread cortico-cortical and cortico-thalamic syn-
chronization abnormalities [107].

The long-term significance of these acute imaging find-
ings is not entirely clear. DWI changes are largely reversible, 
but if prolonged seizures are present, may be associated with 
laminar necrosis and irreversible deficits [108]. One study of 
26 patients with acutely seizures related MRI changes 
reported residual gliosis or focal atrophy in 42% of their 
cohort, while the remainder had reversible findings. Partial 
simple and complex seizures were associated with hippo-
campal involvement, but status epilepticus with incomplete 
reversibility of MRI abnormalities [109].

�Seizures Post Stroke in the Young 
and the Elderly

Non-hemorrhagic stroke in young patients (before 45) 
accounts for 3–10% of all infarctions and has low mortality 
(1.5–8%) [110–112]. Only few studies have examined the 
incidence of post-stroke seizures in this younger population.

In a retrospective analysis of 65 young patients (aged 
15–45) with stroke, followed for an average 32 months 
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Fig. 9.1  81-year-old AA woman with history of old stroke and left side 
residual hemiplegia was admitted to the Neuro-ICU for altered mental 
status. Continuous EEG exhibited 162 electrographic seizures during 

the first day of recording, emanating from the right hemisphere. She 
was treated with IV valproic acid and IV phenytoin. Two days later the 
EEG showed only interictal activity and after an additional 2 days only 
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Fig. 9.1  (Continued) mild to moderate encephalopathy, while her mental status was improving. CT of the head showing an encephalomalacic 
area on the right fronto-parietal area from the old ischemic stroke (white arrow). Continuous EEG showing the beginning (B.1), evolution (B.2), 
and end (B.3) of a single electrographic seizure (without clinical correlate other than diminished mental status). The rhythmic, high amplitude 
theta/delta activity starts over P4, P8, and O2, but later spreads to the whole right hemisphere
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Fig. 9.2  An 84 AA diabetic woman was admitted to the Neuro-ICU 
after a motor vehicle accident (she was the driver) without head trauma 
or loss of consciousness. During her transfer she was found hypoglyce-
mic and developed generalized tonic-clonic seizures. An MRI showed 
a right occipital stroke and an EEG several seizures emanating from the 

right temporal-occipital areas. She was loaded with phenytoin and leve-
tiracetam IV and the seizures stopped. Diffusion-weighted imaging of 
the MRI showing the R inferior temporo -occipital stroke (white arrow). 
EEG showing the beginning from T4 to T6 of a seizure (B.1). This 
seizure evolved over the entire right hemisphere (B.2)
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(range 12–59), the incidence of seizures was 10.8% and 
all occurred in patients with carotid artery territory infarc-
tion [113].

In a prospective, multicenter, European study (the PFO-
ASA study), 581 patients with cryptogenic ischemic stroke, 
aged 18–55 years, were followed for seizures for an average 
of 38 months [22]. None of the six deaths was related to the 
occurrence of a seizure. Early seizures (within 1 week post-
stroke) occurred in 14/581 (2.4%) of patients, 71% of them 
within the first 24 h. Two patients developed SE, one as an 
inaugural event. Rankin scale ≥ 3 (odds ratio, 95% CI, 3.9, 
1.2–12.7) and cortical involvement (7.7, 1–61.1) were the 
only clinical and radiologic independent variables associated 
with early seizures. Late seizures occurred in 20/581 (3.4%) 
with a mean delay of 12.9 months post-stroke. Six of these 
patients had early seizures and 4/6 were on anti-epileptic 
treatment when the first late seizure occurred. Early seizures 
(5.1, 1.8–14.8), cortical signs (4.5, 1.6–13.1), and size of 
infarct larger than one-half hemisphere (9.7, 3.1–30.8) were 
independent predictors for late seizure development. 
Recurrent, unprovoked late seizures were found in 11/20 
(55%) patients with late seizures and the risk for epilepsy 
was 2.3% within 3 years in this patient population.

In the large Canadian Stroke Network registry, seizures 
on stroke presentation or during hospitalization were more 

frequent in younger patients compared to patients with stroke 
without seizures. In addition to more severe strokes, older 
age, non-alert status on admission and higher Carlson index, 
seizures during hospitalization independently predicted 
overall mortality [21].

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 [114]. Luhdorf et  al. fol-
lowed all patients within a definite area who developed sei-
zures after the age of 60. The dominant cause of seizures was 
previous stroke in 32% of cases [32]. In a retrospective 
population-based study from Saskatchewan, Canada, 46/84 
(55%) of patients 60 years and older with new-onset seizures 
had acute or remote cause identified (symptomatic). Of 
those, 22/46 (48% or 26% of all patients with new seizures) 
were due to acute or old stroke. All patients with non-life-
threatening strokes had excellent 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 [115].

Similar findings were noted in a large, prospective, epide-
miological study conducted in Southwest France [15]. The 
annual incidence of seizures in patients older than 60 years 
was 127/100,000. Cerebrovascular disease was the most fre-
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quently recognized cause in this age group and represented 
36.6% of patients with spontaneous seizures and 54% of 
patients with confirmed epilepsy.

More recently, a prospective study from Lille, France, 
evaluated 202 patients with acute stroke (median age 76 
years) for the presence of pre-existing dementia. Early sei-
zures developed in 5.4% of patients in this cohort. Stroke 
patients with pre-existing dementia had an increased risk of 
late seizures, but not for early seizures. Any factor increasing 
the risk of seizures (drugs, metabolic changes), the authors 
concluded, should be avoided in these patients [116].

�Treatment of Post-Ischemic Stroke Seizures

Seizures at the onset of an ischemic stroke were considered a 
contraindication for IV t-PA [117] and, based on prospective 
data, they were the reason for not administering IV t-PA in 
0.9% of candidates [118]. Conversely, if stroke is treated, but 
eventually is not proven (usually by DWI on MRI), the ini-
tial stroke-like signs are attributed to stroke mimics. In the 
past, there was stricter adherence to this seizure exclusion 
criterion for IV t-PA, but more recent data undermined this 
exclusion.

There are more data now regarding the incidence, treat-
ment, and complications of stroke mimics, including sei-
zures. For example, stroke mimics were diagnosed in 13.4% 
of patients presenting to the Emergency department. Seizures 
were the second most common stroke mimic (19.5%). None 
of these patients received t-PA, mostly because of being out-
side the time window or because of minor deficits in the 
NIHSS before starting the infusion [119]. DWI MRI 
sequence in the setting of a new focal neurological deficit 
can be used to differentiate between these two conditions 
and was able to identify stroke mimics from ischemic stroke 
in another study, where seizures comprised 11.5% of former 
group [120]. Similarly, using MRI to exclude stroke in 
patients who received t-PA, seizures were diagnosed in 3.1% 
of 648 suspected ischemic stroke patients and comprised 
47.6% of all stroke mimics. None of the stroke mimic 
patients deteriorated clinically post t-PA, but one developed 
orolingual angioedema [121]. The safety of administering 
fibrinolysis in patients who potentially may not have a stroke, 
but need to be treated emergently due to the narrow window, 
has been evaluated in few studies. In a retrospective study of 
250 patients who received IV t-PA, 2.8% had stroke mimics 
(of which 71% were seizures, mostly with focal onset). 
There was a trend for lower NIHSS scores in mimics. Global 
aphasia without hemiparesis was the presenting symptom in 
3 (42.9%) mimics versus 8 (3.3%) strokes. Orolingual angio-
edema (1.2%), symptomatic intracranial hemorrhage (5.3%), 
and asymptomatic intracranial hemorrhage (12.3%) compli-
cated strokes, but were absent in mimics. After 3 months, 

85.7% of mimics and 35.4% strokes had a modified Rankin 
Scale score of 0–1 [122]. In another large retrospective anal-
ysis of 539 patients treated with IV t-PA, 10.4% had stroke 
mimics. Seizures (19.6%) were one of the three most com-
mon final diagnoses at discharge for these misdiagnosed 
patients. No symptomatic intracranial hemorrhage was doc-
umented in any of these stroke mimics, suggesting a safe 
profile for administering IV t-PA in these patients [123]. 
More recently, in a single center study of patients who 
received IV t-PA for presumed stroke, 12% had stroke mim-
ics (31.6% were seizures). None of these patients had an 
intracerebral hemorrhage after the fibrinolysis, but two have 
systemic hemorrhages [124]. Reflecting these changes in the 
approach towards stroke mimics and seizures at onset, is a 
survey of stroke clinicians from eight NIH Specialized 
Programs of Translational Research in Acute Stroke 
(SPOTRIAS). Ninety-one percent of responders recom-
mended fibrinolytic therapy in patients with significant defi-
cits attributable to an acute ischemic stroke but with also a 
seizure at symptom onset [125].

Interestingly, seizures occurring during the period of 
thrombolysis with IV t-PA may represent a sign of reperfu-
sion or hyperperfusion and may enhance the thrombolytic 
process [126–128]. Although in these small case series 
these seizures were associated with a dramatic recovery, 
they may also herald hemorrhagic conversion and an urgent 
CT of the head should be considered if clinically the patient 
deteriorates. In a more recent case report, cortical myoclo-
nus during the IV thrombolysis for a right middle cerebral 
artery stroke was recorded using back-average EEG analy-
sis with time-locked electromyogram of the affected con-
tralateral limb. There was no improvement in the deficit. 
Interestingly this patient had additional acute renal failure 
[129]. An alternative mechanism of seizures during IV 
fibrinolysis is a direct effect of the drug on seizure genera-
tion. For example, t-PA is an endogenous serine protease 
associated with neuronal activity and synaptic plasticity in 
the brain, its expression is enhanced after seizures, and is 
involved in seizure propagation throughout the brain. 
Although mice with neuronal over-expression of t-PA are 
more seizure-prone than wild-type, no significant differ-
ences were found in a study that compared patients who 
received t-PA and those who did not in early or late seizures 
or in the development of epilepsy [130].

The most recent guidelines from the Stroke Council of 
the American Stroke Association include seizures as a rela-
tive exclusion criterion for administration of fibrinolytics. 
After careful consideration of risk-benefit patients may 
receive fibrinolysis in this situation [131]. CT angiography 
may be a useful modality in differentiating Todd’s paralysis 
from early seizure and ischemia by detection of intracranial 
occlusion and may contribute to decision-making for 
thrombolysis [132].
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The same recent guidelines from the Stroke Council of 
the American Stroke Association mention that there are no 
studies to date showing a benefit of prophylactic anti-
epileptic treatment after ischemic stroke and prophylactic 
treatment is not recommended (Class III, Level of Evidence 
C). Their recommendation is to treat recurrent seizures in a 
manner similar to other acute neurological conditions. The 
anti-epileptic drugs to be used should be selected by specific 
patient characteristics (Class I, Level of Evidence B). They 
also mention that little information exists on indications for 
the long-term use of anticonvulsant drugs after a seizure 
[131]. Reiterating these Guidelines, the Neurocritical Care 
Society Pharmacy Section issued a review of evidence-based 
support for seizure prophylaxis in Neurocritical Care. In this 
most recent special article, no additional data or recommen-
dations beyond the aforementioned from the ASA are 
included for post-stroke seizures [133]. In the following 
paragraphs we will try to summarize the data available and 
have an in-depth look at the problem an intensivist faces.

As mentioned before, there are no randomized controlled 
trials evaluating specific treatment options in post-stroke sei-
zures. Bladin et al. argue that such a trial would pose exten-
sive logistic challenges and would likely be unethical [7]. 
Prophylactic treatment for seizures after ischemic stroke is 
controversial. The duration of treatment is also unknown. 
Should these patients be admitted to an ICU when they pres-
ent with a seizure in the context of an acute or subacute 
stroke? Armon et al. have summarized the rationales for treat-
ing seizures at the onset of a stroke, as follows: (a) control of 
persistent or recurrent seizures (SE) (b) prevention of seizures 
within the first day of stroke (c) prevention within the first 2 
weeks post stroke, and (d) prevention of recurrence of sei-
zures after the first 2 weeks 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 a seizure that accompanies a stroke (b) whether to treat 
recurrent seizures or SE (c) whether to treat preventively 
post-stroke seizures (d) whether to prevent late seizures from 
occurring after an early seizure (e) whether to prevent epi-
lepsy from developing after early or late seizures.

The current consensus in ischemic stroke management is 
to not treat patients unless they present with a first seizure or 
they are known as pre-existing epileptics [134]. If a patient 
had pre-stroke seizures, the rationale for covering with anti-
epileptics is based on the prevention of pre-existing epilepsy 
to manifest in its usual form post stroke or as SE [3]. 
However, even before the occurrence of the first seizure, 
some subgroups of non-epileptic patients may be at higher 
risk for seizure development. Large infarct size, cortical 
involvement, watershed distribution, hemorrhagic stroke 
transformation, severe stroke and PLEDs on the EEG within 
24 h from admission [5–7, 16, 19, 22, 35, 39, 41, 48, 53, 54, 
56, 87, 99, 135] are typical situations where a physician 

could consider covering the patient with anti-epileptic treat-
ment to prevent early seizures, especially if other co-
morbidities make a seizure manifestation an unacceptably 
high risk for complications.

The occurrence of one or more seizures may trigger the 
decision to use anti-epileptics 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 vomitus, we believe these patients should 
be admitted and treated in an 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, multiple in two thirds of them [12]. In the 
series by Gupta et al., 39% of patients had recurrent seizures, 
multiple in 57% of them [35]. In neither study was there any 
difference in the recurrence rate, whether the seizures 
occurred early or late post stroke. In the Oxfordshire study, 
3% of patients with cerebral infarction developed a single 
post-stroke seizure and another 3% recurrent seizures, which 
overall occurred infrequently. The percentages for those with 
total anterior circulation infarction were 5% and 11% and in 
those with lacunes 2% and 1%, respectively. However, 40% 
of patients with seizures within the first 24 h post-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 of early seizures in the 
Manhattan population study and the authors suggested pro-
phylaxis for these subgroups for the first 24 h only, since 
almost 90% of seizures occurred within that time frame [56].

Usually late post-stroke seizures are not encountered in 
the ICU, unless one is dealing with SE. Occasionally, how-
ever, a patient who is admitted for another medical reason to 
the ICU develops seizures, that cannot be related to a drug or 
a metabolic derangement. Or the patient may develop sei-
zures in the context of a recurrent stroke and it may be diffi-
cult (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 
anti-epileptic coverage for these late seizures. From the 
SASS study, although late-onset seizures (after the first 2 
weeks) 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 develop-
ment of epilepsy [7]. This has been also noted in other stud-
ies [36, 54] or younger patient populations [22]. However, it 
cannot be generalized. In a prospective study from Germany, 
including 264 patients with stroke, ten patients developed 
post-stroke epilepsy over a follow-up period of 1 year. Early 
onset seizures (within 2 weeks post stroke) occurred in 12 
patients, seven of who developed epilepsy. Late-onset sei-
zures were observed in 17 patients. Seven out of 13 patients 
with ischemic stroke who suffered from late seizures did not 
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proceed to epilepsy during the 1 year follow-up and without 
anti-epileptic medications. This study is interesting because 
his authors attempted to create a post-stroke epilepsy risk 
scale (PoSERS). They included a 10-point scale (with vari-
ables such as supratentorial localization, ICH involving cor-
tical areas, ischemia involving cortical or cortical-subcortical 
areas, ischemia plus evolving neurological deficit, large 
stroke, early or late seizure), which with score >5 was able to 
predict epilepsy with 100% sensitivity and negative predic-
tive value and 96.9% specificity, but with only moderate 
positive predictive value (55.6%). Adding EEG evaluation in 
a subgroup of patients did not add value in the scale [136].

The role played by anti-epileptic medications in prevent-
ing early or late post-stroke seizures is also unclear [9, 11]. 
In a retrospective study, 88% of patients with post infarction 
seizures were controlled with monotherapy, mostly phenyt-
oin, whereas another smaller percentage was initially started 
on multi-drug regimen [35]. An Israeli group retrospectively 
compared 35 patients with post-ischemic stroke treated 
immediately with anti-epileptic medications for 2 years after 
their first early seizure, with 26 patients who were untreated 
until they developed a second seizure [137]. The assignment 
was made based on the admission service that had accepted 
the patients. The mean time for the development of a first 
seizure post-stroke was 5.7 days and for the second 15.2 
months. During the initial 2-year post event 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, the treated group after discontinuing 
the anti-epileptic treatment had the same seizure risk than the 
untreated group during the period between the first and the 
second seizure (4.8% vs 6.2%, p = 0.6). This protective role 
of anti-epileptic medications was not confirmed in other 
larger studies. In a recent, multicenter, prospective European 
study of younger patients (<55 years old) with cryptogenic 
ischemic stroke, anti-epileptic treatment did not prevent late 
seizures in patients with early seizures [22].

Which anti-epileptic agents are most effective in prevent-
ing post-stroke seizures is also unknown. Overall, post-
stroke seizures seem easily controlled and monotherapy 
usually suffices. For example, in a retrospective study from 
Taiwan, 143 patients with first-time ischemic stroke were 
followed for a minimum of 6 years. Seizures occurred in 13 
(9.1%) of them. Regarding seizure control after discharge, 
12 patients were seizure-free with or without anti-epileptic 
drugs and one had 1–3 seizures per year. [51].

Because the majority of seizures have a focal onset, first 
line drugs in the ICU were older parenteral agents, such as 
phenytoin or fosphenytoin [75]. However, if the patient’s 
mental status and swallowing ability allows oral administra-
tion of other agents, such as carbamazepine or oxcarbamaze-
pine, those should be considered.

The potential effect that anti-epileptic medications may 
have on ischemia or rehabilitation should also be considered. 

Some anti-epileptics, such as carbamazepine, topiramate or 
sodium valproate, have additional neuroprotective properties 
against cerebral ischemia [138, 139]. On the other hand, 
other studies also suggest that phenytoin, barbiturates, and 
benzodiazepines may have a negative effect on recovery 
from stroke [140]. These older agents also have interactions 
with common drugs used for treatment or secondary preven-
tion of stroke, such as warfarin or salicylic acid [134].

Because of more favorable side-effect profile and tolera-
bility, newer agents such as lamotrigine should be also con-
sidered as monotherapy. Other oral agents that are approved 
only for primary or adjunctive treatment and are commonly 
used as monotherapy such as topiramate, levetiracetam, and 
zonisamide could also be used in individual cases. Age may 
also be another important factor for a decision which agent 
to use, since most stroke patients are elderly [134]. The 
International League Against Epilepsy has concluded that 
only lamotrigine and gabapentin have level A evidence to 
allow recommendation as first-line monotherapy for elderly 
adults with partial-onset seizures [141]. Gabapentin has 
been used as monotherapy in 71 patients with late post-
stroke seizures in an uncontrolled study from Barcelona, 
Spain [142]. The initial dose of 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. 
Seizures were observed in 18.2% of patients during an aver-
age follow-up period of 30 months. Overall, these patients 
achieved better control than patients with newly diagnosed 
nonvascular partial epilepsy [143]. Another monotherapy 
used in 25 elderly patients with late post-stroke seizures was 
levetiracetam. After 6 months, 76% of patients were still 
receiving the drug (at a median dose of 1052 mg/day (range 
1–2 g/day) and 89.5% of them were seizure-free [144]. In 
another prospective study of 34 elderly patients with late 
post-stroke seizures, levetiracetam monotherapy (1000–
2000 mg/day) conveyed 82.4% seizure freedom in a follow-
up period of 18 months. Seven patients had side-effects, 
with only one discontinuing the drug. Two patients switched 
to another anti-epileptic drug because of uncontrolled sei-
zures [145]. In a subsequent open-label prospective study of 
35 patients with late post-stroke seizures (occurring at least 
2 weeks after the stroke onset), levetiracetam in doses 
1500–2000 mg/day achieved 1 year seizure freedom in 
77.1%. Four patients discontinued the drug, three due to 
aggressive behavior, and one due to drowsiness and gait dis-
turbance [146]. Compared to carbamazepine use, levetirace-
tam did not convey any significantly better proportion of 
seizure freedom in a multicenter, randomized, open-label 
study of 128 patients with late (2 weeks to 3 years) post-
stroke seizures. The group treated with levetiracetam, how-
ever, had significantly lower side-effects [147].

The duration of the anti-epileptic treatment is also 
unknown. Most experts use the EEG together with the clini-
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cal picture and stroke type to decide about the length of treat-
ment. Armon et al. suggested for cortical ICH and seizures a 
12-month seizure-free interval and an EEG without epilepti-
form activity to consider withdrawing the treatment. For 
non-hemorrhagic stroke and one or more generalized tonic-
clonic seizures (at the onset or early on) they suggested a 1- 
to 2-week course with phenytoin, then tapering if the EEG 
does not show an epileptogenic focus. If such a focus is pres-
ent, they suggested a longer treatment. The same approach 
was used for epilepsia partialis continua, with the objective 
of minimizing the likelihood of secondary generalization [3].

Non-anti-epileptic drugs can also have impact on post-
stroke seizures. For example, in a recent study of 1832 
patients with stroke and no history of seizures before, 63 
(3.4%) of who had early onset seizures and 91 (5%) had epi-
lepsy. Statin use was associated with a lower risk of post-
stroke early onset seizures (odds ratio, 95% CI 0.35, 
0.20–0.60), but not with post-stroke epilepsy. In those 
patients who presented with early onset seizures, statin use 
was associated with reduced risk of post-stroke epilepsy 
(0.34, 0.13–0.88). This reduced risk was seen mainly in 
patients who used a statin only in the acute phase [148].

Table 9.3 represents a suggested algorithm for the treat-
ment of post-stroke seizures.

�Reperfusion–Hyperperfusion Syndrome

First described by Sundt et al. [149], the reperfusion syndrome 
is an uncommon constellation of symptoms usually encoun-
tered following carotid endarterectomy (0.4–2% of cases 
[150, 151]) or other revascularization procedures, such as per-
cutaneous transluminal angioplasty (PTA) [152, 153], carotid 
artery stenting (1–5% [154–156]), extracranial–intracranial 

arterial bypass [157], intracranial artery stenting [158, 159], 
innominate endarterectomy [160] or left ventricular device 
implantation for end-stage heart failure [161]. It comprises 
transient focal seizures (always emanating from the vascular 
territory ipsilateral to the treated artery), ipsilateral headache 
with atypical migrainous features and intracerebral hemor-
rhage or brain edema, usually a few days to up to 3 weeks after 
revascularization [162]. The syndrome should not be related 
to thromboembolism and no new infarct should be demon-
strated on neuroimaging [163]. Occasionally, SE ensues [75]. 
Severe ICA stenosis with preoperative ICA/CCA pressure 
ratio <0.7 leads to significant increase of CBF in both hemi-
spheres after CEA, more pronounced ipsilaterally [164]. In 
many centers these patients are monitored in the ICU for the 
first few postoperative days [165]. Symptoms post carotid 
angioplasty-stenting typically present within 36 h after the 
procedure, contrasting with those after CEA, which usually 
present later (4–7th postoperative day) [166].

Seizures are thought to result from cerebral embolization 
from the operative site (although some authors require a 
stricter definition of the syndrome and exclude thromboem-
bolism [163]), hemorrhage secondary to the lack of autoreg-
ulation or simply to the reperfusion syndrome effect. If they 
occur during or early after surgery, they are more likely 
caused by intraoperative or immediate postoperative emboli-
zation or inadequate perfusion during clamping of the 
carotid. The predisposing role of preoperative strokes 
towards seizures in symptomatic patients is unclear. If sei-
zures occur late during the postoperative course, especially 
when there is severe carotid stenosis and if preceded by 
headache, they are most likely caused by the hyperperfusion 
syndrome [162]. The syndrome is thought to be due to 
impaired cerebral autoregulation, as a result of chronic cere-
bral hypoperfusion distal to high grade carotid stenosis 
[167]. The intracranial distal arterioles are maximally and 
chronically dilated and do not respond to the flush of blood 
by vasoconstriction after correction of the stenosis, leading 
to cerebral edema and, if cortical, to seizures [168]. Carotid 
baroreceptor insensitivity and the secondary hypertensive 
response after CEA are additional factors [152], as most 
patients have uncontrolled hypertensive blood pressure lev-
els both before and after surgery [162]. Pathological findings 
in the hyperperfusion syndrome resemble the findings in 
hypertensive encephalopathy and the reperfusion syndrome 
after cerebral AVM resection [162].

Sundt et al. reported a 11/1145 (0.9%) incidence of sei-
zures after CEA [149]. A total of 20 (1.8%) patients in their 
series displayed the characteristic constellation of symp-
toms, that were given the name of hyperperfusion syndrome. 
Seizures presented between the 5th and 7th postoperative 
day. Five patients had a history of preoperative strokes and 
two developed postoperative ICH. Riegel et al. reported the 
lowest incidence of seizures so far in their large series from 

Table 9.3  Treatment with anti-epileptic medications after ischemic stroke

1. �Infarct and pre-existing seizures: continue or restart anti-epileptic 
regimen, keep therapeutic levels.

2. Infarct and no seizures:

Observe

Consider Rx if large, cortical infarct, with hemorrhagic component 
or significant co-morbidities (lung, heart, presence of aneurysm, 
etc.) for at least 2 weeks

3. Infarct and early 1st seizure:

Start monotherapy. If subcortical or lacune, continue for 2 weeks. If 
anterior circulation cortical infarct, continue for 1–2 years 
(seizure-free interval). Assess with EEG before discontinuation?

4. Infarct and SE:

Treat according to SE protocol in the NICU. Continue Rx for at least 
4 years (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 1st seizure:

Treat with monotherapy for at least 2 years (seizure-free interval). 
Assess with EEG before discontinuation and individualize.
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the Mayo Clinic (10/2439, 0.4%), which included some 
patients from Sundt’s series [169]. Four patients had a his-
tory of preoperative strokes and seven had a Xenon CBF 
study during surgery, which demonstrated an increase in 
CBF ipsilaterally to the CEA. Nine of ten 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 sei-
zures post CEA. They recommended caution with anticoagu-
lant or antiplatelet agents in these patients and prompt 
treatment of blood pressure and seizures.

Kieburtz et  al. described eight patients with focal and 
generalized seizures following 650 CEAs (1.2%) [170]. Six 
patients had pre-CEA TIAs, while two were asymptomatic. 
Seizures occurred with a mean of 7.6 (range 6 to 13) days 
after CEA. All patients initially had focal motor seizures 
contralateral to the side of the CEA, but six patients had sei-
zures that became generalized. All patients had post-ictal 
hemiparesis. Lorazepam given initially and phenytoin/phe-
nobarbital 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 
without 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 disorder.

Reversible cerebral edema was reported in 5/184 (2.7%) 
patients with severe carotid stenosis or occlusion who under-
went CEA or bypass [162]. Headache, focal neurologic deficits, 
and white matter edema on CT developed after discharge from 
the hospital. Focal seizures occurred in four and generalized sei-
zures in three of these patients and the EEG showed PLEDs in 
two and ipsilateral slowing in another two of them. The authors 
suggested that hyperperfusion syndrome has been underre-
ported and that many cases of cerebral edema, especially in 
older series, were misinterpreted as cerebral infarction.

In a large prospective study from the U.K., Naylor et al. 
identified 8/949 (0.8%) patients who developed seizures 
after CEA [171]. Seven were treated hypertensives but 4 
patients had labile BP preoperatively. Five had severe bilat-
eral carotid disease and four had vertebral/subclavian steno-
ses. Five required treatment for postoperative hypertension. 
Two suffered seizures <36 h of CEA, the remainder at 3–8 
days. All eight had significantly elevated blood pressure at 
onset of seizures. CT scanning/autopsy showed normal scans 
in three, white matter edema in four, and petechial or diffuse 
ICH in 2 patients. Seven developed a post-ictal neurological 
deficit (stroke in five, TIA in two). In this case series, post-
CEA seizure was associated with adverse outcomes (one 
patient died, one had a disabling stroke and four had non-

fatal strokes). Interestingly, the authors report that clinicians 
treating these patients in acute medical units were generally 
unaware of the “post-CEA hyperperfusion syndrome” and 
tended to treat the hypertension less aggressively.

In a retrospective study of CEAs from Brooklyn, NY, 
9/404 (2%) patients developed hyperperfusion syndrome 
and three of them seizures [150]. One of these patients had 
intraoperative mean ICA volume flow by carotid artery 
duplex scanning of 178 ml/min, which during seizures 1 
week postoperatively increased to 632 ml/min and subse-
quently decreased to 141 ml/min after symptoms subsided. 
This study suggested that contralateral CEA within 3 months 
from the index CEA may be a predictive factor for hyperper-
fusion syndrome.

In a retrospective study from India, 6/87 (7%) patients 
developed hyperperfusion syndrome after stenting (47 cases) 
or CEA (40 cases) [165]. Two patients were the presenting 
symptom in two patients and occurred 5 h and 1 day after the 
intervention. Both patients had either high degree stenosis in 
one side or occlusion and occlusion on the opposite side. 
Although only the second patient had an ICH, they both died.

In another large retrospective study from Los Angeles, CA, 
6/1602 (0.4%) developed hyperperfusion syndrome and only 
one seizures 8 days after the surgery [151]. This patient was 
treated for 3 months with phenytoin, without recurrence.

In a prospective study from Boston, MA, 841 CEAs were 
performed over 2 years and hyperperfusion syndrome 
occurred in 14 (1.7%) patients. Seizures occurred in 5 (0.6%) 
patients and ICH in 4 (0.5%). In this study, non-elective CEA 
was the only independent factor associated with hyperperfu-
sion syndrome [172].

Percutaneous transluminal angioplasty (PTA) and stenting 
is gaining acceptance as a safe alternative to CEA in some 
patient subgroups. Two patients who developed seizures sec-
ondary to hyperperfusion syndrome have also been reported 
by Schoser et al., 16 h and 3 days after PTA and stenting of 
the ICA [152, 153]. Although the management of seizures is 
not discussed in the article, marked increase of CBFVs was 
demonstrated by TCD. Two patients reported by Ho et  al., 
with high grade bilateral ICA stenoses and preexisting hyper-
tension developed recurrent seizures with focal onset and sec-
ondary generalization 7 h and 14 days, respectively, after 
successful endovascular treatment [153]. Seizures were con-
trolled by intravenous diazepam and phenytoin, and by low-
ering the blood pressure during the events. CT of the head did 
not reveal new infarcts and follow-up angiograms showed 
widely patent ICAs. In a retrospective study from Canada, 
129 patients underwent reperfusion procedures [163]. 
Hyperperfusion syndrome developed in 4/129 (3.1%) patients 
with CEA and 3/44 (6.8%) patients with ICA stenting. Two 
patients developed delayed seizures. In a large retrospective 
study from the Cleveland Clinic, OH, 5/450 (1.1%) patients 
post carotid artery stenting developed hyperperfusion syn-
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drome within a median of 10 h (range 6 h to 4 days) [173]. 
One patient developed a seizure on the 5th postoperative day. 
The authors concluded that similarly to patients after CEA, 
patients after ICA stenting may be at higher risk for hyperper-
fusion syndrome, if they have a critical ICA stenosis of 
≥90%, severe contralateral ICA disease, poor collateral flow, 
hypertension, and recent stroke or ischemia.

Except for extracranial carotid stenting, intracranial inter-
vention may also lead to hyperperfusion syndrome. A recent 
case report exemplifies that. A patient, who underwent left 
supraclinoid internal carotid artery stenting (after a right 
internal carotid artery stenting at the neck origin; both for 
>90% stenosis), developed post-stenting right focal seizures 
with secondary generalization and eventually epilepsia par-
tialis continua. Patient was treated successfully with IV anti-
epileptics and BP control (which was initially 200/120 mm 
Hg). He underwent neuroimaging which did show left fron-
toparietal vasogenic edema without a hemorrhage or infarct. 
He gradually improved over 1 month. This study provides a 
nice review of hyperperfusion syndrome after intracranial 
angioplasty or stenting [159].

Seizures induced by cerebral reperfusion after thrombolytic 
therapy for acute ischemic stroke is a rare phenomenon. Hafeez 
et al. report a case where a patient who received IV rt-PA within 
3 h of stroke symptom onset developed the new-onset symptom 
of continuous, primary motor seizure activity within 20 min of 
drug administration. These epileptic seizures originated in the 
same area as the acute brain ischemia and occurred during the 
anticipated period of cerebral reperfusion [127].

A more recent study of 69 patients who underwent left 
ventricular assist device (LVAD) implantation for end-stage 
heart failure in a single center over a period of 47 months 
found 19 patients who developed neurological dysfunction 
(27.5%) including encephalopathy (16%), coma (4.3%), and 
seizures (4.3%). Only in 1/3 of these patients with seizures 
an infarct was found in neuroimaging. The multivariate anal-
ysis showed that an increase in cardiac index from the preop-
erative baseline value and a previous coronary bypass 
operation were the only independent predictors of neurologic 
dysfunction. Reduction of left ventricular assist device flow 
in 16 of the 19 symptomatic patients led to improvement of 
symptoms in 14 (87%) patients with clinical improvement or 
resolution by 48 h and without negative consequences [161].

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 IV infusion of 1 g acetazolamide 
[174]. Thirty three patients showed increased MCA CBFVs 
after the challenge (preserved reserve capacity) and three 
decreased (loss of reserve capacity). After CEA, those three 
patients developed unilateral headache and an increase of 
mean MCA CBFVs, while the other 33 patients showed little 
difference. None of these patients developed seizures, sug-
gesting a mild hyperperfusion syndrome.

In a landmark paper, Jorgensen and Schroeder evaluated 
95 patients with TCD before and after symptomatic CEA 
[167]. Hyperperfusion syndrome developed in 18/95 (19%) 
and two separate groups were identified: in nine patients 
symptoms lasted for a mean of 3 h and in the other nine for a 
mean of 12 days. The longer the duration of the symptoms of 
hyperperfusion, the more likely the preoperative finding of 
increased mean blood pressure gradient across the stenosis, 
the lower the CO2 reactivity index on both sides of the brain 
and the absence of decrease of the pulsatility index during 
CO2 inhalation. Following surgery in patients with symp-
toms of hyperperfusion, MCA CBFVs were shown to 
decrease significantly with labetalol from a mean high of 104 
to 68 cm/s on the side of CEA, a reaction not seen on the 
contralateral side. This asymmetric response diminished 
overtime as the episodes of hyperperfusion subsided. At dis-
charge, cerebral CO2 reactivity improved bilaterally in these 
patients, a change not seen in patients without hyperperfu-
sion syndrome. Interestingly, 2/9 (22%) patients with longer 
lasting hyperperfusion symptoms developed seizures on the 
5–6th postoperative day. MCA CBFVs on the side of the 
CEA in these two patients during seizures were 104 and 120 
cm/sec with 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 cere-
bral autoregulation only present on the side ipsilateral to the 
CEA. Both patients who developed seizures had contralat-
eral ICA occlusions, consistent with previous observations 
[165, 169]. 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 blood pressure meticulously con-
trolled and that TCD may help identify patients at high risk 
for developing the hyperperfusion syndrome and seizures. If 
anticipated, a baseline study before or another immediately 
after surgery may be helpful [162, 167, 175].

Another monitor used in Neuro-ICUs is transcranial near-
infrared spectroscopy. Using this method to monitor regional 
cerebral oxygen saturation (rSO2), Ogasawara examined 50 
patients with CEA [176]. Post-CEA hyperperfusion (CBF 
increase of ≥100%, compared with preoperative values) was 
observed for six patients, one of which developed hyperper-
fusion syndrome with seizures on the sixth postoperative day.

All this strongly suggests that high risk patients (history 
of hypertension, bilateral high grade stenoses, low CBFVs or 
CO2 reactivity by TCD, previous contralateral CEA within 3 
months) should be monitored in the ICU for symptoms of 
hyperperfusion syndrome after revascularization of the cere-
bral vessels [165]. The blood pressure should be tightly con-
trolled with aggressive titration of blood pressure to a systolic 
value of <120–140 mm Hg [158] and if symptoms develop, 

the first step of treatment should include further lowering of 
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BP (to a level of equalization of ipsilateral and contralateral 
CBFVs [167]). Agents with pure vasodilatory properties, 
such as sodium nitroprusside, should be avoided [158]. The 
ICU staff should be alerted to the possibility of seizures, and 
initiation of an anticonvulsant regimen in the setting of sei-
zures (prophylactic use is not indicated) should be under-
taken for few days [158, 168]. Neuroimaging to exclude a 
new ICH or infarct should be considered if there is new 
change in the neurological exam. If a new cortical hemor-
rhage is found, prophylactic seizure treatment with fosphe-
nytoin or levetiracetam for 7 days could be entertained [168].

Table 9.4 represents a suggested algorithm for the treatment 
of reperfusion–hyperperfusion syndrome-related seizures.

�Cerebral Vein and Dural Sinus Thrombosis

�Clinical Studies

Several medical or surgical complications have been associ-
ated with the development 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 (genetic pro-
thrombotic conditions [like antithrombin III or protein C or S 
deficiencies, hyperhomocysteinemia, Factor V Leiden muta-
tion, prothrombin gene mutation, Factor VIII excess], leuke-
mia, thrombocytemia, paroxysmal nocturnal hemoglobinuria), 
cancer, non-infectious inflammatory disease, Behçet disease, 
nephrotic syndrome, dehydration and congestive heart failure, 
complications of pregnancy and the puerperium and mechani-
cal causes, such as lumbar puncture (LP) alone or associated 
with the diagnosis of multiple sclerosis and high dose cortico-
steroids [177–182]. Patients with cerebral venous thrombosis 

(CVT) are frequently also admitted to the ICU for cerebral 
edema, signs of increased intracranial pressure (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 [183–187]. 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 [188]. In the angiographically 
proven cases reported by Bousser et al., Jacksonian or grand 
mal seizures occurred in 11/38 (29%) patients, and were the 
4th most common symptom, following headache (74%), 
papilledema (45%), and hemiplegia (34%) [189]. In more 
recent studies, however, seizures have been recorded as one 
of the two most common signs of CVT [183, 186, 190].

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 [189, 191]. Other 
common etiologies for CVT include the aforementioned con-
ditions, but in up to a quarter of cases the etiology remains 
unknown. Since lumbar punctures 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 complicated peridural anesthesia and were found to 
have CVT [179]. Three out of four tested had Factor V Leiden 
deficiency. Other similar cases of CVT after LP complicated 
by seizure onset have also been reported [192–194].

Several studies report on the incidence of early or late 
seizures.

In a retrospective study of 78 patients with CVT, general-
ized seizures occurred in 24 (31%) patients and were the pre-
senting symptom in 13 (17%, seven with partial motor and 
six with generalized seizures) [195]. Seizures were associ-
ated 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, NY, sei-
zures were observed in 35/112 (31%) patients with acute 
CVT. Only 5% of patients had epilepsy after a mean follow-
up period of 77.8 months [185]. Among those patients with 
early seizures and follow-up records, 4/28 (14%) had epi-
lepsy, all with focal signs in the acute stage of CVT. Those 
seizures manifested in three of four patients during the first 
year and in one patient 2 years after CVT. The authors con-
cluded that because of the low risk of recurrent seizures and 
of late recurrences, anti-epileptic treatment seems appropri-
ate only for one-year post CVT, after which it can be tapered 
off gradually, unless seizures recur.

Table 9.4  Treatment with anti-epileptic medications after 
revascularization

1. Revascularization and pre-existing seizures: continue Rx

2. Revascularization and prophylactic seizure treatment: not indicated

3. Revascularization with cortical hemorrhage: prophylactic seizure 
treatment for 7 days may be undertaken

4. Revascularization and immediate or early (<day 5) seizure:

Neuroimaging to rule out ICH or artery to artery embolization

Treat seizures as after stroke, strict SBP control to 120–140 mm Hg 
range

5. Revascularization and late seizure (5th day-3rd week), with focal 
onset contralateral to procedure side:

Neuroimaging to rule out ICH

If pre-existing high grade stenosis and history of severe hypertension 
plus headache now: treat hyperperfusion syndrome with lorazepam 
and phenytoin or phenobarbital or valproic acid IV and hypertension 
with IV labetalol or enalapril or clonidine to reduce SBP to a level 
where CBFVs by TCD are symmetrical. Continue Rx for at least 3 
weeks and discontinue if neuroimaging negative
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In a retrospective multicenter study from Italy, focal defi-
cits and/or seizures were recorded in 19/35 (54.3%) patients 
with cortical and 4/13 (30.8%) patients with deep CVT 
[190]. EEG was performed in 18 patients and in two thirds 
revealed diffuse abnormalities. Only 2/18 (11%) of EEGs 
showed epileptic focal abnormalities. All patients with sei-
zures, but one, were treated with AEDs.

In a more recent retrospective study from India, 90 
patients with CVT were included over a 16-year period. 
Seizures occurred at presentation in 42/90 (47%) of patients 
(focal in 11, focal with secondary generalized in 19, and gen-
eralized tonic-clonic in 16). SE occurred in 10 (11.1%). Only 
four patients had early seizures (within 14 days from onset of 
CVT) and none had late seizures. On multivariate analysis, 
only supratentorial parenchymal lesion on MRI (odds ratio 
4.67, 95% CI 1.51–15.08) was independently associated 
with higher risk of presenting seizure. Seizures were not 
associated with death nor with 6-month functional outcome 
in this study [196].

In the prospective, randomized, placebo-controlled 
Dutch-European Cerebral Sinus Thrombosis Trial, low 
molecular weight heparin (nadroparin 180 anti-factor Xa 
units/kg/day for 3 weeks, followed by oral anticoagulation 
with a target INR 2.5–3.5 for 10 weeks) was compared to 
placebo [197]. Seizures were reported in 28/59 (47%) 
patients, 41% in the placebo, and 53% in the treatment arm, 
but the study did not comment on their relationship with out-
comes at 12 weeks [184].

In a prospective French study from Lille, seizures were 
the most common symptom overall, occurred in 28/55 
(50.9%) patients with CVT and were the presenting symp-
tom in one (1.8%) patient [183]. There is no mention of anti-
epileptic treatment in this series. With a median follow-up of 
36 months, recurrent seizures developed in 7/28 (25%) 
patients with seizures in the acute stage (i.e., 14.5% of all 
3-year survivors from CVT). Focal or generalized seizures 
were not associated with outcome as measured with the 
modified Rankin disability score.

In another prospective study 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 year) with CVT [191, 198]. Early sei-
zures (within the first 2 weeks after the diagnosis) were 
observed in 31/91 (34%) patients. In 29 (31.9%) patients 
early seizures were the presenting feature of CVT (in one 
patient seizures evolved to grand mal SE). The frequency of 
seizures was the same whether the superior sagittal sinus 
(33%) or the lateral/sigmoid sinus (25%) was thrombosed, 
but no seizures were observed in the seven patients with 
involvement of the deep venous system. Early seizures were 
independently predicted by sensory deficits (odds ratio 7.8, 
95% CI 0.8–74.8) and the presence of a parenchymal lesion 
on admission, including focal edema, ischemic infarct, or 

hemorrhage (3.7, 1.4–9.4). Late seizures were found in 6/43 
(14%) of survivors in the retrospective arm of the study 
[198] and in 8/84 (9.5%) of survivors in the prospective arm 
[191], who were followed up to 10 months from the onset of 
the CVT. Epilepsy developed in 4/84 (4.8%) patients. Seven 
out of 8 (87.5%) patients with late seizures were on anti-
epileptic treatment when the seizures 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. In the 
multivariate analysis early or late seizures were not indepen-
dent predictors of increased mortality or dependency, 
although early seizures directly contributed to death in two 
patients (intractable SE and cardiorespiratory arrest after 
grand mal seizure). The authors concluded that prophylactic 
AEDs during the 1st year after CVT is justified only in those 
patients with hemorrhage on CT/MRI or early symptomatic 
seizures, but could probably be avoided in patients without 
such high risk factors.

Another small prospective study from Lyon, France 
reported a high percentage of pro-thrombotic states in 
patients with CVT admitted in a stroke Unit [199]. Seizures 
were observed in 8/16 (50%), five of whom had an hemor-
rhagic infarct. A pro-thrombotic state was detected in 6/8 
(75%, a high factor VIII level in four patients), the same per-
centage as in patients without seizures.

In a prospective study (with a retrospective arm) from 
Germany, 79 patients with CVT were followed for an aver-
age of 52 months [187]. Twenty-two patients required NICU 
admission and mechanical ventilation. Thirty-one (39.2%) 
patients developed seizures and all were treated with AEDs 
(phenytoin IV in 20, barbiturates IV in 4, and oral AEDs in 
seven patients). More than two seizures despite anti-epileptic 
treatment was among other factors (age, the NIHSS on 
admission, venous infarct, and hemorrhagic transformation 
of the venous infarct) significantly related to acute death 
(15% of patients). Epilepsy developed in 9/58 (16%) of sur-
viving patients during the long-term follow-up and was asso-
ciated with more than two seizures despite anti-epileptic 
treatment during hospitalization.

Another large prospective study from Turkey included 
1428 patients with stroke, among which 15 had CVT. Four of 
these patients developed seizures (26.6%), a significantly 
higher percentage than ICH (12.7%) or ischemic stroke 
(2.7%) [45].

In a large prospective study from Germany, 194 patients 
with CVT were admitted in two hospitals over 28 years 
[200]. Early seizures (within the first 14 days) occurred in 86 
(44.3%) patients, the majority of which had focal onset and 
subsequent Todd’s paralysis. SE occurred in 11 (12.8%) 
patients. Patients with early seizures were more likely to be 
admitted to the NICU than patients without seizures. 
Amongst patients with seizures, mortality was three times 
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higher in those with SE than in those without SE (36.4% and 
12%, respectively). Motor deficit (odds ratio 5.8, 95% CI 
2.98–11.42), ICH (2.8, 1.46–5.56), and cortical vein throm-
bosis (2.9, 1.43–5.96) were independent predictors of early 
seizures. The authors concluded that prophylactic anti-
epileptic treatment may be an option for patients with these 
predictor variables.

One of the largest studies is the International Study on 
Cerebral Vein and Dural Sinus Thrombosis (ISCVT) [186, 
201]. This prospective, multicenter study included 624 
patients. Most patients were treated with heparin (83%) and 
only 13.4% had a poor outcome (death or dependency). 
Prognostic factors for poor outcome were age >37 years, 
male sex, coma, mental status disorder, hemorrhage on 
admission CT scan, thrombosis of the deep cerebral venous 
system, central nervous system infection, and cancer. 
Presenting seizures occurred in 245 (39.3%, the second 
most common symptom after headache) and early seizures 
(within 2 weeks) in 43 (6.9%) patients with CVT. Sixty per-
cent of early seizures were in reality recurrent, because they 
occurred in patients with presenting seizures. Supratentorial 
lesion (4.05, 2.74–5.95), cortical vein thrombosis (2.31, 
1.44–3.73), sagittal sinus thrombosis (2.18, 1.50–3.18), and 
puerperal CVT (2.06, 1.19–3.55) were associated with pre-
senting seizures, whereas supratentorial lesion (3.09, 1.56–
9.62) and presenting seizures (1.74, 0.90–3.37) predicted 
early seizures.

More recently a five-year prospective study from Iran has 
reported that 32/94 (34%) patients experienced at least one sei-
zure after CVT.  Epilepsy, defined as more than one remote 
(after the first 2 weeks) seizures after discharge, occurred in 4 
(6.3%) patients. Seizure in the acute phase (within the first 2 
weeks) was the strongest predictor of remote seizure in the 
bivariate analysis. However, in the logistic regression analysis 
no factor predicted acute or remote seizure development [202].

In summary, seizures may be the most common or second 
most common sign after CVT and they occur in 26.6–50.9% 
of patients in prospective studies. Early seizures occur in 
6.9–34%, late seizures in 9.5%, and epilepsy in 4.8–25% 
(especially when associated with hemorrhage).

�Treatment of Seizures Related to CVT

The treatment of seizures that follow CVT obeys to the same 
principles as the treatment of seizures not related to this con-
dition. If onset or presenting seizures occur, they should be 
treated with AEDs, because presenting seizures are predic-
tive of early seizures based on the ISCVT results [201]. In 
this large study, the risk of early seizures in patients with 
supratentorial lesions and presenting seizures was signifi-
cantly lower when AED prophylaxis was used (one patient 

with seizures out of 148 patients with AEDs vs 25 out of 47 
patients without AEDs, OR 0.006, 95% CI 0.001–0.05).

Should every patient with CVT be treated prophylacti-
cally with AEDs? In a recent Cochrane Review, Kwan et al. 
did not find any randomized and quasi-randomized con-
trolled trial for treatment of seizures after CVT.  Based on 
that, the authors concluded that there is no evidence to sup-
port or refute the use of anti-epileptic drugs for the primary 
or secondary prevention of seizures related to CVT [203]. 
However, other studies have reported factors associated with 
seizure incidence, such as supratentorial lesions, motor or 
sensory deficits, ICH or isolated cortical vein thrombosis 
[191, 200, 201]. These patients should probably be started on 
AEDs, because early seizures can lead to neurologic or sys-
temic deterioration, SE, or death [201]. In the ISCVT study, 
however, seizures were not an independent predictor of death 
and/or dependency [186]. Moreover, the duration of treat-
ment is unclear. Prolonged treatment for 1 year should be 
considered in patients with CVT who developed early sei-
zures and ICH, because late seizures may occur within the 
first 12 months [183, 185, 191, 200]. Despite the fact that all 
patients with acute seizures were treated with anti-epileptic 
drugs during hospitalization and after discharge, no associa-
tion was found in the Iranian study between remote seizures 
and anti-epileptics prescription [202].

In 2010, the European Federation of Neurological 
Societies published guidelines on treatment of cerebral 
venous and sinus thrombosis in adults. These guidelines 
state that prophylactic treatment may be a therapeutic option 
in patients with focal neurological deficits or supratentorial 
lesions on admission CT/MRI. This recommendation recog-
nizes that there is lack of evidence, but also that there was a 
clear consensus among the Task Force members. They also 
state that the optimal treatment duration in patients with sei-
zures is unclear [204].

How does treatment, which is aimed at recanalizing the 
thrombosed venous channel using various available options, 
affect the incidence or severity of seizures? Few data are cur-
rently available to help answer that question. In the Dutch-
European prospective study, seizures occurred in 16/30 (53%) 
patients on the nadroparin arm and in 12/29 (41%) patients on 
the controls arm (p > 0.05). In the most recent prospective 
Dutch study, 20 patients with severe CVT (i.e., selected for 
thrombolysis if they had an altered mental status, coma, 
straight sinus thrombosis, or large space-occupying lesions) 
were treated with Urokinase infused into the sinuses [205]. 
Some patients received thrombosuction with a rheolytic cath-
eter, combined with thrombectomy via a Fogarty catheter. Six 
patients died in these case series by transtentorial herniation. 
Interestingly, seizures occurred less frequently in the fatal 
cases (1/6) than in the surviving patients (10/14). Even the 
single patient with SE had an excellent outcome. Although no 
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specific mention about AEDs was found in this study, the 
explanation provided for the better outcomes in patients with 
seizures was that some of these patients might be enrolled in 
the study with decreased mental status or coma due to sei-
zures (and not due to severe infarcts or ICHs) and quickly 
recovered with anti-epileptic treatment.

Are seizures in patients with CVT treated with IV heparin 
more likely to lead to fatal complications? One retrospective 
study from Freiburg, Germany, analyzed 79 patients with CVT 
[206]. All patients received a 5000 IU IV bolus of heparin and a 
subsequent infusion with target aPTT of 80–90 s. There was no 
difference in fatal compared to non-fatal outcome in those 
patients with seizures (58% of all patients) or those patients with 
series of seizures or status (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 draw meaningful 
conclusions or because they have a different focus. 
Niwa et al. reported treating a woman in her 10th month 
of pregnancy and superior sagittal sinus thrombosis 
with direct t-PA instillation [207]. The patient pre-
sented with generalized seizure and tetraparesis, but 
was discharged without neurologic deficit. Another 
interesting and informative case was reported by 
Gerszten et  al., who treated an 18-year-old man with 
deep cerebral venous system thrombosis secondary to 
antithrombin III deficiency [208]. The patient, who 
presented with a focal motor seizure, was started on 
anti-epileptics and became comatose with fixed pupils 
before he received the 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 thal-
ami bilaterally, and a hemorrhage 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 on pentobarbi-
tal coma for 20 days for ICP control, but eventually 
improved to the point of independent living and was 
able to graduate from high school on time.

Table 9.5 represents a suggested algorithm for the treat-
ment of CVT-related seizures.
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�Introduction

Seizures are a common complication of hemorrhagic 
stroke, which itself constitutes a wide variety of patholo-
gies. The incidence of seizures after hemorrhagic stroke 
has been estimated to be higher than in ischemic strokes 
(Table 10.1) [1–3], but due to the heterogeneity of hemor-
rhagic strokes and lack of large observational or interven-
tional trials many questions remain unanswered. 
Specifically, it is unclear how the pathophysiology of hem-
orrhages interplays with that of seizure activity and how 
treatment of either affects the overall outcome. Recent 
developments in continuous video EEG monitoring tech-
niques particularly in the critical care settings suggest that 
electrographic seizures and status epilepticus are far more 
common than previously thought. Anti-epileptic prophy-
laxis as well as short- and long-term treatment of seizures 
following hemorrhagic strokes is controversial. The main 
focus of this chapter is to discuss clinical and in particular 
intensive care aspects of seizures in various types of hem-
orrhagic strokes in clinical practice.

�Subarachnoid Hemorrhage

Aneurysmal subarachnoid hemorrhage (SAH) accounts for 
about 3% of all strokes but it is associated with a high mor-
tality and morbidity, typically affecting patients in the midst 
of their productivity. Approximately 10–15% of patients 
with aneurysmal SAH die within the first minutes or hours 
after hemorrhage, even before reaching a medical center [4]. 
Outcomes of aneurysmal SAH are better for patients that are 
treated at high volume medical facilities that have both neu-
rosurgical and endovascular techniques available and treated 
more than 100 patients per year [5]. Case-fatality rates have 
been trending down over the past decade as a result of early 
securing of the aneurysm, better detection of complications 
including early treatment of hydrocephalus and delayed 
cerebral ischemia, and neurocritical care management in 
general [6]. For instance, Hop JW et al. demonstrated an 8% 
decline in case-fatality rate of aneurysmal SAH per decade 
between 1960 and 1992 [7]. Similar observation was made 
by Vergouwen MD et  al. in a recent study which showed 
ninety-day case fatality in 2009–2012 compared to 1999–
2002 period [8]. This also supports the value of neurointen-
sive care in improvement of outcome of these patients.

Seizures are a well-known complication of SAH.  The 
incidence of early and late convulsive seizures after SAH has 
been, respectively, reported to be 1.1–16% [9, 10] and 5.1–
25% of patients [11, 12] in literature depending on the defini-
tion used. Seizures may occur at different stages of the 
disease, including at the time of initial presentation typically 
prior to hospital admission, within 2 weeks of ictus during 
the ICU or hospital stay, and in a delayed fashion up to years 
post-SAH [13]. Less frequently, seizure may be seen due to 
unruptured cerebral aneurysms. Kamali AW et al. reported 
five patients with complex partial seizures that were found to 
have cerebral aneurysms arising from middle cerebral or 
internal carotid arteries adjacent to the presumed epilepto-
genic area. The mechanisms implicated were calcification of 
the aneurysmal wall with compression or ischemia in the 
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adjacent tissue or distal emboli originating from the aneu-
rysm itself [14].

Convulsive seizures after SAH have been associated with 
worse admission neurological function expressed as a higher 
aneurysm grade based on the Hunt Hess or World Federation 
of Neurosurgical Societies Scale [or lower Glasgow Coma 
Scale (GCS)], larger amount of subarachnoid blood on head 
CT scan, rebleeding of the aneurysm, and overall poor out-
come [15, 16]. Seizures can also occur following the treat-
ment of aneurysms. In the International Subarachnoid 
Aneurysm Trial (ISAT) trial, it has been showed that the risk 
of seizure is higher in patients who undergo surgical clipping 
than those patients who get endovascular coiling [17].

In two studies with aneurysmal SAH, the highest inci-
dence of seizure was in anterior cerebral or communicating 
artery aneurysms, followed by middle cerebral artery aneu-
rysms [18, 19]. In addition to the direct effect of SAH on 
seizure incidence as the result of cortical irritation from blood 
products, surgical or less likely endovascular treatment of an 
aneurysm may also contribute to early post-procedure sei-
zures or epilepsy. Chang TR et al. conducted a prospective 
study of 1134 patients with aneurysmal SAH. Overall, 16% 
of 182 patients developed seizures, which were more fre-
quently seen in younger patients (<40 years old), those with 
poor clinical grade, that also had intracerebral hemorrhage, 
MCA location of the aneurysm, and cocaine use [20].

Hyponatremia, which is a common electrolyte abnormal-
ity in patients with SAH, as a result of either cerebral salt 
wasting or SIADH, may lower seizure threshold after SAH. In 
a retrospective study of 316 patients with SAH, Sherlock M 
et al. showed that 179 patients (56.6%) developed hyponatre-
mia (defined as serum sodium less than 135 mmol/L), which 
was due to SIADH in most of the patients (69%). Seizures 
developed in 14.5% of 62 patients with serum sodium less 
than 130 mmol/L, but in this study there was no significant 
difference in the incidence of seizures between patients with 
severe hyponatremia or plasma sodium less than 125 mmol/L 
(3/18) and patients with mild hyponatremia or plasma sodium 
between 125 and 130 mmol/L (6/44). Overall, hyponatremia 
was associated with longer hospital course, but it did not 
independently affect mortality [21].

Continuous EEG monitoring may detect non-convulsive sta-
tus epilepticus (NCSE) as a cause of unexplained alteration of 

mental status or coma in SAH patients. Based on multiple stud-
ies, the rate of non-convulsive seizures and NCSE in patients 
with aneurysmal SAH has been estimated to be 7–18% and 
3–13%, respectively (Kondziella, Claassen, Claassen) [22–24]. 
In poor grade SAH patients non-convulsive seizures may be 
particularly difficult to detect clinically. Dennis et al. found that 
almost every third patient with poor grade SAH and unex-
plained alteration of consciousness who underwent continuous 
video EEG monitoring was in NCSE.  All of these patients 
received prophylactic anti-epileptics at the time of admission. 
Four patients were persistently comatose and four revealed 
deterioration to stupor or coma; only one demonstrated overt 
generalized tonic-clonic seizure before entering to coma; two 
patients had subtle eye blinking and facial twitching. NCSE was 
successfully treated for five patients (63%), but only one expe-
rienced clinical improvement, which was transient. In this small 
study, the mortality rate was 100% in all patients after a period 
of prolonged coma [25]. NCSE in SAH patients has been asso-
ciated with older age (mean age 68 years) and high mortality 
(82–100%) [22]. The following risk factors for NCSE were 
identified in another study done by Claassen et al.: poor Hunt 
and Hess grade (IV or V), older age, ventricular drainage, and 
cerebral edema on CT [26]. In addition to seizures recorded on 
the surface recent studies indicate that focal seizures may be 
even more frequently recorded on invasive brain monitoring 
comatose SAH patients using depth electrodes [26].

EEG monitoring, initially used primarily to detect elec-
trographic seizures, is now routinely applied for many SAH 
patients and has revealed a number of additional EEG pat-
terns. Some of these, such as periodic discharges, while asso-
ciated with poor outcome, are of uncertain significance and 
what is not clear is that their aggressive treatment affects 
outcome. In a prospective study of 756 patients with SAH, 
certain EEG findings on continuous video EEG monitoring 
during the time of hospitalization were associated with poor 
outcome. These EEG findings include the absence of sleep 
architecture, the presence of periodic lateralized epilepti-
form discharges (PLEDs), bilateral independent lateralized 
epileptiform discharges (BiPLEDs), and NCSE [24]. 
Interestingly, aside from seizure detection, continuous video 
EEG monitoring in patients with poor grade SAH can pro-
vide a diagnostic tool for detection of cerebral ischemia due 
to vasospasm as predictable EEG changes are observed with 
decreasing brain perfusion [23, 27, 28].

In the recent guidelines for the management of patients 
with SAH published by American Heart Association, it is 
recommended to use anti-epileptics for seizure prophylaxis 
for 3–7 days following the bleed (Class IIb; Level of 
Evidence B) [6]. The main reason for prophylactic use of 
anti-epileptics after SAH in the ICU setting is to decrease the 
likelihood of catastrophic events such as aneurysm re-rupture 
and ICP crisis which are usually associated with high mortal-
ity and morbidity. In addition, seizures may cause increasing 
cerebral metabolism in an already stressed brain after acute 

Table 10.1  Different subtypes of hemorrhagic stroke and estimated 
risk of seizures

Hemorrhagic stroke subtype Estimated risk of seizure (%)

Cerebral venous thrombosis 47–50

Cavernous malformation 23–79

Arteriovenous malformation 16–53

Subarachnoid hemorrhage 1.1–25

Hemorrhagic conversion of ischemic 
stroke

12

Intracerebral hemorrhage 8
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injury, which may precipitate additional brain injury. 
Following acute brain injury such as subarachnoid hemor-
rhage, increased metabolism and blood flow have been dem-
onstrated with the onset of non-convulsive seizures. 
Interestingly, brain oxygen may drop, intracranial pressure 
may rise rapidly, but regional cerebral blood flow may 
increase only minutes and not seconds after the onset of the 
seizure [26, 29]. One possible explanation for these observa-
tions may be that seizures cause more damage in acutely 
brain injured patients than in those with epilepsy, damaging 
intrinsic defense mechanisms such as vasoreactivity.

Most series exploring the benefits of seizure prophylaxis 
after SAH studied the effects of phenytoin, which was asso-
ciated with worse functional and cognitive outcomes in non-
controlled case series [30, 31]. Phenytoin, metabolized by 
the hepatic cytochrome P450-3A4 system, increases the 
metabolism of the calcium channel antagonist nimodipine, 
therefore decreasing its bioavailability [32]. This is problem-
atic since nimodipine is recommended based on clinical tri-
als (Class I; Level of Evidence A) as a treatment to decreased 
morbidity from delayed cerebral ischemia [6]. With more 
favorable safety profiles, newer AEDs, such as levetirace-
tam, are increasingly used for seizure prophylaxis following 
SAH. In a recent survey from 25 centers in the USA, leveti-
racetam was used in 94% as the anti-epileptic agent of choice 
for seizure prophylaxis in SAH [33].

Early identification and treatment of seizures or status 
epilepticus (SE) is of paramount importance and should be 
achieved as soon as possible to avoid refractory or super-
refractory status epilepticus. The first line agents in standard 
protocol for treatment of SE are parenteral lorazepam or 
midazolam. The second line treatment includes intravenous 
fosphenytoin or phenytoin, valproate, levetiracetam, or 
lacosamide based on comorbidities, availability of medica-
tions, and preference. In case of failure of first and second 
line agents, the third line therapy should be initiated 
promptly in conjunction with video EEG monitoring in an 
intensive care unit. At this point, patients need to be intu-
bated for airway protection. The third line treatment includes 
phenobarbital, another second line agent or intravenous 
anesthetics such as midazolam, propofol, pentobarbital, or 
ketamine [34].

�Intracerebral Hemorrhage

Spontaneous intracerebral hemorrhage (ICH) or intra-
parenchymal hemorrhage constitutes about 15% of all 
strokes and is associated with high mortality and morbid-
ity. The most common causes of spontaneous ICH include 
hypertension, amyloid angiopathy, hemorrhagic conver-
sion of ischemic stroke, arteriovenous malformation 
(AVM), cavernous malformation, other vascular abnor-

malities, and hemorrhagic complications of primary or 
metastatic brain tumors [35]. Aggressive management of 
secondary complications has been associated with 
improved outcomes after ICH.

Seizures are common following ICH with an estimated 
30-day risk of 8% [36]. Most seizures (90%) occur in first 72 
h of admission but delayed seizures and later development of 
epilepsy are also seen [37]. Neshige S et al. most recently 
performed a retrospective study of 1920 patients with ICH 
over a period of 8 years [38]. These researchers observed 
that the rate of seizures was 6.6% (127/1920) and more spe-
cifically 4.3% for early seizures (defined as seizures within 
one week of ICH onset) and 2.3% for late seizures (those 
occurring after the first week from ICH onset). Use of con-
tinuous video EEG monitoring in neuro-ICUs has played a 
major role in detecting and appropriately treating subclinical 
non-convulsive seizures in ICH, which are estimated at 18 to 
28% [39–41].

A number of characteristics increase the risk of convul-
sive seizures in ICH including lobar hemorrhage (particu-
larly non-occipital and juxtacortical locations), hematoma 
size, low GCS, focal neurologic deficit, presence of hydro-
cephalus, and midline shift on CT head (Bladin CF, 2000; De 
Reuck J, 2007; Weisberg LA, 1991). In multivariate analy-
ses, the following were significantly associated with the 
development of both convulsive and non-convulsive sei-
zures following ICH: cortical location of the ICH (odds ratio 
7.37, 95% CI 4.77–11.45); non-hypertensive etiology (1.63, 
1.02–2.56); high NIH stroke scale at the time of admission 
(1.04, 1.02–1.05), and younger age (0.97, 0.96–0.98). 
Interestingly, hematoma volume was the only independent 
factor associated with recurrence of seizures (1.02, 1.001–
1.023) [38].

The association between ICH-related early seizures and 
prognosis or functional outcome has been recently studied. 
Brüning et al. in a retrospective study of 484 patients with 
spontaneous non-traumatic ICH from a single institution 
showed that there was no statistically significant association 
between early seizures and functional outcome measured by 
modified Rankin Scale (mRS) [42]. De Herdt et al. in a pro-
spective study of 562 patients with spontaneous ICH found 
that early seizures did not affect functional outcome at 6 
months [43]. Electrographic seizures, on the other hand, 
were associated with poor overall 3 months outcome and 
hematoma expansion [40] and increasing midline shift [43].

The underlying pathophysiology of seizures after ICH 
depends on the time that seizures are first recorded. Early 
onset seizures which occur within 2 weeks of ICH are pri-
marily caused by anatomical destruction due to mass effects 
of hematoma and also biochemical disruption at the cellular 
level [3]. Delayed seizures that occur after 2 weeks of ICH 
onset are thought to be related to gliosis and chemico-cellular 
repair processes creating an epileptogenic focus [3, 40].
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The role of seizure prophylaxis, choice of anti-epileptic 
agent, and its duration are controversial in the absence of 
randomized clinical trials. In the past, prophylactic AEDs 
were recommended for 30 days after lobar ICH [44, 45]; 
however, this is not generally accepted by many authorities 
any more. Based on the most recent American Heart 
Association guidelines regarding the management of ICH, 
prophylactic AEDs are not recommended (Class III, level of 
evidence B) [46]. Naidech AM et al. in a prospective study of 
98 patients with ICH showed that prophylactic use of phe-
nytoin was associated with poor functional outcome defined 
as mRS of 3–6 [47]. Gilad R et al. in a small randomized 
clinical trial of 72 patients with ICH showed that 7 patients 
of the treatment group (total 36) and 8 patients of the placebo 
group (total 36) developed seizures within a 1 year follow-up 
period, a non-significant difference. They concluded that 
prophylactic treatment with valproic acid for 1 month fol-
lowing ICH did not prevent seizures in 1 year follow-up 
[48]. Sheth KN et al. performed a prospective cohort study 
of 744 ICH patients. AEDs, mainly levetiracetam (89%), 
were prescribed for seizure prophylaxis in 289 (39%) 
patients. The authors found that use of prophylactic AEDs 
was associated with poor outcome in an unadjusted model 
(O.R 1.4; 95% CI 1.04–1.88); however, after adjusting for 
clinical data including age, hematoma volume, GCS, IVH 
presence, and lobar hemorrhage in multivariate logistic 
regression, no significant association was found (1.11, 0.74–
1.65) [49].

Continuous video EEG monitoring is recommended in 
ICH patients with unexplained alteration of level of con-
sciousness or any suspicion for subclinical seizures (Class 
IIa; level of evidence C) [46]. Brain hemorrhages themselves 
may cause alterations of EEG rhythms depending on their 
location, Delta activity may be observed over the affected 
hemisphere in deep capsular/basal ganglia hemorrhages, at 
times arising in rhythmic runs of moderate amplitude [50, 
51]. Thalamic hemorrhages may be associated with ipsilat-
eral delta activity, a reduction or enhancement of the alpha 
rhythm depending on the precise location within the thala-
mus, and absence of sleep spindles [50, 52]. Bleeds located 
in the mesencephalic area may cause diffuse theta activity 
[50]. Hemorrhages in the mid-lower brainstem can lead to 
diffuse attenuation or a lack of reactivity [50, 53].

�Arteriovenous Malformations

Arteriovenous malformations (AVM) present frequently 
before age 40 and they are almost equally distributed 
between men and women. The most common indication 
for ICU admission for AVMs is ICH, which is seen in 
30–82% of patients. The most common clinical presenta-
tions of cerebral AVMs include ICH, seizures, headache, 

and focal neurologic deficits [54]. The rate of seizure as 
initial manifestation of AVMs has been estimated to be 
about 16–53%. Seizures associated with the presence of an 
AVM can occur as a result of: (1) secondary ICH; (2) 
unruptured AVMs causing epileptogenesis in the surround-
ing brain tissue; (3) treatment, including post-surgical 
resection, post-endovascular coiling or even stereotactic 
radiosurgery [55–60]. In a prospective study of 229 
patients with AVM, Josephson et al. found that the risk of 
developing epilepsy within 5 years after a first ever seizure 
was 58% (95% CI 40–76%). The risk of a first ever unpro-
voked seizure in 5 years was higher in patients with AVM 
and ICH or AVM with focal neurologic deficit compared to 
asymptomatic AVMs who were found incidentally (23%, 
9–37% vs 8%0–20%) [61].

There are several factors that increase the risk for post-
operative seizures in patients with AVMs. In a retrospective 
study, Hoh et  al., a multidisciplinary neurovascular team, 
treated 424 patients with cerebral AVMs. One hundred forty-
one (33%) of those had seizures before treatment. Follow-up 
data was available in 110 (78%) of these patients for a mean 
period of 2.9 years after treatment. Based on Engel Seizure 
Outcome Scale, there were 73 (66%) Class I (free of dis-
abling seizures), 11 (10%) Class II (rare disabling seizures), 
1 (0.9%) Class III (worthwhile improvement), and 22 (20%) 
Class IV (no worthwhile improvement) outcomes. Sixteen 
(5.7%) patients experienced new-onset seizures after treat-
ment. A limited seizure history (<5 seizures before treat-
ment), association of seizures with intracranial hemorrhage, 
generalized tonic-clonic seizure type, deep and posterior 
fossa AVM locations, surgical resection, and complete AVM 
obliteration were statistically associated with Class I out-
comes. In the entire cohort, surgery resulted in seizure elimi-
nation in 81%, radiosurgery in 43%, and embolization in 
50% of patients treated. When only completely obliterated 
AVMs were considered, no statistically significant differ-
ences between surgery, radiosurgery, and embolization were 
observed [62].

Other factors increasing the post-operative risk for sei-
zures include age less than 30 years at seizure onset, pre-
operative seizure duration greater than 12 months, AVM size 
greater than 3 cm, location in the medial temporal or peri-
Rolandic cortex, and previous hemorrhage or hemosiderin 
deposition [63–66].

Treatment for AVM-related seizures is controversial. In a 
recent meta-analysis, Josephson et  al. concluded that it is 
still unclear whether invasive treatment for AVM-related sei-
zures is superior to AEDs or not. Interestingly, there is still 
no randomized clinical trial to compare invasive treatment 
versus medical management for AVM-related seizures, prob-
ably because the focus of the treatment is to obliterate the 
AVM and decrease the risk for bleeding instead of treating 
seizures [67].

A. Mahta and J. Claassen
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�Cavernous Malformations

Cerebral cavernous malformation (CCM) consists of a tan-
gle of blood vessels which lack elastic and muscular layers 
without intervening brain tissue. In addition, the endothelial 
cells are not connected together via tight junctions causing 
them susceptible to hemorrhage (Al-Shahi Salman R, 2012). 
CCMs can occur sporadically or be familial with an autoso-
mal dominance inheritance pattern with incomplete pene-
trance and variable clinical presentations. Their overall 
incidence has been reported to be around 0.5% in the general 
population. The most common clinical presentation of CCMs 
is seizures, which occur in 23–79% of patients [68–70]. ICH 
is another frequent complication of CCMs, particularly in 
Hispanic patients, and this may also lead to seizures [71]. Of 
those patients who present with seizures, 40% develop medi-
cally refractory epilepsy for which surgical resection is the 
treatment of choice [72]. The exact mechanism of epilepto-
genesis in CCM is still unclear. It has been hypothesized that 
chronic microhemorrhages from the CCM causes deposition 
of hemosiderin, a blood degradation product, in the adjacent 
brain tissue. Hemosiderin can irritate the brain parenchyma 
by generating free radicals and lipid peroxides causing exci-
totoxicity on the adjacent neuronal tissues [73, 74]. Based on 
a recent meta-analysis, total surgical resection of CCMs 
including complete removal of the hemosiderin ring is asso-
ciated with better seizure control compared to surgical resec-
tion without excision of the hemosiderin ring [75].

�Ischemic Stroke with Hemorrhagic 
Conversion

Ischemic stroke and seizures in critical care is extensively 
discussed in a separate chapter. In this section we present 
data about seizures associated with hemorrhagic conversion 
of an ischemic stroke. Hemorrhagic transformation of an 
ischemic stroke can range from subtle asymptomatic pete-
chial hemorrhages found on neuroimaging to large clinically 
significant (symptomatic) hematomas extending within or 
beyond the infarcted area [76]. In a prospective cohort study 
of 714 patients with stroke, Beghi et al. have reported that 
compared to cerebral infarction, primary ICH carried the 
highest risk (OR 7.2, 95% CI 3.5–14.9) for symptomatic sei-
zures within 7 days of stroke onset followed by cerebral 
infarction with hemorrhagic stroke transformation (2.7, 0.8–
9.6) [77]. In another prospective study of 2053 patients with 
stroke (both ischemic and hemorrhagic) over a period of four 
years, Procaccianti et  al. found that 64 patients presented 
with seizures within the first week from stroke onset. They 
described the following factors as independent seizure pre-
dictors in patients with stroke: total anterior circulation 

infarcts, hemorrhagic transformation, cortical location of the 
lesion, and hyperglycemia in patients without diabetes [78]. 
Zhang et al. performed a meta-analysis to evaluate risk fac-
tors for seizures in patients with stroke. The following risk 
factors were significantly associated with the development 
of early seizures in all stroke patients: intracerebral hemor-
rhage (OR = 1.88, 95% CI 1.43–2.47), cerebral infarction 
with hemorrhagic transformation (3.28, 2.09–5.16), stroke 
severity (3.10, 2.00–4.81), and alcoholism (1.70, 1.23–2.34). 
On the other hand, cortical involvement (2.50, 1.93–3.23) 
and stroke severity (5.72, 4.23–7.22) were significantly asso-
ciated with late onset seizures. Interestingly, there was no 
significant difference in the probability of single late onset 
seizure episode between patients with ICH and ischemic 
stroke (1.20, 0.92–1.55) [79].

Lastly, the treatment modality of ischemic stroke and its 
hemorrhagic complications may affect the development of 
seizures. In a prospective study of 805 patients with stroke 
treated endovascularly, 44 (5.5%) patients had seizures 
between stroke onset and 3-month follow-up (26 patients 
had early and 18 had late seizures). Early seizures (within the 
first 24 h from stroke onset) were independently predicted by 
asymptomatic ICH (OR 2.763, 95% CI, 1.185–6.442). Early 
seizures were also independently associated with unfavor-
able outcome (4.7, 0.376–3.914), similarly to symptomatic 
ICH (4.749, 0.376–3.914) [80]. It is unknown whether there 
is any potential benefit from prophylactic anticonvulsive 
treatment in patients receiving endovascular therapy for 
acute stroke, particularly for those with hemorrhagic 
conversion.

�Conclusion

In summary, both convulsive and non-convulsive electro-
graphic seizures are common complications of various types 
of hemorrhagic strokes. The risk of both early and late devel-
opment of clinical or electrographic seizures mainly depends 
on the mechanism of hemorrhagic stroke and also its ana-
tomical location. Early identification of electrographic sei-
zures and status epilepticus using video EEG monitoring 
mostly in neurocritical care units has been associated with 
more aggressive treatment and in general better outcomes in 
most cases.
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�Introduction

Traumatic brain injury (TBI) is a serious public health con-
cern in the United States. An estimated 1.7 to 2 million peo-
ple suffer TBI annually leading to 1,365,000 emergency 
department visits per year. Of these visits, 275,000 result in 
hospitalization and 52,000  in death [1–3]. This incidence 
equates to one hospitalization per 1000 people each year [2]. 
Many of these 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, including 
$3.5 billion of hospital costs [4]. Seizures are a well-known 
complication of TBI with reported incidences for convulsive 
seizures ranging from 2 to 12% [5–13] and up to 33 % for 
nonconvulsive seizures [14, 15]. The incidence of seizures is 
higher in severe TBI and also with penetrating injury [6, 16]. 
Post-traumatic seizures are classified into immediate (<24 
h), early, and late based on the relationship between the time 
of injury and time of seizure onset. The mechanisms that 
generate post-traumatic seizures are not known and there 
may be differences in the pathophysiology of early and late 
seizures. Post-traumatic epilepsy is defined as two or more 
unprovoked seizures following injury and must be viewed in 
a different perspective as a single post-TBI seizure [17].

One of the main goals of ICU care in TBI should be the 
prevention of physiological stresses that can worsen the ini-
tial injury. These secondary insults include hypoxia, hypo-

tension, hyper-/hypoglycemia, hypo-/hyperperfusion, and 
neurotoxicity. Seizures are known to cause intense metabolic 
stress and also release significant quantities of neurotrans-
mitters. Vespa et al. examined continuous EEG (cEEG) and 
microdialysis from ten patients with severe TBI and seizures 
with a matched cohort of ten patients without seizures [18]. 
Seizures were associated with a higher mean intracranial 
pressure and a higher mean lactate/pyruvate ratio.

Seizures therefore represent a potential for secondary 
insult, and some data demonstrates that seizures are associ-
ated with a worse outcome in TBI [19]. Thus, it is important 
to recognize seizures in patients with TBI and to treat them 
aggressively; care must also be given to diagnose nonconvul-
sive seizures promptly. Their significance in affecting out-
come post-TBI is unknown, but they may be a potential risk 
factor for poor prognosis [20]. In addition, patients with rec-
ognized risk factors for post-traumatic seizures should 
receive anticonvulsant prophylaxis.

This chapter will review data regarding the incidence of 
post-traumatic seizures, particularly in the ICU population. 
Methods for diagnosing post-traumatic seizures will be 
reviewed, along with experimental data and current hypoth-
eses regarding their pathophysiology. Methods of treating 
seizures in TBI and current recommendations for seizure 
prophylaxis will be discussed.

�Incidence of Seizures in Traumatic Brain 
Injury

Estimates of the incidence of post-traumatic seizures have 
varied widely, ranging from 2 to 16% [6, 7, 13] of patients 
with clinically apparent seizures. These studies used clinical 
evidence of seizure activity for establishing the diagnosis, but 
electrographic seizures with minimal to no clinical correlation 
may be even more common. A recent prospective, non-ran-
domized, non-blinded study using cEEG monitoring in the 
ICU found that 22% of moderately to severely injured TBI 
patients experienced seizures [14]. This study by Vespa et al. 
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examined 94 patients with moderate to severe TBI for up to 
14 days post-injury. Of the 22% of patients with seizures, 
52% had nonconvulsive or clinically silent seizures, and one 
third of the group had status epilepticus. Interestingly, except 
for one patient without any clinical seizure activity, the patients 
with status epilepticus had minimal clinical signs including 
rhythmic facial twitching, eyelid fluttering, and irregular 
myoclonus that could easily be missed. All patients with status 
epilepticus died, compared with a 24% mortality rate in the 
non-seizure group. Another study by Ronne-Engstrom and 
Winkler using cEEG in 70 patients with TBI found a 33% 
incidence of seizures with onset 1–5 days after injury [21]. 
35% of the patients with seizures had persistent seizure activ-
ity requiring propofol or barbiturate sedation. Older age and 
low-energy trauma were risk factors for developing seizures.

The incidence of post-traumatic epilepsy is reported to 
vary according to injury severity. Annegers et al. followed 
4541 cases of traumatic brain injury in Olmsted County, 
MN, from 1935 to 1984 and calculated seizure risk [5]. The 
relative risk of seizures was 1.5 (95% confidence interval 
1.0–2.2) after mild injuries, but with no increase after 5 
years, 2.9 (95% confidence interval 1.9–4.1) after moderate 
injuries, and 17.2 (95% confidence interval 12.3–23.6) after 
severe injuries. Significant risk factors for the development 
of post-traumatic seizures were brain contusion with subdu-
ral hematoma, skull fracture, loss of consciousness or amne-
sia of greater than 24 h, and age over 65 years. Englander 
et  al. found a 12% incidence of post-traumatic seizures in 
647 TBI patients followed over 24 months [16]. The highest 
cumulative probability for late seizures included biparietal 
contusions (66%), dural penetration (62.5%), multiple intra-
cranial procedures (36.5%), multiple subcortical contusions 
(33.4%), evacuated subdural (27.8%), midline shift >5 mm 
(25.8%), and multiple cortical contusions (25%). In addition, 
Glasgow Coma Scale (GCS) was correlated with seizure 
incidence: 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 a large prospective, randomized, double-blind sei-
zure prophylaxis study from Seattle, Temkin et al. reported 
independent risk factors from Cox regression multivariate 
models. Five factors emerged as increasing seizure risk in 
this population: early seizures (within 7 days), coma for over 
1 week, dural penetration, depressed skull fracture not surgi-
cally treated, and one or more nonreactive pupil [22]. These 
findings are in agreement with Annegers et al. who described 
that brain contusion, skull fractures, and prolonged amnesia 
or unconsciousness (>24 h) are injury patterns associated 
with a higher incidence of seizures [6]. Additionally, age 
≥65 was also a risk factor for seizure development. In a more 
recent study, an overall incidence of post-traumatic seizures 
of 6.33% (95% CI 3.96–8.69) was found in 411 patients fol-
lowed for 5 years with rates for early seizures of 1.95% and 
late seizures at 4.38% [23]. The patients with severe injury, 
defined as intracerebral hemorrhage/contusion, loss of con-

sciousness, or amnesia >24 h, were more likely to develop 
post-traumatic seizures. Interestingly, there were no statisti-
cally significant differences between age and GCS score. 
The rates of post-traumatic seizures in the civilian popula-
tion are lower than those based on military populations. In 
the Vietnam Head Injury Study, 53 % of veterans who had 
penetrating head injuries developed post-traumatic epilepsy, 
and half of those patients still had seizures 15 years after 
injury. However, the relative risk of developing epilepsy in 
these patients dropped from 580 times higher than the gen-
eral age-matched population in the first year after TBI to 25 
times higher after 10 years [8]. A study looking at the more 
recent Afghanistan and Iraq war veterans again identified 
penetrating head injuries as having the strongest association 
of epilepsy development with an odds ratio of 18.77 (95 % 
CI 9.21–38.23) [24]. Figure 11.1 shows examples of injuries 
associated with post-traumatic seizures.

Other factors that can predispose to the development of 
post-traumatic seizures include age (incidence is higher in the 
pediatric population [25] and the elderly [6]), history of alco-
hol abuse, previous seizures, and a family history of seizures 
[5]. Genetic predisposition to post-TBI seizures is an interest-
ing issue that has not been well addressed to date. Similar 
injuries lead to a wide variety of seizure incidence and fre-
quency. Not all studies agree on the genetic predisposition. 
Jennett found that family history of epilepsy was more com-
mon in patients aged less than 16 years with late post-TBI 
seizures [26]. In the Vietnam Head Injury Study, this factor 
was not predictive of either early or late seizures [8]. In 
another study examining genetic susceptibility to epilepsy, 
seizure incidence among relatives of patients with post-TBI 
seizures was not higher than among the general population 
[27]. In a prospective study of late post-traumatic seizures 
after moderate and severe TBI, 106 patients were examined 
for the ApoE locus by restriction fragment length polymor-
phism analysis [28]. Twenty-one patients had at least one late 
post-TBI seizure. The relative risk of late post-TBI seizures 
for patients with the ε4 allele was 2.41 (95 % CI 1.15–5.07, p 
= 0.03). Of note, the presence of this allele was not associated 
with an unfavorable outcome. Genetic variations of inhibitory 
neurotransmitters and pathways are also being evaluated as 
risk factors for post-traumatic seizure development. A 2010 
study by Wagner et al. found certain adenosine A1 receptor 
gene variations to be associated with increased susceptibility 
of early and late seizures [29]. Darrah et al. found increased 
risk of post-traumatic seizures between 1 week and 6 months 
post-injury in patients with a particular polymorphism of the 
glutamic acid decarboxylase (GAD) 1 gene [30]. Identifying 
these genetic variations has important implications in both 
targeting the appropriate patient population to treat with anti-
convulsants and helping to determine the pathophysiology of 
post-traumatic epilepsy.

In studies examining post-traumatic seizures, an arbitrary 
definition of early and late is commonly used. Early seizures 
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are defined as occurring in the first 7 days after injury and 
late seizures occur after this point. Early seizure incidence 
ranges from 2.1 % to 16.9 % [6, 26, 31]. The incidence of 
late seizures ranges from 1.9 to 30 % [17]. However, this 
classification is potentially too restrictive. Many TBI patients 
remain critical in the ICU for longer than 7 days; it would be 
unreasonable to consider a seizure on the tenth hospital day 
a “late” seizure. Some studies have extended the acute period 
to include the first month post-injury. This approach, how-
ever, is not ideal, since 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 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 signifi-
cant occurrence of seizures at the scene of both mild and 
severe TBIs [32, 33]. These immediate seizures are more 
likely related to the direct disruption of cortical and subcorti-
cal connections as a result of percussive forces on the brain 
and less likely the result of neurochemical or metabolic 
derangements. However, classifying the timing of onset of 
post-traumatic seizures is important for both trying to under-

stand their pathophysiology and also in trying to define fac-
tors that can predict their occurrence.

A second important goal of dividing seizures by time of 
occurrence is to evaluate whether early seizures can predict 
the occurrence of late seizures or the development of a long-
term seizure disorder. Early seizures are linked with late sei-
zure development. The increased risk for late seizures after 
early seizures is independent of the actual number of sei-
zures occurring during the first week after TBI [17]. Not all 
studies, however, report an increased incidence of late sei-
zures after early post-TBI seizures. A large retrospective 
study by Annegers et  al. utilized multivariate analysis and 
found that early seizures are not an independent risk factor 
for late post-traumatic epilepsy, and most likely early sei-
zures are a marker of injury severity sufficient to cause late 
epilepsy [5]. Another interesting observation is that the inci-
dence of late seizures after early post-TBI seizures is depen-
dent on the age of the patient. Children less than 16 years old 
may not be at increased risk for late seizures regardless of the 
early seizure type [5, 17]. Additionally, there is some evi-
dence that immediate seizures occurring at the scene of the 
trauma are not linked with any increased risk of developing 
late seizures [32].

Fig. 11.1  CT examples of findings associated with post-traumatic seizures. (a) Right subdural hematoma. (b) Left frontal contusion. (c) Multiple 
skull fractures
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The incidence of post-traumatic seizures differs in the 
pediatric population. The overall incidence is higher than in 
adults [6, 25, 31]. Early post-traumatic seizures occur slightly 
more commonly with reported incidence rates of 9–15% [12, 
34–36]. As with adults, there is a close correlation between 
injury severity and the incidence of any type of seizures. 
Hahn et al. demonstrated that the incidence of post-traumatic 
seizures was seven times greater in children with severe TBI 
and GCS <8, compared with milder injury and higher GCS 
score [34]. Young age is also an important risk factor for 
seizures, with younger age having higher risk [35–37]. The 
occurrence of early seizures in severe TBI is also higher than 
the adult population, with reported incidences as high as 
38.7% in one study, which classified severe TBI as GCS 3–8 
[35]. Furthermore, early seizures tend to occur even earlier 
in children; up to 50–80% of early seizures in the pediatric 
population occur in the first 24 h after injury [25, 38].

�Experimental Approaches to Post-traumatic 
Seizures

Immediate post-traumatic seizures have been described in 
several experimental models of traumatic brain injury includ-
ing the impact acceleration model of diffuse TBI, the lateral 
fluid percussion model [39], and models of cortical contu-
sion [40, 41]. One study monitored EEG for 2 h post-injury 
in rodents exposed to cortical contusion, and generalized sei-
zure activity was recorded in 14 out of 17 cases, at a mean 
time of 67 s after trauma [41]. Concurrent microdialysis 
measured a consistent increase in aspartate, taurine, gluta-
mate, and glycine; however, it is not clear if this represented 
a cause or a consequence of the seizures. Longer-term behav-
ioral studies in experimental TBI have not demonstrated any 
significant evidence of clinical seizure activity [42, 43]. This 
finding is at odds with the clinical behavior of TBI, and it 
may relate to differences in seizure thresholds between 
rodents and humans, though the difference may also be 
explained by the heterogeneity of models of TBI. For exam-
ple, a study utilizing the lateral fluid percussion model found 
that nearly half of rats developed clinical epilepsy with a 
latency of 7 weeks to 1 year post-injury [39]. Another study 
using the controlled cortical injury and lateral fluid percus-
sion injury models demonstrated that while the rate of 
delayed seizures is low (3–9%), over 70% of mice had spon-
taneous epileptiform discharges up to 9 months post-injury 
with the majority showing increased seizure susceptibility 
when compared to controls [44]. This ongoing hyperexcit-
ability plays a role in post-traumatic epileptogenesis.

The origin of post-traumatic seizures is not known and 
improved understanding requires a good experimental 
model. Studies have evaluated in  vivo seizure activity, 
in vitro seizure activity in brain tissue from injured animals, 

and in vitro seizure activity in brain tissue injured in vitro. In 
vivo models have focused on either direct observation of sei-
zures or stimulation of seizures by cortical injection of fer-
rous chloride [45]; the latter technique is thought to mimic 
cortical accumulation of blood breakdown products and 
causes recurrent focal epileptiform discharges. One of the 
in  vitro approaches used isolated hippocampal slices from 
the brains of injured animals, followed by in vitro electro-
physiological recording [46]. In vitro models of traumatic 
brain injury have difficulty in reproducing a meaningful 
level of trauma. Models have included scraping hippocampal 
slices or stretching neurons grown in culture [47, 48]. 
Combining all these techniques, Golarai et  al. examined 
changes in the rodent brain after weight drop injury to the 
somatosensory cortex [49]. They found an early selective 
cell loss in the dentate gyrus and area CA3 of the hippocam-
pus, a persistently enhanced susceptibility to 
pentylenetetrazole-induced seizures for up to 15 weeks after 
injury and an abnormal hyperexcitability in the granule cell 
and molecular layers of the dentate gyrus.

�Pathophysiology of Post-traumatic Seizures

The pathophysiological mechanisms causing post-traumatic 
seizures are not well understood, and there is likely some 
variation depending on the time of onset after injury. Post-
traumatic seizures should be thought of as primary and sec-
ondary. Primary post-traumatic seizures are most likely to 
occur immediately after injury and are caused by direct 
effects of the brain injury itself. Secondary seizures are 
caused by other epileptogenic factors not directly related to 
the injury, such as fever, inflammation, metabolic and elec-
trolyte abnormalities, or drug reactions. Late seizures are 
explained by structural changes such as neurogenesis and 
synaptic plasticity [50]. Primary and secondary seizures are 
related in that the injury itself may contribute to a reduction 
in seizure threshold, therefore increasing the epileptogenic-
ity of the factors that can cause secondary and late seizures.

A cascade of metabolic and neurochemical events charac-
terize traumatic brain injury, starting at the time of injury and 
continuing throughout the acute and subacute phases. Many 
of these changes are potentially epileptogenic, including 
hyperglycolysis [51]; extracellular elevation of glutamate 
(and other amino acids, particularly aspartate) [52, 53]; tran-
sient flux of ions including sodium, calcium, and potassium 
[54]; and altered cerebral blood flow [55]. Traumatic brain 
injury also triggers a series of cellular repair mechanisms 
such as axonal sprouting, necessary for functional recovery; 
however, some of these processes may subsequently lead to 
hyperexcitability and epileptogenesis [56].

In the acute phase, elevations in extracellular excitatory 
amino acids can cause widespread depolarization that may 
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reach seizure threshold. Loss of inhibitory neurons may pro-
mote generation of a seizure focus. Ionic transients may shift 
the cell membrane equilibrium potential either causing 
action potential generation or a reduction in the stimulus 
threshold required to generate an action potential. Changes 
in extracellular pH can also shift the membrane potential as 
alkalosis tends to cause depolarization. The most widely 
studied theory involves the massive rise in levels of the 
excitatory neurotransmitter, glutamate, which then triggers a 
series of changes in calcium homeostasis, cell signaling 
pathways including NMDA receptor activation, and eventu-
ally cell death [57].

Seizures arising in the more chronic phases of injury are 
less likely caused by acute changes in cellular physiology. 
These late seizures are more likely related to the influence of 
glial scars, breakdown products of hemoglobin, death of 
inhibitory interneurons, or disruption of neuronal connec-
tions with formation of abnormal neosynapses with greater 
excitatory potential [58].

A change in the balance of inhibitory and excitatory neu-
rons may also play a role in seizure development. Loss of 
hippocampal hilar neurons and subsequent hyperexcitability 
has been identified in injured animals [59]. A phenomenon 
known as “mossy fiber sprouting” in which granule cells in 
the dentate nucleus sprout axons to nearby granule cells form-
ing new connections has been recurrently demonstrated in 
animal models of post-traumatic epilepsy [39, 60]. These 
changes occur in the hippocampus ipsilateral to the injury and 
are correlated with the severity of injury. A pathology study in 
humans undergoing temporal lobectomy for post-traumatic 
epilepsy also identified hippocampal cell loss in 94 % of 
patients and, to some extent, mossy fiber sprouting in all 
specimens [61]. Using another mouse model of TBI, the neo-
cortical “undercut,” Jin et  al. demonstrated that these new 
connections lead to increased excitatory connectivity upon 
layer V pyramidal neurons [62]. This cortical reorganization 
contributes to development of post-traumatic epilepsy.

Epileptogenesis may not be entirely a neuronal phenom-
enon. It is known that glial membrane channels participate in 
ionic homeostasis [63] especially at times of neuronal activ-
ity. In particular, glial cells buffer levels of extracellular 
potassium, and failure of this mechanism can result in 
increased neuronal excitability and seizures [64]. 
Electrophysiological recordings in hippocampal slices from 
experimentally injured brains have demonstrated reductions 
in inward and outward potassium currents and abnormal 
accumulation of extracellular potassium. Abnormal glial 
buffering of potassium may represent another mechanism of 
post-traumatic seizure development [46].

Breakdown of the blood-brain barrier and inflammation 
are key features of TBI and may also play a role in seizure 
development. Direct damage to the blood-brain barrier 
causes increased permeability of foreign substances such as 

blood proteins, complement, and reactive oxygen species 
[50]. One study by Seiffert et al. exposed rat cortex to bile 
salts causing breakdown of the blood-brain barrier and 
extravasation of serum albumin. Brain slices were then 
recorded, and abnormal epileptiform activity was seen in 
69% of the treated slices compared to only 10% of the sham-
operated controls [65]. Focal EEG abnormalities correlated 
to areas of blood-brain barrier breakdown have also been 
demonstrated in human brains following injury [66]. 
Furthermore, a release of cytokines and chemokines occurs 
within minutes of injury and leads to accumulation of 
immune cells in the damaged brain and long-term microglial 
activation [67]. While these inflammatory mediators also 
play a protective role and are important for neural repair, the 
complex pathways require further study to determine poten-
tial targets for post-traumatic epileptogenesis.

The impact of seizures on macroscopic physiological 
parameters in traumatic brain injury has not been well stud-
ied. In a study using cEEG monitoring in ICU patients with 
severe TBI [14], the incidence of raised ICP was similar in 
both seizure and non-seizure patients. The mean ICP was 
higher in the seizure group (15.6 vs 11.8 mmHg, p < 0.001); 
however, this finding may simply reflect seizures occurring 
in the most severely injured patients. A separate analysis 
comparing ICP values in individual patients on seizure days 
and non-seizure 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 non-ventilated patient), and prolonged myo-
clonic and tonic-clonic activity can lead to excess tissue and 
serum lactate levels and acidosis. Moreover, seizures have 
been found to contribute to altered cerebral metabolism in 
TBI patients. A study of 34 severe TBI patients found that 
seizures and periodic epileptiform discharges were associ-
ated with lower cerebral microdialysis glucose and elevated 
lactate/pyruvate ratio indicating metabolic crisis, which then 
normalized during the non-ictal period [68]. Of particular 
interest in this study was the finding that periodic discharges, 
thought by some to be benign, were also associated with 
metabolic crisis. These factors may constitute secondary 
insults, known to worsen outcome after TBI [69], and may 
represent new therapeutic targets.

�Diagnosis of Seizures

The occurrence of seizures can be suspected by clinical 
activity but EEG confirmation 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 
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rhythmic myoclonic activity or as a more subtle finding, 
such as a facial twitch [14]. Seizures may also manifest as a 
decrease in mental status, and any workup for this problem 
after TBI should include an evaluation for seizures with 
EEG. Seizures may be masked in the ICU population by the 
use of neuromuscular blocking agents, and therefore, caution 
should be taken when using these agents in patients who are 
at higher risk of post-traumatic seizures and cEEG should be 
considered.

The EEG can be utilized in different ways for diagnosing 
post-traumatic 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 elec-
trical activity. If it does not capture a single seizure event or 
nonconvulsive status, then seizure diagnosis relies on being 
able to identify abnormal interictal activity. If there is a sig-
nificant delay in obtaining the EEG, then seizure activity 
may not be seen and the diagnostic yield of the study is com-
promised. Few studies have examined the benefit of frequent 
screening EEGs or cEEG monitoring. Dawson et al. obtained 
serial short-duration EEGs in 45 brain-injured patients every 
few days during the first 14 days and found a 25% incidence 
of seizures by EEG criteria [70]. Vespa et al. examined the 
role of cEEG monitoring in moderate to severe TBI and 
found a 22% incidence of seizures among 94 patients admit-
ted to the ICU [14]. More importantly, 52% of the patients 
with seizures had no clinical evidence of seizure activity. 
Additionally, in the subgroup with no clinical or electro-
graphic seizures, 10% of patients had epileptiform and non-
epileptiform 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, asym-
metrical disorganized delta waves with a focus, intermittent 
rhythmic delta activity, absence of sleep potentials, and pro-
gressive loss of EEG amplitude with burst suppression. The 
latter was associated with impending brain death. Other EEG 
abnormalities were observed, including increased beta activ-
ity, amplitude suppression, and burst suppression. These pat-
terns were seen in both the seizure and non-seizure groups 
and are related to sedative hypnotics such as midazolam or 
propofol. Other studies have described a loss of EEG reactiv-
ity to external stimuli and loss of spontaneous variability 
[71–74]. A reactive EEG has been shown to be a good prog-
nostic factor for recovery of consciousness after TBI [75].

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) [71]. Additionally, the percent alpha variability (a 
quantitative EEG trend analyzing the variability in alpha 
power compared to total power over time) has been evaluated 

in moderate to severe TBI. Vespa et al. found that patients with 
reduced percent alpha variability (values less than 0.1) in the 
first 3 days after injury had a high likelihood of poor outcome, 
defined as Glasgow Outcome Scale score of 1 and 2, at the 
time of discharge [76]. Variable spectral patterns are associ-
ated with better prognosis [71, 77] as are persistence or return 
of a peak in the alpha or theta frequency [78, 79]. Figure 11.2 
shows examples of various seizures on EEG.

The increased use of cEEG monitoring in intensive care 
units has led to new recommendations. The Neurocritical 
Care Society recommends cEEG for all comatose patients, 
not just limited to intracranial pathology given the high rate of 
nonconvulsive status epilepticus in critically ill patients. 
Additionally, cEEG monitoring should be initiated within 1 h 
of suspected status epilepticus onset, and monitoring should 
continue for at least 48 h in comatose patients [80]. Similarly, 
the European Society of Intensive Care Medicine recom-
mends EEG to rule out nonconvulsive status epilepticus in 
brain-injured patients and for those with unexplained altera-
tions in consciousness who lack primary brain injury [81].

The urgency of ordering EEG when seizures are sus-
pected after TBI has to be considered, as well. In one study, 
23 emergent EEGs (EmEEG), defined as a study performed 
in less than 1 h from request, were ordered mainly in post-
TBI ICU patients [82]. The reason for ordering the test was 
to rule out convulsive status epilepticus in 12 patients, non-
convulsive status epilepticus in six patients, and seizures in 
another six patients. Clinical seizures before the test were 
observed in three patients, and suspicious clinical activity 
(unclear to the observers if it represented seizures) was 
observed in 12 additional patients. The EmEEG showed con-
vulsive status epilepticus in three patients, nonconvulsive 
status in two patients, and epileptiform activity or electro-
graphic seizures in four patients. Half of the patients were 
already on antiepileptic therapy when the test was performed. 
As previously mentioned, the emergent need for EEG has 
been incorporated into the Neurocritical Care Society guide-
lines for management of status epilepticus [80].

In addition to raw data, the EEG can be analyzed in a 
variety of ways and is important in identifying and making 
determinations 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 
transform in the ICU, followed by examination of two-
minute epochs that were evaluated for any increases in total 
power [14]. Any epoch in which increased spectral power 
was observed had the raw EEG data analyzed for evidence of 
seizures. The trend analysis was therefore used to flag 
periods where seizures might have occurred, and this 
approach allowed a more focused examination of the raw 
EEG.  While quantitative EEG can be useful and provide 
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Fig. 11.2  EEG examples of seizures in TBI. (a) Generalized spike and 
wave activity. (b) Generalized The caption for Fig  11.2 b should be 
“generalizedseizure” and not “generalized epileptiform discharges. (c) 
Focal right frontocentral seizure, (i) beginning of seizure with faster 

frequencies on the right (red), (ii) progression of seizure with increas-
ing amplitude of right-sided discharges, (iii) slowing of right-sided sei-
zure activity, (iv) conclusion of seizure followed by attenuation of EEG
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Fig. 11.2  (continued)
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additional information, it must be analyzed with caution and 
only by those skilled in clinical EEG interpretation [83].

Intracranial EEG monitoring is another diagnostic tool to 
identify seizures that are not visible on scalp EEG. These 
devices come in the form of subdural strip electrodes or 
intracortical depth electrodes and have a similar safety pro-
file compared to other brain monitors [84]. Waziri et al. per-
formed intracortical EEG and compared findings to scalp 
EEG in 14 patients. Ten patients with depth electrode place-

ment had electrographic seizures, and six of these had no 
corresponding ictal activity on the scalp EEG [85]. A more 
recent study of 34 severe TBI patients using both surface and 
depth electrode EEG found a high rate of electrographic epi-
leptiform activity (seizures or periodic discharges) in 21 
patients (62%). In nine of these 21 patients, the activity was 
only visible on the depth electrode [68]. The use of intracra-
nial EEG monitoring may provide a higher sensitivity for 
detecting post-traumatic seizures.

Fig. 11.2  (continued)

11  Traumatic Brain Injury and Critical Care Seizures



204

�Treatment of Post-traumatic Seizures

There are two principal goals of treating post-traumatic sei-
zures in the ICU. Firstly, in the acute post-traumatic period, 
the goal should be rapid cessation of seizure activity in order 
to prevent secondary physiological and biochemical insults 
that may lead to worsening injury. Secondly, further episodes 
of seizure activity should be prevented. There has been some 
debate about whether prevention of early seizures can result 
in a lower incidence of late post-traumatic seizures. Studies 
have also addressed whether long-term prophylaxis with anti-
epileptic agents is indicated, and this will be discussed below.

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 
and adherence to ACLS/ATLS guidelines for assessment of 
ABC (airway, breathing, and circulation). In the non-intubated 
TBI patient, intubation and mechanical ventilation should be 
considered depending on the severity of the injury, the dura-
tion of mental status change, and the ability to protect the air-
way [86]. Vasopressors may also be indicated for hemodynamic 
support. An assessment of the seizure’s origin should also be 
made. It should not always be assumed that seizures are pri-
marily 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, 
hypocalcemia, hypophosphatemia, hypoxemia, hypocarbia, 
alcohol/recreational drug withdrawal, fever, infection includ-
ing meningoencephalitis, and hepatorenal failure. If seizures 
are newly diagnosed in a brain-injured patient, any of these 
complicating factors should be evaluated for and corrected as 
needed. Furthermore, a combination of these factors may 
interact in an additive fashion with the injury to trigger sei-
zures, where each factor by itself would be insufficient.

Initial pharmacotherapy for seizures is typically in the 
form of a benzodiazepine. Lorazepam, diazepam, or mid-
azolam are available and should be given as an intravenous 
bolus. Prolonged seizures may require higher doses or con-
tinuous infusions of either midazolam or propofol. Seizures 
that are recurrent or ongoing despite the above measures 
should be treated as status epilepticus. If seizures remain 
refractory, then escalation to barbiturates may be necessary. 
If an infusion is started, cEEG monitoring should be ordered 
with a goal of achieving EEG burst suppression (see chapter 
on Treatment of Status Epilepticus in Critical Care).

A patient not currently on anticonvulsants should be 
started on one, typically phenytoin or fosphenytoin (15–20 
mg/kg IV loading dose and 300–400 mg/day IV or enteral, 
with frequent assessment of serum levels and a goal of 10–20 
mg/dl). Additional agents include levetiracetam (1000–
3000  mg IV loading dose and 1000–4000 mg/day IV or 
enteral), valproic acid (15–20 mg/kg IV loading dose and 
600–3000 mg/day IV or enteral), lacosamide (200–400 mg 
IV loading dose and 200–600 mg/day IV or enteral), or phe-

nobarbital (20 mg/kg IV loading dose and 100–800 mg/day 
IV or enteral). Phenytoin has been the most widely studied 
and has benefits over other agents including the ability to 
load rapidly, the ability to titrate dose to effect, and the wide-
spread ability to follow serum levels. Negative factors 
against phenytoin are the risk of Stevens-Johnson syndrome, 
cardiac complications including hypotension and arrhyth-
mias, reliance on hepatic clearance and variability in serum 
levels due to complex pharmacokinetics, and therefore dif-
ficulty targeting the therapeutic range [87]. The newer anti-
convulsants such as levetiracetam and lacosamide are now 
widely available and have minimal drug interactions though 
these agents are not as well studied in the TBI population.

Several studies have examined the efficacy of anticonvul-
sants in preventing early seizures. The largest prospective, 
randomized, double-blind, placebo-controlled trial to date 
examined 404 brain-injured patients given phenytoin prophy-
laxis or placebo for 1 year after traumatic brain injury [11]. 
Follow-up was continued for 2 years and phenytoin levels 
were maintained in the high therapeutic range. A significant 
reduction in early seizures (<7 days) was observed. Patients 
receiving phenytoin had a 3.6% incidence of seizures as com-
pared with 14.2 % in the placebo group (p < 0.001, risk ratio 
0.27, 95% CI 0.12–0.62). No 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 weeks of treatment was low [88]. 
Hypersensitivity reactions occurred in 2.5% of the phenytoin-
treated patients as compared to 0% of the placebo patients (p 
= 0.12). Other studies have also confirmed the ability of phe-
nytoin to reduce the incidence of early seizures [89], while 
others have shown no significant difference [90].

Other anticonvulsants have been evaluated; Glötzner 
et  al. prospectively studied a group of 139 severe TBI 
patients and found a lower probability of early seizures in the 
carbamazepine-treated group when compared to placebo (p 
< 0.05) [91]. There was no difference in late seizures. Temkin 
et  al. conducted another randomized, double-blind study 
comparing phenytoin to valproic acid for the prevention of 
post-TBI seizures [92]. In this study, 132 patients were ran-
domized to receive either phenytoin or valproic acid. The 
early seizure rate was higher on valproic acid; however, the 
number was small and not statistically significant.

There is little information available regarding the use of 
levetiracetam in traumatic brain injury. Jones et al. reported 
on data collected from 32 cases of severe TBI treated with 
levetiracetam and compared with a historical cohort of 41 
cases treated with phenytoin monotherapy [93]. Their data 
suggests that levetiracetam has an equivalent protective ben-
efit as compared with phenytoin within the numbers of 
patients analyzed, but that it might be associated with a higher 
number of abnormalities on EEG and therefore may be asso-
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ciated with a higher tendency for seizures. A larger prospec-
tive study of 813 TBI patients showed no significant difference 
in clinical seizure rate, mortality, or adverse drug reactions 
when either phenytoin or levetiracetam was used for early 
post-traumatic seizure prophylaxis [94]. Another study also 
compared levetiracetam versus phenytoin when used for sei-
zure prophylaxis in adults with TBI and found similar rates of 
early EEG-confirmed seizure activity (28% in the levetirace-
tam group vs. 29% in the phenytoin group) [95]. Additionally, 
daily costs when levetiracetam was used were also lower 
when compared to phenytoin therapy and drug level monitor-
ing. Some studies have shown less short-term complications 
such as fevers [96] and improved long-term outcomes [97] 
when levetiracetam is used over phenytoin.

Several studies have examined the role of seizure prophy-
laxis in preventing late-onset post-traumatic seizures, and 
only one study has found a beneficial effect of long-term sei-
zure prophylaxis [89]. This study was not blinded or placebo 
controlled, however. Thirty-four patients with severe TBI 
were randomized to receive phenytoin for 3 months and 
were compared with 52 untreated severe TBI patients. After 
2 years, 6% of patients treated with phenytoin developed 
post-traumatic epilepsy as compared with 42% of the 
untreated group. McQueen et al. evaluated 164 patients in a 
prospective, randomized, double-blind study comparing 
phenytoin and placebo and found no beneficial effect in the 
reduction of late seizures [98]. Temkin et al. in their large 
well-controlled study of 404 patients did not find any reduc-
tion in late post-traumatic seizures with phenytoin [11]. 
Studies of other agents including carbamazepine [91] and 
phenobarbital [99] have also been unable to demonstrate any 
clear benefit on the incidence of late seizures.

Magnesium has also been considered for post-traumatic 
seizure prophylaxis and neuroprotection. In a double-blind, 
randomized, controlled trial, Temkin et  al. evaluated 499 
moderate to severe TBI patients with either low-dose versus 
high-dose magnesium or placebo for 5 days and assessed for 
a composite primary outcome including seizures. Most 
patients also received phenytoin as prophylaxis. Magnesium 
showed no overall positive effect, and in fact there was a 
trend toward worse outcomes in the magnesium group with 
no effect on early or late seizures [100].

Clearly the occurrence of seizures needs to be rapidly rec-
ognized and treated in brain-injured patients. The clinical 
evidence at present supports the use of seizure prophylaxis 
for the prevention of early seizures (<7 days from injury), 
but does not support long-term administration of anticonvul-
sants for the prevention of late-onset seizures [101–103]. 
Specific risk factors for developing post-traumatic seizures 
have been identified including GCS &lt;10, depressed skull 
fracture, cortical contusion, subdural/epidural hematomas, 
intracerebral hematoma, penetrating injury, focal deficit, or 
prolonged amnesia (>24 h) [5, 22]. It is recommended that 
particular 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 prophy-
laxis on early seizures reported in the literature translate 
into improved mortality or morbidity. Few studies have spe-
cifically addressed outcomes in relation to seizure prophy-
laxis [11, 89, 91, 98]. No study to date has demonstrated any 
improvement in mortality as a result of administering anti-
convulsants. A meta-analysis of several studies described a 
pooled relative risk of 1.08 (95 % CI 0.79–1.46) for all-
cause mortality in anticonvulsant-treated vs. placebo or 
standard care, implying treatment has no effect on mortality 
[103]. Two studies have examined outcome in surviving 
patients in relation to seizure prophylaxis. Glötzner et  al. 
found a worse outcome in the treated group (RR 1.49, 95% 
CI 1.06–2.08, p = 0.183) [91], 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]. Another 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 or without seizures [14]. However, six patients 
were identified who had status epilepticus, of which three 
were found to be in nonconvulsive status. All six of the 
patients ultimately died, two due to sepsis after control of 
status epilepticus, three from progressive neurological dete-
rioration and brain death, and one from late respiratory 
arrest. Clearly, the occurrence of status epilepticus is a grave 
prognostic sign in the traumatically brain-injured patient, 
and the high risk of nonconvulsive status suggests that EEG 
recording should be more frequently utilized in this patient 
population.

Finally, the potential benefit for using antiseizure prophy-
laxis after TBI has to be weighed against the potential risk 
for impeding recovery of brain function. Secondary analysis 
of the trial by Temkin et al. [11] using phenytoin as prophy-
laxis found impaired neuropsychological testing at 1 month 
in severe TBI patients who remained on phenytoin pharma-
cotherapy [104]. More recently, Bhullar et al. assessed func-
tional outcomes for severe blunt TBI patients who either 
received or did not receive seizure prophylaxis with phenyt-
oin [105]. Ninety-three patients were reviewed, and patients 
who received phenytoin had a significantly longer hospital 
stay and worse functional outcome at discharge based on the 
Glasgow Outcome Scale and modified Rankin Scale. This 
concept has been applied to animal models of TBI. Pitkänen 
et al. studied the effect of lacosamide on a rat model of TBI 
using the lateral fluid-percussion method [106]. The group 
treated with lacosamide lagged behind the control group in 
motor function, but there was no significant impairment in 
the structural or cognitive parameters. Finally, Lu et al. stud-
ied a dextromethorphan derivative in a rat model of TBI and 
found both antiseizure and anti-inflammatory effects [107]. 
Rats had epidural EEG electrodes implanted and then 
underwent a penetrating ballistic-like brain injury operation. 
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When nonconvulsive status epilepticus was detected, the ani-
mals were injected with either study drug or placebo, and a 
significant reduction in duration and frequency of seizure 
activity was seen. In summary, future studies are needed to 
determine which anticonvulsant may provide the greatest 
benefit by preventing seizures with the lowest risk of 
impaired functional outcomes or ideally for identifying 
agents that may promote neuroprotection.

�Conclusions

Seizures may occur in up to 22% of ICU patients with severe 
traumatic brain injury. There is a relatively high risk of non-
convulsive seizures in this population. Seizures may exacer-
bate 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 EEG 
monitoring should be considered in those patients who are 
considered to be at high risk of clinical or subclinical seizures. 
Seizure prophylaxis with anticonvulsants is supported by the 
literature for the prevention of early seizures (defined as <7 
days post-injury) but not for late seizures. Phenytoin primarily 
has been used in this setting and both found to be efficacious 
in preventing early seizures. More experience is being gained 
with newer agents, such as levetiracetam and lacosamide. 
Anticonvulsants have not been found to reduce the incidence 
of developing late post-traumatic seizures, and therefore pro-
longed prophylaxis with anticonvulsants is not currently sup-
ported (Tables 11.1 and 11.2).
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�Introduction

Primary and metastatic brain tumors are frequently associ-
ated with seizures and epilepsy.

In the intensive care unit (ICU), three categories of 
patients with brain tumors may be brought to the intensiv-
ist’s attention related to seizures. (1) Some of these patients, 
especially if the seizures recur or are associated with signifi-
cant cerebral edema, hemorrhage, signs of increased intra-
cranial pressure, or pending herniation, will end up being 
admitted to the ICU and spend anywhere from one day to 
few days of monitoring. 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 seizures. (2) The second 
large category includes postoperative patients after brain 
tumor resection, who spend at least one day in the ICU for 
observation. These patients may have no history of seizures 
or may have exhibited one or more seizures in the ICU, and 
appropriate treatment should be prescribed. Therefore, an 
important issue to be addressed in the postoperative period, 
if patients are seizure-free, is whether they need prophylac-
tic antiepileptic drug (AED) treatment during their ICU or 
hospital stay. (3) The third category includes patients with 
known and already treated brain tumors, who are admitted 

because of refractory seizures or status epilepticus (SE) or 
who have an unexplained change in mental status and are 
found to be in nonconvulsive status epilepticus.

There are not many data regarding the ICU stay and 
management of these patients. A study by Ziai et  al. 
addressed only postoperative issues. In this retrospective 
study, only 23/158 (15%) postoperative tumor patients had 
a >24 h stay in the NICU at the Johns Hopkins Hospital 
[1]. Independent predictors of >1-day stay in the NICU 
were a high tumor severity index (comprising preoperative 
radiologic characteristics of tumor location, mass effect, 
and midline shift), an intraoperative fluid score (compris-
ing estimated blood loss, total volume of crystalloid, and 
other colloid/hypertonic solutions administered), and post-
operative intubation. Seizures were preoperatively present 
in 15/158 (9.5%) patients. Five patients (3.2%) had post-
operative seizures. More patients who stayed longer had 
seizures postoperatively (2/135 patients in group 1 [≤24 h 
NICU stay] vs 3/23 patients in group 2 [>24 h NICU stay], 
odds, 95% CI, 10, 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 ≤1 day. A total of 226 NICU interventions 
were performed in 69 (51%) patients. Fifteen (6.6%) were 
related to IV AED 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 be necessarily generalized to 
other ICUs.

A more recent study of 105 pediatric patients admitted to 
a pediatric ICU after brain tumor resection showed that the 
majority (69.5%) stayed there for <1 day. The presence of 
preoperative seizures was more common in the <1 day group, 
with 25 (34%) patients reporting seizures compared to 3 
(9%) in the >1-day group. Eleven patients had new-onset sei-
zures. Development of new seizures was more common in 
the >1-day group. Seizures were not independent predictors 
of longer PICU stay [2].
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�Incidence

Overall, the incidence of brain tumors is 4% in patients with 
epilepsy [3]. Conversely, seizure occurrence remains a major 
morbidity problem in patients with intracranial tumors. 
Between 30 and 50% of patients with brain tumors present 
with seizures, and an additional 30% will later develop seizures 
[3]. Between one third and more than half of patients with 
brain tumors present with seizures as the initial symptom [4]. 
In 2424 glioblastoma cases in the Swedish National Cancer 
Registry, seizures had an odds ratio of 31.6 (95% confidence 
interval 24.7–40.3) to be present at diagnosis [5]. Approximately 
30–70% of patients with primary brain tumors will have sei-
zures at some point throughout their disease [6–9]. Similarly, 
about 40% of all patients with metastatic brain tumors will 
have a seizure during their disease [10, 11]. Half of these sei-
zures will be simple or partial complex seizures and the other 
half secondary generalized seizures [12–14]. Brain tumors are 
rarely associated with primary generalized seizures.

SE, either convulsive or nonconvulsive, can also occur 
in patients with brain tumors. Overall, SE is observed in 
about 12% of patients with glioblastomas [15]. In a study 
from the University of Virginia, 555 patients were admitted 
with a diagnosis of SE over a 7-year period. Fifty patients 
had a concurrent diagnosis of cancer, 28 (5%) of whom had 
SE related to the tumor or treatment [16]. In another study, 
10.5% of patients with newly diagnosed glioblastoma mul-
tiforme and initial postsurgery seizures presented in 
SE. Two cases of nonconvulsive SE were noted in patients 
who had been weaned off AEDs from the time of surgery, 
and two cases of convulsive SE were observed in patients 
that had never been treated with AEDs [17].

Among the primary brain tumors, the highest incidence of 
seizures is found in patients with low-grade gliomas (65–
85%, first clinical symptom in 70–90% at an average age of 
38–40 years) [15], gangliogliomas (80–90%, at an average 
age of 17–21 years) [18], and dysembryoplastic neuroecto-
dermal tumors (DNET, 100%, at an average age of 15 years) 
[3, 19]. High-grade IV tumors (glioblastomas) have an inci-
dence of about 30–62% (average age at presentation 60 
years), in about two thirds at presentation and in one third 
developing during the course of the disease [3, 6, 20]. In a 
recent systematic review of meningiomas, preoperative sei-
zures were observed in 29.2% of 4709 patients with supra-
tentorial meningiomas and were significantly predicted by 
male sex, absence of headache, peritumoral edema, and non-
skull base location. After surgery, seizure freedom was 
achieved in 69.3% of 703 patients with preoperative epilepsy 
and was more than twice as likely in those without peritu-
moral edema. Of 1085 individuals without preoperative epi-
lepsy who underwent resection, new postoperative seizures 
were seen in 12.3% of patients [21].

Other studies have estimated the incidence of seizures 
with metastatic tumors at 35% [22–24]. Melanoma, chorio-

carcinoma, lung cancer, and breast cancer are tumors fre-
quently metastasizing to the brain and associated with 
hemorrhage and seizures. Among metastatic tumors, mela-
noma seems to have the highest incidence of seizures.

Conversely, based on a study from the Cleveland Clinic, 
among patients with intractable chronic epilepsy, the most 
common types of tumors discovered were ganglioglioma in 
49/127 (39%) of cases and low-grade astrocytoma in 48/127 
(38%) of cases [25]. Pleomorphic xanthoastrocytoma, DNET 
tumors, and oligodendroglioma were also tumors frequently 
associated with epilepsy. As already mentioned, it seems 
likely that low-grade, well-differentiated gliomas have 
higher incidence of seizures than more aggressive glioblasto-
mas or anaplastic astrocytomas [3, 26]. A similar distinction 
may be true for age: children have low-grade tumors and epi-
lepsy as the primary, if only, sign, compared to middle-aged 
or elderly adults who have higher-grade tumors and more 
neurological focality [3].

Different brain areas are also characterized by varying sus-
ceptibility to seizures. For example, among patients with glio-
mas, seizures occur in 59% of frontal tumors, 42% of parietal 
tumors, 35% of temporal tumors, and 33% of occipital tumors 
[27]. Using a summed-statistic image showing the aggregate 
location of 124 tumors, Lee et al. demonstrated that smaller 
tumors, those growing less quickly and those located in the 
superficial cortical areas, especially temporal or frontal lobes 
or the insula, have a higher incidence of seizures [28]. Similar 
observations suggest that the limbic and temporal lobe, pri-
mary and supplementary motor (M-I, M-II) areas, and primary 
and secondary somatosensory (S-I, S-II opercula and insula) 
areas have the lowest thresholds for seizures [26]. In contrast, 
the occipital lobe has a much higher threshold [29]. 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 (nau-
sea, vomiting, papilledema), and seizures are one of the most 
common presentations in patients with brain tumors [30]. A 
first, unprovoked seizure in an adult is always concerning for 
an intracranial tumor, until proven otherwise [31].

The timing of their presentation is important to know. 
Seizure onset is usually within the first 24 h postoperatively 
[32, 33] and, therefore, may be witnessed during the ICU 
patient stay. Patients who had seizures preoperatively are at 
a higher risk of developing postoperative seizures [34]. The 
type of the seizures does not seem to be different pre- and 
postoperatively [33, 34].

High-frequency seizures (>4 seizures per month) or SE 
are observed in 18% and 12% patients with brain tumors, 

respectively [35]. SE occurred either at the time of tumor 
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diagnosis (29%) or during tumor progression (23%). 
However, an almost equal percentage of SE occurred, while 
the tumor was stable (23%) [16].

Not all seizures have the same presentation: several sei-
zure types have been reported and mainly reflect the location 
of the lesion. Most characteristic are the hypothalamic ham-
artomas, which are associated with gelastic seizures (sudden 
outburst of laughter or crying with no apparent cause) and 
precocious puberty, but these are rare phenomena, represent-
ing 0.8% of all admissions for video EEG in a recent study 
[36]. 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 pres-
ent with focal seizures, at times following a Jacksonian 
marching pattern. Simple or partial seizures characterized by 
olfactory, gustatory and epigastric auras, depersonalization, 
feelings of fear, and pleasure are usually an indication of tem-
poral lobe pathology. Complex partial seizures with repetitive 
psychomotor movements (e.g., masticatory), impairment of 
consciousness, or déjà vu phenomena are also associated with 
the temporal lobe. Delusions and psychotic behavior have 
been reported with frontal lobe tumors [37]. Lesions involv-
ing the frontal eye fields are associated with turning of the 
eyes and head to one side (contraversive or ipsiversive, 
depending on the side of turning compared to the lesion). 
Parietal lobe tumors are associated with sensory seizures, and 
occipital lobe tumors can cause seizures with visual phenom-
ena such as seeing lights, colors, and geometric patterns [31].

Because some tumors present with nonconvulsive seizures 
or SE, a clinical presentation of decreased or altered mental 
status, including coma, should not be attributed to the tumor 
per se, but an evaluation with EEG should be undertaken to 
exclude this treatable cause. 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 metastases: one was aphasic, two 
patients treated with ifosfamide had absence, and two patients 
treated with cisplatin had complex partial status epilepticus. 
All had rapid recovery after antiepileptic treatment [38]. In 
another study, four patients never diagnosed before with met-
astatic CNS disease presented with altered mental status. All 
patients had abnormal neuroimaging of the brain were in 
NCSE by EEG and were treated with fosphenytoin IV. In two 
patients, the NCSE resolved, but in the other two, despite an 
initial mental status improvement, status recurred and both 
eventually died after 5 and 20 days, respectively [39]. Not all 
patients with tumors and NCSE are comatose. In a retrospec-
tive study, 26 episodes of NCSE were identified in 25 patients 
(4%). Eleven patients had primary brain tumor, twelve sys-
temic cancer, and two had both. At diagnostic EEG, 18 were 
awake, 3 were lethargic, and only 5 patients were comatose 
[40]. Moreover, many patients have subclinical or a combina-
tion of clinical and subclinical seizures. In a recent study of 
1101 brain tumor patients, 259 (24%) had an EEG and 24 

(2%) had NCSE. The vast majority of seizures captured were 
subclinical with 13 patients (54%) having only subclinical 
seizures. Treatment resolved NCSE in 22 patients (92%) with 
accompanying clinical improvement in 18 (75%) of those 
patients [41].

�Pathophysiology

The pathogenic mechanisms of epileptogenesis in patients 
with brain tumors are not fully understood [26] and beyond 
the scope of this chapter. Several excellent reviews are avail-
able for the interested reader [3, 42, 43].

The location, as well as the histopathology which corre-
lates with the infiltrative potential, is an important factor 
determining the clinical presentation of the tumors [44]. 
Tumors that tend to cause hemorrhage, necrosis, inflamma-
tion, and ischemia have a higher incidence of seizures. Focal 
hypoxia, mass effect and edema, decreased blood-brain bar-
rier, and altered levels of excitatory amino acids all have 
been postulated to play a role in epileptogenesis. Hemosiderin 
deposition in cortical areas preoperatively, as assessed by 
susceptibility-weighted MRI sequence, also correlates with 
the development of seizures [45]. Different types of tumors 
may cause seizures through different mechanisms. Some 
tumors, like DNETs and gangliogliomas, with significantly 
higher seizure frequencies, have been associated with intrin-
sic epileptogenic properties. Brain tumors are also thought to 
alter the dendritic, axonal, and synaptic plasticity of the neu-
rons and in this way contribute to epileptogenesis [46, 47].

At a molecular level, sodium channels in tumor cells may 
play a role in epileptogenesis, since these channels are 
responsible for generating action potentials more frequently 
than others, thus making cells such as those in glioblastoma 
intrinsically hyperexcitable [48, 49]. Inhibitory (GABA, tau-
rine), as well as excitatory amino acid (glutamate, aspartate) 
deregulation, may also contribute to the process [50–52]. 
Raised glutamate concentrations in tumor and peritumor tis-
sue and increased expression of peritumor system Xc

- (a 
major glutamate transport protein on astrocyte membranes, 
i.e., a cysteine/glutamate exchange complex) have been 
shown to be independent predictors of preoperative seizures 
[53]. Phosphorylation of the extrasynaptic NMDA receptor 
2B subunit has also been reported in human peritumoral tis-
sue. This receptor change increases its permeability for Ca++ 
influx and subsequently mediates neuronal overexcitation 
and seizure activity [54]. Downregulation of glutamine syn-
thetase, an enzyme found deficient in sclerotic hippocampi 
of patients with temporal lobe epilepsy, has also been found 
in astrocytes of patients with high-grade gliomas, resulting 
in glutamate accumulation and seizure generation [55]. 
Increased levels of Fe++ in peritumoral brain tissue convey a 
potential for paroxysmal epileptogenic activity, which may 
be the reason why hemosiderin deposition increases the risk 
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for seizures [45]. Alterations in the glial gap junctions have 
been observed in the cortex surrounding glial tumors [26]. 
Astrocytes also play a role in the induction and maturation of 
epileptogenesis. Aquaporin-4 (AQP-4), expressed by astro-
cyte end feet abutting microvessels, has been found with 
altered expression levels and redistribution in glioblastoma 
multiforme, a possible cause for the edema that often sur-
rounds the tumor mass. AQP-4 expression, but not AQP-4 
mRNA levels, were more frequently detected on the glio-
blastoma cell membranes from specimens of patients with 
seizures than from individuals without, implying a posttrans-
lational mechanism [56].

All these mechanisms may be present and may work in 
parallel in the process of epileptogenesis. However, the indi-
vidual’s susceptibility to different homeostatic changes (sys-
temic or regional) and their contribution in reducing the 
seizure threshold probably make up for the extensive vari-
ability noted in patients with similar findings, but different 
clinical presentations. Recently, the influence of genes on sei-
zure presentation was mapped by location of the tumor, with 
the hypothesis being that the influence of gene expression on 
tumor-associated seizures is regional (gene expression may 
play a significant role in determining epileptogenicity in cer-
tain regions of the brain, whereas it may play little role in 
other regions, where the location of tumor may predominate 
the determination of epileptogenicity). Using gene expression 
imaging tools, a 9-set gene expression profile predicting long-
term survivors was assigned to the location of the tumors and 
evaluated for seizures. Through this gene expression imaging 
analysis, brain regions with significantly lower expression of 
OLIG2 and RTN1 in patients with tumor-associated seizures 
were found [57].

Iatrogenic contribution is another entity that ICU special-
ists should be aware of. The route of drug administration in 
the ICU is important, besides their epileptogenic potential 
(see chapter Drugs Used for the Critically Ill and Critical 
Care Seizures). For example, patients with primary brain 
lymphoma receiving intrathecal chemotherapy have a 47% 
incidence of seizures [58]. Even IV contrast has been impli-
cated in the generation of seizures in a patient with primary 
brain tumor [59].

Systemic cancer can metastasize to the brain and produce 
seizures as their first manifestation. 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 seizures through additional noninvasive mecha-
nisms: coagulopathy and stroke (sinus thrombosis); nonbac-
terial thrombotic endocarditis with cerebral emboli; systemic 
metabolic derangements, such as hypomagnesemia [60] or 
hyponatremia [61]; opportunistic infections after chemother-
apy; or direct toxicity of chemotherapeutic agents to the 
brain [62, 63] are few of the potential pathogenetic mecha-

nisms for which treatment is available. Paraneoplastic syn-
dromes, such as limbic encephalopathy with anti-Hu 
antibodies, can also be associated with seizures preceding 
the diagnosis of cancer [64]. More recently, autoantibodies 
against NMDA receptors which can also present with sei-
zures or intractable epilepsy have been associated with ovar-
ian teratomas in young women [65].

Some patients with cancer and altered mental status 
may be in NCSE (Fig.  12.1). EEG or continuous video 
EEG may be necessary to evaluate these patients and reach 
the correct diagnosis. If seizures become refractory to anti-
epileptic treatment, development of multidrug resistance 
proteins in tumor beds may be the cause. The multidrug 
resistance gene MDR1 (ABCB1, P-glycoprotein [Pgp]) 
and multidrug resistance-related proteins (MRP, ABCC1) 
are expressed in the cells forming many blood-brain and 
blood-CSF barriers and contribute to decreased transport 
into the brain parenchyma of drugs such as phenytoin, car-
bamazepine, phenobarbital, lamotrigine, and felbamate 
(levetiracetam is not a substrate for MDR1, and gabapen-
tin may be moved out of the brain via a nonspecific trans-
porter) [3]. These proteins are overexpressed in the cells of 
patients with glioma [66], focal cortical dysplasia, and 
ganglioglioma [67]. In a clinicopathologic study of 35 
patients with gliomas and epilepsy, the authors observed 
MRP1 expression in tumor and endothelial cells, MRP3 
and Pgp expression mainly in endothelial cells, and gluta-
thione transferase  – π (GST-pi) predominantly in tumor 
cells. MRP1 and MRP3 were more expressed in high-
grade than in low-grade gliomas. There was a trend of a 
better outcome in seizure control associated with a lower 
expression of MRP1 and MRP3. MRP3 was statistically 
more expressed in tumor cells of high-grade than low-
grade gliomas, more expressed in tumor bed than in 
periphery, and less expressed in patients with complete 
response to AEDs [68].

�Evaluation of Patients with ICU Seizures

Most of the seizures associated with primary or metastatic 
CNS tumors are of focal onset (Figs. 12.2 and 12.3) with or 
without secondary generalization. These patients may prog-
ress to convulsive status and permanent neurologic damage. 
Brain tumors are not intrinsic and can lead to seizures associ-
ated with increased blood volume, intracranial pressure, and 
tissue displacement, resulting in cerebral herniation. 
Posturing in this case has to be differentiated from a seizure. 
Seizures due to brain tumors must also be differentiated from 
intermittent episodes of increased intracranial pressure with 
plateau waves, which cause headache, diplopia and other 
visual disturbances, fluctuation of mental status, motor defi-
cits, or dystonic or opisthotonic postures.

P.N. Varelas et al.



Fig. 12.1  A 63-year-old man with metastatic squamous cell carcinoma of 
the tonsils to the brain. Patient had two large metastases, one in the right 
parieto-occipital area (resected, with recurrence) and one in the left frontal 
area, status post whole brain radiation and chemotherapy. He was admit-
ted to the NICU for change in mental status: drowsy, able to say only 
“Eeeh” with minimal stimulation, moving all four extremities, but not fol-
lowing commands. No toxic or metabolic reason was present in the work-

up. Patient was on phenytoin with therapeutic levels. (a) EEG: nearly 
continuous triphasic waves over both frontal regions on a theta/delta back-
ground. (b) EEG after 2 mg of midazolam IV were administered: marked 
attenuation of the background, including the triphasic waves. The patient 
was placed on lorazepam 1 mg po tid. Two days later, his mental status had 
improved, and he was able to carry some conversation. Despite that, he 
was transferred to palliative care where he expired 9 days later



Fig. 12.2  A 59-year-old man post left frontal oligodendroglioma 
resection 7 days earlier, and readmitted to the NICU because of sig-
nificant edema, presents with intermittent episodes of right upper 
extremity clonic activity lasting for 15–60 s. (a) EEG revealing left 
frontocentral epileptiform discharges at a frequency of 2–3 Hz pro-

gressing to involve the right occipital head region (right side of the 
epoque). (b) EEG 30 s later: abrupt cessation of spike and slow-wave 
activity with subsequent attenuation of the record. The patient 
responded to IV lorazepam 1 mg and extra phenytoin to correct the 
low levels



217

A patient who has a sudden change of mental status postop-
eratively after brain tumor resection will need to be evaluated 
for hemorrhage, edema, infarction, as well as seizures, clinical 
or subclinical. In parallel with a head CT, MRI, and the appro-
priate workup for other common critical care causes of enceph-
alopathy (see above), an EEG will confirm whether the patient 
is having nonconvulsive seizure activity and may also help in 
assessing the appropriate response to treatment. In a study of 
102 patients with meningioma resection, Rothoerl et al. reported 

normal preoperative 30-minute EEGs in 49% and normal post-
operative EEGs in 33.3%. Thirty-two percent of patients had 
preoperative and 15% postoperative seizures. Of those with pre-
operative seizures, 53% had complete seizure resolution post-
operatively. Dominant hemispheric localization and pre-or 
postoperative headache were associated with postoperative sei-
zures. Interestingly, the pre- or postoperative EEG findings 
were not associated with postoperative seizures in this series 
[69]. This may be due to the short period of EEG recording, 

Fig. 12.3  A 48-year-old woman admitted for frequent paroxysmal epi-
sodes of staring and found to host a lesion on the CT of the head. (a) 
EEG showing rhythmic sharp waves maximally over the right fronto-
central region. The patient was unresponsive with head and eyes turned 

to the left during this event (b) Gadolinium-enhanced T1-weighted 
MRI of the head showing a ring-enhancing lesion on the right frontal 
lobe. The lesion was resected and found to be a metastasis
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which may have missed significant abnormalities more easily 
picked up on a longer or continuous EEG. The role of continu-
ous EEG (cEEG) monitoring in this ICU population has not 
been well established, but there is growing evidence of its utility 
in diagnosing NCSE in tumor patients. Jordan monitored 124 
NICU patients with cEEG and reported that 34% of them had 
nonconvulsive seizures and 27% were in NCSE. Among the 11 
patients with brain tumors, six (54%) had nonconvulsive sei-
zures. Overall, cEEG played a decisive or contributing role in 
the ICU management in 81% of brain tumor patients in a later 
report with additional patients by the same author [70, 71]. 
NCSE was reported in two patients with non-Hodgkin’s lym-
phoma presenting with mutism and confusional state after ifos-
famide (an alkylating agent, structurally an isomer of 
cyclophosphamide) infusion [72]. Another patient with glio-
blastoma multiforme was treated with IV tirapazamine and 
brain irradiation. After CT scan was performed with intravenous 
contrast medium, the patient became aphasic, and the EEG 
showed NCSE. IV lorazepam and a loading dose of phenytoin 
resolved the symptoms [59]. In the aforementioned study by 
Marcuse, out of 259 patients with brain tumors and an EEG, 24 
(9.2%) had NCSE. Because 13 patients had only subclinical sei-
zures and the vast majority of seizures captured in the rest were 
also subclinical, these patients would have never been diag-
nosed and treated without an EEG or CEEG [41].

If an EEG is not considered and an MRI is performed in a 
patient with cancer and mental status change, abnormalities 
that may be attributed to seizures can be found. These may 
alarm the intensivist and after an EEG is performed contribute 
to the correct diagnosis. This is the case of four patients with 
primary or metastatic brain tumors from Memorial Sloan 
Kettering Cancer Center, who had been intermittently confused 
or unresponsive 1–7 days before the MRI: the MRI showed 
cortical hyperintensity on FLAIR, T2-weighted, or diffusion-
weighted images, with or without leptomeningeal enhance-
ment on T1 with gadolinium. In two of these patients who had 
18 F positron emission tomography, hypermetabolism was 
shown in the abnormal cortical MRI locations. All patients and 
another eight were in NCSE on the EEG, and all except for one 
improved clinically after receiving antiepileptic drugs. Repeat 
MRI 1–4 weeks later showed complete resolution of abnor-
malities in three patients and improvement in the fourth patient 
[73]. These results emphasize the need for electroencephalo-
graphic emergent evaluation of tumor patients with unex-
plained change in the neurological examination in the ICU.

�Treatment

�Prophylactic Administration of AEDs

The issue of prophylactic treatment of patients with brain 
tumors is very complex. If a seizure has already occurred, 
there is little doubt for the value of AEDs [74] to avoid esca-

lation to more refractory seizures or SE, but when the patient 
has never exhibited epileptic phenomena, such a treatment 
becomes more controversial. Efficacy of the treatment has to 
be balanced with adverse events associated with the chosen 
drugs. Despite the best efforts, a significant percentage of 
patients still have breakthrough seizures, and the response to 
the treatment is very unpredictable. Several reasons have to 
be considered: lack of AEDs to have an effect on a vast array 
of physiologic derangements induced by brain tumors, diffi-
culty maintaining appropriate AEDs levels, and tumor pro-
gression or recurrence [26, 75]. In fact, in a recent 
retrospective study of postoperative patients with brain 
tumors, the odds of seizure for patients on prophylactic AED 
was 1.62 times higher than those not on AED, although the 
difference was not significant [76]. Likewise, AED use is not 
without adverse effects, some of them potentially serious, 
like severe Stevens-Johnson syndrome [77]. Moreover, there 
is evidence supporting increased frequency and severity of 

side effects from these drugs in this specific patient popula-
tion: in a meta-analysis of studies examining prophylactic 
AED use 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 discon-
tinuation of the medications. This incidence is higher than 
that in the general population and should make physicians 
sceptic about the real need for using them [74]. Unfortunately, 
personal preference and previous training or experience of 
physicians may be more important in making the decision 
than clinical evidence for pros and cons. According to a 
study conducted in Rhode Island, 55% of participating phy-
sicians gave AED prophylaxis, but the percentage differed 
according to the subspecialty: 33% of radiation oncologists, 
50% of oncologists, 53% of neurologists, and 81% of neuro-
surgeons [74, 78].

The effect of surgery on seizures has been studied in 
numerous trials. The effect of craniotomy per se, with the 
meningeal or parenchymal injury that ensues, on seizure 
occurrence cannot be easily separated from the very effect 
the tumor induces. Most of the available studies were per-
formed in mixed tumor and non-tumor patients; therefore, 
the conclusions may not be applicable to the former. In the 
next sections, we will review some of the most important 
studies regarding craniotomy, all including tumor patients, 
because these data are pertinent to the decisions that an 
intensivist has to make. Subsequently, we will present the 
data regarding prophylactic AED use specifically in patients 
with brain tumors.

Kvam et al. showed that out of 538 post-craniotomy patients, 
23 had postoperative seizures. Out of these 23 patients, only 5 
had seizures preoperatively. The authors suggested a preopera-
tive loading dose of 10 mg/kg of phenytoin, followed by a post-
operative dose of 5 mg/kg/day [32]. A study more pertinent to 
the ICU was conducted in Taiwan [79]. Three hundred sev-
enty-four patients post-craniotomy were randomized to receive 
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phenytoin (15 mg/kg IV during surgery, followed by 3–6 mg/
kg/day for 3 days) or placebo. The group receiving phenytoin 
had two early postoperative seizures, and the placebo group 
had nine, but the difference was not statistically significant. 
Eighty percent of the seizures occurred within 20 min after sur-
gery. Thus, the authors recommended that prophylactic anti-
convulsant 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 prophylactic AEDs after supratentorial craniot-
omy. In this study, 276 post-craniotomy patients were random-
ized to receive carbamazepine or phenytoin for 6 or 24 months 
or no treatment [80]. The three treatment groups did not overall 
differ in the risk of seizures, but there was a nonsignificant 10% 
reduction of seizures in the two groups which received AEDs. 
Meningiomas had the highest risk for seizures (75% by 4 years) 
and pituitary tumors the lowest (21% by 4 years). Longer oper-
ations, those associated with dissection of the lesion away from 
the surface of the brain, and left-sided or bilateral lesions also 
carried a higher risk. Early seizures (within 1 week) after crani-
otomy did not increase the likelihood of late epilepsy. In a sys-
tematic review of seizures and meningiomas, however, no 
difference in the rate of new postoperative seizures was 
observed with or without perioperative prophylactic anticon-
vulsants [21]. Adding to the debate are the results of a prospec-
tive, stratified, randomized, double-blind Dutch study that 
compared 300  mg phenytoin/day to 1500  mg valproate/day 
given for 1 year in 100 post-craniotomy patients. Fourteen 
patients had postoperative seizures, but there was no difference 
in seizure incidence between the two groups [81]. Finally, a 
meta-analysis of six controlled studies addressing the issue 
showed a tendency of prophylactic AEDs to prevent postopera-
tive convulsions in patients without preexisting seizures, but 
this effect did not reach statistical significance [82].

Several studies have examined the need for AED use, 
either prophylactically or after surgery, usually in mixed pri-
mary or metastatic brain tumor populations. In a double-
blind, randomized study of phenytoin (100  mg tid) vs 
placebo in 281 post-craniotomy patients, the phenytoin 
group had significantly fewer seizures (12.9% vs 18.4%), 
and highest protection was present between days 7 and 72. 
However, the subgroup analysis of 81 patients with brain 
tumors and craniotomy showed that 21% of patients treated 
with phenytoin had seizures versus only 13% of nontreated 
(odds ratio 1.8, 95% CI 0.6–6.1). Only the meningioma sub-
group in this study had slightly lower risk for seizures in the 
treated versus placebo patients. Therefore, based on these 
results, the recommendations for phenytoin prophylaxis 
should not apply to brain tumors [83].

In a subsequent Italian study, 65/128 (51%) patients with 
supratentorial brain tumors had preoperative seizures and were 
treated with AEDs. Those without preoperative seizures were 
randomized to receive phenobarbital or phenytoin as prophy-
lactic treatment or no treatment. No significant difference in 

seizure incidence was found between patients treated (7%) and 
those not treated (18%). The authors suggested short-term pre-
ventive antiepileptic treatment after surgery in patients without 
preoperative seizures and continuation of postoperative treat-
ment in patients with preoperative epilepsy [84].

Other AEDs have also been used. Glantz et al. conducted 
a well-designed randomized, double-blind, placebo-
controlled study comparing the incidence of first seizures in 
74 valproate versus placebo-treated patients with newly 
diagnosed supratentorial brain tumors. The drug and placebo 
groups did not differ significantly in the incidence of sei-
zures (35% in the valproate and, surprisingly, 24% in the 
placebo-treated group). Based on these results, no prophy-
lactic treatment with valproate could be recommended [78].

Finally, a prospective, randomized, unblinded study from 
Canada examined the effect of prophylactic phenytoin 
administration in newly diagnosed patients with primary and 
metastatic brain tumors without prior seizures. Seizures 
occurred in 26% of all patients, 24% in the treated, and 28% 
in the nontreated group (odds ratio 0.82, 95% CI 0.3–2) [85].

Based on the aforementioned evidence, there is no clear 
benefit of prophylactic use of AEDs perioperatively [86]. 
However, a short-term perioperative course even of enzyme 
inducers (e.g., one dose at the end of the surgery; it takes 1–2 
weeks of therapy to develop enzyme induction) or a short-
term course of the AEDs (which have a safer profile) may be 
a reasonable research endeavor for the future.

Similarly, reports on patients exclusively with metastatic 
brain tumors do not support the use of prophylactic anticon-
vulsants [10, 87]. 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 remain-
ing seizure-free patients, 40% were treated prophylactically 
with AEDs (phenytoin in >90%). During a follow-up period 
of up to 59 weeks, 10% of patients developed late seizures. 
The incidence of seizures did not differ between treated 
(13.1%) and untreated (11.1%) groups. However, this study is 
flawed due to the fact that two thirds of patients with seizures 
had subtherapeutic AED levels. The authors did not advocate 
AED use, unless the patient has the first seizure [10]. This is 
in accord to a more recent meta-analysis of adult patients with 
metastatic tumors without a seizure ever, where prophylactic 
AED treatment was not recommended [88].

Likewise, a meta-analysis evaluated five trials with spe-
cific inclusion criteria (patients with a neoplasm, either pri-
mary glial tumors, cerebral metastases, or meningiomas, but 
no history of epilepsy) who were randomized to either an 
AED or placebo. The three AEDs studied were phenobarbi-
tal, phenytoin, and valproic acid. This meta-analysis con-
firmed the lack of antiepileptic benefit at 1 week and at 6 
months of follow-up. In addition, the AEDs had no effect on 
seizure prevention for specific tumor pathology [89].

Summarizing the above information, the Quality Standards 
Subcommittee of the American Academy of Neurology  
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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 odds ratio from the randomized trials was 1.09, 95% 
CI 0.63—1.89 (P = 0.8) for seizure incidence and 1.03, 0.74–
1.44 (P = 0.9) for seizure-free survival. Therefore, the subcom-
mittee recommended no prophylactic use of AED on patients 
with newly diagnosed brain tumors. Tapering and discontinuing 
the AEDs was appropriate after the first postoperative week in 
those patients without a seizure (who were, nevertheless, treated 
before). Although not excluding the possibility that some sub-
groups of brain tumor patients may be at a higher risk for sei-
zures (melanoma, hemorrhagic or multiple metastatic lesions, 
tumors located near the Rolandic fissure, slow-growing primary 
brain tumors), the subcommittee did not find any reason for pro-
phylaxis in those patients either [74]. This guideline has been 
retired by the AAN Board of Directors on June 4, 2012, but until 
a new guideline is published, one should consider this evidence 
still as the best available, especially since newer studies have not 
disputed its recommendations [86, 90]. Likewise, these recom-
mendations extend to secondary brain tumors.

In a systematic review of adult patients with solid metas-
tases, never having experienced a seizure due to their meta-
static brain disease, routine prophylactic use of 
anticonvulsants was not recommended [88]. As with primary 
brain tumors, however, some subgroups of metastatic tumors 
may have higher incidence of seizures and may benefit from 
AEDs. For example, in a retrospective study of 105 patients 
with brain tumors using susceptibility-weighted MRI to 
detect hemosiderin deposition preoperatively, Roelcke et al. 
found a significant correlation between cortical hemosiderin 
deposition and the presence of seizures in the subgroup of 
patients with brain metastasis [45]. This finding has not been 
replicated in longitudinal studies; though, neither the effect 
of any AED in this subgroup is known.

How often these guidelines are followed is questionable, 
with some data showing that there is a discordance between 
the recommendations and the current practice. In a recent 
study from Brazil, for example, 70.2% of seizure-naïve 
patients with primary brain tumors had received primary 
prophylaxis with AEDs [91].

�Treatment of Seizures in the ICU

Treatment of seizures or SE in patients with brain tumors 
follows the general guidelines that are presented in the 
chapter Management of Status Epilepticus and Critical 
Care Seizures. There are, however, several important 
details regarding these complex patients that the intensivist 
should master.

Firstly, one should not forget that seizure control may be 
influenced by the evolution of the brain tumor and its treat-
ment [92]. Secondly, surgery may be a potent treatment 
modality in patients with refractory epilepsy and brain 
tumors, because studies have shown that resection of the 
epileptogenic zone due to brain tumors may lead to seizure 
freedom or significant control of seizures in 56–90% of 
patients [35, 93–96].

Thirdly, interactions between the various medications are a 
major problem and can lead to unforeseen complications. 
AEDs, especially those affecting the cytochrome P450 sys-
tem, may affect the metabolism of chemotherapeutic agents 
used for the treatment of metastatic or primary brain tumors 
(Table 12.1). These agents have a narrow therapeutic window 
and real potential for toxicity or lethal side effects, if their 
level is increased by an additional agent or to lose their anti-
cancer efficacy and reduce the chance for remission, if their 
level is decreased. Usually, the addition of phenytoin, carbam-
azepine, phenobarbital, and other inducer AEDs reduces the 
levels or efficacy of cyclophosphamide, methotrexate, adria-
mycin, nitrosoureas, paclitaxel, etoposide, topotecan, irinote-
can, thiotepa, and corticosteroids [74, 92, 97]. Therefore, 
when these inducing agents are used, the chemotherapeutic 
agents’ dosage should be increased. Conversely, when these 
AEDs are stopped, and since induction is a reversible phe-
nomenon, the anticancer agent dose should be decreased [92]. 
Oxcarbazepine has lower interaction potential, but can reduce 
the levels of anticancer drugs, such as imatinib [98]. For the 
ICU, lamotrigine, topiramate, and zonisamide, lacking paren-
teral formulations and requiring slow-dose titration remain in 
a disadvantage [92]. Valproic acid, being an inhibitor, can 
have the opposite effect and increase the chemotherapeutic 
agents’ levels and lead to higher toxicity from these agents or 
myelosuppression [99]. There are also some data showing 
increased postoperative bleeding with valproic acid and that 
makes some neurosurgeons reluctant to operate with this drug 
on board [92, 100]. This negative effect of valproic acid on 
platelets, however, has not been confirmed in subsequent anal-
yses. In a study of 35 patients with glioblastoma, platelet count 
<100.000/mm3 was only associated with accumulated temo-
zolomide and not independently with valproic acid [101]. 
More recently, no hematologic toxicity could be proven in 
patients with glioblastoma multiforme treated with radioche-
motherapy and use of levetiracetam or valproic acid [102]. 
Interaction between valproic acid and warfarin with resulting 
elevation of the international normalized ratio and bleeding at 
the tumor bed has been reported in glioblastoma multiforme 
and requires caution when both drugs are coadministered 
[103]. On the other hand, valproic acid may also have benefi-
cial effects in patients with seizures due to brain tumors via 
direct or indirect antitumor properties (see below) and 
decreased refractoriness to seizure control via suppression of 
the multidrug resistance gene MDR1 [104].
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Fourthly, competition for binding to plasma proteins may 
be important 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 in order to avoid toxicity or 
subtherapeutic levels.

Lastly, regarding the steroids, either their dose should be 
increased or the patient should be switched to one of the 
newer, non-inducing AEDs (lamotrigine, levetiracetam, 
zonisamide, vigabatrin, and gabapentin). These newer drugs 
are either renally excreted (levetiracetam, zonisamide, gaba-
pentin, vigabatrin) or, if hepatically metabolized, either non-
inducers of the cytochrome P system (lamotrigine) or mild 
inducers (oxcarbazepine) [30, 105].

Overall, the intensivist should be cautious because, con-
trary to the aforementioned data, there have also been studies 
showing improved outcomes in patients with brain tumors 
exposed to enzyme-inducing AEDs [106–108]. One possible 
explanation is that patients with brain tumors and seizures 
are diagnosed earlier and therefore may have a better prog-
nosis because of that reason [43, 92].

On the other hand, enzyme inhibitors, such as valproic 
acid, may lead to better outcomes in these patients. Weller 
et al. analyzed the survival data of patients with glioblastoma 
enrolled in a randomized study and treated with radiotherapy 
alone versus radiotherapy plus temozolomide. Patients 
receiving valproic acid alone (97 [16.9%]) appeared to 
derive more survival benefit from temozolomide/radiother-
apy (hazard ratio [HR], 95% confidence intervals 0.39, 0.24–

0.63) than patients receiving an enzyme-inducing AED only 
(HR 0.69, 0.53–0.90) or patients not receiving any AED (HR 
0.67, 0.49–0.93). Valproic acid did not confer any survival 
advantage in the radiotherapy-alone arm and was more likely 
to induce thrombocytopenia and leukopenia [99]. Potential 
explanations of this effect are either decreased clearance of 
temozolomide by valproic acid-induced enzymatic inhibi-
tion or direct potentiation by valproic of the temozolomide 
effect [92]. These positive effects of the combination of 
temozolomide and valproic acid on survival were also found 
in a more recent Dutch study of patients with glioblastoma 
[20] and in a Brazilian study of children with a variety of 
brain tumors [109]. In a recent systematic review of valproic 
acid in patients with glioblastoma, a prolonged survival was 
confirmed [110].

Chemotherapy per se may have additional effects on sei-
zure control. Newer chemotherapeutic agents, such as temo-
zolomide, may decrease seizure frequency in 50–60% or 
lead to seizure freedom in 20–40% of treated patients, but 
the mechanism is unclear [111, 112]. In a retrospective study, 
seizure frequency in patients with low-grade gliomas and 
intractable epilepsy was analyzed before and after treatment 
with temozolomide in 69 patients. There was a significant 
difference in >50% seizure reduction frequency between 
patients receiving temozolomide (59%) and those who did 
not receive temozolomide (13%). Seven patients (18%) in 
the temozolomide group displayed this improvement inde-
pendent of AED adjustment compared with no patient in the 
control group, a significant difference [113].

Newer AEDs are believed to have a more favorable safety 
profile; fewer interactions with other drugs and some are also 
available in an IV formulation, all useful characteristics for 
their use in the ICU. Levetiracetam belongs to this group of 
newer AEDs and has a favorable profile for use in patients 
with brain tumors [114].There are data that the addition of 
levetiracetam (1–4 g/day) to older AEDs in patients with 
refractory seizures can lead to reduction of seizures by 
65–90%. In fact, 44–46% of patients in these small case 
series (a total 86 patients included) were switched to leveti-
racetam monotherapy later on [115–117]. In a prospective 
small study of 17 patients with brain tumors (mostly glio-
blastoma multiforme), levetiracetam monotherapy achieved 
≥50% seizure reduction in 91.7% of them. A total of 92 drug 
interactions were avoided by using levetiracetam (instead of 
using phenytoin as a comparison), with dexamethasone, 
acetaminophen, and fentanyl being the most common inter-
acting drugs [118]. In another older small study of 14 patients 
with brain tumors, addition of gabapentin (0.3–2.4 g/day) to 
phenytoin, carbamazepine, or clobazam led to 100% seizure 
reduction and 57% seizure freedom [119]. More recently, 
lacosamide, a newer AED with minimal drug interactions 
and renal excretion, had been used in a retrospective study of 
patients with primary brain tumors. This drug was an add-on 

Table 12.1  Hepatic metabolism of common chemotherapeutic agents 
and antiepileptics (modified from [92, 105])

Chemotherapeutic drug Hepatic cytochrome P system used

Corticosteroids CYP3A4

Vinca alkaloids CYP3A4

Etoposide/teniposide CYP3A4

Tamoxifen CYP1A2, CYP2D6

Cyclophosphamide CYP2B

Nitrosoureas CYP3A4, CYOC19, CYP2D6

Taxanes CYP3A4, CYP2C8

Irinotecan CYP3A4

Busulfan CYP3A4

Doxorubicin CYP3A4

Cisplatin CYP3A4, CYP2E1

Methotrexate 80–90% renally excreted unchanged

Antiepileptic drug

Phenytoin CYP3A4, inducer

Phenobarbital CYP3A4, inducer

Carbamazepine CYP3A4, inducer

Oxcarbazepine CYP3A4 weak inducer

Valproic acid CYP3A4, inhibitor

Lamotrigine Non-inducer

Levetiracetam Non-inducer
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for recurrent seizures in 74% of patients and used due to pre-
vious drug toxicity in another 23%. Lacosamide, in daily 
doses ranging from 100 to 600 mg, led to decreased seizure 
frequency in 66% and stable seizure frequency in 30% of 
patients. Seizure frequency also decreased in 4 out of 12 
(33.3%) patients where lacosamide was not used concomi-
tantly with any other AED. No toxicity was seen in 77% of 
patients [120]. In another study of 14 patients with brain 
tumor-associated seizures, who had already been treated 
with other AEDs and who had not experienced adequate sei-
zure control, the mean seizure number in the last month prior 
to the introduction of lacosamide was 15.4. After the intro-
duction of this drug, the mean seizure number was reduced 
to 1.9/month. Lacosamide mean dosage was of 332.1 mg/
day (min 100 max 400 mg/day) and the overall responder 
rate was 78.6%. Only one patient discontinued the drug 
because of side effects (dizziness and blurred vision) [121].

Chemotherapeutic agents or corticosteroids can also 
affect the metabolism of several AEDs, increasing or decreas-
ing their levels [122–124]. This may explain the subthera-
peutic levels of these drugs in the studies that evaluated their 
prophylactic use [10, 78, 84, 85]. Phenytoin concentrations 
may become toxic after withdrawal of dexamethasone [125], 
probably due to slower hepatic metabolism of the former. 
Poor seizure control may result from the combinations of 
phenytoin with cisplatin or corticosteroids and valproic acid 
with methotrexate. Increased toxicity of AEDs can occur 
when phenytoin is combined with 5-fluorouracil [126]. In 
addition, several chemotherapeutic agents may have pro-
convulsant activity on their own [38, 72] (see chapter Drugs 
Used for the Critically Ill and Critical Care Seizures), and the 
intensivist should be aware that the aforementioned studies 
of prophylactic AED use did not control for the presence of 
specific chemotherapeutic agents.

An interesting aspect of the antiepileptic drug use in 
patients with cancer is their potential for antineoplastic or 
immunosuppressive effect [92, 99, 127–130]. Valproate is 
exhibiting inherent antitumor activity through inhibition of 
histone deacetylase (which leads to cell differentiation, 
growth arrest, and apoptosis of cancer cells, including glio-
mas) [42, 96, 110, 126, 131] and tumor angiogenesis [132].

Similarly to valproic acid, carbamazepine and its metabo-
lite carbamazepine-10,11-epoxide have also been shown to 
act as histone deacetylase inhibitors, although less consis-
tently in the literature [42]. Levetiracetam enhances 
p53-mediated inhibition of O-methylguanine-DNA methyl-
transferase (MGMT; a DNA repair protein that confers resis-
tance to alkylating agents) and sensitizes glioblastoma cells 
to temozolamide [133]. Phenytoin on the other hand may lead 
to immunosuppression, but clinical studies examining this 
effect are not available. Neutropenia secondary to myelosup-
pressive chemotherapy may worsen with carbamazepine, an 
adverse effect that should be monitored very carefully [134]. 

Gabapentin may also ameliorate chemotherapeutic-induced 
nausea, and this may be of additional benefit in patients with 
seizures and breast cancer [135].

Interaction between AEDs and irradiation treatment 
offered to the brain or spine may lead to dermatologic 
complications. Skin rash in patients treated with phenytoin 
and brain irradiation may herald Stevens-Johnson syn-
drome [76, 136], and valproic acid has been implicated in 
Rowell’s syndrome (lupus erythematosus associated with 
erythema multiforme-like lesions) [137]. One retrospec-
tive study, however, of 289 patients with brain tumors 
treated with AEDs and radiation found only one (0.3%) 
patient who 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 [138]. More recently, in a ret-
rospective analysis of 544 adults with glioblastoma, val-
proic acid (but not levetiracetam) use during radiation 
therapy was associated with improved overall survival, 
independently of Radiation Therapy Oncology Group 
recursive partitioning analysis (RTOG RPA) class, seizure 
history, and concurrent temozolomide use [139]. This con-
trasts to the aforementioned study, where valproic acid did 
not confer any survival advantage in the radiotherapy-
alone arm [99].

Based on the above safety profile, interactions with che-
motherapeutic agents, and the fact that for partial seizures in 
adults with or without secondary generalization, the 
International League Against Epilepsy considers levetirace-
tam (as well as phenytoin, carbamazepine, and zonisamide) 
level A anticonvulsant and valproic acid level B [140], leve-
tiracetam is considered the preferred monotherapy choice for 
patients with brain tumors [43]. Similarly, levetiracetam may 
be effective in patients with brain metastases [141] or menin-
giomas and seizures [43]. For patients with glioblastoma 
multiforme, valproic acid confers survival benefit and may 
be used. If seizures are not optimally controlled with either 
valproic acid or levetiracetam monotherapy, a polytherapy of 
both valproic acid and levetiracetam is preferable over 
sequential trials of antiepileptic monotherapy. If this combi-
nation is still suboptimal, experts suggest as an add-on either 
zonisamide, lacosamide, or lamotrigine [43].

Summarizing these data, individualized treatment in the 
ICU and afterwards is probably best. Factors that should be 
considered before one decides if and when to treat the patient 
and which medications to use including the histopathology 
of the tumor, the location of the mass, the presence of preex-
isting 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

Overall, surgical excision of the tumor results in improved 
control of seizures, and the more extensive the resection of 
gliomas, the lower the postoperative seizure frequency, in 
most studies [26]. A recurrence or worsening of seizures fol-
lowing first-line antitumor treatment predicts progression of 
GBM in two thirds of patients, an association less evident 
with low-grade gliomas [14, 43, 142]. In low-grade gliomas, 
however, favorable postoperative seizure control factors are 
the presence of generalized seizures, surgery within <1 year 
from presentation, gross tumor resection, and successful pre-
operative control of seizures [43, 143].

There are data supporting a better outcome in patients with 
brain tumors and seizures [26, 43, 92, 144]. In a retrospective 
study from Johns Hopkins, 56% of 544 patients, who under-
went first-time resection for glioblastoma multiforme, lost 
their functional independence at a median of 10 months (IQR 
6–16 months). Preoperative seizures were one of the factors 
independently associated with prolonged functional indepen-
dence (odds ratio 0.606, 95% CI 0.431–0.832) [145]. This 
information can be of some help in the discussions the inten-
sivist may have with the patients or relatives in the ICU.
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�Introduction

The increasing success of cardiopulmonary resuscitation 
(CPR) in reviving individuals from cardiac and respiratory 
arrest has generated an upsurge in hospital admissions for 
patients in post-resuscitative coma. The immediate post-
resuscitation period is marked by the highest risk of hemody-
namic instability, recurrent arrest, and prognostic uncertainty. 
Cardiac intensive care units 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 this area has been sparse, and several 
important questions remain unanswered. Do seizures exacer-
bate brain damage in hypoxic-ischemic coma? How aggres-
sively should they be treated and with which agents? Can 
some seizure types offer prognostic information that impacts 
the decision to withdraw care? How does TTM and TH affect 
post-cardiac arrest care and prognostication related to sei-
zures? How should encephalography be used to guide ther-
apy and care? This review will provide a comprehensive 
presentation of existing literature related to this problem.

�Epidemiology

A large proportion of patients who are comatose after cardiac 
arrest have seizures; Nielsen et al. reported seizures in 24% of 
patients in their large (765 patients) prospective observational 
multinational registry of patients resuscitated from out-of-
hospital cardiac arrest [1]. In a referral population of 114 
patients who survived CPR for over 24 h, Krumholz et al. [2] 
described seizures in 44%. Thirty-five percent of patients had 
myoclonus alone or in association with other seizure types. 
Status epilepticus was found in 32%, the majority of which 
was either status myoclonus (SM) alone or a combination of 
SM and generalized tonic-clonic (GTC) status epilepticus, 
which the authors termed myoclonic status epilepticus. In 
prospective [3] and retrospective [4] 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. Myoclonic 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 [3]. In 
the classic outcome study by Levy et al. [5], 15% of patients 
in hypoxic-ischemic coma experienced generalized convul-
sions, while 10% had isolated myoclonus. The post-hypoxic 
syndrome of action myoclonus described by Lance and 
Adams [6] can occur within a few days of cardiac arrest, but 
the incidence rate among survivors has never been studied.

Mani et al. [7] conducted one of the first investigations of 
the frequency and onset of seizures in comatose post-cardiac 
arrest patients treated with TH. Although it was a small (38 
patients) single center study, there were many noteworthy 
findings. A total of 23% of patients had electrographic sei-
zures with a median onset of 19 h from arrest. Of this group 
56% had seizure onset prior to rewarming and 78% had status 
epilepticus [7]. The early onset of seizures in the comatose 
post-cardiac arrest population is supported by Rittenberger 
et al. who found nonconvulsive status epilepticus (NCSE) in 
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12% of patients with out-of-hospital cardiac arrest that under-
went TH [8]. Twenty-five percent of these patients were in 
NCSE upon initiation of EEG monitoring, reiterating the 
early onset of epileptiform activity from the time of arrest.

�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)-sensitive potassium channels 
(KATP) are activated by hypoxic stress, resulting in protective 
cellular hyperpolarization by inward rectifying potassium 
currents [9]. KATP knockout mice subjected to brief episodes 
of hypoxia are more susceptible to generalized seizures [9]. 
The highest concentration of KATP channels is located within 
the substantia nigra pars reticulata (SNPR), which acts as a 
central gating system for the propagation of generalized sei-
zures [9]. In prolonged hypoxia-ischemia, SNPR may be 
damaged and the gating function of the KATP receptors may 
be lost. Alternatively, hypoxic depletion of ATP could result 
in loss of the inward rectifying potassium current and failure 
to block seizure propagation at the SNPR [9].

Prolonged generalized seizures induce permanent neuro-
nal injury that shares some characteristics with global 
hypoxia. Excess glutamate release activates N-methyl-d-
aspartate (NMDA) receptors resulting in intracellular accu-
mulation of calcium and early apoptosis [10]. When 
mitochondrial energy stores are depleted during hypoxic and 
ischemic states, the cytotoxicity of NMDA receptor activa-
tion is markedly potentiated [11]. Experimental blockade of 
the NMDA receptor inhibits neuronal toxicity even though it 
does not shorten the duration of the seizure [12].

Pathological studies of uncomplicated seizures in humans 
report either no neuronal injury or ischemic cell changes lim-
ited to the hippocampus, particularly the Sommer sector (H1) 
[13]. After prolonged status epilepticus, the cortex may show 
laminar ischemic changes similar to hypoxic-ischemic 
encephalopathy with or without involvement of the cerebellar 
Purkinje cells [13]. Experimental data from well-oxygenated 
baboons with chemically induced status epilepticus showed 
cortical damage but limited cerebellar pathology [14]. In 
mechanically ventilated rats, prolonged seizures produced 
cellular changes limited to the substantia nigra pars reticulata 
(SNPR), hypothalamus, and globus pallidus [15, 16]. 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 concomitant hypoxia or ischemia 
[13]. Pathological changes demonstrated in global hypoxia-
ischemia, on the other hand, involve all neuronal layers of the 
cortex, subcortical gray matter structures, cerebellum, and 
spinal cord in human autopsy series [17].

Animal data have been important in studying whether sei-
zures exacerbate hypoxic-ischemic neuronal injury. Young 
et  al. studied extracellular inhibitory and excitatory amino 
acid concentrations in juvenile rabbits with hypoxia alone, 
seizures alone, and seizures after hypoxia [18]. They found 
no increase in glutamate or GABA with hypoxia or seizures. 
When seizures were preceded by a period of hypoxia, how-
ever, there was a dramatic increase in both glutamate and 
GABA [18]. 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, CSF concentrations of gluta-
mate and GABA were elevated [19]. When these rats were 
subjected to prolonged status epilepticus, the concentration 
of GABA increased further but glutamate did not [19]. These 
findings suggest that glutamate neurotoxicity 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 
status epilepticus [19–21]. In newborn rats with limited 
hypoxic-ischemic lesions from unilateral carotid ligation, 
however, status epilepticus resulted in heightened neuronal 
injury [22]. 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 [22].

�Myoclonus in Hypoxic-Ischemic Coma

Many clinicians ascribe SM in the setting hypoxic-ischemic 
coma to agonal neuronal firing that is a fragment of GTC 
status epilepticus [23–25]. Celesia et al. [25] 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 lami-
nar and intralaminar nuclei disrupts Jacksonian seizure pro-
gression, while destruction of the thalamic relay system 
prevents generalization to GTC convulsions [25].

Pathological data were provided in several case series of 
patients with SM in post-anoxic coma [23–25]. In the Young 
et al. series [23], damage was seen in all layers of the cere-
bral 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 status epilepticus [23]. In the Celesia et  al. 
series [25], the only two patients with Ammon’s horn sclero-
sis—reflective of neuronal damage from status epilepticus—
had GTC status epilepticus prior to the development of 
SM. In the study by Wijdicks et al. [24], post-anoxic patients 
with SM showed significantly greater involvement of all cor-
tical laminae than those who died without SM. The damage 
in the hippocampus and cerebellum was not significantly dif-
ferent between the two groups. These data were interpreted 
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to reflect that patients with SM had suffered greater anoxic 
brain injury [24], but the study was not designed to discern 
whether or not myoclonic seizures contributed to this injury.

�Lance-Adams Syndrome

Although, in their classic paper describing the post-hypoxic 
syndrome of action myoclonus, Lance and Adams [6] impli-
cated damage to the ventrolateral thalamic nuclei as the 
causative lesion, subsequent reports have focused on 
impaired serotonin neurotransmission and lesions in the cau-
dal medulla and cortex. Many patients with Lance-Adams 
syndrome have low cerebrospinal fluid (CSF) concentrations 
of serotonin metabolites [26, 27]. Rat models of post-hypoxic 
myoclonus demonstrate impaired neurotransmission at 
5-HT1B and 5-HT2A/2B receptors [28, 29]. Myoclonus is often 
attenuated by treatment with 5-hydroxytryptophan (5-HTP), 
valproic acid, and clonazepam—substances which are 
known to enhance serotonergic neurotransmission—in both 
the rat [30] and human [31]. Excess CSF serotonin metabo-
lites, exacerbation of myoclonus with serotonin agonists, 
and amelioration with the serotonin antagonist methysergide 
was reported in a single patient with severe hypercarbic 
respiratory arrest [32]. The exact role of serotonin in Lance-
Adams syndrome remains unclear.

�Clinical Presentation

�Generalized Tonic-Clonic (GTC) Seizures

GTC seizures following CPR were reported in 16 of 114 car-
diac arrest survivors in the Krumholz prospective series [2]. 
GTC status epilepticus occurred in conjunction with myoc-
lonus 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) of cardiac 
arrest and lasted an average of 17.5 h (range 2–48). All 
patients were profoundly comatose at seizure onset. In the 
same series, respiratory arrests were more frequently impli-
cated in myoclonic status epilepticus than cardiac arrests [2]. 
Snyder et  al. [4] 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 proxim-
ity to the administration of lidocaine. One of these patients 
had GTC convulsions simultaneous with myoclonus.

�Focal and Complex Partial Seizures

Focal and complex partial seizures following CPR have not 
been extensively reported in the literature. Krumholz et al. 
[2] mention that 3 of the 114 cardiac arrest survivors studied 
developed focal motor seizures. Snyder et  al. [4] 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 days [4]. The majority of seizure episodes lasted less 
than 48 h, but a few patients had recurrence of partial sei-
zures after 4–6 days. The majority of patients with partial 
seizures had other types of seizures 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 [2, 4, 6, 23–25, 33–40]. Cortical 
myoclonus is felt to be a fragment of focal seizures, with 
myoclonic jerks involving only a small number of adjacent 
muscle groups [41]. It preferentially involves distal appen-
dicular structures, typically affecting agonist and antagonist 
muscle groups simultaneously, and may be multifocal [41]. 
Cortical myoclonus occurs spontaneously but may be accen-
tuated by volitional movement (action myoclonus) or 
somatosensory stimulation (reflex myoclonus) [41]. The 
movements are typically preceded by time-locked EEG dis-
charges at the sensorimotor cortex. Reticular myoclonus is 
felt to be a fragment of generalized epilepsy, with myoclonic 
jerks involving the entire body [41]. Axial structures and 
proximal muscle groups are preferentially involved, and the 
jerks may also be triggered by movement or somatosensory 
stimuli [41]. Reticular myoclonus is believed to result from 
lesions of the nucleus reticularis gigantocellularis in the cau-
dal medulla [41]. EEG spikes are generalized and follow the 
movement, suggestive of a subcortical discharge referred to 
the cortex [41]. Primary generalized myoclonus involves 
synchronous jerks of the distal appendicular muscles time-
locked to generalized cortical discharges on EEG [41]. SM is 
any form of epileptic myoclonus that persists for greater than 
30 min. Segmental myoclonus is felt to be a non-epileptic 
brainstem or spinal cord reflex resulting in isolated, non-
rhythmic jerks of axial structures with no EEG correlate.

Snyder et  al. [4] 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, asymmet-
ric jerks involving the extremities alone. Myoclonus occurred 
in 30% of CPR survivors in the Krumholz et al. series [2], the 
majority of whom (78%) had generalized or multifocal corti-
cal myoclonus with co-occurrence of other seizure types. 
Segmental myoclonus involving the eyes, palate, and phar-
ynx was noted in several patients. In the Young et al. series 
[23], myoclonic jerks were always bilaterally synchronous 
and involved the face, particularly the eyelids. The extraocu-
lar muscles could be involved as well [23, 24]. Limb jerks 
occurred variably and simultaneous to facial movements. 
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Myoclonic jerks occasionally involve the diaphragm and 
interfere with mechanical ventilation [23]. Myoclonus typi-
cally begins within 12 h of cardiopulmonary arrest with a 
mean duration around 24 h [2, 4, 24, 25]. A sub-group of 
patients develop myoclonus only 3–5 days after arrest and it 
persists for days to weeks [4]. Spontaneous myoclonus typi-
cally occurs at a frequency of a jerk every 1–5 s [25]. 
Stimulus sensitivity has been reported in many patients [4, 
23–25, 34, 35, 37], with increased jerks on tracheal suction-
ing, touch, painful stimuli, or loud noise. Stereotyped myo-
clonic jerks have also been reported with episodic 
hypotension [24]. One group reported reticular myoclonus in 
synchrony to the carotid pulse that was ablated by carotid 
sinus massage [40].

�Lance-Adams Syndrome

Some mention must be made of Lance-Adams syndrome 
because it may evolve while the patient remains in the inten-
sive care unit [6, 42, 43]. In the original Lance and Adams 
case series [6], 3 of the 4 patients began experiencing myoc-
lonus during the first few days after resuscitation while they 
remained in post-anoxic coma. “Generalized myoclonus was 
a feature of the early stages of the illness soon after the epi-
sode 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” [6]. In one series, 9 of 14 patients first 
experienced myoclonus within days of the hypoxic event, 
and—in all but one—myoclonic jerks were first noted during 
coma [43]. After arousal from coma, Lance and Adams’ [6] 
patients had normal or near-normal intellect, subtle cerebel-
lar signs, and labile mood. The myoclonic jerks were brief, 
variable in amplitude, and typically comprised a series of 
contractions of agonist and antagonist groups. Myoclonus 
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. Post-anoxic myoclonus can 
show characteristics of either cortical or reticular myoclonus 
and sometimes both [43–48]. The majority of patients in one 
series [43] had cortical discharges on EEG preceding and 
time-locked to myoclonic jerks. These jerks were predomi-
nantly 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 [43]. One case report [45] 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 post-
anoxic seizures. In a study [49] from a single university cen-
ter by Varelas et  al., cardiorespiratory arrest was the 
indication for ordering an emergent EEG in 11% (29 out of 
261) of cases. EEG was ordered to rule out status epilepticus 
in 23 patients and seizures in 3 patients. Preceding suspi-
cious 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 emer-
gent EEG finding (11 cases), followed by convulsive status 
epilepticus (8 cases), epileptiform discharges (4 cases), and 
nonconvulsive status epilepticus (3 cases). In the multivari-
ate analysis of all emergent EEGs in this study, history of 
cardiopulmonary arrest was the only independent predictor 
of convulsive or NCSE [49].

The presence of multiple various rhythmic and fluctuat-
ing patterns in EEG activity in the critically ill has created a 
challenge for those caring for patients, as well as researchers 
who wish to evaluate the presence and significance of these 
patterns. There has been a movement to clarify these patterns 
recently, with the development of a more standardized 
nomenclature [50]. After implementation of these guide-
lines, high interrater agreement was shown for the interpreta-
tion of critical care EEG monitoring [51]. Despite these 
interpretation challenges in the intensive care unit, EEG 
remains a valuable tool for comatose individuals [52].

It is recommended that EEG monitoring be performed, 
with frequent interpretation for patients that remain coma-
tose after return of spontaneous circulation (ROSC; Class I, 
LOE C-Limited Data) [53]. If continuous EEG monitoring is 
not available, intermittent routine EEG studies are recom-
mended. These guidelines are based on a high prevalence of 
epileptiform activity (12–22%), including both seizures and 
NCSE, in comatose patients after cardiac arrest [8, 54, 55].

Krumholz et al. [2] found epileptiform discharges in 58% 
of survivors with clinical seizures or myoclonus and 88% of 
those with myoclonic status epilepticus. Epileptiform dis-
charges were rare in CPR survivors without clinical seizures 
or myoclonus (9%). Burst suppression was also seen more 
frequently (76%) in patients with myoclonic status epilepti-
cus [2]. EEG characteristics of the various types of seizures 
after hypoxic-ischemic injury have also been described. 
Snyder et al. [4] 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 myoc-
lonus are highly variable. The most frequently reported pat-
terns include burst suppression, diffuse slowing, isoelectric 
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tracing, periodic spikes and polyspike/slow-wave complexes, 
and alpha coma [2, 4, 23–25, 33–35]. The most common trac-
ing in most series is diffuse slowing with or without periodic 
spikes or polyspike complexes [33]. The interval between 
complexes is stable for a given patient but ranges from 0.5 to 
5 s [33]. The complexes may or may not be time-locked to the 
myoclonic jerks [23, 25]. In stimulus-sensitive myoclonus, 
tactile and auditory stimulation elicit bursts of generalized 
spike-polyspike complexes that precede and are time-locked 
to clinical myoclonus [25, 35]. Burst suppression is the sec-
ond most frequently reported pattern [33]. The bursts typi-
cally last 1–10 s and are separated by prolonged periods of 
suppression ranging 5–25 s [33]. One series reported periods 
of inter-burst suppression lasting as long as 2–4  min [35]. 
Burst-suppression patterns in hypoxic-ischemic coma with-
out myoclonus have typical intervals around 15 s [56], and 
prolonged suppression in this scenario may reflect more pro-
found brain injury [33]. As described above, patients with 
Lance-Adams syndrome follow 3 EEG patterns: focal time-
locked spikes that precede the myoclonus (cortical myoclo-
nus), generalized non-time-locked spike-and-slow-wave 
complexes that follow the myoclonus (reticular myoclonus), 
and no abnormal EEG activity (segmental myoclonus) [43–
48]. EEG has also been used for prognostic purposes after 
cardiopulmonary arrest [57–59]. In a systematic review of 
EEG data [60], 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 
likelihood ratio for poor outcome with these EEG patterns 
was 9.0 (95% CI 2.5–33.3) [60].

�Electromyography

Electromyography (EMG) may be useful in delineating 
reticular myoclonus from cortical myoclonus in patients 
with Lance-Adams syndrome, especially in conjunction with 
EEG.  Patients with cortical myoclonus demonstrate EMG 
discharges that occur in a rostrocaudal distribution, are time-
locked to cortical spikes on EEG, follow them, and have con-
duction delays similar to direct cortical stimulation of the 
motor tract [6, 41]. Patients with reticular myoclonus involv-
ing the cranial nerves demonstrate a caudorostral distribution 
of EMG discharges originating in the caudal medulla that are 
not time-locked to and normally precede cortical EEG spikes 
[41, 44, 47].

�Somatosensory Evoked Potentials

Somatosensory evoked potentials (SSEP) have prognostic 
utility in post-anoxic coma and have contributed to clinical 
research in Lance-Adams syndrome. They have not been 

studied in acute post-anoxic myoclonus per se. Bilateral 
absence of early cortical N20 SSEP responses portends poor 
outcome in hypoxic-ischemic coma when conducted at 24–72 
h after arrest or rewarming [56, 61–67] with a low false-posi-
tive rate (FPR 1%; 95% CI, 0–3%, Class IIa, LOE 
B-nonrandomized) [53]. Benefits of using SSEP include min-
imal influence of medications and metabolic derangements 
[56], but this testing does require a high level of technical 
skill, and care must be taken to minimize muscle artifact. 
SSEP has also been useful in studying Lance-Adams syn-
drome. Patients with cortical action myoclonus often demon-
strate abnormally large evoked potentials in the sensorimotor 
cortex, whereas patients with reticular myoclonus do not [41, 
43, 45, 46]. These data have been used to support the hypoth-
esis that cortical reflex myoclonus results from hyperexcit-
ability of the sensory input to a cortical reflex arc [41].

�Brain Imaging

Brain imaging has been extensively studied in patients after 
cardiopulmonary arrest, but not in the subpopulation with 
hypoxic-ischemic seizures and myoclonus. Torbey et  al. 
[59] demonstrated the loss of distinction between the gray 
and white matter on CT scan immediately after cardiac 
arrest. A gray matter to white matter Hounsfield unit ratio 
<1.18 at the level of the basal ganglia predicted death in this 
small retrospective study [68]. 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 [24]. Cerebral edema and 
hypodensities in the deep cortical white matter, cerebellum, 
thalamus, and cortical watershed areas occurred more fre-
quently in those patients with myoclonus than in those with-
out myoclonus. More recently it has been discovered that 
bilateral hippocampal hyperintensities on MRI diffusion-
weighted imaging (DWI) and fluid-attenuated inversion 
recovery (FLAIR) indicate a poor prognosis for comatose 
cardiac arrest survivors, although this was demonstrated on 
a small sample size [69]. Brain MRI has been studied in 
survivors of cardiac arrest and in status epilepticus, but not 
in the subpopulation with both seizures and cardiorespira-
tory arrest. One small study of CPR survivors [70] 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 days and in the white matter between 14 and 20 days. 
After 21 days, diffusion-weighted imaging was normal 
[70]. In the absence of hypoxic or ischemic insults, status 
epilepticus is known to induce T2- and diffusion-weighted 
hyperintensities and T1-weighted hypointensities as well as 
contrast enhancement in the involved cortex, adjacent sub-
cortical white matter, and hippocampus [71]. These changes 
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represent cortical cytotoxic edema and subcortical vaso-
genic edema that typically reverses when seizures are con-
trolled [71]. For more information on differentiating MRI 
changes between ischemic stroke and status epilepticus, 
please refer to the Chap. 9.

Brain imaging is poorly studied in CPR survivors with 
seizures. In one series, brain MRI and CT 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 third [43].

�Cerebrospinal Fluid Analysis

There is no evidence to support the evaluation of cerebrospi-
nal fluid in the setting of acute hypoxic-ischemic seizures in 
humans [53]. In Lance-Adams syndrome, conflicting data 
have been reported with regard to concentrations of serotonin 
metabolites, as described above. The majority of patients 
have depressed serotonin metabolites and often respond clini-
cally and biochemically to serotonin precursors and agonists 
like 5-HTP, clonazepam, and valproic acid [27, 31]. Those 
patients with elevated CSF serotonin metabolites tend to 
respond to serotonin antagonists like methysergide [32].

�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 deci-
sion to limit medical care. Patients with a previous diagnosis 
of epilepsy may present in status epilepticus 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 
Cardiac Life Support protocol, is well known to induce sei-
zures at serum levels >9 μg/ml [72–74]. Propafenone, 
although rarely used in cardiac arrest, has also been reported 
to lower the seizure threshold [75]. Streptokinase, prouroki-
nase, and tissue-type plasminogen activator given during 
acute myocardial infarction may also induce seizures [76]. 
Although rarely used in the modern management of asthma, 
theophylline administered for respiratory arrest secondary to 
status asthmaticus is epileptogenic [77]. Stimulants, tricyclic 
antidepressants, and cocaine can potentially cause arrhythmic 
cardiac arrest and seizures [68, 73, 78, 79]. Alcohol-, barbitu-
rate-, and benzodiazepine-withdrawal seizures must be con-
sidered in the first few days of admission in alcoholics and 
sedative users who present with respiratory or cardiac arrest. 

Penicillins, fluoroquinolones, and other antibiotics used in the 
ICU setting may trigger seizures. Rapid withdrawal of anes-
thetic agents, such as propofol and barbiturates, may also pre-
cipitate prolonged seizures and post-propofol myoclonus is a 
well-described phenomenon [80]. For more details on drug-
induced seizures, review the Chap. 20

Metabolic derangements, such as hyponatremia and 
hypomagnesemia, are common in patients with congestive 
heart failure, intrinsic renal disease, the syndrome of inap-
propriate antidiuretic hormone release (SIADH), and diuretic 
users. If severe, hyponatremia may produce obtundation—
with or without focal neurological deficits—and seizures. 
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 clin-
ically distinguish from shivering, rigors, hyperekplexia, and 
reflex startle responses [41, 45]. EEG, with or without para-
lytic medications, may be helpful in this regard. Specific dis-
cussion 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 car-
diopulmonary arrest. This is a period of hemodynamic insta-
bility, 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 excre-
tion of resuscitative 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 is well known 
to induce hypotension and may trigger arrhythmias such as 
ventricular fibrillation, complete heart block, bradycardia, 
and asystole. Divalproex sodium, phenytoin, and barbiturates 
can precipitate hepatic injury that may be especially problem-
atic in the setting of shock liver. Divalproex sodium and phe-
nytoin also have significant interactions with many 
antiarrhythmic agents, including lidocaine and amiodarone. 
Intravenous benzodiazepines and barbiturates may also 
induce hypotension and may interfere with neurological 
examination such that a falsely poor prognosis is given in 
patients with shock liver and untested blood levels.

�Simple and Complex Partial Seizures

Simple and complex partial seizures have not been demon-
strated to cause neuronal injury in most case series and may 
not require aggressive management in post-anoxic coma. 
In the Snyder et al. case series [4], few patients had partial 
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seizures in isolation, and most patients had good seizure con-
trol with phenytoin alone, phenobarbital 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.

�Generalized Tonic-Clonic Seizures

GTC seizures are well known to cause progressive neuronal 
injury after 30 min [9, 12, 13]. They typically begin during 
the first day after cardiopulmonary arrest, a period in which 
the ultimate prognosis remains unclear. The pathological 
data in post-anoxic patients with GTC status epilepticus is 
limited, but one series [25] did demonstrate Ammon’s horn 
sclerosis  – typical of epileptic neuronal injury—in two 
such patients. GTC status epilepticus should be managed 
aggressively in these patients—particularly when it occurs 
early in the hospital course—as detailed elsewhere in this 
book (chapter on “Management of Status Epilepticus and 
Critical Care Seizures”). To what extent this management 
may change the outcome after hypoxic-ischemic injury is 
unknown.

�Myoclonus

Isolated epileptic myoclonus and segmental myoclonus are 
not harmful and do not require treatment unless they inter-
fere with mechanical ventilation or clinical care. Whether or 
not SM exacerbates the brain damage caused by hypoxic-
ischemic encephalopathy remains unclear. Most clinicians 
argue that SM represents agonal neuronal activity that 
reflects neurological devastation. A review of the literature 
for this publication found five patients [6, 25, 39, 81] who 
developed SM during post-anoxic coma and had good neu-
rological outcomes. Importantly, all of these patients appear 
to have suffered respiratory arrest as opposed to cardiac 
arrest. Several case series focused purely on cardiac arrest 
[2, 4, 24, 33, 38] report uniform mortality or vegetative state 
in post-anoxic SM.  It is unclear, however, whether these 
results reflect a “self-fulfilling prophesy” as SM itself may 
be used as an argument to withdraw supportive care [24, 38]. 
Although pathological studies from patients with SM after 
cardiopulmonary arrest show greater cortical involvement 
than similar patients without SM [24], 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 phenytoin, phenobarbital, levetiracetam, valproic 
acid, and benzodiazepines [2, 4, 23–25, 33, 35, 36, 38].

The AHA 2015 guidelines note the importance in distin-
guishing myoclonus from status myoclonus [53]. The term 
status myoclonus was defined as continuous repetitive myo-

clonic jerks with a duration of greater than 30 min. The pres-
ence of status myoclonus in subjects that underwent TTM 
within 72–120 h after ROSC is predictive of a poor outcome 
with a 0% FPR (CI 0–4%) [8, 82, 83]. Cardiac arrest survi-
vors who do not undergo TTM still have a poor outcome 
when status myoclonus is present within 72 of arrest (FPR 
0%, CI 0–14%) [2, 84]. Differentiation must be made 
between myoclonus and status myoclonus, as a subset of 
myoclonus patients have been reported to have good out-
comes when there is an early onset and prolonged myoclo-
nus that evolves later into the action myoclonus of the 
Lance-Adams syndrome [53].

�Nonconvulsive Status Epilepticus

NCSE should be treated immediately once recognized. The 
Neurocritical Care Society has proposed a set of guidelines 
for the treatment of SE and NCSE based on current evidence 
and consensus of expert opinion [85]. Treatment is divided 
into categories such as emergency, urgent, and refractory 
medications. These guidelines also provide detailed infor-
mation regarding the nomenclature of SE, refractory SE, and 
their associated prognoses.

�Prophylactic Antiepileptic Drug Use

To date, there is no evidence to support the use of prophylactic 
antiepileptic drugs in the setting of post-anoxic coma. In the 
Brain Resuscitation Clinical Trial [86], comatose survivors of 
cardiac arrest were randomized to standard care with or with-
out a loading dose of thiopental. There was no statistically 
significant difference in outcome between the two groups. 
Another randomized clinical trial [54] compared the use of 
diazepam to placebo, both given shortly after ROSC, with no 
significant difference in outcome. Routine use of prophylactic 
antiepileptic medications is not recommended, since the risk 
of adverse effects outweighs potential benefits [53, 87].

�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. Correction of 
hypoglycemia, hyponatremia, hypocalcemia, and hypomag-
nesemia may reduce the risk of recurrent cardiac events and 
seizures. As with any severe neurological injury, serum glu-
cose levels should be normalized using insulin as needed. 
Acid-base disturbances should be optimized with appropri-
ate adjustments to the mechanical ventilator. Discontinuation 
of proconvulsant medications should be undertaken if 
possible.
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�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 out-
comes in the subpopulation with seizures of any type [5]. 
Although Snyder et al. [3] showed 17% survival in hypoxic-
ischemic coma patients with myoclonus and 32% survival 
with seizures versus 43% survival without any seizure activ-
ity, 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 [3]. Another 
large study by Krumholz et al. [2] showed that seizures or 
myoclonus per se is not significantly related to outcome, but 
convulsive status epilepticus and myoclonic status epilepti-
cus confer poor outcome as judged by survival and recovery 
of consciousness [1].

In 2006, the American Academy of Neurology (AAN) pub-
lished a practice parameter for the prediction of outcome in 
comatose survivors of cardiac arrest [88]. Subtle changes have 
been made in the most recent guidelines, presented by the 
AHA in 2015 [53]. Prognostication after cardiac arrest should 
be rendered using evidence-based practices as provided by 
those AAN and AHA post-cardiac arrest care guidelines.

Other testing may also be used in conjunction with clini-
cal exam to assist in prognostication. Neuron-specific eno-
lase (NSE) and S100B are serum biomarkers that should not 
be used alone to prognosticate but may be used in conjunc-
tion with other prognostic testing. When NSE and S100B are 
elevated more than 72 h from cardiac arrest, they support a 
poor neurologic outcome (Class IIb, LOE B-NR) [53]. 
Prognostication should always be multimodal when possi-
ble, due to the low sensitivity of individual tests, with as 
much reduction of confounders as possibly [89]. Testing 
should not be conducted until at least 72 h from ROSC, or in 
the TTM era, 72 h from rewarming. Caution should be used 
when interpreting these biomarkers from patients that have 
undergone cooling, as the kinetics are unknown and may be 
affected by hypothermia [53].

�Hypothermia and Seizures 
After Resuscitation from Cardiac Arrest

Two well-designed randomized-controlled clinical trials 
have demonstrated that therapeutic hypothermia improves 
neurological recovery [90, 91]. Current treatment protocols 
for hypothermia after cardiac arrest have been based on the 
study designs of those landmark clinical trials and typically 
aim at initiation of hypothermia within 4 h of CPR, a target 
temperature of 32–34° C, maintenance of therapy for 12–24 
h, and a period of gradual rewarming [91, 92]. The majority 

of patients experience shivering during the hypothermia 
maintenance period that requires either sedation, paralysis, 
or both [91]. The use of long-acting paralytic agents has the 
obvious potential to mask convulsive seizures, leading some 
to recommend continuous EEG monitoring during the hypo-
thermia period to aid seizure recognition [93, 94].

Since therapeutic hypothermia has become protocolized 
for post-cardiac arrest, care data have emerged on the pres-
ence of epileptic activity in this patient population. Amorim 
et  al. [95] conducted a study investigating patients that 
underwent TTM and, per protocol, received continuous EEG 
monitoring for at least 48 h. A total of 120 subjects were 
enrolled, and only EEG patterns of patients that survived to 
hospital discharge were analyzed. Abnormal EEG patterns 
were dichotomized into either “malignant EEG patterns 
(MEPs)” or burst suppression (SB). The MEPs included sei-
zures, status epilepticus, myoclonic status epilepticus, and 
generalized periodic discharges. Results showed that MEPs 
and SB were found in 15.8 and 18.3% of survivors, respec-
tively. Of these subjects, two with MEPs and eight with SB 
had a good neurologic outcome, defined as CPC (cerebral 
performance category) of 1 or 2. The presence of MEPs was 
not, however, an independent predictor of poor neurologic 
outcome. Given these findings, burst-suppression patterns, 
once previously thought to be a predictor of poor outcome, 
should perhaps not be used alone as an independent factor 
for predicting poor outcome.

Aside from ictal activity, it is important to investigate for 
EEG reactivity, which is useful in predicting outcome. The 
absence of EEG reactivity to external stimulation at 72 h 
from arrest, and persistent burst suppression after rewarm-
ing, predicts poor outcome [53]. Oddo and Rossetti [96] con-
ducted a prospective cohort study in 134 patients that 
underwent TH after cardiac arrest to investigate predictors of 
outcome. Using a multivariable ordinal logistic regression, 
they found that the absence of EEG reactivity, incomplete 
recovery of brainstem reflexes at normothermia, and NSE 
greater than 33 μg/L were independent predictors of poor 
outcome (defined as CPC 3–5). Furthermore, the combina-
tion of these three findings has 100% specificity for poor 
outcome.

�The Future of EEG and Post-cardiac Arrest 
Seizures

As technology continues to develop and more clinicians 
have access to EEG capabilities, there still remains a need 
for frequent interpretation of data. For those who are coma-
tose and often sedated and paralyzed, it is ideal to have con-
tinuous EEG monitoring to assist in detecting and treating 
underlying electrographic seizure activity. Reduced EEG 
montages with trend analysis [97] have been proposed but 
need to be validated with large-scale studies in the future.
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Additionally, there should be a consensus among neurolo-
gists regarding a consistent nomenclature for EEG patterns 
described in post-cardiac arrest patients. Once there is a widely 
accepted system for defining and classifying patterns, it could 
be used to devise a cohesive consensus statement as to each 
pattern and their respective prognostic neurologic outcome.

Lastly, the concept of the “self-fulfilling prophecy” should 
also not be underestimated. The presence of epileptiform 
activity and seizures post cardiac arrest has been tradition-
ally associated with poor neurologic outcome. There is a 
paucity of randomized clinical trials for the treatment of SE 
in general, with even less evidence for SE in the post-cardiac 

arrest population. As post-cardiac arrest care continues to 
progress, we should support more efforts to develop novel 
therapies targeting the specific pathophysiology of this con-
dition, and their efficacy should be evaluated with generation 
of higher level of evidence data [98].

Case 1.  Nonconvulsive status in a patient with post-anoxic 
myoclonus. Forty-three-year-old white man was admitted 
after drowning. He was found in the bottom of a lake, where 
he stayed for approximately 15 min. He was initially pulseless 
and without breathing. MRI was performed and shown below 
(Figs.  13.1 and 13.2). In the ICU he developed continuous 

Fig. 13.1  DWI MRI of the 
brain 29 h later demonstrating 
diffuse abnormalities, 
especially in the basal 
ganglia, thalamus, insular and 
occipital cortices

Fig. 13.2  DWI MRI of the 
brain 29 h later demonstrating 
diffuse abnormalities, 
especially in the basal 
ganglia, thalamus, insular and 
occipital cortices
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Fig. 13.3  Continuous EEG monitoring demonstrating bi-hemispheric continuous runs of sharp and slow waves, which did not correlate with 
myoclonic jerking or clinical convulsions

Fig. 13.4  Continuous bursts of triphasic wave activity at a rate of 1–2 Hz, occasionally intermixed with bursts of spike activity

bilateral and synchronous myoclonic jerks in the upper and 
lower extremities. EEG monitoring was performed. (Fig. 13.3). 
In addition, the patient who had several generalized tonic-
clonic convulsions were suppressed by phenytoin and valproic 
acid. The patient regained only brainstem reflex function and 
eventually expired in palliative care 12 days after extubation.

Case 2.  Nonconvulsive status epilepticus. Seventy-five-year-
old woman was involved in a car accident, with admission 
GCS of 15, and developed multi-organ failure after a protracted 
ICU stay. She had a cardiac arrest in the ICU, after which she 
never regained consciousness. An EEG was performed to rule 
out nonconvulsive status epilepticus (Figs. 13.4 and 13.5).
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Fig. 13.5  Significant decrease of the epileptiform activity after intravenous administration of 2 mg lorazepam. The patient did not have any clini-
cal improvement and remained in coma

Fig. 13.6  CT of the head showing a small centrum semiovale subacute 
lacune (white arrow), but paucity of other significant radiologic inju-
ries. No MRI was ever performed due to the prolonged and severe criti-
cal condition of the patient

Case 3.  Seventy-year-old man s/p coronary artery bypass (×3 
vessels), with complicated course in the cardiac-ICU (hemo-
dynamic instability with prolonged hypotension). CT head 
was done (Fig. 13.6) and showed a small lacunar infarct. Four 
days after his surgery, he developed generalized tonic-clonic 
status epilepticus and was placed on pentobarbital coma under 

continuous EEG monitoring. EEG monitoring showed evolv-
ing electrographic seizures from the right (Figs. 13.7, 13.8, 
13.9, and 13.10). He never regained consciousness, but the 
status epilepticus resolved after more than a month in barbitu-
rate coma. Because of skin ulceration under the electrode 
placement areas, the continuous EEG had to be stopped.
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Fig. 13.7  Electrographic seizure, beginning from the parieto-temporo-occipital areas of the right hemisphere

Fig. 13.8  Electrographic seizure, beginning from the parieto-temporo-occipital areas and evolving
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Fig. 13.9  Electrographic seizure, see in two previous figures now speading to the left hemisphere

Fig. 13.10  Electrographic seizure, seen in three previous figures now ending
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Abbreviations

ADH	 Antidiuretic hormone or vasopressin
AED	 Antiepileptic drug
BBB	 Blood-brain barrier
BUN	 Blood urea nitrogen
cEEG	 Continuous electroencephalography
CSF	 Cerebrospinal fluid
DDS	 Dialysis disequilibrium syndrome
DI	 Diabetes insipidus
DKA	 Diabetic ketoacidosis
FLF	 Fulminant hepatic failure
GABA	 γ-aminobutyric acid
GC	 Guanidino compounds
ICU	 Intensive care unit
INR	 International normalized ratio
MRI	 Magnetic resonance imaging
NHS	 Nonketotic hyperosmolar state
NMDA	 N-Methyl-d-aspartic acid
OR	 Operating room
PCR	 Polymerase chain reaction
PRES	 Posterior reversible encephalopathy syndrome
PTH	 Parathyroid hormone
RCVS	 Reversible cerebral vasoconstriction syndrome
SIADH	 Syndrome of inappropriate antidiuretic hormone
WD	 Wilson’s disease

�Introduction

Seizures and encephalopathy may be associated with organ 
failure and endocrine dysfunction in the critically ill as a 
result of biochemical abnormalities (e.g., hypoglycemia), 
vascular alterations, cellular dysfunction, or abnormal pro-
tein processing. Commonly, multiple mechanisms act 
together to create brain dysfunction. In this chapter, we will 
discuss specific organ failure syndromes’ pathophysiologic 
effects on the brain, their electroclinical correlates, and the 
available literature regarding seizures and their treatment.

�Hepatic Failure

�Background

Fulminant liver failure (FLF) occurs in 1:100,000  in the 
developed world [1]. In the Unites States, drug-induced tox-
icity remains the leading cause of acute and fulminant liver 
failure, primarily due to the overuse of acetaminophen [1]. 
Other common causes of FLF include hepatitis viruses, isch-
emic hepatitis, and other idiosyncratic drug reactions; 
approximately 20% of those with FLF have no known cause. 
The mortality associated with FLF is 57% without transplan-
tation and 33 % overall; infection and cerebral edema are the 
leading causes of death [2].

While FLF affects virtually every organ system, the defi-
nition of FLF requires the development of brain dysfunction 
as a presenting symptom along with severe acute liver injury 
without preexisting cirrhosis or other liver diseases. Hepatic 
encephalopathy is graded clinically (Table  14.1), and sei-
zures have been reported in all stages of liver failure. 
Seizures may be seen in up to one-third of patients with 
acute liver failure and are more common in those who pres-
ent with a greater degree of hepatic encephalopathy (Grades 
III/IV) [4, 5].
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�Pathophysiology

Several pathophysiologic mechanisms appear to underlie the 
effects of FLF on the brain and may contribute to the devel-
opment of seizures. The hallmark pathological feature of 
hepatic encephalopathy is astrocytic swelling. Astrocytes are 
rich in the enzyme glutamine synthetase, which catalyzes the 
conversion of ammonia to glutamine. When hepatic failure 
occurs, excessive ammonia is available for metabolism by 
glutamine synthetase. Intracellular glutamine accumulates, 
causing astrocytic swelling, breakdown of the blood-brain 
barrier (BBB), and cytotoxic edema [6].

Excessive glutamate, a major excitatory neurotransmitter, 
has been implicated in the development of seizures [7]. FLF 
models have demonstrated decreased GLT-1, a glutamate 
transport protein present on astrocytes [8] leading to reduced 
glutamate reuptake. Glycine, which activates excitatory 
n-methyl- d -aspartate (NMDA) receptors, has also been 
implicated. A similar animal model of FLF demonstrated 
decreased expression of Glyt-1, a glycine transport channel. 
Cerebral microdialysis in these animals revealed approxi-
mately three times the extracellular glycine concentration 
compared to controls [9].

Increased GABA-ergic tone may also play a role in both 
encephalopathy and, by inhibiting interneuron populations, 
the development of seizures. Flumazenil, a GABA antago-
nist, transiently improves neurological function in patients 
with hepatic encephalopathy, but randomized controlled tri-
als have not demonstrated durable improvements in recovery 
or survival [10]. In astrocytic tissue samples, reuptake of 
GABA is inhibited by ammonia at concentrations associated 
with the development of hepatic encephalopathy [11]. Rabbit 
models of FLF have shown that the activity of the GABA-
metabolizing enzyme GABA-transaminase is decreased, fur-
ther supporting a role for excessive GABA activity [12].

�Diagnosis

Seizures in the critically ill, particularly those in the medical 
or surgical intensive care unit, are typically nonconvulsive 
[13–15] and require continuous EEG (cEEG) monitoring in 
order to achieve sufficient sensitivity [15, 16]. In the early 

stages of hepatic encephalopathy, movement disorders such 
as asterixis/myoclonus may be difficult to distinguish from 
ictal movements such as clonus. cEEG, which includes video 
recording, is crucial to elucidate shaking or jerking spells 
observed in the ICU environment. Further complicating the 
clinical observation of seizures in patients with hepatic fail-
ure, patients with more severe hepatic encephalopathy 
(Grades III/IV) often require mechanical ventilation, anal-
gosedation, and/or paralysis. These mask clinical seizure 
activity, and therefore the threshold for considering cEEG 
monitoring in patients with organ failure, including those 
with FLF, must remain low [17].

The background EEG of patients with liver failure is tra-
ditionally characterized by three stages correlating to the 
depth of coma [18]. Grade I/II encephalopathy is associated 
with θ frequency background slowing. As encephalopathy 
progresses, δ frequency slowing becomes more pronounced. 
Generalized, symmetric, and periodic waves described as 
“triphasic” in morphology appear—classically with a 
positive-polarity dominant second or third phase, a frontal 
predominance, and an anterior-posterior lag (Fig.  14.1). 
These were originally described in close association with 
liver failure [5], but subsequently these generalized periodic 
discharges with triphasic morphology have been reported 
across a variety of conditions including other organ failure 
syndromes and as the ictal pattern in some patients with sei-
zures [19, 20]. The presence of generalized periodic dis-
charges of any kind, including those with triphasic 
morphology, is highly associated with nonconvulsive sei-
zures [21, 22], and others have observed that indeed seizures 
are more common in liver failure with brain dysfunction dur-
ing this second stage. A third stage, consisting of a diffuse, 
asynchronous polymorphic δ pattern, is observed in the most 
severe stage of hepatic coma.

The largest series to date retrospectively studied 118 of 
526 patients admitted with a diagnosis of hepatic encepha-
lopathy undergoing EEG.  EEGs were typically “routine” 
and not continuous 24 h EEG. 18 patients (15%) were noted 
to have epileptiform abnormalities on EEG, and electro-
graphic status epilepticus (SE) was observed in five patients 
(4%). Epileptiform activity was related to clinical deteriora-
tion or death, suggesting an association with poor prognosis 
[23]. More recently, medical and surgical ICU cohorts 
undergoing cEEG have not shown a relationship between 
acute hepatic failure and the presence of periodic discharges 
or seizures [13, 14].

After transplant, epileptiform abnormalities may increase 
in incidence during the first 7 days, with an incidence of sei-
zures up to 42 % [24]. Mechanisms by which seizures occur 
posttransplant may be related to immunosuppressant medi-
cations or withdrawal from GABA-ergic metabolites, both 
pharmacologic and endogenous, that occur with a newly 
functioning liver [25].

Table 14.1  West Haven Criteria for grading hepatic encephalopathy

Grade Symptoms

0 No abnormality present

I Short-term memory loss, reversal of sleep/wake cycle

II Asterixis, apathy, inappropriate behavior, confusion, lethargy

III Stupor, marked confusion, incoherent speech

IV Comatose

Adapted from [3]
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�Management

As with any seizures in the critically ill, initial steps in man-
agement include an assessment for readily reversible causes. 
Particularly in organ failure and endocrine crises, biochemical 
derangements such as hypoglycemia or hyponatremia are seen 
frequently and may act as a precipitant for seizures to develop. 
If these have been addressed, the choice of antiepileptic drug 
(AED) itself may be complicated: with the exception of leve-
tiracetam, vigabatrin, pregabalin, topiramate, and gabapentin, 
almost all AEDs undergo some degree of hepatic conversion 
(Table 14.2). Further, patients with liver dysfunction exhibit 
several relevant physiologic changes that may also impact the 
decision about which AED to choose (Table 14.3).

Acute seizures and particularly SE should be treated as 
medical emergencies [26]. Benzodiazepines form the first 
line of therapy based on two randomized controlled trials for 
SE in the prehospital setting [27, 28]. Although benzodiaze-
pines are extensively metabolized by the liver (Table 14.2), 
they are not considered hepatotoxic as a class and therefore 
are considered safe to use as first line in those with acute 
liver failure. Benzodiazepines with shorter t1/2 such as loraz-
epam might avoid prolonged sedation and therefore may be 
preferred as an initial benzodiazepine. Further, lorazepam is 
metabolized by glucuronidation (along with older benzodi-
azepines oxazepam and temazepam), and therefore although 
liver failure may affect its overall clearance, there are no 
active metabolites formed that may prolong effects of the 
medication, as is the case with diazepam.

Several AEDs are known to have to direct hepatotoxic 
effects on the liver, particularly phenytoin and phenobarbital, 
which may rarely cause toxic or hypersensitivity hepatitides. 
Valproic acid is a short-chain branched carboxylic acid with 
multiple active metabolites, including 4-ene-valproic acid, 
which may exhibit hepatotoxicity. Through metabolites 
formed via the carnitine shuttle, hypocarnitinemia and 
hyperammonemia may develop even in those with normal 
liver function [29]. Valproic acid should be avoided in 
patients with hepatic failure where possible, and supplemen-
tation with l-carnitine should be considered if hyperammo-
nemia or other signs of hepatic failure occur in the setting of 
valproic acid use [30].

Despite the association between liver failure with brain 
dysfunction and the development of seizures or epileptiform 
abnormalities on EEG, routine prophylaxis with AEDs is not 
currently recommended. Two studies have investigated the 
role of phenytoin for prophylactic use in hepatic failure [4, 
31]. One study of 42 patients with Grade III/IV encephalopa-
thy used the cerebral function monitor, a limited montage 
EEG-based signal processing method used in the OR or ICU 
setting. Electrographic seizures were documented in 15% of 
those randomized to phenytoin prophylaxis compared to 
32% without phenytoin. Of the 25 that died, 19 were autop-
sied; significantly fewer in the prophylaxis group had cere-
bral edema [4]. However, in another study of 42 patients, no 
difference in clinical seizures, clinical manifestations of 
cerebral edema, or survival was observed when phenytoin 
was used prophylactically [31]. When cerebral edema and 

Fig. 14.1  Grade III encephalopathy including generalized periodic 
discharges with triphasic morphology. 41-year-old man with nonalco-
holic steatohepatitis with cirrhosis and variceal bleeding. cEEG per-
formed 4 days after transjugular intrahepatic portosystemic shunt 
procedure with increasing ammonia to 330 μg/dL and Grade III hepatic 

encephalopathy. The EEG background demonstrated predominantly 
delta frequency slowing with frequent, very brief runs of triphasic-
appearing waveforms occurring at approximately regular intervals. 
These gradually resolved as mental status improved

14  Fulminant Hepatic Failure, Multiorgan Failure and Endocrine Crisis and Critical Care Seizures 
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intracranial hypertension are present, prophylactic AEDs in 
general may serve to optimize patients who might otherwise 
not be operative candidates for liver transplantation. Given 
the potential for toxicity, larger studies are warranted before 
phenytoin is used as a primary agent; the authors prefer leve-
tiracetam in those with hepatic failure. The authors recom-
mend AEDs only for those patients with confirmed clinical or 
electrographic seizure activity, for those with EEG patterns 
highly associated with seizures (e.g., periodic discharges), or 
as prophylaxis in those in coma with global cerebral edema 
or other signs of elevated intracranial pressure.

�Hepatic Conditions Associated with Seizures

�Wilson’s Disease
Wilson’s disease (WD) is an autosomal recessive disorder of 
copper metabolism that results from abnormalities in the 
ATP7B gene. WD results in the deposition of copper in the 
brain, liver, and cornea (referred to as Kayser-Fleischer 
rings). Patients may manifest myriad symptoms ranging from 
primarily neuropsychiatric to purely hepatic [32]. Patients 
with WD develop chronic seizures at a rate of 6–8%, substan-
tially more than the incidence of epilepsy in the general pop-
ulation. Nearly three-quarters will develop seizures upon 
initiation of chelation treatment or shortly thereafter [33, 34].

The pathophysiology of seizures in WD may be related to 
(a) a relative pyridoxine deficiency specifically during chela-
tion with penicillamine, (b) direct toxicity from liberated 
copper, or (c) deafferentation of subcortical white matter 
tracts from the overlaying cortex caused by large copper 
deposits. Early literature suggested that rats treated with pen-
icillamine chelation became pyridoxine deficient and were 
more likely to develop seizures [35]. Others have countered 
that neurotoxicity associated with the mobilization of copper 
during chelation contributes to the seizures seen during and 
just after treatment [33]. Cavitary lesions in subcortical white 
matter, caudate, or putamen may be seen on MRI or autopsy 
and may predict the development of refractory seizures [36–
38]. Once therapy is complete, the majority, 84.5% of 
patients in one series, experience substantial improvement in 
seizure frequency [33]. The authors suggest pyridoxine sup-
plementation in conjunction with AEDs in the treatment of 
seizures that occur in patients undergoing chelation therapy.

�Reye’s Syndrome
Reye’s syndrome is a rare, rapidly progressive encephalopathy 
marked by liver dysfunction. Viruses, including influenza, 
coxsackie, measles, and varicella, are epidemiologically linked 
with Reye’s syndrome [39], which develops with co-exposure 
to salicylates. Though mostly a pediatric illness, adult cases 
have been reported [39, 40]. Clinically, Reye’s syndrome 
begins with confusion and somnolence and progresses to sei-
zures and coma. Fatty infiltration of the abdominal viscera, 
hepatomegaly, and cerebral edema are observed, but icteric 
changes are mild or absent. Cases are extraordinarily rare, and 
while the pathogenesis is not well understood, electron micros-
copy studies of rat liver hepatocytes have demonstrated uncou-
pling of oxidative phosphorylation, swelling, and cell 
permeability when exposed to salicylates [41]. Outcomes of 
patients with Reye’s syndrome have been associated with the 
degree of background slowing on electroencephalography 
(EEG), with those demonstrating diffuse slowing ultimately 
succumbing to their illness [42, 43]. Seizures have been con-
sidered a poor prognostic marker and are observed in approxi-
mately half of patients [43], although a good outcome has been 
reported in a patient with Reye’s syndrome and SE [44].

�Hepatic Porphyrias
The hepatic porphyrias (including acute intermittent por-
phyria, ALA dehydratase deficiency porphyria, variegate por-
phyria, and hereditary coproporphyria) are caused by various 
enzymatic deficiencies in the heme synthesis pathway, with 
resulting accumulation of porphyrin precursors. Reported 
incidence of seizures may be as high as 5 % in those who 
present with symptoms of an acute porphyric attack [45]. 
Proposed mechanisms leading to encephalopathy and sei-
zures involve δ-aminolevulinic acid crossing the BBB and 
(1) affecting GABA, and possibly glutamate, receptors, (2) 
inducing oxidative stress/oxygen radical damage, and (3) 
inhibiting the neuronal Na+/K+ ATPase [46]. Treatment of 
seizures related to porphyria starts with hematin infusions 
which terminate further porphyrogenesis by inhibiting ALA 
synthetase, thus correcting the underlying pathology.

Several commonly used AEDs may induce, or worsen, 
porphyric attacks in patients with hepatic porphyrias, primar-
ily by inducing cytochrome p450 isoenzyme metabolism and 
accelerating the generation of heme pathway byproducts.

AEDs that exacerbate porphyrias:

•	 Phenobarbital
•	 Phenytoin
•	 Valproic acid
•	 Carbamazepine
•	 Lamotrigine
•	 Topiramate
•	 Tiagabine
•	 Ethosuximide
•	 Diazepam

Table 14.3  Metabolic changes associated with fulminant liver failure

Physiologic Alteration Effect

Increased blood flow to 
liver (early)

Increased drug metabolism

Hepatocyte death and 
P450 dysfunction

Increased circulating levels of hepatically 
metabolized antiepileptic drugs

Decreased synthetic 
function

Hypoalbuminemia and increased free 
levels of protein-bound antiepileptic drugs

Enhanced sensitivity to 
hepatotoxic side effects

Decreased tolerance of certain hepatically 
metabolized antiepileptic drugs

14  Fulminant Hepatic Failure, Multiorgan Failure and Endocrine Crisis and Critical Care Seizures 
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These AEDs should be avoided or stopped immediately. 
Non-hepatically cleared AEDs such as, gabapentin [47] and 
levetiracetam [45] are preferred. Clonazepam has been used 
successfully [48] after failure of phenytoin and valproic acid, 
but refractory SE has been reported [49], in which case pro-
pofol may be used as a preferred continuous intravenous 
anesthetic agent instead of pentobarbital and perhaps even 
midazolam, which has been shown to induce prophyrogene-
sis even at relatively low concentrations [50, 51]. Interestingly, 
the GABA-ergic and antioxidant effects of melatonin may 
benefit patients with porphyrias: a small series found that 
patients with seizures had decreased urinary excretion of 
melatonin compared to those without seizures [52].

�Renal Failure

�Background

Renal failure, specifically acute kidney injury, is a common 
clinical problem encountered in the ICU. Renal failure is asso-
ciated with increased length of hospital stay, resource utiliza-
tion, and mortality [53]. Acute kidney injury occurs in up to 
25% of those hospitalized in an ICU [54], though this estima-
tion may be higher depending on the definition used; approxi-
mately 6% will require renal replacement therapy [55].

Current definitions of acute kidney injury exist from sev-
eral groups (Table 14.4). All use serum creatinine and urine 
output as principle markers of renal compromise. As renal 
clearance decreases, azotemia develops, and while the abso-
lute level of azotemia does not appear to correspond with 
changes in neurological functioning, the rapidity and degree 
of renal dysfunction correspond both to encephalopathy and 
increasing seizure risk. Encephalopathy may initially mani-
fest as fatigue, forgetfulness, or decreased attention, but pro-
gresses to include bifrontal dysfunction and finally frank 
delirium with tremulousness or asterixis/myoclonus, halluci-
nations, and obtundation. Between 2 and 10% of those with 

renal failure requiring dialysis and up to one-third of patients 
with acute uremic encephalopathy are reported to have sei-
zures or SE, most in later stages of encephalopathy [59, 60].

�Pathophysiology

Blood urea nitrogen (BUN) is commonly used to evaluate 
renal function, and its removal from serum is directly associ-
ated with improved patient mortality [61]. By itself, urea 
does not appear to be toxic despite its nominal association 
with uremic encephalopathy. However, its presence acts as a 
surrogate marker of failed renal clearance, with unmeasured 
metabolites more likely contributing to the neurologic find-
ings seen in uremic encephalopathy.

Both excitatory and inhibitory neurotransmitters become 
disrupted when organic substances are not adequately fil-
tered. In particular, guanidino compounds (GC) such as gua-
nidinosuccinic acid have been reported to be increased in the 
brain and cerebrospinal fluid (CSF) [61–63]. By complex 
interactions with GABA, glycine, and NMDA receptors, 
GCs may contribute both to encephalopathy and the devel-
opment of seizures. Methylguanidine has been shown to 
inhibit neuronal Na+/K+ ATPase as well and therefore may 
have a direct effect on neurotransmission or seizure propaga-
tion. Azotemia has been linked with dysfunction of the neu-
ronal Na+/K+ ATPase, as well as the Na+/Ca++ exchange 
mechanism and the ATP-dependent calcium transport sys-
tem [64, 65]. Experimental introduction of GCs directly into 
CSF has been shown to induce tonic-clonic activity in animal 
models in a dose-related fashion [66].

Evidence suggests total brain calcium is increased in renal 
failure [63]. This is likely the result of parathyroid hormone 
(PTH)-sensitive neuronal calcium transporters. Increased 
serum phosphate levels act to lower serum calcium in renal 
failure, stimulating PTH secretion (secondary hyperparathy-
roidism). Calcium excess is linked to neuronal hyperexcitabil-
ity, and the relationship between calcium/hyperparathyroidism 
and neuronal dysfunction has been supported using canine 
models [67]. After induction of uremia, increases in EEG 
power and bursting (paroxysms of high-amplitude delta activ-
ity/total duration of the record) have been reported. In those 
with EEG changes, total brain calcium was noted to be sig-
nificantly elevated. Interestingly, animals in whom parathy-
roidectomy was performed prior to induction of uremia lacked 
electroencephalographic abnormalities, suggesting a distinct 
role of parathyroid hormone in the pathogenesis of encepha-
lopathy associated with renal failure.

In addition to the clearance of organic compounds and the 
regulation of calcium, the kidney is central to the homeosta-
sis of vascular tension and volume management through 
maintenance of fluid and solute balance, in part through its 
endocrine function via the renin-angiotensin axis. 

Table 14.4  Definitions of acute kidney injury (AKI)

Group Definition Reference

Kidney Disease: 
Improving Global 
Outcome (KDIGO)

1.	 Increase in serum Cr of 0.3 
mg/dL developing over <48 h 
or >50% over 7 days OR

2.	 Urine output of <0.5 mL/kg/h 
for >6 h

[56]

Acute Kidney 
Injury Network 
(AKIN)

1.	 Increase in serum Cr of 0.3 
mg/dL or >50% developing 
over <48 h OR

2.	 Urine output of <0.5 mL/kg/h 
for >6 h

[57]

Risk, Injury, and 
Failure (RIFLE)

1.	 Increase in serum Cr of >50% 
developing over <7 days OR

2.	 Urine output of <0.5 mL/kg/h 
for >6 h

[58]
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Alternations in kidney function, and particularly in filtration 
rates, may manifest as malignant hypertension. Often severe, 
renal failure-related hypertension may be associated with 
cerebral vascular dysfunction, loss of cerebral autoregula-
tion, and the reversible posterior leukoencephalopathy syn-
drome (PRES). In a series of 15 patients with PRES, nine 
had had a documented creatinine values >1.2 (range: 1.2–
16.1), of whom seven developed clinical seizures [68].

Several medications may contribute to seizure develop-
ment in patients with renal failure, many with common use 
in ICU care.

Selected common ICU drugs associated with seizures in 
renal failure:

•	 Acyclovir and valacyclovir
•	 Antihistamines (diphenhydramine, cimetidine)
•	 Baclofen
•	 Bupropion
•	 Carbapenems (imepenem, ertapenem, and meropenem)
•	 Cephalosporins (cefazolin, cefepime, ceftazidime, and 

ceftriaxone)
•	 Clozapine
•	 Cyclosporine
•	 Isoniazid
•	 Lithium
•	 Meperidine
•	 Metronidazole
•	 Penicillins
•	 Polymyxin B
•	 Quinolones
•	 Tramadol
•	 Tranexamic acid
•	 Tricyclics

Figure 14.2 demonstrates a case of a patient in renal fail-
ure, clozapine toxicity, and NCSE.

The cephalosporins (particularly cefepime), carbapen-
ems, and penicillins have all been implicated in seizure 
development, possibly by competitively antagonizing GABA 
receptor sites [69–71]. Adequately adjusting doses of renally 
cleared antibiotics based on glomerular filtration rate should 
mitigate the risk for such complications; however, the exper-
tise of a clinical pharmacist is required to ensure adequate 
antibiotic concentrations. Acyclovir and its prodrug valacy-
clovir may also induce seizures [72] during treatment for 
encephalitis. Neurotoxicity may be distinguished from 
symptoms of encephalitis by the absence of fever, headache, 
focal neurological signs, and a lack of EEG patterns sugges-
tive of temporal encephalitis, namely, lateralized periodic 
discharges [73]. Patients taking baclofen who develop renal 
failure may develop encephalopathy and coma—even in low 
doses [74]. While seizures are uncommon, the encephalopa-
thy is severe, and EEG may demonstrate generalized peri-

odic discharges that are challenging to distinguish from ictal 
activity. If neurotoxicity is suspected, discontinuation of the 
medication and potentially hemodialysis may help reduce 
ongoing neurotoxicity, although responses may not be imme-
diate due to central nervous system accumulation.

�Diagnosis

The background EEG in uremic encephalopathy begins with 
generalized slowing, often θ or δ slowing, sometimes with 
bilateral, frontally predominant sharp-wave complexes. As 
the encephalopathy progresses, slowing becomes more 
prominent, and generalized periodic discharges with tripha-
sic morphology may be observed with an incidence similar 
to that of hepatic encephalopathy [75]. In chronic renal fail-
ure, absolute and relative EEG changes occur with fluctua-
tions in serum values of BUN, potassium, and calcium—with 
the greatest degree of electroencephalographic correlation 
occurring with BUN values [76]. Most (70 %) exhibit at least 
one abnormal EEG. EEG in those with acute renal failure is 
almost uniformly abnormal suggesting that compensatory 
mechanisms may exist for those with chronic renal failure 
[77]. We know of no series that has documented the preva-
lence of seizures in adults specifically with acute renal fail-
ure, although a study of 107 children admitted with renal 
failure reported 15 % having clinical seizures [78]. In retro-
spective series of adult patients in the medical or surgical 
ICU, the presence of acute or chronic renal failure alone does 
not confer an independent risk for periodic discharges or sei-
zures, although the degree of encephalopathy was not strati-
fied [13, 14].

Because patients with acute or chronic renal failure may 
be at risk to develop intracranial hemorrhages (subdural 
hematomas, intracerebral hemorrhage), new onset seizures 
and focality in the neurological examination should always 
mandate neuroimaging of the brain and/or spine.

�Management

As with liver failure, renal failure induces a variety of meta-
bolic derangements that may cause seizures either directly 
(e.g., hyponatremia) or indirectly (e.g., hypercalcemia lead-
ing to PRES). Once these have been addressed, the choice or 
dosing of AEDs may be limited by physiologic changes that 
occur during renal failure (Table 14.2 and Table 14.5). The 
primary treatment of renal failure with brain dysfunction is 
either correction of the underlying cause for the renal failure 
or hemodialysis.

In those requiring dialysis, dosage adjustments are impor-
tant to maintain therapeutic AED levels and avoid toxicity. 
For most AEDs that are partially renally cleared, dosage 
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adjustments are relatively straightforward and require a fixed 
reduction in dose alone. AEDs that are protein bound may 
experience fluctuations in serum concentration after dialysis. 
For instance, although phenytoin is up to 95 % protein bound, 
intensive dialysis may remove nearly half of the total body 
stores [79]. For AEDs that are completely renally cleared 
(gabapentin, pregabalin, topiramate, and levetiracetam), a 
dose is required immediately after intermittent hemodialysis 
to restore adequate drug concentrations. Levetiracetam is 
amenable to loading in this fashion, and an intravenous for-

Fig. 14.2  Status epilepticus due to clozapine toxicity in renal failure. 
58-year-old woman with schizoaffective disorder on home clozapine 
presented unresponsive with acute on chronic renal failure (Cr 1.9, 
BUN 32) in the setting of sepsis with hypoglycemia. Despite correction 
of hypoglycemia and appropriate antibiotics, she remained comatose. 
Clozapine levels were supratherapeutic at 1987 ng/mL. (a) Initial cEEG 

demonstrated nonconvulsive status epilepticus comprised of continuous 
high-amplitude 2–3  Hz generalized sharp-wave complexes. (b) 
Lorazepam was administered with improvement in both the background 
EEG and clinical exam. Levetiracetam was started, and clozapine was 
stopped with gradual improvement of mental status over several days

Table 14.5  Metabolic changes associated with renal failure

Physiologic alteration Effect

Decreased glomerular filtration 
rate

Variable clearance of renally 
cleared antiepileptic drugs

Larger volume of distribution 
(Vd) due to edema

Difficulty achieving appropriate 
dose

Decreased serum protein due 
to protein loss nephropathy

Increased free levels of protein-
bound antiepileptic drugs

Requirement for dialysis Rapid clearance of renally cleared 
antiepileptic drugs

J. Macedo and B. Foreman
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mulation makes this feasible. Vigabatrin is not recommended 
in those with renal failure due to the potential for irreversible 
vision loss. By contrast, continuous renal replacement ther-
apy typically requires a similar dosage adjustment as recom-
mended for a glomerular filtration rate of <30; no loading 
doses are required due to the continuous nature of this form 
of dialysis.

�Dialysis Disequilibrium Syndrome (DDS)

Dialysis disequilibrium syndrome (DDS) is a condition 
thought to occur as the result of osmotic shifts and changes 
in pH that occur with dialysis [80, 81]. Reports of symptoms 
range from mild (headaches, cramps, and nausea) to more 
severe symptoms (delirium, myoclonus, seizures, and car-
diac arrhythmias). With the “reverse urea effect,” it is hypoth-
esized that urea is removed more slowly from intracellular 
compartment than from blood during dialysis. With the delay 
in brain urea clearance, an osmotic gradient between plasma 
and the brain leads to cerebral edema. CT evidence supports 
the observation of cerebral free water movement into cortex 
during dialysis [82]. Further, a paradoxical drop in the pH of 
CSF and cortex has been reported during hemodialysis [83].

Historically, DDS was attributed to exceedingly rapid, fre-
quent dialysis sessions outstripping the cerebral tissue’s nor-
mal osmoregulatory and pH balance mechanisms. Modern 
intensive care units focus on slower rate utilization and more 
frequent sessions when intermittent hemodialysis is 
employed. Occasionally, osmotically acting solutes may be 
considered as additives to the dialysate (urea, glycerol) when 
slower rates and more frequent sessions fail to obviate symp-
toms. Yet, cerebral edema, herniation, and death may still 
occur with modern techniques [81]. After acute brain injury, 
guidelines recommend continuous methods of renal replace-
ment therapy [84] to allow slower osmolar changes and to 
mitigate swings in intracranial volume or pH. A recent series 
of four patients who developed progressive herniation after 
undergoing hemodialysis highlights the risk of DDS even 
today, even with continuous renal replacement therapy [81].

�Sepsis

�Background and Pathophysiology

Severe sepsis and septic shock occur in three-quarters of a 
million individuals in the United States each year. 
Approximately 10 % of primary ICU admissions are thought 
to be related to the treatment of severe sepsis [85]. More than 
70 % of those with sepsis develop delirium, encephalopathy, 
or other symptoms of cerebral dysfunction [86–88]. Sepsis 
with brain failure sufficient to cause coma increases the risk 

of mortality by a factor of three [86]. Once brain dysfunction 
occurs, there are long-standing cognitive and functional con-
sequences beyond the acute illness [89].

The term severe sepsis and systemic inflammatory 
response syndrome (SIRS) have been abandoned in the new 
consensus definitions, which include definitions of sepsis 
and septic shock only. According to those [90]:

•	 Sepsis is defined as life-threatening organ dysfunction 
caused by a dysregulated host response to infection. 
Organ dysfunction can be identified as an acute change in 
total Sequential Organ Failure Assessment (SOFA) score 
≥2 points consequent to the infection.

•	 Septic shock is a subset of sepsis in which underlying cir-
culatory and cellular/metabolic abnormalities are pro-
found enough to substantially increase mortality. Patients 
with septic shock can be identified with a clinical con-
struct of sepsis with persisting hypotension requiring 
vasopressors to maintain MAP ≥ 65 mm Hg and having a 
serum lactate level >2 mmol/L (18 mg/dL) despite ade-
quate volume resuscitation.

A variety of mechanisms have been proposed to explain 
the neurological effects of sepsis, including neurotoxic or 
inflammatory mediators, cerebral autoregulatory dysfunc-
tion, cytokine release, and increased excitatory neurotrans-
mitters [91]. Leukoencephalopathy and ischemic infarcts are 
the most commonly observed radiographic abnormalities in 
sepsis, suggesting breakdown of the BBB and local tissue 
ischemia resulting from inflammatory mediators [92]. By 
creating end-organ damage, including renal or hepatic injury, 
sepsis also employs the secondary mechanisms of brain fail-
ure as discussed above.

�Diagnosis and Management

The background EEG in sepsis is similar to that seen during 
renal failure or hepatic failure. First, mild diffuse slowing 
develops, followed by increasing δ frequency slowing with 
or without generalized periodic discharges with triphasic 
morphology. In a study of 125 patients in a medical ICU, 39 
% developed burst suppression, a pattern of background sup-
pression punctuated by bursts of higher-frequency activity 
that reflects cortical hyperexcitability and is associated with 
deep sedation, severe brain injury, or both. The presence of 
burst suppression patterns on EEG has been shown to be an 
independent predictor of death at 6 months [93].

In a retrospective series including 58 patients with sepsis 
in a surgical ICU, 16 % experienced nonconvulsive seizures; 
coma and prior clinical seizures were predictors of seizures 
on EEG [14]. In the medical ICU, a series including 60 % of 
patients admitted with sepsis, 22 % had periodic discharges 
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or seizures. Only sepsis predicted the presence or absence of 
these epileptiform abnormalities on multivariate analysis 
[13]. In the only prospective study of cEEG in sepsis, 98 
patients with 100 episodes of sepsis were studied. Twenty-
five episodes were associated with periodic discharges, of 
which 11 (44 %) had nonconvulsive seizures. No patient had 
nonconvulsive seizures without periodic discharges. Lack of 
EEG reactivity was associated with significantly higher 
1-year mortality (mean survival 3.3, 95 % CI 1.8–4.9 versus 
7.5, 6.4–8.7 months in those with EEG reactivity). 
Interestingly, the presence of periodic discharges or noncon-
vulsive seizures was not a predictor of mortality (mean sur-
vival 6.2, 5.2–7.6 versus 6.4, 4.1–8.2 months for those 
without them) [88]. Although periodic discharges and sei-
zures have been independently associated with poor outcome 
in some other series [13, 14], mortality associated with sep-
sis is largely related to its underlying severity. Larger studies 
are required to determine the impact of periodic discharges 
or seizures on cognitive functioning or functional outcome.

Because coma is a primary predictor of nonconvulsive 
seizures [16, 88], encephalopathy and particularly coma in 
patients with sepsis should prompt consideration for 
cEEG.  In a series of patients admitted to the medical ICU 
with coma of unclear cause, 8 % were found to be in noncon-
vulsive SE [94]. In addition to EEG, a lumbar puncture in 
selected cases may be required to exclude meningitis as the 
etiology of coma or seizures in septic and especially bactere-
mic patients. Neuroimaging before the LP should be always 
considered in ICU patients with encephalopathy and poor 
cooperation during the neurological evaluation.

There are no guidelines regarding the treatment of sei-
zures, but consideration of other end-organ dysfunction as 
discussed above is warranted. In general, we recommend 
against the use of pentobarbital and phenobarbital in patients 
with sepsis, as barbiturates inhibit neutrophil chemotaxis, 
impairing the immune system’s ability to fight serious infec-
tion [95, 96]. We also recommend against routine seizure 
prophylaxis in sepsis.

�Thyrotoxicosis and Thyroid Disorders

�Background

Thyrotoxicosis is a disorder that results from excess circulat-
ing free thyroxine (FT4) and free triiodothyronine (FT3). 
Graves’ disease is the single most common etiology of thyro-
toxicosis, but other etiologies exist including pituitary ade-
noma, thyroid replacement overdose, postoperative 
thyroiditis, and amiodarone thyroiditis [97]. Between 0.2% 
and 9% in patients with thyrotoxicosis will develop seizures 
[98]. Seizures may be focal or generalized and SE has been 
reported [99]. A related antibody-mediated disorder, 

Hashimoto’s encephalopathy or steroid-responsive encepha-
lopathy associated with autoimmune thyroiditis (SREAT), is 
associated with encephalopathy and seizures in the presence 
of elevated titers of anti-thyroglobulin or anti-thyroperoxidase 
antibodies [100].

Hypothyroidism, and particularly myxedema coma, is not 
typically associated with seizures, although seizures have 
been reported as a presenting symptom [101]. The encepha-
lopathy associated with hypothyroidism, including coma, 
may rarely be in part due to nonconvulsive seizures. Thyroid 
replacement is the treatment of choice for hypothyroidism-
related seizures when they occur.

In the setting of thyrotoxicosis, hypermetabolic changes 
occur throughout the body, yet oxygen metabolism in the 
brain remains unchanged [102], making cortical hyperme-
tabolism less likely as a cause for seizures. Instead, activa-
tion of nuclear thyroid hormone receptors may modulate 
gene expression, and extra- and intracellular electrolyte con-
centrations are altered when exposed to thyroid hormones, 
suggesting that excess thyroid hormone may modulate neu-
ronal excitability [103]. Thyroid hormones may also directly 
modulate GABA-ergic tone, leading to relative hyperexcit-
ability [104, 105]. Finally, reductions in thyrotropin-releas-
ing hormone remove a potential endogenous antiepileptic 
mechanism: direct injection of thyrotropin-releasing hor-
mone into the hippocampus of a rat kindling model reduced 
seizure duration and afterdischarges [106].

�Diagnosis and Management

The background EEG during thyrotoxicosis is frequently 
abnormal. In a series of 44 patients admitted with a diagnosis 
of thyrotoxicosis, only 32 % had normal EEG background 
[107]. The most common findings were generalized slow 
activity, but focal slowing and excess fast activity were also 
noted. Treatment led to restoration of normal background in 
two-thirds. Others have found similar nonspecific slowing, but 
a distinctive electroencephalographic pattern unique to thyro-
toxicosis complicated by seizures is described as excess slow 
activity in the temporal regions, in addition to fast, high-ampli-
tude sharp-wave activity in the frontal regions [98, 99, 108].

Treatment of seizures related to thyrotoxicosis requires 
concomitant treatment of the underlying and potentially fatal 
endocrine disorder. Prevention of thyroid hormone conver-
sion to its active form using methimazole along with cortico-
steroids is required, usually along with ablation of any culprit 
thyroid lesions. Beta blockers are indicated for symptomatic 
control of anxiety and tachyarrhythmias. In one case, high 
doses of propranolol were thought to contribute to clinical 
seizure development [109]. If Hashimoto’s encephalopathy 
is suspected, a course of pulse-dose steroids is the treatment 
of choice.
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Seizures are treated using standard AEDs. Hepatically 
metabolized, enzyme-inducing AEDs (particularly carbam-
azepine and phenytoin) have been associated with decreased 
total and free T4 levels in those on chronic monotherapy for 
epilepsy [110] and should be avoided in those with hypothy-
roidism or in those undergoing ablation who may require 
supplemental thyroxine.

�Diabetes Mellitus

�Background

It is estimated that nearly 30 million Americans have diabe-
tes, with approximately 8 million unaware of their diagnosis 
[111]. Critically ill patients may develop stress hyperglyce-
mia in response to the presence of acute illness [112]. Strict 
glycemic control in the surgical but not medical ICU may be 
associated with better outcomes: a significant decrease in 
mortality was reported when strict blood glucose goals of 
<110 mg/dl were implemented in a population of critically ill 
patients in one study [113]. However, critically ill stroke and 
traumatic brain injury patients failed to demonstrate a differ-
ence in functional outcome at 3 months with intensive insu-
lin therapy [114]. After severe brain injuries, “normal” 
glucose targets may lead to brain energy crisis characterized 
by lowered cerebral glucose and elevated lactate/pyruvate 
levels [115].

Glucose levels that are too low or too high may cause 
seizures and brain dysfunction. Hypoglycemia is associated 
with focal or generalized seizures, usually as glucose falls 
below 40 mg/dL. Hypoglycemic seizures respond to concen-
trated glucose infusion but rarely to conventional AEDs. 
Many patients present instead with hyperglycemia, either in 
the nonketotic hyperosmolar state (NHS) or diabetic ketoaci-
dosis (DKA). Patients with epilepsy who experience hyper-
glycemia tend to have more severe seizures and have a higher 
frequency of SE at the time of presentation [116].

�Nonketotic Hyperosmolar State (NHS)

Several cases of NHS with seizures have been reported in the 
literature; up to 25 % develop seizures in the setting of hyper-
osmolar hyperglycemia [117]. The most commonly reported 
seizure types include partial motor seizures and epilepsia 
partialis continua (EPC), but tonic-clonic seizures have been 
observed. Kinesiogenic or reflex seizures are seizures associ-
ated with NHS. They are induced by movement and usually 
followed by a refractory period, during which movement will 
not activate seizures. In seven patients with NHS and sei-
zures, three developed kinesiogenic seizures caused by walk-
ing or by having the patient move a limb [118].

The exact pathogenesis of seizure in NHS is not well 
understood. Dehydration induced by the hyperosmolar state 
may cause areas of focal ischemia prone to developing ictal 
discharges [119]. MRI demonstrates changes consistent with 
focal ischemia in some patients with NHS. These changes 
are transient, and resolution may occur with correction of the 
underlying metabolic derangements [120]. On the other 
hand, some patients have normal MRI at the time of seizure 
occurrence [117, 118]. Hyperglycemia may increase the 
metabolism of GABA, leading to relative hyperexcitability 
[118] as an alternative mechanism.

�Diabetic Ketoacidosis (DKA)

Only a few cases of seizures acutely caused by DKA have 
been reported in the literature [121, 122]. This discrepancy is 
thought to occur as the result of the antiepileptic effect of 
ketosis. GABA is thought to increase as a result of intracel-
lular acidosis created by ketosis, resulting in an increased 
seizure threshold. The ketogenic diet is an established treat-
ment in patients with epilepsy [123].

Treatment of patients either with NHS or with DKA is 
aimed at correcting hyperglycemia, restoring volume while 
slowly correcting any coexistent hyponatremia. 
Benzodiazepines are used as first-line therapy while glucose 
levels and other metabolic abnormalities are addressed. 
Older literature has implicated phenytoin in creating insulin 
resistance leading to hyperglycemia, but long-term AEDs are 
not required for seizures provoked solely by poor glycemic 
control.

�Pituitary Hormones

�Antidiuretic Hormone

Antidiuretic hormone (ADH) is critical to maintaining 
euvolemia, serum osmolality, and serum sodium concentra-
tions. Also called vasopressin, ADH also promotes periph-
eral vasoconstriction and maintenance of blood pressure. 
Excess ADH results in the syndrome of inappropriate ADH 
(SIADH) caused by a variety of critical illnesses.

Causes of syndrome of inappropriate antidiuretic hor-
mone (SIADH):

•	 Drug induced (carbamazepine, oxcarbazepine)
•	 Encephalomeningitis
•	 Hereditary
•	 Hypopituitarism
•	 Malignancy (small cell lung carcinoma)
•	 Stroke (ischemic, subarachnoid, or intraventricular 

hemorrhage)
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•	 Transsphenoidal surgery
•	 Trauma
•	 Severe pain

By promoting permeability of free water in the kidney’s 
distal collecting tubule and collecting duct, significant hypo-
natremia may develop, which can precipitate seizures. 
Typically, treatment options restrict free water. In some 
cases, fluid restriction may be relatively contraindicated 
(e.g., patients with subarachnoid hemorrhage experiencing 
delayed cerebral ischemia). In such cases, vasopressin recep-
tor antagonists such as conivaptan or tolvaptan [124], may be 
useful to induce free water diuresis (aquaresis), increasing 
sodium without restricting access to volume. Rapid correc-
tion of sodium (>8–12 mEq/L/day) may lead to the syn-
drome of central pontine or extrapontine myelinolysis which 
itself may rarely cause seizures.

Central diabetes insipidus (DI) occurs when ADH secre-
tion is reduced. Clinically, this manifests as polyuria with 
decreased urine specific gravity, hypernatremia, and 
increased serum osmolality. Although diabetes insipidus 
does not cause seizures per se, the rate of sodium correction 
can create a relative hyperosmolar state within the brain 
parenchyma which may result in cerebral edema and poten-
tially seizures, especially in young children. Treatment of DI 
consists of exogenous desmopressin and hypotonic fluids 
under close monitoring, with a goal correction rate of 10 
mEq/L/day.

�Sex Hormones

Estrogen and progesterone have important effects on the 
development of seizures. Estrogens are both neuroexcitatory 
and neuroinhibitory [125, 126], although relative increases 
in estrogen are thought to underlie the increase in seizure 
frequency that occurs in women with catamenial epilepsy. 
Estrogen replacement therapy has conversely been reported 
to improve seizure control during menopause in some women 
[127]. There is no evidence that oral contraceptives increase 
the risk of seizures in women with epilepsy, although pro-
tein-bound and hepatically metabolized AEDs and 
contraceptive-dose hormone therapies exhibit significant 
interactions and initiation of contraception may reduce the 
effective dose of lamotrigine particularly, thus precipitating 
seizures.

Progesterone by contrast appears to have anticonvulsant 
properties. Seizures are less common during phases of the 
normal menstrual cycle with higher levels of progesterone. 
Seizure frequency may be exacerbated by the administration 
of finasteride, which blocks progesterone synthesis [128]. 
More recently, allopregnanolone, a progesterone metabolite, 
was found to positively modulate δ-subunit GABAA receptors 

by promoting tonic currents in the hippocampus [129]. 
Although extracellular GABA receptors become insensitive 
to benzodiazepines in chronic epilepsy and in SE, they remain 
sensitive to progesterone-derivative neurosteroids [130–133], 
providing a promising therapeutic target for the treatment of 
refractory SE (the ongoing Phase III STATUS trial; 
Clinicaltrials.gov Identifier: NCT02477618).

�Parathyroid Hormones

The parathyroid glands maintain calcium homeostasis. 
Seizures may occur at the extremes of calcemic states as dis-
cussed above. Patients with hypoparathyroidism presenting 
with isolated hypocalcemia develop seizures in 25–30%; up 
to 70% of those with concurrent symptoms related to hypo-
calcemia will have a seizure [134]. Treating with intravenous 
calcium in conjunction with benzodiazepines is effective; in 
patients with hypocalcemia, even small corrections in ion-
ized calcium may terminate seizures.

Symptoms of hyperparathyroidism are related to hyper-
calcemia and may include bone and abdominal pain, nephro-
lithiasis, and altered mental status, including coma. While 
hypercalcemia rarely causes seizures, hypercalcemia-
induced hypertensive encephalopathies associated with 
either PRES or RCVS have been reported [135, 136] (see 
Chapter for electrolytes and ICU seizures).

�Adrenal Hormones

The adrenal glands are responsible for physiologic secretion 
of cortisol and catecholamines in response to trophic hor-
mones. During periods of physiologic stress, elevations of 
both cortisol and catecholamines occur. However, in the 
critically ill, compensatory catecholamine release and their 
normal phasic peaks and troughs may be blunted and insuf-
ficient to maintain normal homeostasis [137]. Relative corti-
sol insufficiency is therefore considered when symptoms of 
hypotension, hypoglycemia, and hyponatremia occur. 
However, these derangements are gradual and rarely suffi-
cient to provoke seizures.

In contrast, the forme pleine of catecholamine release 
occurs in patients with pheochromocytoma, a catecholamine-
secreting adrenal malignancy. The majority, nearly three-
quarters, of those with pheochromocytoma experience 
neurological symptoms. Seizures were reported in 5 of the 
93 patients described in one series [138]. Seizures may occur 
in the setting of hypertensive emergency or as a result of 
intracranial hemorrhage, PRES [139], or RCVS spectrum 
vasculopathy [138]. Blood pressure control and pheochro-
mocytoma resection are enough to control seizures, if no 
causative underlying hemorrhagic lesion is present.
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Organ Transplant Recipients and Critical 
Care Seizures
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�Introduction

Seizures are the second most common central nervous sys-
tem complication in solid organ transplant recipients. They 
are second to encephalopathy in liver, intestinal, and lung 
transplantation and stroke in cardiac and renal transplant 
recipients [1]. The incidence of seizures among solid organ 
transplant (SOT) recipients is wide with reports ranging 
from 1 to 13%, and 2 to 20% in hematopoietic stem cell 
transplant (HSCT) recipients [2, 3] (Table  15.1). Such a 
wide disparity in prevalence is not easily explained and 
may be related to a premorbid condition, use of certain 
immunosuppressive drugs, and control of hypertension 
causing posterior reversible encephalopathy syndrome. In 
most series it is unclear how the diagnosis of seizures was 
made or confirmed.

Seizures may be focal or generalized in onset. They are 
essentially a non-specific symptom of cerebral dysfunction. 
In the setting of organ transplantation, they may result from 
drug-induced neurotoxicity, metabolic/electrolyte distur-
bances, central nervous system (CNS) infections, malignant 
hypertension, ischemic or hemorrhage stroke, or CNS 
malignancy.

The general approach to the evaluation of seizures in this 
population differs little from the general population. The pri-
orities are: (1) to abort the seizure in order to minimize neu-
rologic and systemic morbidity, (2) to minimize seizure 
recurrence by identifying and treating the etiology when 
possible, and (3) to determine if there is need for long-term 
antiepileptic drugs (AEDs). A few additional considerations 
specific to this patient population also apply and are outlined 
in this chapter.

�Initial Patient Evaluation and Treatment

In the acute setting, the primary goal is to abort the seizure. 
Because most seizures are self-limited, there is a tendency to 
think that most patients will not require emergent treatment 
and can be observed, however, seizures in these fragile post-
operative patients may lead to major systemic complications 
(aspiration, myocardial demand ischemia, rhabdomyolysis). 
We opt for a short two week course with an antiepileptic 
with a good safety profile such as levetiracetam. Obviously 
in the case of recurrent seizures or status epilepticus, emer-
gent pharmacologic treatment with intravenous AEDs is 
recommended.

Most post-transplant seizures respond to first line treat-
ment with benzodiazepines with preferred agents being 
lorazepam or midazolam [4]. When seizures continue despite 
benzodiazepine administration efforts should be made to 
rapidly identify and correct any readily reversible precipitat-
ing factors (i.e., severe hyponatremia) and a second line 
intravenous AED should be administered. Options include 
phenytoin, fosphenytoin, valproic acid, phenobarbital, or 
levetiracetam [5].

The next step is to find a possible cause of the seizure 
(Table 15.2). This is especially pertinent in transplant patients 
who are immunosuppressed with antirejection medications 
and therefore at higher risk for infections and neurotoxicity 
related to the antirejection drugs. Investigation of serum 
electrolyte levels including magnesium, sodium, calcium, 
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and glucose as well as a complete blood count with differen-
tial, ammonia, blood cultures, and antirejection medication 
levels should be performed.

Because seizures are comparatively more common in 
CNS infections associated with transplantations an infectious 
evaluation should be initiated if seizures occur one month 
after transplantation (CNS infections are exceedingly rare in 
the postoperative period). A history of preceding headache, 
confusion, signs of increased intracranial pressure including 
transient visual obscurations, morning headaches, or signs of 
meningismus on examination justifies a lumbar puncture but 
immunosuppressed post-transplant patients should undergo 
neuroimaging prior to lumbar puncture. Empiric antimicro-
bial therapy should be started while neuroimaging and lum-
bar puncture are performed.

Because of their immunosuppressed status, imaging is 
strongly considered in these patients, even when a clear trig-
ger (i.e., severe hypocalcemia) is present. A non-contrast CT 
is the first investigational step to rule out the presence of a 
lesion that may require emergent intervention. Non-contrast 
CT can also be useful in detecting the typical vasogenic 
edema of posterior reversible encephalopathy syndrome 

(PRES) (Fig. 15.1), a mass-like lesion such as brain abscess, 
intracerebral hemorrhage, or diffuse cerebral edema.

If initial investigations are unrevealing, MRI with contrast 
can be considered. Smaller brain abscesses, empyema, septic 
emboli, pachymeningeal or leptomeningeal enhancement, 
brainstem infarctions, radiologic signs of PRES, and central 
pontine myelinolysis are more readily identified on MRI 
compared with CT [5].

An electroencephalogram (EEG) is not performed in most 
settings due to the fact that the majority of seizures last less 
than 1 min and patients recover quickly from these seizures. 
However, patients who remain persistently encephalopathic 
following a seizure will need an urgent EEG in order to 
determine if the patient is in nonconvulsive status epilepti-
cus. Because undefined rhythmic movements are so common 
in the postoperative period an EEG can also be useful to 
characterize the nature of uncertain “spells” of unresponsive-
ness or abnormal movements. For example, to differentiate 
multifocal myoclonus (seen in metabolic encephalopathy) or 
tremors from seizures in unresponsive patients or in patients 
awakening from anesthesia [5].

�Seizures in Transplant Patients: Specific 
Causes

�Drug-Induced Seizures

Immunosuppressant agents such as cyclosporine, tacrolimus, 
mycophenolate mofetil, and corticosteroids are universally 
administered following organ transplantation to reduce the 
risk of rejection and improve graft survival. In the acute post-
transplant period, induction agents can be used including 
thymoglobulin, OKT3, and basiliximab. These are followed 
with maintenance steroids, mycophenolate mofetil, or calci-
neurin inhibitors such as cyclosporine or tacrolimus. Most 
transplant patients are then continued on a long-term regi-
men consisting of a calcineurin inhibitor or mycophenolate 
mofetil [6].

Because of the narrow therapeutic windows of antirejec-
tion drugs and the higher propensity for metabolic derange-
ments in the post-transplant period, drug toxicity from 
calcineurin inhibitors or mycophenolate mofetil can be con-
sidered as a potential cause for seizures. Post-transplant 
drug-induced encephalopathy affects up to 40% of patients 
with the incidence peaking within the early postoperative 
period due to high loading doses [7, 8]. Drug toxicity from 
antirejection agents is the most common cause of seizures 
and is the cause in about 25% of cases [9]. The calcineurin 
inhibitors have been mostly responsible for most drug-
induced seizures due to their mechanism of action. They 
inhibit calcium signaling pathways that are essential to T-cell 
activations. However, calcineurin also plays an essential role 

Table 15.1  Incidence of seizures in organ transplant patients

Transplant organ Incidence of seizures (%)

Liver 4–8 [79–82]

Bone marrow transplant 2–20 [2–3, 83–85]

Heart 2–9 [76, 86–88]

Kidney 2–6 [1, 89]

Lung 6–10 [90–91]

Pancreas 13 [92]

Intestinal 17 [93]

Table 15.2  Possible causes of seizures in transplant recipients

Cerebrovascular events
•	 Arterial ischemic infarcts
•	 Intracranial hemorrhage
•	 Cerebral venous thrombosis

Malignancy
•	 B-cell lymphoma
•	 Post-transplant 

lymphoproliferative disorder

CNS infection
Bacterial
•	 Nocardia
•	 Listeria
•	 Tuberculosis
Viral
•	 JC virus
•	 Herpes Viruses (HSV, 

CMV, VZV, EBV, HHV-6)
Fungal
•	 Aspergillus
•	 Candida
•	 Cryptococcus
Parasite
•	 Toxoplasmosis

Medication induced 
neurotoxicity
Antirejection agents
•	 CNIs: Tacrolimus, cyclosporin A
•	 OKT3 (muronmonab-CD3)
•	 Chemotherapy: busulfan and 

carmustine
Antibiotics
•	 Quinolone Class
•	 Carbapenem class
Analgesics
•	 Meperidine

Metabolic derangements
•	 Hyponatremia
•	 Hypocalcemia
•	 Hypomagnesemia
•	 Hypoglycemia
•	 Hyperammonemia
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in regulating neuron excitability, blood–brain barrier perme-
ability, and sympathetic activation [9]. The neurotoxic effects 
of calcineurin inhibitors may be potentiated by pre-existing 
disruption of the blood–brain barrier in the perioperative 
period due to hepatic encephalopathy or perioperative hypo-
tension [10]. Ultimately, these disruptions can lead to vaso-
genic edema, posterior reversible encephalopathy syndrome 
(PRES), and seizures.

The diagnostic criteria for CNI induced toxicity include 
development of seizures or encephalopathy in patients 
receiving CNIs who have high serum trough levels of the 
drug at the time of symptoms onset and rapid increase in 
drug levels prior to symptomatic presentation. Neurotoxicity 
from CNIs is more commonly seen in the first month of 
post-transplant care due to the higher intravenous dosing 
[11]. Postural tremors and headaches are the most common 

symptoms encountered and can be seen with tacrolimus 
neurotoxicity. However, both tacrolimus and cyclosporine 
neurotoxicity can manifest with focal or generalized tonic-
clonic seizures that can be seen with or without the presence 
of posterior reversible encephalopathy syndrome (PRES). 
Risk factors for CNI toxicity include hepatic dysfunction, 
hypertension, low magnesium levels, and administration of 
medications such as corticosteroids, amphotericin, and gan-
ciclovir which inhibit drug metabolism [12]. While it is 
important to monitor drug levels during the early phase of 
maintenance immunosuppression while on these therapies, 
it has been demonstrated that no correlation exists between 
seizures and drug levels themselves [13]. Rather, it is the 
rapid increase in drug levels that is thought to be a provok-
ing cause. In addition, levels of metabolites, rather than the 
drug itself, can be associated with seizures.

Fig 15.1  (a, b) Computed tomography and (c, d) magnetic resonance 
imaging fluid attenuated inversion recovery (FLAIR/T2 weighted 
sequences demonstrating a typical pattern of vasogenic edema associ-

ated with PRES). The edema is bilateral, asymmetric, predominantly 
subcortical, and preferentially affecting the posterior regions and fron-
tal lobes

15  Organ Transplant Recipients and Critical Care Seizures



262

Over the past several years, there has been a switch from 
cyclosporine to tacrolimus as the antirejection agent of 
choice in organ transplant patients. Tacrolimus is associated 
with lower rates of hypertension, acute rejection, and 
possibly a better neurotoxicity profile as compared to cyclo-
sporine. The incidence of seizures is similar when compar-
ing the two drugs [14].

Newer agents such as sirolimus and everolimus have been 
introduced to be used as either first line agents or calcineurin 
inhibitor (CNI) sparing agents in cases of neurotoxicity. 
Despite their similar appearing names, these medications are 
mammalian target of rapamycin (mTOR) inhibitors, not 
CNIs. There has not been any compelling evidence to suggest 
that sirolimus itself potentiates seizures. However, there have 
been few case reports of PRES associated with sirolimus, pre-
dominantly in association with hypertensive crises [15, 16].

In cases of neurotoxicity, the primary treatment strategy is 
reducing the dose or changing the offending agent [17, 13, 
18]. This decision should not be taken lightly as it puts the 
transplanted organ at potential risk for rejection. Various 
strategies exist for restarting the antirejection transplant regi-
men including transitioning one CNI to another or an alter-
native agent such as an mTOR inhibitor or muromonab-CD3 
(OKT3) [19]. OKT3 is a murine immunoglobulin monoclo-
nal antibody that is rarely used today for very limited indica-
tions such as acute steroid-resistant rejection of allogenic 
renal, cardiac and liver transplant patients. Neurotoxicity is 
uncommon with the most commonly reported manifestation 
being the development of an aseptic meningitis within 72 h 
of administration [20]. It is in this context that seizures have, 
rarely, been reported.

Busulfan is commonly used to condition patients in prep-
aration of hematopoietic stem cell transplantation. This agent 
has been frequently reported to cause seizures in HSCT 
patients. This complication typically occurs in the 3rd or 4th 
day of administration and appears to be dose dependent [21, 
22]. Although hard evidence is lacking regarding seizure 
prophylaxis, it has become a generally accepted practice 
when initiating high-dose busulfan. This is complicated by 
the fact that the seizure prophylaxis must not have any inter-
action or toxicity with the conditioning regimen, interfere 
with the donor cells, or interact with other medications that 
the patient is receiving. Phenytoin is not an ideal agent for 
prevention of seizures in this setting due to the risk of toxic-
ity and its ability to induce busulfan metabolism. Current 
data support the use of benzodiazepines such as clonazepam 
or lorazepam as seizure prophylaxis. Levetiracetam is 
another promising agent due to its limited drug–drug interac-
tions and adverse effects.

A number of other agents, both chemotherapeutic and 
immunosuppressive, have been associated with seizures in 
transplant patients. Carmustine is a chemotherapeutic agent 
used in preparation of HSCT. This agent has been associated 

with seizures in a number of studies [23, 24]. Azathioprine 
and mycophenolate mofetil have also been associated with 
seizures in the post-transplant setting [25].

Many antibiotics used to treat infections in immunosup-
pressed patients are associated with reductions in seizure 
threshold. Quinolone antibiotics have a variable effect on the 
seizure threshold. Trovafloxacin has the greatest potential for 
seizure induction and levofloxacin has the lowest rate of sei-
zure induction. Imipenem and meropenem have also been 
associated with seizures in prior studies [26, 27]. While the 
overall risk of seizures in these patients is low, close moni-
toring of transplant patients on these drugs is recommended 
[27] and they should probably be avoided entirely in patients 
with pre-existing epilepsy [28].

Post-transplant pain is often managed with opioid medi-
cations such as meperidine [29]. Meperidine has a high cen-
tral nervous system depressant effect, however, its metabolite 
is normeperidine, which has twice the CNS neurotoxic effect 
of meperidine and is a CNS excitatory agent. Accumulation 
of normeperidine in the CNS can result in generalized sei-
zures, myoclonus, tremors, and hyperreflexia. These effects 
cannot be reversed by opioid antagonists. Risk factors for 
meperidine related seizures include hepatic or renal dysfunc-
tion [30].

Management in the setting of drug-induced seizures is 
primarily cessation of the drug after which recurrent seizures 
are not expected. If seizures recur after the suspected causal 
drug has been discontinued and sufficient time to allow five 
half-lives of the drug has passed, an alternative cause for the 
seizures should be sought.

�Acute Metabolic Change

An acute metabolic change should be considered in all 
patients with post-transplant seizures as in many cases, these 
disturbances are easily reversible. Metabolic disturbances 
can result from acute electrolyte imbalances in the early post-
operative period. Delayed onset idiopathic hyperammonemia 
has also been reported and can result in refractory seizures, 
however, this rare complication is not easily reversible [31].

Hyponatremia and hypo-osmolality can contribute to sei-
zures in the early postoperative period [32]. In one study of 
seizures in children who seized within 24 h following a kidney 
transplant, the patients with seizures had more pronounced 
shifts in sodium levels and serum osmolality that those with-
out seizures [32]. Renal transplant patients are particularly 
prone to hyponatremia and shifts in serum osmolality due to 
their high rates of postoperative polyuria. This is due to renal 
tubular dysfunction and can be exacerbated by aggressive 
fluid resuscitation. Severe hyponatremia as a result of post-
transplant polyuria can result in generalized tonic-clonic sei-
zures [33]. Low sodium levels have also been associated with 
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seizure events in cystic fibrosis patients following lung trans-
plant [34] and rapid changes in sodium levels have been asso-
ciated with seizures in liver transplant patients [35]. Treatment 
is often correction with hypertonic saline, however, care must 
be taken to not reverse the hyponatremia too quickly other-
wise the patient will be at risk for the development of central 
pontine myelinolysis (CPM) [36, 37].

Hypomagnesemia is another well-established risk factor 
for seizures in the post-transplant population [35]. This is 
especially true in the liver transplant population where hypo-
magnesemia is an independent risk factor of seizures as well 
as in patients receiving small bowel transplants and HSCT 
[35, 38, 39]. Hypomagnesemia can potentiate the effects of 
drug-induced neurotoxicity [40] and can also result from 
cyclosporine induced renal wasting [41, 42]. Hypomagnesemia 
frequently presents with muscle weakness prior to its more 
serious manifestations such as behavioral changes and sei-
zures. Reversal of the electrolyte deficiency is the only way to 
prevent further seizures in these patients.

Hypocalcemia is another side effect of CNIs such as 
cyclosporine. Like hypomagnesemia, it is due to increased 
excretion of the electrolyte in the urine. Hypocalcemia 
occurs with a nadir level at about one week post-transplant 
[43]. Hypocalcemia has been shown to be a predictor of 
PRES in patients with chronic kidney disease, including 
transplant patients [44].

Hypoglycemia induced seizures are also not uncommon 
and may be most likely to occur in patients receiving com-
bined pancreas-renal transplants.

Idiopathic hyperammonemia is a rare complication in 
organ transplant recipients but is often devastating [31, 45]. 
This most commonly occurs while patients are severely neu-
tropenic. Patients present with acute lethargy, confusion, sei-
zures, and then progress to coma. Serologic evaluation 
demonstrates ammonia levels over 200 μmol/L with mild 
elevation of liver enzymes [45]. Patients with liver failure or 
who are receiving valproic acid can also experience high 
serum ammonia levels. Imaging evaluation of these patients 
demonstrates diffuse cerebral edema. There are no pharma-
cologic treatments for idiopathic hyperammonemia although 
some have reported success with lactulose, nonabsorbable 
antibiotics, dialysis or sodium benzoate for trapping, and 
removal of ammonia [31, 46].

�CNS Infections

Infections most commonly occur one to six months follow-
ing solid organ transplantation [47]. In the first month fol-
lowing the transplant, patients are at high risk for pneumonia 
or wound infection. Patients with hematopoietic stem cell 
transplant are at higher risk of opportunist infections in the 
first month as they are under maximal immunosuppression 

during this period. This is in contrast to solid organ trans-
plant patients who are not on maximal therapy until about 1 
month following the transplant. Beyond 6 months, patients 
who have not experienced rejection, poor graft function, or 
GVHD are generally given a lower dose of immunosuppres-
sants and are thus at a lower risk for infectious complica-
tions. However, those who are maintained on high doses of 
immunosuppressant agent remain susceptible to many typi-
cal and opportunistic infections [47].

A CNS infection should be considered in any patient with 
headache, mental status changes, or seizure [47]. It is impor-
tant to keep in mind that initial CSF studies may be under-
whelming and even the imaging manifestations of a CNS 
infection may not be striking. Both the development of an 
inflammatory response in the CSF and formation of an 
abscess require a robust immune response; thus many of these 
patients may have only a mild CSF pleocytosis or a more 
phlegmon appearing lesion in their brain rather than an orga-
nized, diffusion restricting walled off fluid collection [47].

Bacterial infections account for a substantial proportion 
of infections in this population. Special consideration should 
be given to opportunistic infections such as Listeria and 
Nocardiosis. Nocardiosis presents as a pulmonary infection 
that is diagnosed with sputum, skin, or brain tissue and can 
present with a mass lesion. CNS involvement occurs in 50% 
of the cases and can present with fevers, meningismus, focal 
deficits, and seizures. It has been reported in <5% of renal 
transplant patients (1–6% of solid organ transplants [47–
49]). Listeria presents with gastrointestinal symptoms, 
fevers, focal deficits, and seizures. Diagnosis is made by 
identification of gram positive bacilli in the CSF or blood.

Immunosuppressed patients are at high risk for opportu-
nistic fungal infections such as aspergillosis, candidiasis, 
and cryptococcosis. All three of these fungal infections can 
present with disseminated pulmonary infiltrates and nodules 
while candida and cryptococcosis can also present in the 
lungs. These infections can manifest clinically as meningitis 
or with more focal symptoms suggestive of an abscess, both 
of which can lead to seizures [47]. Aspergillosis is unique in 
that it can present with septic and hemorrhagic infarctions. 
Presentation of fungal CNS infections includes encephalopa-
thy (90%), focal neurological deficits (33%), seizures (40%), 
and meningeal signs (20%) [50]. Diagnosis depends on CSF 
and blood cultures and rarely, brain histology.

Opportunistic viral infections include herpes virus infec-
tions such as cytomegalovirus (CMV), Epstein–Barr virus 
(EBV), varicella-zoster virus (VZV), human herpes virus-6 
(HHV-6), and herpes simplex virus (HSV) as well as JC 
virus induced progressive multifocal leukoencephalopathy 
(PML) [51]. These are generally the result of reactivation or 
primary infection and present with meningitis or limbic 
encephalitis. Mass lesions can be seen in the setting of EBV 
induced post-transplant lymphoproliferative disease (PTLD) 
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as well as in the setting of JC induced PML [51]. These viral 
infections are diagnosed with CSF and blood culture as well 
as by identification of virus specific serologies or antibodies 
in the CSF. Treatments for herpes virus infections include 
acyclovir, ganciclovir or foscarnet, and cytarabine for PML. 
These infections are particularly a problem in HSCT recipi-
ents and can cause headache, confusion, and seizures several 
weeks after transplantation due to limbic encephalitis [51].

Other opportunistic infections that can affect organ trans-
plant recipients include toxoplasmosis and tuberculosis. 
Toxoplasmosis can present with meningitis and abscess for-
mation and is diagnosed with serology and CSF markers. 
Tuberculosis can present with basilar meningitis, abscess, 
“tuberculomas,” and is diagnosed with CSF culture, smear, 
and serology [51].

One of the chief difficulties complicating the manage-
ment of CNS infections is the interaction between many of 
the pharmacologic agents used to treat them with antirejec-
tion drugs and AEDs. For this reason, consulting a pharma-
cist and a careful risks/benefits may be helpful; however, 
adequate treatment of the infection must take priority over 
other considerations.

�Post-transplant Malignancy

B-cell lymphoma and PTLD are the most common brain 
tumors seen in transplant recipients [52, 53]. These are most 
common after liver and small bowel transplants. PTLD is 
typically associated with EBV infection and should be con-
sidered in patients presenting with de novo seizures years 
following transplant (extreme cases 6 months post-
transplantation have been reported. Lymphoma and PTLD in 
immunocompromised patients typically present with multi-
ple periventricular ring enhancing lesions, similar to toxo-
plasmosis [52, 53]. Classically, increased uptake on SPECT 
or FDG/PET has been used to differentiate CNS lymphoma 
or PTLD from toxoplasmosis. In cases of high clinical suspi-
cion, biopsy is recommended, followed by initiation of cor-
ticosteroids to reduce edema. In addition, reduction of 
immunosuppression therapy is advised [52, 53].

�Posterior Reversible Encephalopathy 
Syndrome

PRES is a usually reversible neurologic syndrome of subcor-
tical vasogenic brain edema in patients with acute neurologic 
symptoms (i.e., encephalopathy, headache, seizures, and 
visual disturbances) in the setting of renal failure, blood pres-
sure fluctuations, autoimmune disorders, or cytotoxic drug 
administration (i.e., CNI therapy). PRES occurs in up to 2% 
of solid organ transplant recipients and up to 10% of patients 

receiving hematopoietic stem cell transplants [54, 55]. Most 

cases of PRES occur within 30 days of transplant as it is dur-
ing this time that derangements in drug levels, blood pres-
sure, and other metabolic changes are most common [54–56]. 
However, late cases have been reported in renal transplant 
patients with malignant hypertension. Liver transplant 
patients are also at high risk of PRES due to blood–brain bar-
rier disruption from hepatic encephalopathy [57]. Seizures 
occur in the majority of patients with PRES [54–56, 58]. One 
recent study demonstrated that up to half of seizures in heart 
transplants were attributable to PRES [59]. Seizures in the 
setting of PRES are typically generalized tonic-clonic sei-
zures or less commonly, status epilepticus. EEG may show 
slowing, reflective of the encephalopathy, and periodic dis-
charges, most frequently affecting the bioccipital regions. It 
is thought that a substantial proportion of CNI induced sei-
zures are due to PRES [54, 55]. The diagnosis of PRES is 
generally made by a combination of both clinical and radio-
logic findings. Imaging is primarily useful to exclude alter-
native etiologies, but also often confirms the diagnosis. CT 
may show vasogenic primarily subcortical edema which is 
typically bilateral and asymmetric. MRI, particularly FLAIR/
T2 sequences, is more sensitive for the demonstration of 
vasogenic edema (Fig.  15.1) and may also show areas of 
associated restricted diffusion. Associated intracranial hem-
orrhage is not incompatible with a diagnosis of PRES and is 
in fact present in 10–25% of cases. Kidney transplant patients 
tend to develop PRES later (>1 year) when compared with 
liver transplant patients [60]. Treatment of PRES is focused 
primarily on reversal of the underlying cause, whether that is 
CNI neurotoxicity, acute on chronic kidney injury, or hyper-
tension [61]. The majority of cases resolve within 2 weeks.

�Cerebrovascular Disease

Cerebrovascular diseases including ischemic infarctions and 
intracranial hemorrhages most commonly occur within the 
first month post-transplant. Because acute symptomatic sei-
zures may complicate cerebrovascular events, prompt neuro-
imaging should be performed in all patients with new-onset 
seizure, especially those having focal neurological signs. 
Most studies quote a 2–4% incidence of these complications 
with higher rates in elderly patients and those with pre-
transplant diabetes. In cardiac and renal transplant recipients 
acute ischemic stroke can occur in up to 3–10%, and 8% of 
patients, respectively [62, 63]. In orthotopic heart transplant 
patients, 15% (12 of 82 consecutive patients) had seizures, 
with the most common etiology being postoperative stroke 
[64]. In kidney transplant patients, acute ischemic stroke 
tends to occur several years following transplant. Most 
poststroke seizures are focal and typically easily aborted 
with intravenous phenytoin, fosphenytoin, and valproic acid. 
However, status epilepticus can develop in 16–25% of all 

patients with poststroke seizures [65].
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Acute hemorrhage is more common in patients who have 
undergone bone marrow or liver transplantation. Up to 7% of 
liver transplant patients suffer from acute cerebrovascular dis-
ease, a majority of which are hemorrhagic [66, 67]. There is 
often a concomitant coagulopathy due to the underlying liver 
disease. Hemorrhage typically occurs in the frontal and parietal 
lobes and less commonly in the subcortical areas. Intracranial 
hemorrhage secondary to thrombocytopenia and infarction or 
hemorrhage secondary to fungal infection can occur in up to 
3% of BMT patients [65]. Cerebral venous thrombosis has also 
been reported in the HSCT population [68–70] and the most 
common presentation in those cases is seizures. The etiology 
and pathophysiology of this complication is unknown.

�Seizures in Transplant Patients: Treatment

Goals of treatment in the acute setting were discussed previ-
ously and the management of status epilepticus is discussed 
in a separate chapter. Many of the etiologies discussed above 
are reversible upon cessation of the offending process (i.e., 
infection, hypertension, PRES, mass effect, etc.), and there-
fore do not require long-term AED therapy. However, there 
are some cases where long-term seizure control with AEDs 
is required. In patients who have recurrent seizures or a 
patient with a single seizure and a structural epileptogenic 
focus identified by neuroimaging, pharmacologic therapy 
should be initiated. Some patients can have their AEDs dis-
continued after 3 months without risk of recurrence, such as 
those with seizures in the setting of PRES.  Patients with 
uncontrollable metabolic imbalances or structural CNS 
lesions may require even longer term AED therapy [5].

The primary considerations in selecting AEDs are effi-
cacy and safety, in particular minimizing drug–drug interac-
tions and effects on other organ systems. The pharmacokinetics 
and pharmacodynamics of AEDs and their effect on immu-
nosuppressant agent metabolism need to be carefully consid-
ered. The ideal AEDs are those with minimal protein binding 
and minimal effects on induction or inhibition of drug 
metabolism pathways, especially among patients with liver 
transplants. For patients with renal transplants, AED agents 
may require dose adjustments due to variability in excretion. 
A number of AEDs have a more favorable profile in trans-
plant patients with seizures and provide broad coverage in 
that they can treat both partial and generalized seizures.

Phenytoin and fosphenytoin are generally considered first 
line agents in the setting of recurrent seizures or status epi-
lepticus. The benefit of these agents is that they are effica-
cious and can be loaded intravenously. Close blood pressure 
monitoring should be performed during administration of an 
IV load of these medications as they can cause hypotension. 
Also, it is important to consider that these agents can induce 
CNI metabolism which leads to lower doses of CNI and 
more vigilant titration of the agent is required to maintain 

therapeutic levels. Some transplant recipients may have 
hypoalbuminemia, and under those circumstances lower 
doses should be used as protein binding would be reduced. 
We advise that phenytoin levels be monitored by checking 
both free and total levels, as many of these patients have 
hypoalbuminemia and the total phenytoin level may not 
reflect the amount of free active drug.

Phenobarbital may be a good option in HSCT patients as 
it is one of a few AEDs that does not cause bone marrow sup-
pression. Patients should be closely monitored during admin-
istration of a loading dose as it can be complicated by 
hypotension and respiratory depression. This agent can also 
interact with CNIs by inducing the CYP450 enzymes.

Valproate, which does not induce CYP450, was histori-
cally used to treat seizures in renal transplant patients, but is 
now discouraged due to the association with hepatic failure 
[5, 71]. This medication is also highly protein bound and 
lower doses should be considered in patients with reduced 
binding proteins. There have also been reports of valproic 
acid causing a coagulopathy by platelet dysfunction akin to 
von Willebrand disease and the drug should be avoided alto-
gether in liver transplant recipients [72].

Levetiracetam has been gaining popularity for post-
transplant seizures due to its broad spectrum efficacy and the 
fact that it is not extensively protein bound, or metabolized 
through the liver and lacks drug–drug interactions [71]. 
There is very sparse data on the efficacy of this medication in 
transplant recipients [73]. Levetiracetam can be taken orally 
or intravenously in patients of all ages and, when loaded, 
reaches therapeutic levels hours after the first dose. It does 
not affect CNI metabolism. Patients with impaired renal 
function may require a dosage decrease as it is primarily 
excreted through the urine [5]. It is also important to note 
that this medication is dialyzable and supplemental doses 
should be given after dialysis.

Lacosamide is another emerging option. It has been 
approved for refractory focal seizures and is available in both 
IV and oral formulations [74]. It has no known drug–drug 
interactions. It is primarily excreted in the urine and therefore 
must be renally dosed. Caution is advised in patients with 
severe cardiac disease or conduction defects and HSCT as it 
can cause PR prolongation, AV block, irregular atrial rhythms, 
and bone marrow suppression. Lacosamide has not been 
studied in the transplant patient population for monotherapy 
and its high cost may be preclusive in some patients (5).

If oral formulations are feasible, gabapentin and pregaba-
lin may be considered. Similar to lacosamide these are 
approved for focal seizures and efficacy of monotherapy has 
not been established. The side effect profile is generally 
benign and does not cause any myelosuppression. They also 
require renal dosing as they are primarily excreted through 
urine. These agents do not have any known drug–drug inter-
actions, are not heavily protein bound, and do not induce 
CYP450 enzymes.
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Carbamazepine (CBZ) is generally not recommended as 
initial therapy. It can be used to treat focal seizures. It is heav-
ily protein bound, and strongly induces CYP450 enzymes 
thereby lowering CNI levels. Close monitoring of CBZ levels 
should be considered in the first two weeks of administration 
as this agent has been known to undergo auto induction. Both 
10,11 epoxide metabolite and CBZ levels should be per-
formed in patients with liver failure if there is suspicion for 
medication toxicity as these patients can develop CBZ toxic-
ity secondary to accumulation of the active metabolite despite 
normal CBZ levels. One of its notable side effects is hypona-
tremia secondary to SIADH which may be especially prob-
lematic in transplant recipients who are already pre-disposed 
to electrolyte disturbances. Oxcarbazepine is a structural 
derivative of carbamazepine and has similar indications as 
CBZ. It is a milder CYP450 inducer but has a higher risk of 
producing hyponatremia as compared with CBZ.

Topiramate, lamotrigine, and zonisamide may be consid-
ered in generalized and focal seizures. They all have hepatic 
metabolism. Topiramate has dose dependent liver enzyme 
inducing properties at doses above 200  mg. These agents 
should be used with caution given the potential for drug–
drug interactions.

�Seizures in Transplant Patients: Significance 
for Outcome

Although some studies suggest that seizures are associated 
with worse outcomes in HSCT and cardiac transplant recipi-
ents [3, 75, 76] one should consider that prognosis is dependent 
on a number of factors. Seizure duration, etiology, and failure 
to respond to the initial AED are each important factors impact-
ing prognosis. A general principle is that patients with seizures 
resulting from CNS infection, cerebrovascular insults, or CNS 
malignancy will have worse outcomes than those with seizures 
resulting from drug toxicity or metabolic disturbances. This 
was demonstrated in previous studies on HSCT and liver recip-
ients [77, 78]. Post-transplant seizures should be considered in 
context and rarely should influence decision about goals of 
care unless they are truly treatment refractory as can be the 
case with delayed onset idiopathic hyperammonemia.
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�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 cere-
bral phenomena. The pediatrician faces the problem with acute 
nephritis, the obstetrician with toxemia 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, sei-
zures may be secondary to the effect of blood pressure 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 blood–brain barrier and secondary 
cerebral edema. In a population based study from Rochester, 
Minnesota, 195 patients ≥55 years old with first unprovoked 
seizures were matched on age, gender, and duration of fol-
low-up with patients without seizures [3]. Blood pressure was 
obtained in the seizure patients before the first seizure occur-
rence. Overall, hypertension did not increase the risk of sei-
zures, but the study found that a subgroup with left ventricular 
hypertrophy (LVH), a marker of severe, long standing hyper-
tension, without diuretic treatment had an 11-fold increased 
risk of unprovoked seizures. Interestingly, those patients with 
LVH treated with diuretics did not have an increased risk. 
This chapter will review the different acute hypertensive syn-
dromes encountered in the ICU and emphasize 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 UK, 18.6% of mater-
nal deaths are caused by hypertensive diseases [5]. Four 
hypertensive disorders are commonly reported in pregnant 
women: (1) pre-eclampsia (PREC)—eclampsia (EC); (2) 
chronic hypertension (of any cause); (3) chronic hyperten-
sion with superimposed PREC; and (4) gestational hyperten-
sion [6]. Only PREC and EC are associated with seizures.

�Pre-eclampsia and Eclampsia

Hippocrates was among the first to recognize fits occurring 
in pregnant women as early as the 4th century BC [7]. This 
condition was coined eclampsia—a Greek word meaning 
“shine forth”—implying a sudden development [8]. Pre-
eclampsia and eclampsia are among the most common 
causes of maternal and fetal morbidity and mortality. In a 
retrospective review of 4024 pregnancy related deaths, 
19.6% were related to PREC-EC [9].

According to the new American College of Obstetricians 
and Gynecologists (ACOG) guidelines the diagnosis of 
PREC no longer requires the detection of high levels of pro-
teinuria. Pre-eclampsia is diagnosed as hypertension in asso-
ciation with thrombocytopenia, impaired liver function, the 
new development of renal insufficiency, pulmonary edema, 
or new-onset cerebral or visual disturbances [6]. Eclampsia 
is defined as the presence of new-onset grand mal in pre-
eclamptic woman. Eclampsia can occur before, during, or 
after labor. Although EC is usually preceded by PREC, in up 
to 38% of cases it can occur without symptoms or signs of 
PREC [8]. Table  16.1 summarizes the definitions of both 
PREC and EC.
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�Epidemiology

Pre-eclampsia affects up to 7% of pregnancies and <1% of 
these women develop EC [10]. Approximately 1  in 50 
women experiencing eclamptic seizures will die annually 
from complications [11]. In a prospective survey of EC in 
the United Kingdom (UK), the incidence of EC was 
4.9/1000 [12]. The leading cause of death with PREC-EC 
patients is cerebrovascular accidents particularly intracere-
bral hemorrhages. The mortality rate ranges from 2 to 24%. 
Table 16.2 summarizes the specific causes of death associ-
ated with EC and PREC. The case fatality in women with 
eclampsia is 71 per 10,000 [9]. Although the incidence of 
PREC has not changed significantly over the past 6 decades, 
the rate of major complications from the disease has been 
on a marked decline [13].

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

�Pathophysiology

To date, the underlying pathophysiology of EC is still not 
fully elucidated but vascular endothelial damage or dysfunc-
tion appears to be the common pathological feature in the 

placenta, kidneys, and brain [15]. A recent hypothesis by 
Odent [16] proposed that PREC could be the result of 
maternal-fetal conflict. The developing fetal brain requires 
EPA, a long chain n-3 polyunsaturated fatty acid. The theory 
suggests that the fetus need for EPA override the maternal 
need. A decrease in maternal EPA in PREC and EC women 
as compared to their normotensive counterparts appears to 

play a role in the development of this condition [16]. Other 
mechanisms suggested for eclamptic convulsions include 
cerebral vasospasm, hemorrhage or edema, metabolic or 
hypertensive encephalopathy [17].

�Clinical Presentation

By definition, EC is characterized by the presence of sei-
zures. They can occur before, during, or after labor [18]. 
Antepartum EC refers to the onset of seizures before the start 
of labor. Intrapartum EC refers to seizures that occur during 
labor, and postpartum EC is the occurrence of seizures within 
7 days of delivery of the fetus and placenta. Two percent of 
EC occur more than 7 days past delivery [19]. In some 
women seizures can occur as late as 11 days [20]. In the 
USA, 53% of women had antepartum seizures, 36% intra-
partum seizures, and 11% postpartum seizures [19]. In the 
UK 38% had antepartum seizures, 18% intrapartum seizures, 
and 44% postpartum eclampsia [12].

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

�Electrographic and Radiographic Features

Abnormal EEGs are reported with PREC [21]. Diffuse slow 
activity (theta or delta waves) sometimes with focal slow 
activity is usually found on EEG [21]. Paroxysmal spike 
activity has been reported but this is not pathognomonic of 
PREC as similar patterns are found in other conditions [21]. 
No correlation was found between EEG abnormalities and 
the degree of maternal arterial blood pressure [21].

Table 16.1  Definition of PREC and EC

PREC defined as:

Blood pressure

Greater than or equal to 140 mmHg systolic or greater than or equal to 
90 mmHg diastolic on two occasions at least 4 h apart after 20 weeks 
of gestation in a woman with previously normal blood pressure

Greater than or equal to 160 mmHg systolic or greater than or equal 
to 110 mmHg diastolic
and
Proteinuria (>300 mg/24 h or 1+ in dipstick testing) or

Protein/creatinine ratio greater than or equal to 0.3

Dipstick reading of 1+

Or in the absence of proteinuria new-onset hypertension with the 
new onset of any of the following:

Thrombocytopenia: Platelet count less than 100,000/microliter

Renal insufficiency: Serum creatinine greater than 1.1 mg/dl or 
doubling of the serum creatinine concentration in the absence of 
other renal disease

Impaired liver function: elevated blood concentration of liver 
transaminases to twice normal concentration

Pulmonary edema

Cerebral or visula symptoms

<100,000/μL or increased aspartate or alanine transaminase

Eclampsia

Presence of seizures

Table 16.2  Specific causes of death among pre-eclampsia or 
eclampsia

Cause of Death Pre-eclampsia(%) 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 [9]

M.T. Torbey



271

The radiological features found in EC patients are cer-
tainly not unique. Diffuse cerebral edema [22], hemorrhages 
[23], and infarcts [24] have been demonstrated in patients 
with EC using computed tomography (CT) scan. Magnetic 
resonance image (MRI) studies of brain of EC patients 
revealed focal changes characteristic of ischemia [25]. MRI 
features consistent with reversible posterior leukoencepha-
lopathy have also been reported [26].

�Management

Early detection remains the mainstay of treatment in EC 
patients. The best treatment for PREC and EC is delivery. If 
delivery is not possible, then management of the patient 
should include hospitalization, close observation, and sei-
zure prophylaxis until delivery can safely be performed. In a 
review of obstetric patients admitted to a medical-surgical 
ICU in a large tertiary referral center over a 5-year period 
PREC was the single most common diagnosis representing 
22 percent of all patients [27].

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 EC [28, 29].

In 1995 the Eclampsia Trial Collaborative Group showed 
unequivocally that magnesium given intramuscularly or intra-
venously is superior to phenytoin or diazepam in reducing 
recurrent eclamptic seizures [29]. This international multi-
center randomized study included 1687 women with EC. The 
women allocated to magnesium sulfate therapy had a 52% 
(95% C.l. 64% to 37%) reduction in incidence of recurrent 
seizures compared to those given diazepam (13.2% vs. 
27.9%). Maternal and perinatal morbidity were comparable 
between the two groups. In a second comparison between 
magnesium sulfate and phenytoin, the women randomized to 
receive magnesium sulfate had a 67% (95% C.I. 79–97%) 
reduced incidence of recurrent seizures (5.7% vs. 17.1%). 
Maternal mortality was non-significantly lower in the magne-
sium group compared with the phenytoin group [26]. Women 
who received magnesium were also less likely to be ventilated 
when compared to phenytoin (14.9% vs. 22.5%). The women 
in the magnesium group were also less likely to develop pneu-
monia (3.9% vs. 8.8%) and be less likely to be admitted to the 
ICU (16.7% vs. 25.1%) when compared to phenytoin.

The Magpie study, another randomized placebo-
controlled trial, was designed to assess the value of magne-
sium for prophylaxis in EC [30]. The study included 10,000 
women with PREC who were randomized to receive magne-
sium sulfate before or during labor, or after giving birth [30]. 
Magnesium was effective in reducing seizures 58% (95% 
C.I. 40–71%). Treatment was also safe for the neonate in this 

setting, and without any excess of serious maternal morbid-
ity. Of the 5055 women who were randomized in the magne-
sium and the placebo groups 46 (0.9%) had respiratory 
depression and 5 (0.1%) had respiratory arrest in the magne-
sium group compared to 27 (0.5%) and 2 (0.04%) in the pla-
cebo group, respectively [30]. Respiratory arrest was 
responsible for one death in each group. 14 (0.3%) devel-
oped pneumonia in the magnesium group compared to 6 
(0.1%) in the placebo group [30].

Another multicenter randomized unblinded study com-
pared magnesium to calcium channel blocker nimodipine, a 
cerebral vasodilator to prevent EC [30]. PREC 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 EC did not differ between the 
two treatment 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 [30].

Similar results were reported in a Cochrane review anal-
ysis that included published randomized studies between 
magnesium and placebo or anti-epileptics [29]. The review-
ers concluded from six studies that magnesium 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. Risk of placental abruption was 
reduced for women allocated magnesium sulfate (RR 0.64, 
95% C.l. 0.5–0.8). Women allocated to magnesium sulfate 
had a small non-significant increase (5%) in the risk of cae-
sarean section. Magnesium sulfate was better than phenyt-
oin and nimodipine in reducing the risk of eclampsia, but 
with an increased risk of caesarean section (RR I.2, 95% 
C.I. 1.05–1.4). The summary of the Cochrane review is 
detailed in Table 16.3.

The most commonly used magnesium protocol in EC is 
4–6 g IV bolus over 5 min, followed by 1–2 g/h IV infusion 
for at least 48 hours postpartum. If the treatment is used pro-
phylactically in PREC, 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 an intensive care unit and 
be monitored closely, particularly respirations, patellar 
reflexes, and urine output. Magnesium 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 dose should be held and the magnesium 
level should be checked. It may be restarted at a lower dose 

Table 16.3  Effect of magnesium on risk of eclampsia

Magnesium sulfate vs Relative risk (95% CI)

Placebo [57] 0.41 (0.29–0.59)

Phenytoin [29] 0.05 (0–0.84)

Nimodipine [30] 0.33 (0.14–0.77)
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when the reflexes return if still desired. If the urine output 
falls below 25 cc/hr., then the rate of infusion of magnesium 
or the IM dose should be cut into half. In case of respiratory 
depression or arrest the patient airway must be first secured 
(by endotracheal intubation if needed) and one gram of cal-
cium gluconate (10% solution) should be administered IV.

In patients with refractory seizures several anticonvulsant 
regimens can be used. An additional dose 1–2 g IV of Mg 
can be given or a loading dose of phenytoin (18 mg/kg IV at 
a maximum rate of 50 mg/min) can be tried. A dark room 
with low noise, padded bed nails, and continuous fetal moni-
toring are additional measures.

�HELLP Syndrome

Pritchard et al. first described the association between coagu-
lation and liver enzymes abnormalities with PREC [31]. In 
1982, Weinstein coined this syndrome of hemolysis (anemia, 
increase bilirubin schistocytes in blood smear), elevated 
liver enzymes, and a low platelet count (<100,000/mm3), as 
the HELLP syndrome [32]. It complicates up to 10% of 
eclamptic cases [17, 33]. Mortality resulting from HELLP 
syndrome ranges from 2 to 24% of cases [9]. Management of 
seizures in patients with HELLP syndrome is similar to EC 
patients. Magnesium should be initiated at seizure onset. 
Although no specific data exist regarding seizures, antepar-
tum administration of corticosteroids (dexamethasone 10 mg 
every 13 h until delivery) has been shown in randomized 
trials to stabilize and improve the laboratory values and clin-
ical status of the mother and potentially the fetus [34]. The 
increase in liver enzymes may limit the use of some anticon-
vulsants such as phenytoin, carbamazepine, and or valproic 
acid. Levetiracetam (Keppra©) may be used as a second line 
agent or as a second agent if magnesium failed to stop the 
seizures. Keppra can be started as 500 mg P0 given every 12 
h and may be increased to a maximum dose of 3000 mg/day. 
If patients develop status epilepticus, then 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 the chapters on Treatment of 
Critical Care Seizures and SE.

�Hypertensive Encephalopathy

Hypertensive encephalopathy (HE) is a complex cerebral 
disorder that is associated with a variety of conditions in 
which systemic BP rises acutely. The term was first coined 
by Oppenheimer and Fishberg in 1928 [35] and is defined 
as generalized or focal cerebral dysfunction that either 
partially or completely reverses with antihypertensive 
treatment [36].

�Epidemiology

Hypertension is a prevalent disorder involving 20–30% of 
adults in developed countries [37]. The definition of hyperten-
sion remains controversial. In the UK, hypertension is defined 
as blood pressure more than 160/100 mmHg on two or more 
clinic readings whereas in the USA the cutoff is 140/90 
mmHg. Although improved treatment of chronic hypertension 
has led to a reduction in the incidence of hypertensive emer-
gencies [38], the recognition and treatment of hypertension in 
the general population are still not adequate [39].

�Clinical Features

Hypertensive encephalopathy is characterized by acute or 
subacute onset of lethargy, confusion, visual disturbances, 
and seizures [2]. Other symptoms may include headache, 
stroke, and or papilledema [36]. Symptoms may or may not 
be associated with proteinuria 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 blood pressure was related to the 
uremia from kidney disease [40]. Table 16.4 summarizes the 
frequency of each of the presenting symptoms.

�Pathophysiology

The endothelium plays an active role in controlling blood 
pressure by regulating the release of nitric oxide (NO) and 
other vasodilator molecules [2, 41]. Although the pathophysi-
ology of HE is not fully understood, an initial abrupt rise in 
vascular resistance seems to be a necessary initiating step [2]. 
The sheer stress on the endothelial wall results in an initial 
burst of nitric oxide (NO) followed by steady release of NO 
promoting vasodilatation [2, 42]. If the blood pressure 
remains elevated the compensatory mechanism may fail 

Table 16.4  Presenting symptoms of patients admitted with malignant 
hypertension

Symptoms N (%)

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 reference [36]
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causing more elevation in blood pressure and endothelial 
damage. A cascade follows which increases endothelial cell 
expression of adhesion molecules and makes the endothelium 
more permeable [2]. Ultimately, the endothelial fibrinolytic 
activity 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 [2]. Hyperperfusion of the cerebral vasculature is 
blunted by a compensatory vasoconstriction of the blood 
vessels. This compensatory mechanism is overwhelmed at 
MAP of 180 mmHg and cerebral autoregulation breaks 
down and vasodilatation occurs. This results in breakdown 
of the blood–brain barrier (BBB), which causes edema and 
possible microinfarcts. Previously normotensive patients 
can develop signs of HE at blood pressures as low as 
160/100 mmHg, whereas individuals with chronic hyper-
tension will tolerate pressure as high as 220/110 mmHg 
before signs of HE ensue.

�Electrographic and Radiographic features

Currently, there is no known characteristic electroencephalo-
graphic feature of HE.  Loss of posterior dominant alpha 
rhythm, generalized slowing, and posterior epileptiform dis-
charges are seen on EEG. These findings usually resolve fol-
lowing the clinical improvement [43, 44].

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 characteristic, the intensiv-
ist cannot exclude the presence of intracranial hemorrhage or 
other mass (especially if there are focal neurological signs 
present) which induces the elevation of systemic blood pres-
sure as a compensatory mechanism for cerebral perfusion. 
This is indeed a very common situation with ischemic or 
hemorrhage stroke and many times it is unclear if it is the 
cause or the effect.

In uncomplicated cases cerebral imaging of individuals 
with HE shows edema in the cortex and sub-cortical white 
matter in the posterior areas of the brain, i.e., the occipital, 
the posterior parietal, and temporal lobes [45]. The predilec-
tion for involvement of posterior circulation may be due to 
paucity of sympathetic neural control in the posterior cere-
bral artery territory compared to the carotid artery territory 
[46]. Schwartz et al. findings of increased apparent diffusion 
coefficient (ADC) values and lack of high signal on the 
diffusion-weighted images support the theory that the edema 
associated with HE is vasogenic [45].

�Management of Hypertensive Encephalopathy

Patients should be admitted to an intensive care unit (NICU) 
for treatment and monitoring. An arterial line for continuous 
pressure monitoring should be placed immediately. If cerebral 
edema was present on the initial head CT and the patient has a 
Glasgow coma score ≤8, an intracranial pressure monitoring 
device should be placed. It is important to obtain a thorough 
past medical history for previous CVAs and renal disease. One 
should also inquire about antihypertensive medications and 
compliance. It is also paramount to ask for over-the-counter 
medication use (i.e., sympathomimetics) and illicit drugs, 
such as cocaine (need to obtain a urine toxicology screen).

The goal of therapy in HE is to gradually decrease the MAP 
by approximately 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, as it may provoke cerebral hypoperfu-
sion and ischemia. Sodium nitroprusside is the drug of choice 
for the initial treatment of HE. Due to the effect of nitroprus-
side on ICP, other agents such as beta-blockers or angiotensin 
converting enzyme (ACE) inhibitors should be used after the 
initial control of BP (Table 16.5). Hydralazine appears to be 
less effective in treating HE.  Clonidine should be avoided 
because of its potential for CNS depression [45]. Bed rest, 
sedation, and analgesia may further help BP control. Table 16.5 
summarizes the most common antihypertensives used and their 
side effects. Treatment of HE induced seizures is not different 
from the general treatment of ICU seizures, outlined in the 
chapter of Treatment of Critical Care Seizures and SE.

�Posterior Leukoencephalopathy Syndrome

Posterior leukoencephalopathy (PLE) is a recently recognized 
neurological disorder. It is characterized by white matter edema 
in the posterior parietal and occipital lobes of the brain [47]. The 
term was first used by Hinchey et al. [47] when they described 
15 patients admitted with a wide variety of medical illnesses. Of 
these, seven were receiving immunosuppressive therapy, four 
had HE, and three were not hypertensive at all. In all patients, 
the neurological abnormalities resolved within 2 weeks. This 
syndrome has also been reported with uremia, hemolytic uremic 
syndrome, thrombotic thrombocytopenia purpura, cyclosporine 
A use, cisplatin, interferon alpha, intrathecal methotrexate, 
severe hypercalcemia, and indinavir [48–50]. For those patients 
who do not exhibit hypertension (children or adult), the syn-
drome of posterior reversible leukoencephalopathy has been 
coined, also some believed that a term like reversible occipital-
parietal encephalopathy is more appropriate since both gray and 
white matter are involved [17, 51].
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�Clinical Features

The most common presenting signs and symptoms include 
lethargy, confusion, somnolence, paucity of speech, head-
aches, and visual complaints. Lethargy and somnolence are 
often the first signs noted. Memory difficulties are not 
uncommon. Visual disturbances range from blurred vision to 
hemianopsia [47].

Seizures are common at onset (11 out of 15 [73%] of the 
originally reported patients had one or more seizures). They 
are usually generalized but can also begin as focal. Multiple 
seizures are more common than single seizures. Status epi-
lepticus has also been reported [47]. Seizures generally pre-
cede the manifestation of the syndrome. Visual aura or visual 
hallucinations also precede the tonic-clonic seizure or occip-
ital seizures. Following a seizure patients usually have pro-
longed mental status changes and end up being in stupor or 
coma [52].

�Pathophysiology

This syndrome shares similar pathophysiological mechanisms 
with HE and eclampsia. Two pathophysiological mechanisms 
for PLS have been proposed [53]. The first evokes cerebral 
vasospasm and cerebral ischemia as a cause to the changes 
seen on neuroimaging [54]. The second suggests a breakdown 

in cerebrovascular autoregulation with secondary vasogenic 
edema. Recent MRI findings are in support of the autoregula-
tion hypothesis [55]. 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 precap-
illaries that are occluded by fibrinoid materials [56].

�Radiological Features

The most common neuroimaging abnormality on both MRI 
and CT is white mailer edema in the posterior areas of the 
cerebral hemispheres. These lesions are predominately sym-
metrical and involve specifically the occipital, parietal lobes, 
and posterior temporal lobes [47]. Other lesions are reported 
in the pons, thalamus, and the cerebellum. The gray matter is 
involved in some patients and hence the term 
leukoencephalopathy may not be the most appropriate [51, 
55]. Individuals with predominate gray matter disease have a 
better course that individual with predominate white matter 
lesions. Brainstem lesions are found in 56% of patients [55]. 
On MR images, the high signal on diffusion-weighted imag-
ing without the typical ADC dropout suggests vasogenic 
edema [45]. This is referred to as pseudonormalization. 
Some patients with pseudonormalization can progress to 
having an infarct.

Table 16.5  Commonly used parenteral antihypertensive drugs

Medication Mechanism of action Bolus dose Infusion rate Pros Cons

Sodium 
nitroprusside

Vasodilator No bolus dose 0.25–10.0 μg/kg/
min

▪ Short duration of action
▪ Immediate onset of 

action

▪ ↑CBFa, ↑↑↑ ICPb

▪ Cyanide toxicity

Nicardipine Ca Channel blocker No bolus dose 5–15 mg/h ▪ Less variability in blood 
pressure

▪ No risk of thiocyanate 
toxicity

Clevidipine Ca Channel blocker No bolus dose 1–16 mg/h ▪ Short acting ▪ Should be avoided in aortic 
stenosis

▪ Contraindicated in patients 
with egg product allergy.

Labetalol α1,β1, β2 receptor 
antagonist

5–20 mg IV q 
15 min for a 
total of 340 mg

0.5–2 mg/min ▪ Rapid onset of action
▪ No effect on ICP

▪ CHFc

▪ Bronchospasm
▪ Bradycardia

Clonidine α2- agonist 0.1–0.2 mg PO No drip ▪ Might be helpful in 
alcohol withdrawal

▪ ↓CBF

Enalaprilat ACEd inhibitor 0.625–5 mg IV 
q6 hr

No drip ▪ No effect on ICP or 
CBF

▪ Could cause abrupt decrease 
in BP

▪ Potential ↑ ICP in patients 
with poor compliance

▪ Renal dysfunction
aCBF Cerebral Blood Flow
bICP Intracranial Pressure
cCHF Congestive Heart Failure
dACE Angiotensin Converting Enzyme
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�Management

Patients may need to be monitored in the NICU. Indications 
for transfer to the NICU include cerebral edema with midline 
shift and seizures. Some of these patients may already be in 
an intensive care unit setting. If the cause of PLE is found to 
be acute hypertension, then aggressive blood pressure man-
agement should be initiated. Treatment paradigms are simi-
lar to HE. If a particular drug was thought to be the inciting 
agent, then discontinuing the drug should be seriously con-
sidered. If seizures are present, benzodiazepines are indi-
cated as first choice agents. If seizures are refractory or 
recurrent, then an additional anticonvulsant is indicated. The 
choice of anticonvulsant will depend on the patient’s general 
clinical condition and the associated renal or liver abnormal-
ities. For more details regarding treatment of ICU seizures 
the reader should refer to the chapters on Treatment of 
Critical Care Seizures and SE.

�Conclusion

The association between seizures and blood pressure eleva-
tion remains a common medical emergency encountered in 
an ICU setting. Fortunately, if treated immediately and 
aggressively, the pathophysiologic mechanism leading to 
seizures is reversible in most cases. Delayed treatment may 
result in irreversible brain injury.
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�Introduction

In the intensive care unit (ICU) setting, central nervous sys-
tem (CNS) infection and inflammation are frequent precipi-
tants of seizures. In critically ill patients seizures are 
significant independent contributors to patient morbidity and 
mortality [1]. Early recognition and treatment of seizures is 
associated with decreased mortality. In one series by Young 
et al. of patients with nonconvulsive seizures, a delay in rec-
ognition and duration of seizures was strongly associated 
with increased mortality [2]. Seizures are one of the most 
common sequelae of primary CNS infections, but are also 
frequently seen in patients admitted to the medical ICU as 
the sole neurologic manifestation of illness [3–5]. In ICU 
patients with an unexplained decrease in level of conscious-
ness, nonconvulsive seizures are often responsible, and CNS 
infections are a common etiology [6]. Infectious causes of 
seizures are also a frequent cause of the most refractory sei-
zures seen in the ICU. In patients with new onset refractory 
status epilepticus (NORSE), infectious causes are responsi-

ble for at least 18% of cases, and this likely underestimates 
the total given high number (52%) of cryptogenic cases [7].

There is a significant role for continuous electroencepha-
lographic (EEG) monitoring (cEEG) in the ICU because it 
can detect purely electrographic seizure activity, including 
nonconvulsive status epilepticus (NCSE), in approximately 
18–40% of patients presenting with an unexplained decreased 
level of consciousness or clinical seizures [8]. Moreover, 
electrographic seizures and other EEG findings such as peri-
odic epileptiform discharges (PEDs) are associated with 
worse outcome in patients with acute neurological injuries, 
such as in the aftermath of convulsive status epilepticus and 
in those with intracerebral [9] or subarachnoid hemorrhages 
[10]. In patients with CNS infections, recent guidelines rec-
ommend cEEG for patients with bacterial meningitis with 
seizures or fluctuations in the level of consciousness [11]. In 
a retrospective cohort study by Carrera et al., it was noted 
that central nervous system infections undergoing cEEG 
monitoring, electrographic seizures, and/or PEDs were fre-
quent, occurring in 48% of the cohort, with more than half 
showing no clinical correlate [12]. Additionally, for patients 
in the medical ICU (MICU) setting admitted with a diagno-
sis of sepsis but no primary neurologic injury, the presence 
of electrographic seizures (ESz) and PEDs was strongly 
associated with death or disability at time of discharge [13].

�CNS Infectious Disorders

�Meningitis

Meningitis is the inflammation of the pia and arachnoid 
membranes (leptomeninges) that surround the brain and spi-
nal cord [14]. The classification of meningitis is based on its 
duration and recurrence and includes: acute (aseptic and sep-
tic) syndromes (<4 weeks duration), recurrent meningitis 
(multiple acute episodes of <4 weeks each), and chronic 
meningitis (>4 weeks duration).
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Acute aseptic meningitis, which is defined by negative 
routine screening cultures and stains of cerebrospinal fluid 
(CSF), is the most common form of meningitis [15]. The 
clinical syndrome starts with high-grade fever and severe 
headache associated with nausea, vomiting, pharyngitis, 
diarrhea, neck stiffness, and photophobia. Seizures are not a 
common manifestation. Rapid and complete recovery is the 
usual course. Viral infections are commonly the cause of 
aseptic meningitis, and the most common are the enterovi-
ruses (echovirus, coxsackie A and B, poliovirus, and the 
numbered enteroviruses) [15, 16]. Other causes of aseptic 
meningitis include: Human immunodeficiency virus (HIV), 
parasites, rickettsiae and mycoplasma, and autoimmune dis-
eases such as Behçet’s disease, Kawasaki disease, and Vogt-
Koyanagi-Harada disease [14]. Malignancies and drug 
reactions have also been implicated. In a population-based 
study, the 20-year risk for unprovoked seizures was 2.1% 
after aseptic meningitis, not higher than the general popula-
tion risk for unprovoked seizures [17].

Acute septic meningitis is caused by a bacterial infection 
and inflammation of the meninges. It is a neurologic emer-
gency with mortality rates as high as 15–33% even in hospi-
talized patients treated with antibiotics [18, 19]. The classic 
presentation of septic meningitis includes an acute onset 
over hours to days of a fever, headache, reduced alertness, 
and signs of meningeal irritation. The incidence of seizures 
in bacterial meningitis has been reported as 5–28% of cases, 
and often (76%) they occur within the first 24 h of presenta-
tion [20–23]. Seizures are an independent predictor of mor-
tality (34% mortality in patients with seizures compared to 
7% without seizures; odds ratio 17.6). Predictors of progno-
sis in bacterial meningitis include: age greater than 60 years, 
coma at onset or focal seizures within the first 24 h of admis-
sion (72% vs. 18% mortality among those with and without 
early onset seizures, respectively) [20]. In one retrospective 
study of 445 patients with acute bacterial meningitis, sei-
zures had focal onset in 7%, generalized in 13%, and not 
characterized in 3% [20].

The effective evaluation and treatment of patients with 
bacterial meningitis involves early initiation of empiric anti-
biotics, collection of CSF to determine causative organism 
and antibiotic sensitivities, as well as adjunctive therapies 
(steroids) and additional evaluations (imaging, cEEG) in 
select patient populations. Delay in initiation of antibiotic 
therapy in patients who are septic has been shown to increase 
mortality by 7.6% for every hour of delay [24, 25]. Emergent 
treatment (<3 h from hospital admission) with empiric anti-
biotic therapy has been also been shown to reduce the risk of 
mortality at 3 months [19]. Although significant controversy 
exists as to the role of steroids, a recent Cochrane review sup-
ported the use of corticosteroids to reduce hearing loss and 
additional neurologic sequelae of bacterial meningitis [26]. 
The occurrence of seizures in patients with meningitis may 

indicate a cortically based complication (empyema, stroke, 
venous thrombosis), which merits neuroimaging studies 
(ideally a contrast enhanced CT scan or MRI). Cortical 
venous thrombosis usually presents with seizures and focal 
neurological signs albeit an uncommon event during bacte-
rial meningitis (only 5.1% of autopsies of patients who died 
from meningitis had septic cortical vein thrombosis in a large 
series) [27]. Patients with persistent alteration in mental sta-
tus or coma should undergo an EEG to rule out sub-clinical 
seizures. In one series continuous EEG (cEEG) was decisive 
or at least contributed to clinical decision-making in 12/13 
patients with intracranial infection [28]. Since the wide-
spread use of the vaccine for Haemophilus influenzae type B, 
Streptococcus pneumoniae has replaced it as the most com-
mon cause of acute community-acquired bacterial meningitis 
in industrialized countries. S. pneumoniae and Neisseria 
meningitides now account for the majority of cases of men-
ingitis [25]. The rising incidence of beta-lactam-resistant 
pneumococci has to be considered when choosing a regimen 
for empiric antibiotic therapy [29]. Empiric antibiotic ther-
apy 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 (ages 2–50) should be started on a third gen-
eration cephalosporin (ceftriaxone – 4 g/d or cefotaxime – 
8–12 g/d) in addition to vancomycin (30–60 mg/kg per day 
(8–12 h) to achieve serum trough concentrations of 15–20 
μg/mL), and the addition of ampicillin (12 g/d) for patients 
over age 50 who are more susceptible to S. agalactiae and 
Listeria monocytogenes [30]. An immune compromised 
adult should be treated with ampicillin, vancomycin (2–3 
g/d), and a fourth generation cephalosporin such as cefepime 
(6 g/day), which has more stability against B-lactamase pro-
ducing organisms and pseudomonas. Neurosurgical patients, 
including those with CSF shunts, and head trauma patients 
require both gram positive and negative coverage with a 
recommended combination of vancomycin and ceftazidime 
(6 g/d), cefepime (6 g/day) or meropenem (6 g/day) [30].

Recurrent meningitis can be due to infectious and non-
infectious causes. Viruses are the most likely infectious 
agents. Mollaret’s meningitis is a type of recurrent aseptic 
meningitis most frequently associated with herpes simplex 
type II virus. The clinical presentation may resemble aseptic 
meningitis, with headache (100%), photophobia (47%), self-
reported fever (45%), meningismus (44%), and nausea and/
or vomiting (29%) [31]. Seizures are part of the clinical pre-
sentation of Mollaret’s meningitis [32].

Chronic meningitis has a non-specific presentation, with 
variable fever, headache, neck rigidity, and signs of paren-
chymal involvement, such as altered mental status, seizures, 
or focal neurologic deficits [14]. Infectious causes include: 
cryptococcus, coccidiomycosis, blastomycosis, histoplas-
mosis, aspergillosis, mycobacterial, and neurosyphilis [33]. 
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Non-infectious causes include neoplasms, neurosarcoidosis, 
and CNS vasculitis [14]. Seizure treatment in the context of 
acute or chronic meningitis is not different from the treat-
ment offered for other causes. Details can be found in the 
chapter “Management of Critical Care Seizures” and 
“Management of status epilepticus.”

�Encephalitis

Encephalitis is an acute infection of brain parenchyma and 
should be suspected in patients who present with altered 
mental status and signs of cerebral dysfunction, and often 
accompanied by a fever. There are numerous viral causes of 
encephalitis of which the most common are: Herpes simplex 
virus (HSV) (the most common sporadic viral cause of 
encephalitis), varicella zoster virus (VZV), cytomegalovirus 
(CMV), human herpesvirus 6, Epstein Barr virus (EBV), JC 
virus, enteroviruses, rabies as well as several arthropod-
borne infections (Japanese encephalitis virus (the most com-
mon epidemic viral cause), West Nile virus, St. Louis 
encephalitis virus, La Crosse virus, Murray Valley encepha-
litis, Powassan virus, Tickborne encephalitis virus, Eastern 
equine encephalitis virus, Western equine encephalitis virus, 
Venezuelan equine encephalitis virus, and deer tick virus 
[34]. Specific viruses can have characteristic presentations, 
such as shingles associated with VZV, and several of these 
infections only present in patients who are immunocompro-
mised (CMV, JC virus) [34]. The majority of patients with 
encephalitis have abnormal EEG findings, of which the most 
frequent EEG characteristics are uni- or bilateral periodic 
discharges, focal or generalized slow waves, and electrical 
seizures [35]. A normal EEG in acute encephalitis had a 
strong predictive value for a low relative risk of death in one 
series. Additionally, those patients with infectious causes of 
encephalitis were more likely to have nonreactive EEGs than 
those with an inflammatory or autoimmune etiology [35].

Seizures, both focal and generalized are a common mani-
festation of the viral encephalitides. These can be grouped as 
acute symptomatic seizures (those that occur within 7 days 
of an infection) and as unprovoked seizures (those that occur 
after 7 days). The estimated rate of seizures within the acute 
period is from 2 to –67%, however, this likely underesti-
mates the total number given limited availability of EEG, 
subtle symptomatic seizures, and a high incidence of non-
convulsive seizures in comatose patients [36, 37]. For 
patients who have had viral encephalitis, there is thought to 
be 16 times the likelihood of developing unprovoked sei-
zures later in life, and for those that have had seizures during 
the acute phase, the risk is 22 times that of the general popu-
lation [36]. In another population-based study, Annegers 
et al. found that the risk of developing unprovoked seizures 
within 20 years 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 bacte-
rial meningitis without early seizures [17]. Treatment of 
seizures with epilepsy surgery may be a better option in 
cases where there is a clearly localized focus. In a series of 
38 patients who developed medically intractable partial sei-
zures, Marks et al. found that 16 of them had a history of 
meningitis and 22 had encephalitis. Meningitis was patho-
logically associated with mesial temporal sclerosis and 
encephalitis with neocortical foci. However, in patients with 
encephalitis at less than 4 years of age, seizures were also 
associated with mesial temporal sclerosis [38].

�Herpes Simplex Encephalitis
Herpes simplex virus (HSV) encephalitis is the most impor-
tant form of treatable encephalitis and is the most common 
sporadic cause of viral encephalitis. It has an annual inci-
dence of 1 in 250,000–500,000 [39, 40]. HSV encephalitis is 
a medical emergency with a mortality rate as high as 70% if 
left untreated [41]. Even with treatment, there is significant 
long-term morbidity in survivors including seizures, cogni-
tive and behavioral disorders, and the prognosis often 
depends on the patient’s condition once treatment is started 
[42]. A typical clinical presentation is often characterized by: 
fever (eventually in 100%), personality change (85%), dys-
phagia (76%), autonomic dysfunction (60%), ataxia (40%), 
hemiparesis (38%), seizures (38%), cranial nerve deficit 
(32%), visual field loss (14%), and papilledema (14%) [43].

Seizures can often be the presenting symptom and are 
thought to be common in the disease due to the predilection 
of the virus for the mesial temporal lobes and orbitofrontal 
cortices [36]. EEG findings in HSV encephalitis showed a 
significantly higher proportion of periodic discharges and 
focal slowing in the fronto-temporal and occipital regions as 
compared to encephalitis from other infectious or non-
infectious causes [35]. Although no specific EEG patterns 
are pathognomonic of HSV encephalitis, focal or lateralized 
EEG abnormalities in the presence of encephalitis are highly 
suspicious [44]. Early changes in HSV encephalitis may be 
non-specific spike and slow wave activity, delta waves, or 
triphasic waves which can evolve into the typical 2–3 Hz uni-
lateral periodic lateralized epileptiform discharges (PLEDs), 
originating from the temporal lobes, which are seen in 84% 
of the typical HSV encephalitis. Periodic discharges 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 [45]. The presence 
of bilateral epileptiform abnormalities was more common 
among those with poor outcome (0/18 with good outcome 
vs. 5/10 with poor outcome; p < 0.01) [42]. EEG should be 
performed when suspecting encephalitis to distinguish focal 
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encephalitis from generalized encephalopathy and to look 
for abnormal findings of HSE. Diffuse, bi-hemispheric slow 
waves and triphasic waves as in hepatic failure may suggest 
encephalopathy. Their appearance later in the disease course 
may indicate a recurrence [46].

Examination of the cerebrospinal fluid (CSF) typically 
shows a lymphocytic pleocytosis, increased erythrocytes, and 
an elevated protein [47]. The gold standard diagnosis of HSV 
infection is through CSF polymerase chain reaction (PCR) to 
amplify viral DNA and has a sensitivity of 98% and a speci-
ficity of 94–100% [48]. MRI changes in the fluid-attenuated 
inversion recovery (FLAIR)/T2 signal are most often seen in 
the temporal lobe (87.5%), insula (70%), frontal lobe 
(67.5%), and thalamus (27.5%) [49]. Pathologically, HSV is 
an acute necrotizing encephalitis with preferential involve-
ment of the inferior frontal, medial temporal, cingulate, and 
insular cortex [50]. Microscopically, there is evidence of 
necrosis and macrophage-rich inflammatory infiltrates with 
perivascular chronic infiltration and microglial nodules [51].

Specific treatment with acyclovir is indicated in HSV 
encephalitis, at a dosage of 10 mg/kg q8h (in adults) for 14 
days (21 days in those that are immunocompromised). 
Additionally, new guidelines suggest that a repeat lumbar 
puncture should be performed after 14 days and if PCR remains 
positive, then acyclovir should be continued for an additional 7 
days [52]. This additional duration of treatment is thought nec-
essary due to the relatively high rate of relapse (5–26%) when 
the duration is insufficient [39, 43]. Supportive therapy also 
includes aggressive management of elevated intracranial pres-
sure. If treated with acyclovir early on (<4 days from onset), 
treatment significantly increases the likelihood of survival 
from 65% to 100% [53]. Overall, even with treatment, there is 
approximately still a 20% mortality [41]. Cerebral edema, per-
sistent vegetative state, and systemic infection are the usual 
predictors of a fatal outcome. Other risk factors for poor prog-
nosis include MRI abnormalities, bilateral EEG abnormalities, 
and focal hyperperfusion on SPECT [54, 55].

Only half of patients return to their previous or similar 
level of productivity, and many patients have significant neu-
robehavioral problems (65) [56]. Some patients will go on to 
develop Kluver-Bucy syndrome, characterized by “psychic 
blindness,” loss of normal anger and fear responses, and 
increased sexual activity [57]. Given the high incidence of 
seizures following an episode of encephalitis, especially in 
those that had seizures during the acute phase, seizure pro-
phylaxis should be instituted. Surgical management is occa-
sionally an option, but is thought to help only in a subgroup 
of patients suffering from unilateral mesio-temporal lobe 
epilepsy and congruent neuropsychological impairment [58].

�Japanese Encephalitis
Japanese encephalitis (JE) is the most important epidemic 
viral encephalitis in the world, causing an estimated 70,000 
cases annually and resulting in more than 14,000 deaths per 

year. Although JE virus is confined mainly to South East 
Asia, the virus is also endemic in the Western Pacific and 
Eastern Mediterranean. JE is an enzoonotic flavivirus trans-
mitted by Culex mosquitoes; the main cycle of transmission 
is between wading birds and pigs, with the pigs acting as 
amplifying hosts [37]. JE virus is neurotropic and replicates 
rapidly in neurons, causing a perivascular inflammatory reac-
tion, resulting in infection, neuronal dysfunction, and death 
[59]. In a prospective study of 144 patients infected with JE 
virus (134 children and 10 adults), 40 patients (28%) had a 
witnessed seizure during the admission; of these, the major-
ity (62%) died or had a poor outcome compared to (14%) in 
the group with no witnessed seizure. The majority of patients 
who had a generalized tonic-clonic seizure or subtle clinical 
manifestations of seizures (twitching of a digit, eyebrow, 
nostrils, excess salivation, irregular breathing, eye deviation 
with or without nystagmus) were in status epilepticus [60].

EEG patterns during the acute period have also been asso-

ciated with outcome in JE infection. Of 234 EEGs performed 
on 55 patients, poor outcome was associated with acute EEG 
findings of slow nonreactive, low amplitude, burst suppres-
sion, or isoelectric patterns in 16/19 patients (84%) com-
pared with poor outcome in 14/36 patients (39%) with 
findings of slow reactive, or normal EEG patterns. 
Independent predictors of poor outcome were comatose 
state, more than one witnessed seizure, herniation syndrome, 
and illness for 7 days or more. Patients with seizures were 
more likely to have elevated opening pressure on lumbar 
puncture and to develop brainstem signs consistent with a 
herniation syndrome [60].

There is no specific treatment for Japanese Encephalitis, 
therefore therapeutic goals of seizure and ICP control are of 
critical importance. Prevention of illness through personal 
protective measures to limit mosquito bites in endemic areas 
is one of the major goals in limiting disease spread. An inac-
tivated vaccine is also available for travelers who plan to 
spend time in endemic areas. A lack of resources has limited 
more widespread vaccination attempts [37].

Neurologic sequelae for Japanese Encephalitis include 
both neuropsychiatric symptoms and a “polio-like” illness. 
Many patients develop an acute flaccid paralysis following 
JE infection, and neurophysiologic studies of patients fol-
lowing a JE infection have shown varying degrees of ante-
rior horn cell involvement [61, 62].

�West Nile, La Crosse, Eastern Equine,  
and St. Louis Encephalitis
West Nile Virus (WNV) is a mosquito-born flavivirus first 
detected in North America in 1999 and now seen in all 48 con-
tiguous states by 2012. As of 2015, over 41,000 cases of WNV 
have been reported in the USA. Most cases are either asymp-
tomatic, or present with an influenza-like illness, but a small 
proportion (<1%) of cases will have neuroinvasive disease 

[63]. La Crosse Virus (LACV) is a mosquito-born bunyaviridae 

A.C. Schomer et al.



281

initially isolated from the brain of a young girl who died from 
encephalitis in La Crosse, Wisconsin. It primarily affects 
children under the age of 15  in the summer months in the 
Midwestern United States and through much of Appalachia 
(Tennessee, North Carolina, and West Virginia). There are 
approximately 42–174 cases reported per year in the 
USA.  Infections often present as an uncomplicated fever 
(5%), meningitis (17%), meningoencephalitis (56%), and 
encephalitis (21%) [64]. Eastern Equine Encephalitis (EEEV) 
is an alphavirus first isolated from horses in Virginia and New 
Jersey in 1933. Most clinical cases of EEEV are reported 
from Massachusetts, Florida, Georgia, and New Jersey. From 
the period of 1964–2014 there were 220 confirmed cases. 
EEEV is the most virulent of the alphavirudae with a case 
fatality rate of 50–70% [65]. The majority of patients have a 
prodrome for several days, consistent with a viral illness. 
Neurologic symptoms typically follow and include: somno-
lence, focal weakness, seizures, and meningeal signs [66]. St. 
Louis Encephalitis (SLEV) is a flavivirus related to JEV and 
WNV thought to have been originally introduced from Africa 
to Argentina and Brazil but gradually dispersed into North 
America. It is thought to affect approximately 50 people per 
year in North America and has a case fatality rate of approxi-
mately 7%. Onset is characterized by a flu-like illness, occa-
sionally with urinary tract symptoms [67].

The incidence of seizures, status epilepticus, and epilepsy 
in patients with arbovirus infections varies significantly in 
different series. Approximately 10% of patients with WNV 
will develop seizures during the acute illness [68]. The EEG 
was abnormal in 88% of patients with meningitis or meningo-
encephalitis and in 74% with any neurological involvement. 
EEG abnormalities were most frequently diffuse symmetric 
slowing with frontal predominance although temporal pre-
dominant slowing and asymmetric frontal slowing were seen 
in some cases [69]. The incidence of seizures in LACV is 
approximately 50%, with up to 10% of patients developing 
epilepsy long-term [64]. Similarly in EEEV, in one series in 
which 36 patients were followed, 18 of them had seizures, 
the majority of which were generalized tonic-clonic seizures. 
EEG in patients in that same series of EEEV patients showed 
generalized slowing and a disorganized background. One 
smaller study showed a distinctive pattern in EEEV of 0.25–
0.5  Hz transients with lower voltages (∼20–40 μV) than 
typically seen in herpes encephalitis. When paired with MRI 
findings of T2 hyperintensities in the lentiform nuclei, these 
findings were thought to be pathognomonic [66, 70].

Long-term sequelae of WNV infection include multiple 
physical and neuropsychiatric problems. The most common 
physical limitations following infection were muscle weak-
ness (7–73%), fatigue (48–75%), and myalgias (19–49%). 
Memory loss (25–49%), depression (23–41%), and difficulty 
concentrating (34–48%) were the most frequent neuropsy-
chiatric sequelae [63]. About 2% of LACV encephalitis cases 
develop persistent paresis, learning disabilities, or cognitive 

defects, as well as neurobehavioral sequelae such as atten-
tion deficits and hyperactivity [64]. In one series of EEEV 
patients, 13 of the 36 patients died (36%). Of the survivors, 1 
recovered fully, 14 had mild impairments, three had moder-
ate impairments, and five had severe impairments [66].

�Human Immunodeficiency Virus infection 
and Seizures

Human Immunodeficiency Virus (HIV), a lentivirus which 
attacks the immune system and can lead to acquired immu-
nodeficiency syndrome (AIDS), is estimated to affect 1.2 
million persons living in the USA as of 2011 [71]. HIV 
poses a risk to patients for developing seizures for multiple 
reasons, including opportunistic infections, direct neuro-
tropic effects of HIV, and the drugs that are used to treat the 
infection. New-onset seizures are common in HIV patients, 
occurring in 3–17% of patients [72]. Although most seizures 
are usually seen in the advanced stages of the disease, they 
may also occur early or as the presenting symptom of HIV 
infection [73].

In the majority of patients, seizures are associated with an 
underlying intracranial mass lesion, infection, or metabolic 
disturbance. Intracranial mass lesions, including opportunis-
tic infections, neoplasms, and cerebrovascular disease make 
up almost half of neurological disorders in AIDS patients. 
These are all commonly associated with seizures. In one 
series of patients with new-onset seizures, generalized sei-
zures occurred in 94% of patients, partial in 26%, and status 
epilepticus in 14%. An associated space occupying lesion or 
CNS infection was found in the majority of cases of patients 
who seized. The most common causes include: cerebral 
toxoplasmosis, CNS lymphoma, progressive multifocal leu-
koencephalopathy, cryptococcal meningitis, and infarction 
[72, 74]. Toxoplasmosis, the most common cause of intracra-
nial mass lesions in AIDS, presents with seizures as an early 
manifestation in 15%–40% [75]. The second most common 
intracranial mass lesion producing seizures in AIDS patients 
is CNS lymphoma. Progressive multifocal leukoencepha-
lopathy (PML), although a white matter disease without 
significant mass effect, can produce seizures, either partial or 
generalized. The highest risk factor for PML lesions to cause 
seizures was juxtacortical location (RR of 3.5) [76]. 
Meningitis and encephalitis are a frequent cause of seizures 
in HIV-infected patients, with cryptococcal meningitis being 
the most frequent meningo-encephalitis producing seizures 
[77]. There are several other less common causes for sei-
zures in HIV-infected patients, including subacute sclerosing 
panencephalitis, aseptic meningitis, neurosyphilis, herpes 
zoster leukoencephalitis, and cytomegalovirus encephalitis. 
Other focal CNS lesions include brain abscess (tuberculous, 
cryptococcal, nocardial), tuberculomas, syphilitic gummas, 
and cerebrovascular diseases. [73, 78]
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The pathophysiology of generalized seizures and status 
epilepticus in HIV-infected patients may be explained by 
lowered threshold for cortical excitability and impaired 
inhibitory mechanisms for terminating seizures once started. 
Specifically, HIV- or immune-related toxins produced by 
interactions between macrophages, microglia, monocytes, 
and astrocytes may injure or kill neurons [78]. Neurotoxic 
substances, including eicosanoids, platelet-activating factor, 
quinolate, cysteine, cytokines, and free radicals, increase glu-
tamate release, activate voltage-dependent calcium channels 
and NMDA receptor-operated channels, leading to calcium 
influx and neuronal death. Postmortem neuropathological 
examination of the brain in 17 patients with HIV and other-
wise unspecified etiologies for the seizures showed microg-
lial nodules or multinucleated cells or both in six patients, 
suggesting that the HIV infection was the likely cause of the 
seizures. [74]

The medications used to treat HIV are also felt to be 
responsible for many cases of new-onset seizures. In one 
series it was found that 18% of patients with no identifiable 
etiology were taking foscarnet, which was postulated to be 
epileptogenic [73]. Additionally, drug–drug interactions 
often complicate the treatment of seizures in patients taking 
anti-retrovirals. As a result of hepatic enzyme induction and 
drug–disease interactions there is often a reduced concentra-
tion of protease inhibitors, which can lead to diminished anti-
viral efficacy. The choice of anticonvulsant is ideally one 
which has no effect on viral replication, has limited protein 
binding, and does not have effects on the cytochrome P450 
system [79]. These include gabapentin, topiramate, leveti-
racetam, lacosamide, pregabalin, or lamotrigine, all of which 
have limited interactions with other drugs or no effect on the 
P450 system. Most nucleoside reverse transcriptase inhibi-
tors are renally metabolized through glucuronidation by 
enzyme systems different than the cytochrome P450, thus not 
affecting the hepatically metabolized anti-epileptic drugs. On 
the other hand, the non-nucleoside reverse transcriptase 
inhibitors (like nevirapine, delaviradine, and efivanenz) use 
the cytochrome P450 system and may lead either to induc-
tion (efivarenz) or inhibition (nevirapine and delaviradine), 
affecting the anti-epileptics that use these systems.

It is critical to remember that the HIV-protease inhibitors 
decrease the functioning of the hepatic CYP3A enzyme sys-
tem. In one study, carbamazepine dosed at 200 mg/day for 
post-zoster neuralgia, reached anti-epileptic therapeutic levels 
in an HIV patient receiving triple anti-retroviral therapy (indi-
navir, zidovudine, and lamivudine). Additionally complicating 
this picture, indinavir plasma concentrations decreased signifi-
cantly and HIV-RNA became detectable during the period of 
carbamazepine treatment [80]. Hypoalbuminemia, a common 
situation in the ICU and in HIV seropositive patients should 
also be considered. Highly protein bound anti-epileptic (phe-
nytoin, valproic acid, carbamazepine, clonazepam, diazepam) 

may displace highly protein bound anti-retroviral drugs 
(delaviradine, efivanez, saquinavir, vitonavir, nelfinavir, 
lopinavir, and ampenavir) or vice versa, leading to toxic 
free  concentrations of either drug [81]. The HIV-induced 
hypergammaglobulinemia may also predispose patients to 
hypersensitivity reactions from anti-epileptics, especially 
phenytoin. In vitro studies have indicated that there may be 
stimulation of HIV replication when using valproic acid. In a 
retrospective study of manic HIV(+) patients who were tak-
ing divalproex sodium and anti-retrovirals, however, the 
HIV-1 viral load did not increase [82, 83].

Seizures are generally a poor prognostic indicator in HIV-
infected patients and will likely recur. It is therefore recom-
mended that patients experiencing a first seizure without a 
reversible cause be treated. The reported incidence of con-
vulsive status epilepticus is 8–18% and is often associated 
with poor prognosis [72, 74, 84]. In one study of 42 patients 
with HIV infection and status epilepticus, the median dura-
tion of status was 2.0 ± 10 h. Most patients (88%) responded 
to IV benzodiazepine or phenytoin treatment. Nevertheless, 
(29%) patients died and (36%) developed new neurologic 
deficits [75]. The most common EEG finding is non-specific 
diffuse slowing, while focal slowing and epileptiform activ-
ity was infrequent. EEG showed generalized and diffuse 
slowing only in nine patients, regional slowing in 14 patients 
and regional slowing and epileptiform discharges in one 
patient. Only 14 of the patients had normal EEG [74, 77].

�Brain Abscess

A brain abscess is a purulent infection of brain parenchyma 
that often occurs in patients with predisposing factors such as 
an immunocompromised state, disruption of natural protec-
tive barriers, or a systemic source of infection. The incidence 
of brain abscesses is thought to be 0.3–1.3 per 100,000 peo-
ple per year, but is considerably higher in patients with HIV/
AIDS.  In one systematic review of the literature, the most 
commonly isolated species were Streptococcus (34%) and 
Staphylococcus (18%), however, numerous other organisms 
have been isolated including: gram-negative enteric species, 
pseudomonas, actinomycetales, parasites, and fungi [85]. 
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 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 disease in children [86].

The most common clinical presentation is a headache; 
fever and alterations in consciousness are uncommon. Focal 
deficits can also occur based on the site of the abscess [86]. In 
a review of the literature, seizure was the initial presentation 
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of patients with brain abscesses approximately 25% of the 
time [85]. In one series in which 70 patients were followed 
after cerebral abscess, approximately 70% of patients devel-
oped seizures [87]. In a group of 205 patients enrolled in a 
22-year retrospective study, 48 patients had seizures, 27 of 
whom had early seizures (those during the time of the bacte-
rial infection), and 21 had late seizures. For those patients 
who developed seizures, the mortality rate was 23% [88].

Treatment of brain abscess requires antibiotic therapy, 
surgical intervention, and some authors have suggested the 
use of prophylactic anticonvulsants given the frequency of 
seizures [89]. Empiric antibiotic coverage with a third gen-
eration cephalosporin, vancomycin, and metronidazole is 
often appropriate for patients following neurosurgical proce-
dures. For patients who have undergone organ transplanta-
tion, the addition of trimethoprim–sulfamethoxazole or 
sulfadiazine covers nocardia species, and voriconazole would 
cover fungal species, especially aspergillus. In the initial 
treatment of HIV-infected patients, coverage for toxoplasmo-
sis (pyrimethamine plus sulfadiazine) is recommended, but 
only for those with positive test results for antitoxoplasma 
IgG antibodies. Treatment for tuberculosis (isoniazid, 
rifampin, pyrazinamide, and ethambutol) should be consid-
ered in those from endemic areas and in those with HIV 
infections [86]. It is recommended that anticonvulsants be 
continued for a period of 2 years after surgery and normaliza-
tion of the EEG [90].

�Intracranial Extra-axial Pyogenic Infections

Epidural abscesses and subdural empyemas are bacterial 
infections within the extra cerebral spaces. Epidural abscesses, 
typically present with headache, fever, and nausea. 
Neurological symptoms and complications are quite rare due 
to the protective effect of the tight adherence of dura to overly-
ing skull. A subdural empyema, which is most commonly 
situated over the cerebral convexity, can cause altered level of 
consciousness, focal neurologic deficits, and seizures. The 
spread of infection through the subdural space can cause 
inflammation of the brain parenchyma and result in edema, 
elevated intracranial pressure, septic thrombophlebitis, venous 
infarction, or mass effect [91]. These extra-axial infections 
may result as a complication of trauma, neurosurgical proce-
dures, meningitis, sinusitis, and other extracranial sources of 
infection. Subdural empyemas and epidural abscesses are 
commonly caused by staphylococcal species. Forty percent of 
cases can be polymicrobial. Streptococci, followed by staphy-
lococcal organisms and anaerobes such as Propionebacterium 
and Peptostreptococcus are the most common causes [91].

Seizures are uncommon with epidural abscess and rela-
tively common with subdural empyema. In a period of 14 
years, 25 patients were retrospectively identified in a 

Taiwanese hospital (15 with subdural empyema and nine 
with epidural abscess). Seizures were found in 54% of 
patients; only in one patient with epidural abscess and in 
12/15 (80%) patients with subdural empyema [92]. The same 
pattern of rarity of seizures with epidural abscess and rela-
tive frequency with subdural empyema is also encountered 
in children [93]. In a study reporting the incidence of early 
and late seizures after subdural empyema, early seizures 
occurred at a similar rate (62.5%) as that of late seizures 
(63%) in patients who survived. All patients received anti-
convulsant prophylaxis, which was continued for 12–18 
months. Early seizures were more common in cases with 
paranasal sinusitis, but did not correlate with occurrence of 
late epilepsy. Of those 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 years. No factors predicting 
the occurrence of late seizures were identified [94].

Subdural empyema can be treated with intravenous anti-
biotic therapy, with a third-generation cephalosporin and 
metronidazole, followed by early surgical evacuation [95]. 
A prophylactic anticonvulsant is recommended. Craniotomy 
is generally preferred to multiple burr holes [94]. Antibiotics 
should be given intravenously for at least 2 weeks followed 
by oral therapy for up to a total of 6 weeks [95].

�Ventriculitis

Ventriculitis is a pyogenic infection of the ventricular cavity. 
The ventricles may act as a reservoir for persistent inflamma-
tion, which may block the CSF outflow tracts and act as a 
brain abscess. The most common infecting organisms are 
Staphylococcal species. Thirty percent of all meningitis 
cases may be associated with ventriculitis while over 90% of 
neonatal meningitis is complicated by ventriculitis. 
Therefore, it should be considered in patients with meningi-
tis who do not quickly respond to antibiotics. Ventriculitis is 
frequently (5%) associated with CSF shunts, intracranial 
devices, intrathecal chemotherapy, and rupture of a periven-
tricular abscess [91, 96, 97].

The incidence of seizures in ventriculitis is not known 
although it is probably similar to meningitis due to the fre-
quent co-occurrence of both conditions. Seizures are more 
frequent in ventriculitis following a 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%) vs. the non-shunted 
group (47%) [98]. In another study, 15.2% of children <1 
year with ventricular shunts developed post-shunt epilepsy, in 
contrast with only 6.9% of patients >50 years old [99]. Most 
studies evaluating seizures and hydrocephalus are in children. 
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A large retrospective study of both children and adults from 
Oregon reported an increase in incidence of epilepsy (based 
on long-term administration of anti-epileptic drugs) from 
12% before shunt insertion to 33% 10 years later. The haz-
ard rate was 2% per year. The cause of hydrocephalus was a 
strong determinant of epilepsy (patients with post-hemor-
rhagic hydrocephalus had the highest risk and those with 
myelomeningocele the lowest). Interestingly, CSF shunt 
infection was not associated in this series with increased 
risk for epilepsy [100]. This finding was not confirmed in a 
later study in children shunted for hydrocephalus: children 
with shunt malfunction, infection, or a combination of these 
had higher incidence of epilepsy [101]. Thus, shunt-related 
ventriculitis may or may not increase the incidence of sei-
zures, but the independent effect of infection compared to 
purely ventricular catheter or shunt placement (which is 
generally believed to increase incidence of seizures) has not 
been studied.

Treatment of ventriculitis generally requires externaliza-
tion or removal and replacement of the infected intraventric-
ular device. Vancomycin is preferred in acute gram-positive 
ventriculitis due to the increasing resistance patterns to beta-
lactam antibiotics. Although Vancomycin adequately pene-
trates the blood brain barrier when the meninges are inflamed, 
CSF drug concentrations may be compromised in the case of 
ventriculitis or of an improving bacterial meningitis, where 
the meningeal inflammatory response may be less extensive. 
CSF penetration of vancomycin may be negligible under 
these conditions and intraventricular instillation of antibiotic 
may achieve adequate concentrations and be necessary for 
successful eradication. Treatment of gram-negative ventricu-
litis is more controversial as most studies show no significant 
clinical benefit with intrathecal administration of gentamicin 
or amikacin. The intrathecal or intraventricular instillation of 
anti-microbials may be a risk factor for seizures per se, 
although the risk may vary with the specific antibiotic (peni-
cillins and cephalosporins are highly epileptogenic and never 
used). One should consider prophylactic anti-epileptic drug 
use in such cases, especially if there is cortical irritation by 
catheter associated hemorrhage [91, 102].

�Inflammatory CNS Conditions

�Vasculitides

Vasculitides comprise a heterogeneous group of multisystem 
disorders characterized by inflammation and necrosis of 
blood vessel walls, resulting in a variety of sequelae includ-
ing aneurysms, vessel wall rupture with hemorrhage, and 
occlusion with infarction [103, 104]. Vasculitis affecting the 
central nervous system is both extremely variable and pro-
tean in presentation and challenging to be diagnosed, due to 

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, whereas secondary vasculitis is 
associated with numerous conditions, including infections, 
lymphoproliferative disease (lymphoma), drug abuse 
(amphetamines), connective tissue disease, and other forms 
of systemic vasculitis [104]. In most cases, the diagnosis is 
made based on clinical presentation, presence of specific 
serum markers and confirmed by biopsy of lesions.

�Necrotizing Vasculitides
This group of vasculitides thought of as necrotizing vasculi-
tides includes: classic polyarteritis nodosa, granulomatosis 
with polyangitis, allergic angiitis and granulomatosis 
(Churg-Strauss—CS), necrotizing systemic vasculitis-
overlap syndrome, and lymphomatoid granulomatosis [104].

Polyarteritis Nodosa
PAN is a necrotizing vasculitis, which targets medium-sized 
arteries and is not associated with glomerulonephritis or 
small vessel involvement [105]. CNS involvement in PAN 
ranges from 4 to 41% and is usually a late manifestation 
[103]. Peripheral nervous system damage is much more 
common (50–75% of cases). CNS lesions include focal 
lesions causing TIA, stroke (ischemic or hemorrhagic), sei-
zures, and more commonly diffuse lesions causing multifo-
cal neurologic findings and encephalopathy [103, 106]. 
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 confu-
sional state, and focal neurologic deficits [107]. Seizures in 
PAN do not usually require long-term treatment. CNS dis-
ease is usually associated with systemic features such as 
fevers, cutaneous involvement, and renal complications 
[108]. Elevated ESR, leukocytosis, anemia, thrombocytosis, 
hematuria, proteinuria, and circulating immune complexes 
may be found. Hepatitis B antigenemia is present in up to 
30% of patients and their treatment and outcome may be dif-
ferent from those with idiopathic PAN [104, 108]. 
Angiography may demonstrate vasculitis as medium-sized 
vessels are involved. The presence of neurologic complica-
tions does not influence survival, which is significantly 
increased with treatment with corticosteroids and cytotoxic 
agents. Recommended treatment of seizures includes anti-
convulsants as adjuncts to immunosuppressive therapy.

Granulomatosis with Polyangitis
Granulomatosis with polyangitis (formerly called Wegener’s 
granulomatosis) is a necrotizing granulomatous vasculitis 
involving upper and lower respiratory tracts; three quarters of 
patients develop glomerulonephritis. Neurologic abnormali-
ties are common and include cranial neuropathies, due to 
contiguous extension of granulomas from the nasopharynx, 
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encephalopathy, seizures, pituitary abnormalities, and focal 
motor and sensory deficits due to small vessel vasculitis 
[109]. Peripheral neuropathies are also common. Little litera-
ture exists on the risk of seizures in this disease, though, 
when reported, they are usually a late complication.

Churg-Strauss Syndrome
CS syndrome can involve multiple organs, particularly pul-
monary vessels causing asthma and pulmonary infiltrates 
along with eosinophilia [109]. Neurologic abnormalities are 
similar to PAN with early encephalopathy being frequent 
due to small vessel involvement. The CNS was involved in 
62% of 47 cases from the Mayo Clinic. In this series, no 
patients had seizures [110].

�Vasculitides Associated with Connective Tissue 
Disease
This group of vasculitides includes systemic lupus erythe-
matosus (SLE), rheumatoid arthritis, scleroderma, Sjogren’s 
syndrome, and mixed connective tissue disease (MCTD). 
Whereas CNS involvement is common in SLE and MCTD, 
occurring in 20–50% of patients, it is rare in scleroderma and 
rheumatoid arthritis [103].

Systemic Lupus Erythematosus
Systemic Lupus Erythematosus (SLE) is characterized by 
immunologic mediated damage to multiple organs, particu-
larly skin, kidneys, and joints, secondary to generation of 
autoantibodies and immune complexes [104].

Seizures are a frequent complication of SLE, and occur 
unrelated to renal failure, hypertension, or medications in 
approximately 14–17% of patients. They are typically seen 
in the early phases of illness and most are non-recurrent 
[108]. In a large prospective cohort study of 1631 patients 
with lupus, 4.6% had one or more seizure during their dis-
ease course. Additionally, most seizures (76%) resolved in 
those affected without the need for anticonvulsant medica-
tions [111]. The presence of seizures does not alter mortality 
risk. However, during the terminal phases of disease, sei-
zures may occur with increased frequency. Seizures com-
monly occur together with neuropsychiatric (NP) findings, 
thrombocytopenia, and cutaneous signs of vasculitis [108]. 
NP disturbances are common in SLE. They often occur in the 
first year of disease, but are rarely the presenting symptom 
[112]. Seizures were mostly generalized tonic-clonic. 
Serological and other clinical associations with NP syn-
dromes in SLE patients include vasculitis, antiphospholipid 
antibodies and hematological complications (thrombocyto-
penia, leukopenia) [113, 114], higher risk of renal failure 
[115], and history of cyclophosphamide treatment [113].

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 epi-
lepsy had detectable lupus anticoagulant versus 20.8% of 
patients without. A significant association was found between 
moderate to high titers of IgG anti-cardiolipin antibodies and 
the presence of seizures [116]. One important mechanism is 
likely an occlusive vasculopathy, suggested by the strong 
association between antiphospholipid antibodies and NP 
symptoms [113, 114]. In a prospective study of 76 Indian 
women with SLE, a strong association was found between 
seizures and anti-cardiolipin and anti-beta 2 glycoprotein I 
antibodies [117]. Circulating anti-cardiolipin antibodies 
from SLE patients with seizures decreased GABA-mediated 
responses in snail neurons in vitro [118]. Pathologic studies 
of SLE patients with seizures have shown cerebral microin-
farcts and subarachnoid hemorrhage [119].

True vasculitis is actually rare in SLE and frequent find-
ings include hyalinization, perivascular inflammation, and 
endothelial proliferation [104, 119]. The most common path-
ological finding at autopsy is a noninflammatory small ves-
sel vasculopathy [120]. In vitro and in vivo studies suggest 
that antiphospholipid antibodies may activate vascular endo-
thelial cells, leading to expression of leukocyte adhesion 
molecules and generating a prothrombotic state on the endo-
thelial cell surface [121, 122]. Evidence of disordered 
immune regulation is also present in the CNS in the form of 
immune complexes in the cerebrospinal fluid (CSF) [123] 
and choroid plexus [124], elevated IgG CSF/serum index, 
oligoclonal CSF IgG [125], and lymphocytotoxic antibodies 
that cross-react with brain [126]. More recently, autoanti-
bodies to glutamate receptors, specifically NMDA NR2A or 
NR2B autoantibodies, some of which cross-react with 
double-stranded DNA, have been detected in 30% of SLE 
patients, with or without neuropsychiatric impairments 
[127]. Glutamate receptor autoantibodies are also found in 
many patients with epilepsy, and encephalitis, and may con-
tribute to seizures and brain damage.

In patients with SLE who present with seizures, it is 
important to consider several possible etiologies for the sei-
zures including infarction (cardioembolism from Libman-
Sacks endocarditis, a mural thrombus, antibody-raised 
homocysteine levels, carotid dissection, and hypertensive 
small vessel disease), cerebral venous sinus thrombosis, 
encephalitis, and cerebral vasculitis. In patients on immuno-
suppressants, it is crucial to rule out infections, including 
intracranial abscess, and cryptococcal meningitis. 
Widespread vascular abnormalities on angiography should 
suggest a cause other than SLE for seizures due to lack of 
large vessel involvement by this disease [108]. EEG abnor-
malities are frequent, but non-specific findings [128]. One 
small study of brain pathology in SLE patients reported the 
strongest association between presence of cerebral microin-
farcts and seizures (4/5 patients) [129]. Patients with SLE 
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who are being treated with cytotoxic therapy have also been 
reported to develop reversible posterior leukoencephalopa-
thy syndrome (RPLS) with resulting seizures and other typi-
cal clinical and radiological manifestations [130]. The 
etiology of RPLS in this context is believed to be dysfunc-
tion of the vascular endothelium secondary to several factors 
including hypertension, renal failure with fluid retention, and 
cytotoxic drugs. The condition is reversible with prompt 
antihypertensive, anticonvulsant, and correction of fluid 
overload management [130].

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 corticoste-
roids [108]. Single seizures occurring during disease flares 
may respond to corticosteroids alone, but recurrent attacks 
should be treated with anticonvulsants [108]. The risk of 
worsening disease with use of hydantoins, ethosuxamide, 
and trimethadione, causing drug-induced SLE is low and 
should not prevent the use of appropriate anticonvulsants 
[108]. The development of a rash during treatment should 
alert the clinician to the possibility of an allergic reaction, the 
unmasking of SLE by the drug or an anticonvulsant hyper-
sensitivity 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 anti-epileptics 
(phenytoin, phenobarbital, carbamazepine) as well as 
lamotrigine, valproic acid, felbamate, primidone, and tri-
methadione have been implicated [131–134]. The reaction 
usually develops 1–12 weeks after initiation of therapy and 
is thought to be caused by insufficient detoxification of arene 
oxides (metabolites of aromatic anti-epileptics). 
Lymphadenopathy, hypothyroidism (even 2 months later), 
and multi-organ involvement (skin, liver, kidney, lungs, 
CNS) can lead to fatal complications. Cross-reactivity 
among aromatic anti-epileptics occurs in 75% of cases. 
Immediate discontinuation of the drug, hydration, anti-
histamines, 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 phenytoin, carbamazepine, ethosuxamide, tri-
methadione, primidone, and valproate have been implicated, 
but rarely phenobarbital and benzodiazepines [134]. The 
clinical presentation of drug-induced SLE is frequently 
abrupt onset of malaise and fever, but overall the disease is 
milder than idiopathic SLE and renal or neurological involve-
ment is rare with pleuropulmonary and pericardial manifes-
tations more common. The main difference between 
drug-induced SLE and hypersensitivity syndrome is the 
presence of autoantibodies in the former, including anti-
histone, anti-nuclear antibodies, that may persist for months 
or years after discontinuation of the drug, as opposed to the 
symptoms that promptly remit.

Rheumatoid Arthritis, Scleroderma, Sjogren’s 
syndrome, and Mixed Connective Tissue Disease
CNS involvement in rheumatoid arthritis, scleroderma, 
Sjogren’s syndrome, and mixed connective tissue disease 
(MCTD) causing seizures is uncommon. In rheumatoid 
arthritis (RA) 20% of patients with CNS involvement have 
seizures [135] [136–139]. One report of RA of the CNS pre-
senting with focal seizures was caused by a focal meningeal 
vasculitis [139]. The patient responded to etanercept, cochi-
cine, and anticonvulsant therapy.

In scleroderma, neuropsychiatric symptoms have been 
reported in 5/32 (16%) patients with systemic sclerosis and 
secondary generalized or focal motor seizures were reported 
among them. EEG was normal in this series and primary 
CNS involvement could not be confirmed [140]. Simple par-
tial motor seizures associated with fibrosis of cerebral arteri-
oles and arteritis involving middle cerebral artery branches 
and vasa vasorum of the carotid artery have been reported in 
scleroderma patients [141]. These are thought to be the result 
of hypertension [104]. Sjogren’s syndrome (SS), character-
ized by xerophthalmia and xerostomia, may also present 
with CNS involvement, either focal or diffuse in 25% of 
cases [103]. CNS manifestations include seizures as well as 
focal motor, sensory and speech deficits, movement disor-
ders, brain stem syndromes, encephalopathy, dementia, and 
recurrent aseptic meningitis [103, 142]. Complex partial and 
simple partial motor seizures have been reported. Cerebral 
signs are associated with antineuronal antibodies, or an auto-
immune inflammatory cerebral vasculopathy affecting pre-
dominantly small vessels, and multiple areas of increased 
signal intensity on T2 and proton-density weighted MRI 
[103, 143]. Other common findings are peripheral neuropa-
thy, elevated erythrocyte sedimentation rate, cutaneous vas-
culitis, and renal tubular acidosis [142].

In MCTD, there have been reports of generalized motor 
seizures in association with ataxia, hemiparesis, meningeal 
signs, and psychiatric disturbances [144]. The neuropathol-
ogy of these findings is not well understood. Intractable tem-
poral lobe seizures have been reported in patients with 
ulcerative colitis. Steroid tapering and abdominal surgery led 
to status epilepticus [145].

Vasculitis Associated with Other Systemic Diseases
This group of vasculitides includes Behçet’s disease, ulcer-
ative colitis, sarcoidosis, relapsing polychondritis, and 
Kolmeier-Degos disease.

Behçet’s Disease
Behçet’s syndrome is a multisystem inflammatory disease of 
unknown cause, which involves the central nervous system 
in approximately 5% of patients [146]. Criteria for diagnosis 
(International Study Group for Behçet’s syndrome) are 
recurrent oral ulceration plus two from recurrent genital 
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ulceration, eye lesions, skin lesions, or positive pathergy test 
(hypersensitivity of the skin to non-specific physiological 
insult [147]. Neurological involvement in Behçet’s syn-
drome usually manifests as a subacute brainstem meningo-
encephalitis, occasionally with hemispheric or spinal cord 
involvement, and MRI lesions in about 75% of cases [148]. 
Seizures are observed independently, but are an important 
indication of CNS involvement, or can accompany cerebral 
sinus thrombosis or may be related to interferon-A treatment 
[149–151]. In one review of 223 patients with neurologic 
Behçet’s disease, seizures were observed in 10 (4.5%) of 
cases [149]. Seizures occurred during neurologic exacerba-
tion in only five patients, making the prevalence of seizures 
due to Behçet’s disease around 2%. In the other five patients, 
seizures were not related to neurologic Behçet’s disease 
attacks. The most common seizure types were generalized 
tonic-clonic seizures and focal motor seizures, which were 
controllable in most cases. Seizures were associated with 
abnormal CSF findings (high protein, pleocytosis) in most 
cases, a poor prognostic factor in neuro-Behçet’s disease, 
indicating parenchymal involvement [146]. It was postulated 
that seizure occurrence may indicate dissemination of the 
inflammatory process to involve the cortex. They may also 
be associated with cerebral hypoperfusion; in a study of 
seven patients with Behçet’s disease evaluated by SPECT, 
three of them had seizures and hypoperfusion in the temporal 
lobe, including the mesial portion [152]. The occurrence of 
seizures also seemed to be associated with a high mortality 
rate, although they remain an unusual neurologic complica-
tion for this disease. Immunosuppressive therapy with intra-
venous steroids, and cyclophosphamide or chlorambucil 
may also help to control seizures [153].

Sarcoidosis
Sarcoidosis is affecting the central nervous system in 5–16% 
of the cases. Various neurological manifestations are 
observed, including: seizures in 5–10% of those with neuro-
sarcoidosis [154], cognitive or psychic manifestations, hypo-
thalamic and pituitary involvement, local pseudotumors, and 
hydrocephalus (very frequently associated with asymptom-
atic lymphocytic meningitis) and with cranial nerve palsy 
(particularly palsy of the seventh nerve) which occur less 
regularly. CNS localization is most often an early manifesta-
tion of the disease, unmasking sarcoidosis. It is often part of 
primary or secondary systemic polyvisceral sarcoidosis 
[155]. The diagnostic process should first confirm nervous 
system involvement and then provide supportive evidence 
for the underlying disease; in the absence of any positive tis-
sue biopsy, the most useful diagnostic tests are gadolinium 
enhanced MRI of the brain and CSF analysis, although both 
are non-specific. The mainstay of treatment is corticoste-
roids, but these often have to be combined with other immu-
nosuppressants such as methotrexate, hydroxychloroquine, 

or cyclophosphamide. There is increasing evidence that inf-
liximab is a safe treatment with good steroid sparing capac-
ity [156]. Resection of the sarcoid lesion after intracranial 
mapping has been reported in a patient with neurosarcoid-
osis and super-refractory status epilepticus [157].
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�Introduction

Metabolic imbalances are a common issue in critically 
ill patients. Electrolyte disturbances are almost 
ubiquitous [1] and acid-base imbalances are seen in at 
least 10% of patients.

Metabolic disorders are a relatively uncommon cause of 
acute symptomatic seizures in the general population [2] 
but substantially contribute to the incidence of acute sei-
zures in hospitalized patients, especially those admitted to 
an intensive care unit [3–5]. A recent retrospective study of 
139 patients without history of seizures, who developed 
hospital-onset seizures, found that as many as 25% of sei-
zures were related to an acute metabolic disturbance, 
mostly hyponatremia, hypoglycemia, and acute renal fail-
ure [4]. Similarly, acute metabolic disorders accounted for 
one third of new-onset generalized seizures observed in 55 
patients admitted to a medical or surgical intensive care 
unit [3]. Electrolyte disorders, mostly hyponatremia, were 
the most common metabolic abnormalities. A strikingly 
identical proportion was reported in patients admitted to a 
neurological intensive care unit in India who presented 
with acute symptomatic seizures [5].

�Relationship Between Electrolytes, The Acid-
Base Disequilibrium, and Neuronal Excitability

�Transport of Water and Electrolytes 
Across the Blood–Brain Barrier and Regulation 
of Extracellular and Cellular Volumes
The BBB maintains the homeostasis of the cerebral 
environment. Except in a few areas devoid of BBB (area 
postrema, etc.) the presence of tight junctions between cap-
illary endothelial cells effectively eliminates paracellular 
transport. Transcellular transport occurs through various 
mechanisms (Fig. 18.1). Small molecules that are soluble 
both in water and in the membrane lipid bilayer, such as O2 
and CO2 gas molecules, ethanol or anesthetics, can pas-
sively diffuse through the cell membrane. Water and ions 
cross the blood–brain barrier by carrier-mediated transport. 
These carriers may be specific to one molecule (Na+ chan-
nel) or allow several molecules to pass (Na+/K+/Cl− co-
transport). Molecules can either passively diffuse through 
channels (e.g., water, small ions) or be transported by more 
complex systems that may require energy (e.g., the Na+−K+ 
ATPase) or the co-transport of another molecule (Na+−H+ 
carrier; Na+−glutamate transporter).

Water readily crosses the BBB by diffusion, at least in 
part through aquaporin-4 channels, and moves freely in or 
out of the brain according to the osmotic gradient, whereas 
sodium and chloride ions depend on the combined action of 
an array of transporters (Fig. 18.1), with an exchange half-
time of sodium ions of approximately 2 h. Thus, acute varia-
tions of plasma osmolality might cause a substantial shift of 
water across the BBB. When plasma osmolality decreases 
abruptly, as in acute hyponatremia, the movement of water 
driven by the osmotic gradient from the vascular compart-
ment to the brain causes an expansion of the cerebral inter-
stitial fluid. This leads to a decrease in extracellular tonicity 
and secondary swelling of neurons and astrocytes. The oppo-
site phenomenon, shrinkage of interstitial and cellular vol-
umes, occurs with an abrupt increase in plasma osmolality. 
Progressive changes in plasma osmolality do not have the 
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same consequences as cells are able to regulate their volume 
and osmolality. This regulation is based on the detection of 
volume changes and the activation of mechanisms of trans-
port of electrolytes and organic osmoles, a process that can 
take 24–72 h. When a new equilibrium is reached, as in 
chronic hypernatremia, a rapid correction of plasma osmo-
lality may thus be detrimental.

The BBB is impermeable to calcium, phosphorus, and 
magnesium ions . Their cerebrospinal fluid (CSF) levels 
(Table 18.1) are mostly determined by the secretion of a fluid 
of constant composition by the choroid plexus. CSF levels of 
calcium are approximately half of the plasma concentration 
and there is only a weak correlation between plasma and 
CSF levels. Magnesium is found in greater concentrations in 
the CSF than in the plasma and there is no clear correlation 
between CSF and plasma levels. Phosphorus levels in the 
CSF are approximately 60% of plasma levels. It should be 

noted that the immaturity of the blood–brain barrier in neo-
nates allows calcium and magnesium ions to cross and their 
CSF levels correlate with their plasma levels [6].

The BBB is relatively impermeable to protons and bicarbon-
ate ions, but it is very permeable to CO2 gas molecules. CO2 is 
also produced by neural cell metabolism. The pCO2 is thus usu-
ally a few mm Hg higher and the pH slightly lower in the CSF 
than in the arterial blood. Changes in arterial pCO2, by altering 
pH, activate homeostatic mechanisms that return the pH back 
toward normal. These mechanisms involve the adjustment of 
bicarbonate levels in the CSF and progressively take place over 
a period of several hours, whereas changes in CSF pCO2 occur 
within minutes. Thus, compensation for changes in the pH of 
the CSF requires hours. Also, in a patient with an acute meta-
bolic acidosis (decrease in plasma bicarbonate concentration) 
and a compensatory respiratory alkalosis (decrease in arterial 
pCO2), the brain will be paradoxically alkalotic.

H2O + CO2

Blood Brain

Carbonic anhydrase

HCO3- + H+

2K+

K+

K+

H+

HCO3-

Na+

Na+

AQP 1, AQP 4

H2O

O2, CO2
Ethanol
Anesthesics, barbiturates

Passive transport: small
lipophilic molecules
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Cl-

2Cl-

-
-
-

ATP

Fig. 18.1  Transport of water, gases, and electrolytes across the blood–brain barrier. Small lipophilic molecules passively diffuse through endo-
thelial cells, while the transport of electrolytes and water is tightly regulated by transmembrane carriers
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�Neuronal Excitability: Membrane Potential, Ion 
Channels, Neurotransmitters, and Their 
Receptors
A seizure is the manifestation of the abnormal synchronous 
activation of a group of neurons. This is thought to be caused 
by an imbalance between neuronal excitation and inhibition. 
Recruitment of neurons during seizure can occur not only by 

excitatory glutamate-dependent synaptic transmission but also 
by extra-synaptic ephaptic coupling, a process during which 
local extracellular electrical fields generated by adjacent neu-
rons feedback onto the electrical potential across the neuronal 
membrane. Inhibitory gamma-hydroxy-butyric acid (GABA)-
dependent synaptic transmission represses seizure initiation 
and propagation (Fig. 18.2). Both synaptic and extra-synaptic 
transmission can be disrupted by changes in the electrolyte 
and acid-base composition of the extracellular fluid.

Extracellular low osmolality and hyponatremia increase 
neuronal excitability through various mechanisms [7–10]. 
To some extent, they enhance excitatory neurotransmission 
at the pre- and post-synaptic levels by facilitating calcium 
uptake [11, 12]. But the most important effect of low 
osmolality, whether it is caused or not by hyponatremia, 
occurs through cellular swelling, which enhances ephaptic 
coupling [7, 10, 13]. Additional effects of astrocytic swelling 
include the disruption of glutamate-glutamine metabolism 
and the release of excitatory amino acids by astrocytes 
[14, 15]. Low extracellular chloride concentrations also con-
tribute to increase excitability by depressing GABA-
dependent inhibitory currents [16]. Hyperosmolality has the 
reverse effect and decreases neuronal excitability [17].

Table 18.1  Electrolyte and acid-base composition of the CSF

CSF
CSF/plasma 
ratio

Exchange 
half-time

Sodium 141.2 ± 6.0 (mmol/l) 0.95 1 h

Potassium 2.96 ± 0.45 (mmol/l) 0.70 24 h

Chloride 120.3 ± 3.3 (mmol/l) 1.10

Osmolality 287.2 ± 5.5 (mOsm) 1.00

Magnesium 2.71 ± 0.11 (mg/dL) 1.40

Calcium 4.56 ± 0.32 (mg/dL) 0.50

Phosphorus 0.60

pH 7.32 ± 0.09 7.40 ± 0.06

pCO2 44 (mmHg) 40 Seconds

HCO3
-

22 (mmol/l) 24 Hours to days

Water 12–25 s

Electrolytes and acid-base composition of the CSF compared to plasma 
values. Data from [193–197]

Fig. 18.2  Role of electrolytes in synaptic transmission. Sodium and 
chloride ions are the main ions involved in the generation of excitatory 
post-synaptic potentials (EPSP) and inhibitory post-synaptic potentials 
(IPSP), respectively. Calcium ions participate in the fusion of pre-

synaptic vesicles and in neurotransmitter (both glutamate and GABA) 
release and contribute to the generation of EPSP, while magnesium ions 
limit the opening of glutamate NMDA channels
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Calcium and magnesium ions both are voltage membrane 
stabilizers. They screen surface negative charges on neuro-
nal membranes and regulate the activation of voltage-gated 
ion channels [9, 18]. There is an inverse correlation between 
extracellular calcium concentrations and neuronal excit-
ability [19]. Immersing hippocampal slices in a low-cal-
cium solution provokes the occurrence of spontaneous 
synchronized bursts similar to epileptiform discharges 
[20]. This is at least in part explained by an increase in rest-
ing membrane potential and a decrease of the firing thresh-
old [21] and occurs even when excitatory neurotransmission 
is blocked [22]. Conversely, a high-calcium solution com-
pletely prevents seizure-like activity in hippocampal slices 
[23]. Similar findings are observed when manipulating 
extracellular magnesium concentrations in vitro. Sporadic 
epileptiform bursts followed by ictal discharges develop 
when hippocampal slices are bathed in a low-magnesium 
solution [23–26]. Calcium and magnesium ions act as 
antagonists at all chemical synapses. Calcium ions enter 
the pre-synaptic axon terminals through voltage-gated 
channels and bind to protein complexes, allowing the 
fusion of vesicles to the synaptic membrane and the release 
of neurotransmitters into the synaptic cleft (Fig. 18.2) [27–
29]. Calcium entry through ligand-gated channels at the 
post-synaptic levels, such as the glutamate N-methyl-d-
aspartate (NMDA) receptors, also contributes to excitatory 
neurotransmission. On the other hand, magnesium ions 
limit the influx of calcium ions through pre-synaptic volt-
age-dependent channels and thus modulate neurotransmit-
ter release [25]. In addition, they also regulate synaptic 
transmission at the post-synaptic level by gating glutamate 
NMDA receptors in a voltage-dependent manner. At nor-
mal resting membrane potential, magnesium ions occupy a 
site inside the channel part of the receptor and prevent the 
influx of sodium and calcium ions. If synaptic excitation 
through other types of glutamate receptors (alpha-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid [AMPA] and 
kainate) causes sufficient depolarization, magnesium ions 
translocate out of the channels, which open [26, 30, 31].

While both synaptic potentiation and membrane desta-
bilization are necessary to generate epileptiform dis-
charges and seizures in the low-magnesium model of 
seizures [23], synaptic transmission is not necessary and in 
fact abolished in the low-calcium condition [32]. Neuronal 
synchronization thus has to occur in an ephaptic manner or 
through gap junctions.

The effect of pH and protons on neuronal excitability has 
received relatively little attention compared to other ions [33]. 
Current evidence indicates that the binding of protons to mem-
brane proteins affects their conformation and their functional 
properties. Proteins whose activity is modulated by pH include 
voltage-gated ion channels, GABA receptors, NMDA receptors, 

gap junctions, calcium-sensing, and pH cation channels [16–24]. 
Acidosis has little influence on resting membrane potential 
[34] or axonal conduction [35] but decreases synaptic trans-
mission by both pre- and post-synaptic mechanisms [34–36] 
and can suppress seizures [37, 38].

�Water-Sodium Imbalance and Seizures

�Epidemiology and Causes of Sodium 
and Osmotic Imbalance in Critically Ill Patients

Dysnatremia and water imbalance are frequent in critically 
ill patients. In a recent study on a large prospective cohort, 
dysnatremia was observed in 29% of patients [39]. Severe 
hyponatremia and hypernatremia are, however, much more 
rare, occurring in 1.2%, and 0.6% of patients, respectively, in 
another recent large survey [40].

�Mechanisms of Sodium and Water 
Homeostasis

Body water content and sodium concentration are tightly 
regulated despite variable dietary intake, metabolic activity, 
and environmental factors. Total body water (TBW) is about 
60% of body weight, two thirds of which are intracellular. 
Osmolarity is defined by the amount of solutes per liter of 
body fluid and is usually similar to osmolality, which is the 
amount of solutes per kg of fluid. Plasma osmolarity is 
mostly determined by sodium levels:

	
Osm serum Na

Glucose BUN
= + ++2

18 2 8
[ ]

[ ] [ ]

. 	

Fluid and sodium balance is preserved by the kidneys. 
Daily fluid intake is about 2–2.5 L, which is needed to 
replace losses from urine and insensible losses (sudation and 
perspiration). Daily urine output averages 1.5 L but adults 
with normal kidney function may excrete as little as the 200 
mL of concentrated urines that are necessary to excrete the 
nitrogenous waste of cellular metabolism, and as much as 
25 L in case of excessive fluid intake. Insensible losses rep-
resent 500–800 mL/day in a 70-kg adult, but they can sub-
stantially increase with fever (50–75 mL/day for each degree 
celsius of temperature elevation above normal), excessive 
muscular activity (exercise, convulsions), and heat exposure. 
Gastrointestinal losses are usually negligible, except when 
marked vomiting or diarrhea occurs.

Water excretion in the kidneys is regulated by vaso-
pressin (antidiuretic hormone or ADH), which increases 
the expression of aquaporin channels and water reabsorp-
tion in the collecting ducts of the kidney. Vasopressin is 
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produced by neurons in the supraoptic and paraventricular 
nuclei in the hypothalamus that project to the posterior 
pituitary gland. Its release is stimulated by increased 
plasma osmolality (through receptors in the hypothala-
mus), reduced blood volume (through baroreceptors in the 
carotid sinuses, veins and atria), angiotensin II (see 
below), and stress.

Water intake is regulated by thirst, which is triggered by 
receptors located in the anterolateral hypothalamus in 
response to increased plasma osmolality or decreased body 
fluid volume. Water ingestion decreases plasma osmolality, 
which in turn inhibits vasopressin secretion, allowing the 
kidneys to dilute urine. With dehydration, plasma osmolal-
ity rises, yielding the opposite effect. The system can also 
be activated by a loss of blood volume or a drop in blood 
pressure (such as in hemorrhage or extravasation).

The renin-angiotensin system provides an additional 
mechanism of water-sodium homeostasis. A drop in blood 
volume and pressure will decrease kidney perfusion, 
stimulating the release of renin by the juxtaglomerular 
cells. Renin cleaves angiotensinogen, an inactive pro-
peptide, into angiotensin I, a minimally active peptide, 
which is then converted to angiotensin II by the angioten-
sin-converting enzyme (ACE) in lung capillaries. 
Angiotensin II acts by constricting afferent and efferent 
glomerular arterioles, effectively lowering glomerular 
blood flow and urine output while preserving glomerular 
filtration rate and facilitating water reabsorption. It also 
directly stimulates the reabsorption of sodium along the 
proximal tubule and loop of Henle. Finally, angiotensin II 
also causes the release of vasopressin by the pituitary and 
of aldosterone by the adrenal cortex. Aldosterone stimu-
lates the reabsorption of sodium, in exchange for potas-
sium, and of water from the urine by the distal tubules and 
collecting ducts. This increases blood volume and, there-
fore, blood pressure.

Angiotensin II and aldosterone thus act together to stim-
ulate sodium and water reabsorption by the kidney and 
increase blood pressure. Their effects are opposed by natri-
uretic peptides (including the atrial natriuretic peptide [ANP] 
and the brain natriuretic peptide [BNP]), which are released 
by cardiomyocytes in response to high blood volume and 
excessive stretching [41, 42].

�Hyponatremia

Hyponatremia is defined as plasma sodium concentration 
<135 mM/L. It may occur with low, normal, or high plasma 
tonicity (see Fig. 18.3).

Hyponatremia is the most common electrolyte distur-
bance and affects 12–38% patients admitted to a general ICU 

[39, 43, 44] and up to 50% of neurological and neurosurgical 
patients [45, 46]. Age, trauma, coma, and severity of illness 
are known risk factors. It is associated with increased in-
hospital mortality, both if present on admission to the ICU 
[40] or if acquired during the ICU stay [47, 48], and particu-
larly if corrected too fast or too slow. Even mild dysnatremia 
increases the risk of in-hospital mortality [40, 49]. 
Hyponatremia is also associated with longer ICU stay and a 
longer duration of mechanical ventilation [48, 50].

The most common causes of hyponatremia in critically ill 
patients are inappropriate fluid replacement and the syn-
drome of inappropriate antidiuretic hormone (SIADH). It is 
often the result of pneumonia [50] or of an acute brain injury, 
which itself can trigger seizures. In critically ill neurological 
patients, SIADH and the cerebral salt wasting syndrome 
(CSWS) are the two most common causes of hyponatremia 
[51]. Those that have been associated with acute seizures 
include SIADH, excessive fluid loading, extensive burns, 
vomiting and drugs [52], bowel preparation with polyethyl-
ene glycol, and bladder preparation for endoscopy [53]. 
There also rare reports of seizures due to water intoxication 
and exercise-induced hyponatremia [54], intoxication with 
3,4-méthylènedioxy-méthamphétamine [55], and psycho-
genic polydipsia, which can be aggravated by the use of anti-
psychotic drugs [56].

CSWS has never clearly been identified as a cause of sei-
zures and the underlying cerebral disorder is usually incrimi-
nated [57]. Some authors have also suggested that status 
epilepticus may be involved in the etiology of cerebral salt 
wasting, as natriuretic peptides levels increase during con-
vulsions [58].

SIADH is the consequence of a direct lesion or dysfunc-
tion of the hypothalamus-pituitary axis or of the unregu-
lated secretion of ADH or an ADH-related peptide by a 
malignancy. Frequent causes are listed in Table 18.2. The 
increase in ADH release results in excess water reabsorp-
tion and expansion of the extracellular fluid volume with 
hypotonic hyponatremia. Thus SIADH is a volume-
expanded state although most patients do not show clinical 
signs of hypervolemia [51]. ANP is released due to vasopres-
sin stimulation and due to overfilling of the plasma volume 
[59, 60].

Key features for the diagnosis of SIADH include low 
serum osmolality of <275 mOsm/kg, high urinary osmolality 
of >100 mOsm/kg, and persistent urine sodium excretion 
>20 meq/L. SIADH is associated with low uric acid levels 
(<4 mg/dL) and low blood urea nitrogen (BUN) concentra-
tions (<5 mg/dL) (Table 18.3).

SIADH should be differentiated from the situation of 
non-osmotic appropriate release of ADH stimuli, as can be 
encountered with hypovolemia, hypotension, positive-
pressure ventilation, pain, and stress.
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Another important of differential diagnosis to consider in 
patients who present with seizures and SIADH is limbic 
encephalitis, especially the type associated with antibodies 
to voltage-gated potassium channel complex [61].

CSWS is a hyponatremic and volume depleted state sec-
ondary to a renal loss of sodium and a decrease in extracel-
lular fluid volume due to an intracranial disorder [62]. The 
mechanism by which cerebral disease results in renal sodium 
loss is still unclear. Two possible mechanisms have been 
suggested: impaired sympathetic neural input to the proxi-
mal tubule and direct release of natriuretic peptides. The 
resulting hypovolemia stimulates secondary ADH secretion. 
CSWS is typically encountered in neurosurgical patients or 
patients with intracranial disease or injury, especially SAH 
and meningitis [42, 63].

Hyponatremia is especially frequent after aneurysmal 
subarachnoid hemorrhage, occurring in approximately 

30–56% cases, and is associated with a higher risk of delayed 
cerebral ischemia [64], but its etiology remains a matter of 
controversy [65]. SIADH is probably the main cause but 
CSWS, inadequate fluid replacement, and acute cortisol 
deficiency have also been implicated [65, 66].

The clinical expression of hyponatremia is related to the 
severity and acuteness of onset. Symptoms usually become 
manifest when serum concentrations fall suddenly (<48 h; 
rate of decrease > 0.5 meq/L/h) below 125 meq/L, as rapid 
changes of tonicity can exceed the capacity of the brain to 
adapt its solute content and regulate its volume (see above) 
[67]. Symptoms of hyponatremia include headache, nausea, 
vomiting, muscle cramps, and gait disturbance. Confusion 
and lethargy may ensue. With severe hyponatremia (≤120 
meq/L), serious complications from cerebral edema can 
occur, including coma and eventually death from brain 
herniation [68].

Hyponatremia

Hypotonic hyponatremia

Urine osmolality

Urine sodium

Volume status Volume status

DecreasedDecreased Normal/IncreasedIncreased

Measured serum osmolarity

>275mOsm/kg

Hypertriglyceredemia

no

no

Pseudohyponatremia

Isotonic or hypertonic hyponatremia

High water and low solute intake
Polydipsia
Beer potomania

Heart failure
Liver cirrhosis
Nephrotic syndrome

GI loss
Third space
Remote renal loss

SIADH
Secondary adrenal
insufficiency
Hypothyroidism

CSW
Renal SW
Primary adrenal
insufficiency
Vomiting

Kidney disease?
Diuretics?

Hyperglycemia
Mannitol
Contrast media

<275mOsm/kg

> 100mOsm/kg≤ 100mOsm/kg

≤ 30 mmol/l > 30 mmol/l

-
-
-
-

-
-
-

Hypercholesterolemia
IVIg
Monoclonal gammopathy

Fig. 18.3  Diagnostic 
algorithm of hyponatremia
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As previously mentioned, hyponatremia is one of the 
most common causes of new-onset seizures in hospitalized 
and critically ill patients [3–5].

The risk of seizures increases with decreasing sodium 
levels. In a single-center retrospective study of hospitalized 
patients with hyponatremia, the absolute risk of seizures 
was 0.7, 2.5, 5.3, and 10.8% for serum sodium values of 
120–124, 115–119, 110–114, and <110 meq/L, respectively 
[52]. Another study found a 7% risk of seizure in patients 
with chronic hyponatremia and serum sodium level ≤110 
meq/L but a 30% risk in patients with acute hyponatremia of 
this severity, highlighting the fact that not only the absolute 
value but also the rate at which sodium levels decrease is 
important [40, 69].

One should remember that mild hyponatremia in patients 
with chronic epilepsy might not be the cause of seizure but 

rather the simple consequence of anti-seizure treatment with 
drugs that cause SIADH, such as oxcarbazepine, carbamaze-
pine, or valproic acid. However, this drug-induced hypona-
tremia can occasionally be severe enough to exacerbate 
epilepsy and precipitate seizures [70].

Hyponatremia-induced seizures are most commonly of 
the generalized tonic-clonic type [4, 52] but focal motor sei-
zures, myoclonic seizures, complex partial seizures, and SE 
and absence SE have also been reported [4, 52, 71–73].

Seizures seem to be particularly common in children, 
with studies reporting a 27–66% seizure rate among chil-
dren with hyponatremia [74, 75]. The majority of seizures 
in children present as SE.  Water intoxication, associated 
with excessive sweating or gastroenteritis, is the most fre-
quent cause [76, 77]. Severe respiratory syncytial virus 
infection may also be associated with hyponatremia and 
seizures [78]. Hyponatremia due to SIADH or CSW is an 
independent risk factor for post-neurosurgical seizures in 
children [79].

�Management of Hyponatremia
The medical management of hyponatremia can be 
challenging.

The appropriate management of hyponatremia begins 
with a complete workup to determine the etiology (Fig. 18.3). 
Traditional algorithms rely on the clinical assessment of vol-
ume status, which can be difficult, and recent studies indicate 
that they allow physicians to reach a correct diagnosis in 
only a minority of cases [80]. Recent guidelines advocate the 
use of an alternative algorithm emphasizing urine electrolytes 
analysis [81]. It should be noted though that there are no gold 
standard cut-off values for urinary sodium and urine osmo-
lality [46, 51, 60].

Table 18.2  Causes of SIADH

CNS disorders •  Infections/inflammation (meningitis, 
encephalitis, AIDS, malaria)

•  Hemorrhage (SAH, subdural hematoma)
•  Traumatic brain injury
•  Guillain–Barre syndrome
•  Ischemic stroke
•  Shy–Drager syndrome

Pulmonary disorders •  Infections (bacterial viral, tuberculosis, 
aspergillosis)

•  Cystic fibrosis
•  Asthma

Malignancy •  CNS tumors (neuroblastoma)
•  Carcinoma (lung, gastrointestinal, 

genitourinary tract)
•  Lymphoma
•  Sarcoma (Ewing’s sarcoma)

Medications 
stimulating the 
release of ADH

•  SSRIs
•  Tricyclic antidepressants
•  Carbamazepine, oxcarbazepine
•  Phenytoin
•  Valproic acid
•  Lamotrigine
•  Cytotoxins (vincristine, 

cyclophosphamide, methotrexate, 
platinum compounds)

•  NSAIDs
•  Antipsychotics (phenothiazides, 

butyrophenones)
•  Opiates
•  MDMA
•  Interferon

Medications with 
ADH effects

•  Desmopressin
•  Vasopressin
•  Oxytocin
•  Prostaglandins

Other causes •  Hereditary (mutation of V2 receptor)
•  Chronic inflammation
•  Prolonged exercise
•  Nausea
•  Pain, stress
•  Idiopathic
•  General anesthesia

Table 18.3  Comparison of SIADH and CSWS

SIADH CSW

Fluid balance Positive Negative

Sodium balance Neutral or positive Negative

Extracellular fluid volume ↑ ↓
Clinical signs of dehydration Absent Present

Central venous pressure ↔ or ↑ ↓
Weight ↔ or ↑ ↓
Urine volume ↔ or ↓ ↔ or ↑
Blood analysis
•  Sodium
•  Osmolality
•  Albumin
•  Bicarbonate
•  BUN
•  Hematocrit
•  Uric acid

<135 mM/L
<285 mOsm/L
↔
↔ or ↓
↔ or ↓
↔
↔ or ↓

< 135 mM/L
<285 mOsm/L
↑
↑
↑
↑
↔ or ↓

Urine analysis
•  Sodium
•  Osmolality

↑
>200

↑↑
>200

18  Electrolyte Disturbances and Critical Care Seizures



298

Another limitation of urine electrolytes analysis is that it 
cannot reliably differentiate SIADH and CSWS because 
both are characterized by elevated urine osmolality and 
sodium concentration. They are often difficult to distinguish 
as they have many features in common (Table  18.3). 
However, this distinction is important to make as their man-
agement strongly differs. It is mostly the presence of signs of 
volume depletion (hypotension, elevated hematocrit, and 
BUN/creatinine ratio) despite inappropriately high urine 
sodium concentration that suggests CSWS. When available, 
central venous pressure (CVP) (<5 mmHg) and pulmonary 
capillary wedge pressure (<8 mmHg) are good indicators of 
circulating blood volume. A negative sodium balance esti-
mated over a period of one or several days supports the diag-
nosis of CSWS [68, 82]. When in doubt, the response to 
isotonic saline may also help distinguish between both enti-
ties. Restoration of euvolemia in CSWS should remove the 
stimulus to ADH release, resulting in a dilute urine and cor-
rection of the hyponatremia.

In contrast, isotonic saline often worsens the hyponatre-
mia in SIADH as the salt is excreted and some of the water 
is retained.

Finally, it is important to remember that SIADH and CSWS 
sometimes succeed each other or occur simultaneously in the 
same patient and lack of urinary dilution upon isotonic saline 
administration does not necessarily exclude CSWS.

The correction method depends of the severity of hypona-
tremia. Treatment is indicated in the presence of acute symp-
tomatic hyponatremia. The risks of hypotonicity should be 
balanced against those of therapy, as the correction of chronic 
hyponatremia can lead to neurological injury. Detailed rec-
ommendations on the treatment of hyponatremia have been 
recently published [81].

Severe symptomatic hyponatremia associated with altera-
tion of consciousness or seizures should be quickly but cau-
tiously managed with hypertonic saline solution, even before 
an etiological diagnosis is made. Intravenous infusion of 150 
mL of NaCl 3% through a central venous line should be 
administered over 20 min in order to achieve an increase of 5 
mM/L in serum sodium concentration. This can be repeated if 
needed. If symptoms improve, the patient can then be man-
aged with isotonic saline until improvement or serum sodium 
concentration increases by 10 mM/L or reaches 130 mM/L. If 
symptoms do not improve, management is pursued with 3% 
hypertonic saline until improvement or serum sodium con-
centration increases by 10 mM/L reaches 130 mM/L. In both 
cases, the increase in serum sodium concentration should not 
exceed 10 mM/L during the first 24 h and 8 mM/L during the 
subsequent 24 h in order to avoid the risk of osmotic demye-
lination syndrome, which itself can cause seizures [83–85]. 
Close monitoring (every 4–6 h) of serum sodium levels is 
warranted. If over-rapid correction occurs, reversal using 
desmopressin and water is recommended [86].

Hyponatremia with mild or moderate symptoms can be 
managed less aggressively and should be guided by the 
cause. In the presence of moderate symptoms (nausea, head-
ache, confusion) or if hyponatremia developed acutely, 
immediate administration of 3% saline is suggested.

Once symptoms improve or serum sodium concentration 
reaches 130 mM/L, management should focus on determin-
ing and treating the cause of the hyponatremia (Fig. 18.3). In 
addition, general measures such as avoiding hypotonic flu-
ids, treating aggravating factors such as pain, nausea, and 
avoiding medications that can further decrease serum sodium 
concentration should be taken.

Hyponatremia with volume depletion should be treated 
by titration of isotonic saline solution with limited parallel 
free water intake.

Patients with CSWS need to receive isotonic or hyper-
tonic saline to restore their intravascular volume, as long as 
sodium wasting persists. Colloids can be used when they 
have pronounced signs of volume contraction. Sodium 
chloride tablets and fludrocortisone may be helpful in less 
severe cases with adequate volume repletion [51]. 
Hypotonic fluids, free water, diuretics, and antidiuretic hor-
mone therapy (vasopressin and desmopressin) should be 
avoided. Early use of fludrocortisone has been shown to 
reduce natriuresis [64] and the risk of vasospasm in hypo-
natremic SAH patients [46, 87].

On the other hand, free water restriction is required and 
often sufficient to treat SIADH and many patients have self-
limiting disease. Identification and treatment of the underly-
ing cause is an essential step. The volume of fluid restriction 
can be determined using the ratio of combined urinary 
sodium and potassium divided by serum sodium but patients 
are typically restricted to 1–1.5 L/day in clinical practice.

Some medications are effective as adjunct therapy to fluid 
restriction. A first choice is urea, an osmotic diuretic that 
enhances water flow from tissues into the interstitial fluid 
and plasma, thereby increasing serum osmolality. 
Demeclocycline, a tetracycline antibiotic, is also effective 
but can induce insipidus diabetes. More recently, vasopres-
sin receptor antagonists (VRA) have emerged as a new class 
of drugs for the treatment of euvolemic and hypervolemic 
hyponatremia [88]. These molecules antagonize V2 recep-
tors in the distal nephron, inducing then an aquaresis. Their 
optimal place in the treatment algorithm remains to be deter-
mined [51].

The treatment of hyponatremia-induced seizures and 
SE beyond correction of serum sodium levels has not 
been formally studied. Isolated seizures probably do not 
warrant any specific intervention but anti-seizure medica-
tions may be administered in case of SE. It is also proba-
bly reasonable to avoid medications that can aggravate 
hyponatremia, such as oxcarbazepine, carbamazepine, 
and valproic acid.
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�Hypernatremia

Hypernatremia is defined by a serum sodium concentration 
&gt;145 mM/L. It is less frequent than hyponatremia with an 
incidence of 10% [89] of hospitalized patients.

Between 3.6 and 17% of critically ill patients experience 
hypernatremia with a sodium concentration >150 mM/L 
[39, 40, 43, 48, 90], most often during their first week in the 
ICU [40, 91].

It is often perceived as an indicator of the severity of the 
underlying disease and of the quality of care [92] and is asso-
ciated with an increased risk of mortality [93].

Hypernatremia is invariably associated with hyperos-
molality [94] but can result from a net loss of free water 
or an excess of sodium intake or retention, and thus can 
be either hypovolemic or hypervolemic, respectively 
(Table 18.4).

Hypovolemic hypernatremia is most often due to water 
deficiency or inadequate water supplementation. It is most 
common in young children, the elderly, and critically ill indi-
viduals who rely on others for their water intake. Fever, GI 
losses, and the use of diuretics are common precipitants.

Diabetes insipidus (DI) is defined by an inappropriate 
free water outflow with polyuria. It is the consequence of 
the failure of release of ADH (central DI) or of the resis-
tance of the kidney to ADH (nephrogenic DI). The imper-
meability of the collecting ducts to water due to the lack of 
ADH activity results in urine dilution (<100 mOsm/kg), 
while plasma osmolality rises as a consequence of the pro-
gressive dehydration. Causes of DI are listed in Table 18.5. 
The severity of DI depends of the rate of residual ADH 
secretion. It is particularly dangerous if the thirst mecha-
nism is impaired too, which can occur with central DI due to 
a cerebral mass in the hypothalamus-pituitary region. 
Central diabetes insipidus occurred in 3.7% patients in a 
neurosurgical intensive care unit [42].

Critically ill patients receiving mechanical ventilation are 
inclined to develop hypernatremia. Iatrogenic sodium gain 
occurs quickly with hypertonic perfusions but isotonic solu-
tions can also lead to hypernatremia in the presence of 
diluted urines [95]. Potassium-rich solutions can also trigger 

sodium accumulation [91]. Diuretics, and in particular loop 
diuretics, hyperglycemia, osmotic diuresis, acute and chronic 
renal dysfunction, nasogastric drainage, diarrhea, and fever 
are all common in critical care patients. They induce the loss 
of free water and can further aggravate the hypernatremia.

Symptoms and signs of hypernatremia include nausea, head-
ache, lethargy, and ultimately coma. Seizures are infrequent but 
can occasionally be seen in the setting of extra-pontine demye-
lination, which occurs with acute severe hypernatremia [96, 97].

Given the rarity of seizures attributable to hypernatremia, 
alternate causes should be actively sought, such as cerebral 
sinus or cortical vein thrombosis [98, 99]. In fact, seizures 
are much more likely to occur as the consequence of the 
aggressive treatment of chronic hypernatremia than as the 
consequence of hypernatremia itself [100, 101]. It is impor-
tant to remember that it is the rate of decrease in serum 
sodium concentration itself rather than the absolute value 
that determines the risk of seizure.

Another factor confounding the relationship between 
hypernatremia and seizures is that generalized tonic-clonic 
seizures are accompanied by water shift into the intracellular 
space and can cause transient hypernatremia [102].

�Management of Hypernatremia
The etiology of hypernatremia can usually be determined by 
concomitant measurement of serum and urine osmolality. 
The diagnosis of central DI is suggested by the presence of 
hypotonic urine (<300 mM/kg) in the setting of an elevated 
serum osmolality (>295 mM/kg). Central DI can be distin-
guished from nephrogenic DI by fluid restriction and desmo-
pressin response tests. A magnetic resonance imaging is 
indicated to identify the underlying etiology of central DI.

Urine osmolality >600 mM/kg indicates intact ADH 
secretion and action and suggests either dehydration from 
renal, GI or insensible loss, or sodium overload. These 
causes can be further discriminated by measuring the 
urine sodium concentration, which is typically <25 meq/L 
in case of volume depletion and >100 meq/L in case of 
sodium overload.

Table 18.4  Cause of hypernatremia

Hypovolemia •	 Altered thirst mechanism
•	 No access to water
•	 Intra-renal water loss: central or nephrogenic 

diabetes insipidus, osmotic diuresis, diuretics
•	 Extra-renal water loss: respiratory or GI 

losses, fever

Hypervolemia •	 Iatrogenic: administration of large amounts 
of fluids to avoid hypovolemia

•	 Mineralocorticoid excess: primary 
hyperaldosteronism, Cushing syndrome

Table 18.5  Causes of diabetes insipidus

Primary polydipsia (psychogenic polydipsia)
Central (neurogenic) diabetes insipidus
•	 Idiopathic, possibly autoimmune
•	 Pituitary surgery
•	 Traumatic brain injury
•	 Anoxic encephalopathy
•	 Death by neurological criteria (brain death)
•	 Hereditary
Nephrogenic diabetes insipidus
•	 Hereditary (ADH receptor V2 mutation)
•	 Lithium
•	 Hypercalcemia
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Symptomatic management of hypernatremia begins by 
assessing the degree of water deficit and determining the 
appropriate rate of correction. Water deficit can be estimated 
using the following formula:

	

Water deficit current total bodyweight

serum Na

= ´
-( [ ] / ).140 1 	

In patients with chronic hypernatremia (present for longer 
than 48 h), the goal is to lower the serum sodium by10 meq/L 
in 24 h, since lowering the plasma sodium concentration too 
rapidly can lead to cerebral edema and seizures. There is also 
evidence that excessively slow correction (lower than 6 
meq/L in 24 h) is detrimental as well, since untreated severe 
hypernatremia can cause permanent brain injury.

The amount of water to be replaced in the first 24 h is 
limited and can thus be estimated as:

	

Desired water replacement Water deficit

Serum Na

= ´
-( ) / ( [ ] ).10 140 	

In patients with known acute hypernatremia (present for 
48 h or less), correction can occur faster and the entire water 
deficit can be corrected in 24 h.

These methods only measure the current deficit. The fluid 
repletion regimen should also take into account any ongoing 
losses; otherwise the correction rate will be substantially 
lower than expected.

Serum sodium has to be measured 2–4 h after initiation of 
the repletion regimen and the correction rate adjusted accord-
ingly. Once a serum sodium concentration of 145 meq/L is 
reached, the infusion rate can be decreased to 1 mL/kg/h 
until normonatremia is reached.

Free water is usually provided as an intravenous solution 
of 5% dextrose in water. In patients who can drink or have 
nasogastric tubes, free water can be administered enterally 
every 4–6 h. Many hypernatremic patients have concurrent 
volume depletion and will require fluid resuscitation with 
0.45% or 0.225% saline solution, which provide only one 
half or three-quarters, respectively, of free water, compared 
to dextrose solution. This needs to be taken into account 
when estimating the required volume of fluid needed to cor-
rect serum sodium levels.

Similarly, many patients also have hypokalemia. 
Potassium can be added to the administered fluids but thus 
will also decrease the amount of free water being given.

The rapid administration of 5% dextrose solution can lead 
to hyperglycemia, especially in patients with diabetes melli-
tus or a physiological stress. In order to avoid increased 
water losses from glycosuria, a 2.5% dextrose solution may 
be preferred in patients who develop hyperglycemia.

In addition to symptomatic management, patients with DI 
require desmopressin therapy.

�Calcium and Seizures

�Calcium Homeostasis

Serum calcium plays an essential role in skeletal mineraliza-
tion, neuromuscular excitability, and coagulation. 
Intracellular calcium is involved in muscular contraction, 
hormone secretion, nerve conduction, and cell proliferation.

Approximately 90% of total body calcium is stored in 
bones. Calcium in the blood is bound to proteins, mainly 
albumin, and small anions such as phosphate and citrate. The 
active fraction is extracellular ionized calcium that repre-
sents only 1 mM. Intracellular calcium is mainly bound to 
proteins or sequestered in organelles.

Calcium balance is regulated mainly by the interplay 
between parathyroid hormone (PTH) and calcitonin, secreted 
by parafollicular cells in the thyroid. Ionized serum calcium 
exerts a feedback control on the parathyroid gland and para-
follicular cells through calcium-sensing receptors so that 
PTH is released and calcitonin secretion is inhibited when 
serum calcium level decreases and PTH release is inhibited 
and calcitonin is released when calcium level increases.

PTH increases calcium concentration by reducing urinary 
calcium and phosphate excretion, increasing bone resorption 
and stimulating the synthesis of calcitriol (1,25 dihydroxyvita-
min D3), the activated form of vitamin D3, in the kidney. 
Calcitriol stimulates calcium resorption by the gut. Calcitonin 
decreases calcium levels by stimulating bone mineralization.

�Hypocalcemia

The most common cause of hypocalcemia is renal failure. 
(Table  18.6). The gastrointestinal absorption is reduced 
because of decreased renal production of calcitriol and 
because of increased serum phosphorus.

Hypoparathyroidism is the second most important cause 
of hypocalcemia and can be the consequence of surgery, an 
autoimmune disease (autoimmune polyglandular syn-
dromes), hypomagnesemia, radiation, infiltrative diseases, 
or a genetic disorder. Up to 54% patients with hypoparathy-
roidism may present with seizures [103, 104].

Hypocalcemia is common in critically ill patients [105]. 
Sepsis and severe illness can lead to hypocalcemia by several 
mechanisms: hypomagnesemia, serial blood transfusions, 
acute renal failure from inflammation, and kidney injury [106]. 
The prevalence is variable but can reach 55–85% [107–109]. 
Hypocalcemia correlates with disease severity and is associ-
ated with an increased mortality in many studies [106–111]. 
Iatrogenic hypocalcemia can be accompanied by seizures. 

C. Sculier and N. Gaspard



301

Drugs that have been implicated include proton-pump inhibi-
tors [112, 113], bisphosphonates [114, 115], calcitonin, and 
tyrosine kinase inhibitors (imatinib). Proton-pump inhibitors 
reduce magnesium absorption by the gut and may lead to hypo-
magnesemia and secondary hypocalcemia. Accidental parathy-
roidectomy during thyroidectomy can result in unexpected and 
untreated hypocalcemia and seizures, sometimes years after 
the surgery [116–118].

Hypocalcemia-related seizures are well documented in 
children with congenital or idiopathic hypoparathyroidism 
[119–122], celiac disease [123], and rickets [124].

Neonates are at particular risk of hypocalcemia, either 
during the first 3 days after birth, when it is associated with 
premature birth, hypoxic-ischemic encephalopathy and 
maternal diabetes, or after the first week, when it is caused 
by vitamin D deficiency, dietary phosphate overload, and 
endocrine disorders [125]. Neonates born from mothers with 
asymptomatic hyperparathyroidism may develop impaired 
parathyroid responsiveness to hypocalcemia and seizures 
[126]. Hypocalcemia-related neonatal seizures used to be 
frequent [127] but their incidence has steadily decreased, 
owing to better screening and prevention of hypocalcemia in 
high-risk neonates.

Finally, the anticonvulsant phenytoin may increase the 
metabolism of vitamin D, leading to hypocalcemia and occa-
sionally to hypocalcemia-related seizures [128]. Therefore, 
clinicians are advised to check calcium in cases of anti-
epileptic drug refractory seizures.

Normal total serum calcium ranges between 8.5 and 10.2 
mg/dL and ionized calcium between 4.4 and 5.4 mg/dL (1.1 
and 1.35 mM/l).

In case of protein depletion, total calcium decreases but 
the ionized calcium, which is metabolically active, is normal 
because it is still hormonally regulated. This situation is 
called pseudohypocalcemia. Corrected serum calcium levels 
can be estimated using the following formula:

    	Corrected Ca Measured Ca albumin[ ] [ ] . ( [ ]).= + ´ -0 8 4 	

Similarly, ionized calcium levels can be estimated from 
total calcium levels:

	 [ ] [ ] . [ ].Ca Total Ca protein2 0 8+ = - ´ 	

However, the binding of the albumin-calcium complex is 
influenced by pH, which renders the estimate inaccurate in 
most critically ill patients where direct measure of ionized 
calcium should be preferred. For instance, a study in trauma 
patients compared 22 methods to estimate corrected total 
serum calcium and serum ionized calcium and found that 
they had an average sensitivity of 25% for the detection of 
hypocalcemia [129]. However, a marked serum hypocalce-
mia with less than 7 mg/dL total calcium levels is generally 
a good marker of ionized hypocalcemia in critically ill 
patients [130].

Manifestations of hypocalcemia are explained by the 
hyperexcitability of the peripheral and central nervous sys-
tem. Tetany is the hallmark of acute hypocalcemia, mostly 
occurring with ionized calcium below 4.3 mg/dL and total 
serum calcium below 7.5 mg/dL [131]. Patients first com-
plain of paresthesias around the mouth and in the extremities 
and of muscle spasms. The Chvostek and Trousseau signs can 
be observed. Gastrointestinal symptoms can occur because of 
the stimulation of the vagal nerve system, with dysphagia, 
nausea, biliary colic, abdominal pain, or cramping [19, 132]. 
Lethargy, stupor, and finally coma occur. Laryngospasm and 
bronchospasm are potential and severe complications.

Chronic hypocalcemia, mostly seen in patients with 
hypoparathyroidism, leads to skin and dental changes, basal 
ganglia calcifications, extrapyramidal signs (parkinsonism 
or choreo-athetosis), and cataract.

Seizures are most commonly of the generalized tonic-
clonic type but nonconvulsive status epilepticus can occur 
[133]. Patients often exhibit symptoms and signs of neuro-
muscular hyperexcitability but isolated seizures have been 
reported [134].

�Management of Hypocalcemia
Symptomatic patients with tetany or seizures and patients 
with prolonged QT interval or with calcium below 7.5 mg/
dL should receive intravenous calcium. Otherwise, oral sup-
plementation can be used.

Calcium gluconate is generally given diluted at a dose 
of 1 or 2 g over 10–20 min and not faster because of the 
risk of cardiac dysfunction. The supplementation is con-
tinued with an intravenous drip of 10% calcium gluconate 
or calcium chloride. Calcium gluconate is usually pre-
ferred, as it carries a lower risk of tissue necrosis in case of 
accidental extravasation. The infusion rate is guided by 
improvement of symptoms and ionized serum calcium 
monitoring every hour.

Table 18.6  Causes of hypocalcemia

Etiologies

Renal failure

Hypoparathyroidism or pseudohypoparathyroidism (PTH 
resistance)

Magnesium deficiency

Pancreatitis

Osteoblastic metastasis

Tumor lysis syndrome

Sepsis

Vitamin D deficiency or receptor defects (nutritional deficiency, 
malabsorption)

Calcium-sensing receptor mutations

Drugs: bisphosphonates, anticonvulsants, calcitonin, phosphate, 
tyrosine kinase inhibitors (Imatinib)

Hypoalbuminemia (pseudohypocalcemia)

Transfusion of citrated blood products

Hyperphosphatemia
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The underlying cause should be identified, by measuring 
PTH, magnesium, creatinine, phosphate, and vitamin D levels, 
and treated. Concurrent hypomagnesemia should be corrected.

�Hypercalcemia

The most frequent causes of hypercalcemia are primary 
hyperparathyroidism, due to parathyroid adenoma, and 
malignancy. Rare causes include granulomatous diseases, 
such as sarcoidosis or tuberculosis, drugs, and genetic disor-
ders. A mild chronic hypercalcemia is typical of primary 
hyperparathyroidism and is often asymptomatic while the 
hypercalcemia associated with malignancy is usually more 
severe (>13 mg/dL), develops more rapidly and is thus more 
often symptomatic.

Primary hyperparathyroidism is usually caused by a PTH-
secreting parathyroid adenoma. The incidence reaches 
1/1000 in postmenopausal women. Patients with secondary 
hyperparathyroidism due to severe chronic renal disease or 
tertiary hyperparathyroidism can also develop hypercalce-
mia. Familial hypocalciuric hypercalcemia is a rare genetic 
disorder in which higher than normal serum calcium concen-
trations are required to suppress PTH release due to a loss-
of-function mutation in the calcium-sensing receptors.

Hypercalcemia can complicate malignancy, mainly lung, 
breast, and hematological cancers. In lung and breast carci-
nomas, there is secretion of an active PTH-related protein 
(PTH-RP) that acts as PTH and activates the renal and intes-
tinal absorption of calcium and its mobilization from the 
bones. In turn, serum levels of PTH are very low, as its secre-
tion by the parathyroid glands is inhibited [135].

In granulomatous disorders, calcitriol is synthesized from 
25-OH vitamin D by activated macrophages independently of 
PTH, leading to uncontrolled intestinal absorption of calcium.

Drugs such as lithium, thiazides, and theophylline can inter-
fere with calcium homeostasis and lead to hypercalcemia.

Most often, hypercalcemia is part of the reason for the 
admission of patient in the ICU but it sometimes can develop 
as a consequence of critical illness. Patients with prolonged 
immobilization, extensive burns or rhabdomyolysis, and 
acute renal failure are at risk.

Other causes of hypercalcemia are summarized in Table 18.7.
Mild hypercalcemia is often asymptomatic but severe 

hypercalcemia causes nausea, vomiting, polyuria, constipa-
tion, headache, lethargy, and ultimately coma. Chronic 
hypercalcemia can lead to nephrolithiasis. Hypercalcemia 
causes afferent arteriolar vasoconstriction, which may lead 
to renal failure.

Seizures due to hypercalcemia are probably very rare. 
Only a handful of cases have been described in the literature 
[136–138]. Two cases of milk-alkali syndrome with hyper-
calcemia and status epilepticus have been reported but both 

patients were later found to have mesial temporal sclerosis 
[139]. Whether it was a cause or a consequence of the epi-
sode of status epilepticus is unclear. Another case of milk-
alkali syndrome was complicated by status epilepticus but 
the patient also had acute renal failure and metabolic alkalo-
sis which may both have contributed to seizures [140].

The fact that hypercalcemia can lead to seizures may 
indeed appear paradoxical as extracellular calcium plays a 
stabilizing role on neuronal membranes and reduces epilep-
tiform discharges in vitro (see above). One possible explana-
tion is that hypercalcemia may cause reversible 
vasoconstriction (RCVS) and posterior reversible encepha-
lopathy syndromes (PRES), which themselves are often 
complicated by seizures. Several cases have been described, 
usually without significant renal failure or hypertension 
[141–144].

�Management of Hypercalcemia
In the absence of an obvious cause to the hypercalcemia, 
PTH should be measured to rule out primary 
hypoparathyroidism. If PTH levels are normal or low, 
PTH-RP levels and vitamin D metabolites are measured.

When hypercalcemia is mild and not symptomatic, the 
treatment is the treatment of the underlying cause. In addi-
tion, all calcium-containing medications should be discon-
tinued and aggravating factors, including thiazide diuretics, 
dehydration, and prolonged bed rest, should be avoided.

When hypercalcemia is >14 mg/dL or symptomatic, sup-
portive management should be initiated.

The concurrent administration of massive saline infusion 
and loop diuretics that used to be recommended in the past is 
now discouraged due to the high rate of electrolyte compli-
cations (hypokalemia, hypomagnesemia) and volume deple-
tion, and the availability of drugs that inhibit bone resorption, 
such as calcitonin and bisphosphonates.

Table 18.7  Causes of hypercalcemia

Primary hyperparathyroidism

Malignancy-associated hypercalcemia

Granulomatous disease Sarcoidosis
Tuberculosis
Candidiasis
Leprosy

Familial hypocalciuric hypercalcemia

Milk-alkali syndrome

Endocrine associated hypercalcemia Adrenal insufficiency
Hyperthyroidism

Immobilization

Drugs Lithium
Vit D
Vit A
Estrogen
Theophylline
Thiazide diuretics
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Hydration with isotonic saline is still recommended but 
only to correct possible volume depletion due to 
hypercalcemia-induced polyuria. Patients should concur-
rently receive calcitonin (4 IU/kg SC). The response to calci-
tonin occurs within 12–24 h and should be monitored. If the 
patient responds, the administration can be repeated, up to 8 
IU/kg every 6–8 h. Bisphosphonates (zoledronic acid 4 mg 
IV) should be administered as well and will contribute to the 
long-term control of normocalcemia.

Hemodialysis can be considered in patients with serum 
calcium concentrations >18 mg/dL and neurologic symp-
toms or in those with renal failure [135].

The treatment of the underlying cause also should be ini-
tiated. High dose glucocorticoids are effective in patients 
with vitamin D dependent hypercalcemia as in sarcoidosis, 
T-cell lymphomas, or multiple myeloma.

�Magnesium and Seizures

Magnesium (Mg) plays an essential role in many physiologi-
cal processes, including as a cofactor in key enzymatic reac-
tions and as a stabilizer of cellular membranes [145]. Low Mg 
is known to be associated with poor clinical outcome in hospi-
talized patients, especially when ionized Mg is decreased, and 
is correlates with a higher mortality in the intensive care unit 
[146]. High ionized Mg (>0.6 mM/L) is also associated with 
higher mortality in critical care units [146].

�Magnesium Homeostasis

Magnesium homeostasis is entirely dependent on dietary intake. 
One third of the ingested magnesium (around 360 mg daily) is 
absorbed in the small bowel and balance is regulated by urinary 
excretion and reabsorption. This regulation is not under hor-
monal regulation, in contrast to other ions, but is driven by 
sodium and water reabsorption in the proximal tubules.

Magnesium is stored almost entirely intracellularly, 
mainly in bones. It is the second intracellular cation after 
potassium. The extracellular magnesium is largely bound to 
anions or protein. Normal serum Mg concentration ranges 
from 0.7 to 1 mM/L (1.7–2.2 mg/dL) and ionized magne-
sium from 0.45 to 0.6 mM/L [147]. In case of decreased 
dietary intake or renal loss, Mg is mobilized from bones, but 
this is a slow process that takes weeks.

�Hypomagnesemia

Hypomagnesemia is a frequent electrolyte disturbance. It 
occurs in approximately 12% hospitalized patients and up to 
50–60% ICU patients [148, 149].

Causes of hypomagnesemia are detailed in Table 18.8 and 
be subdivided in decreased dietary intake and abnormal gas-
trointestinal or renal loss [150]. Patients with chronic alco-
holism are at high risk of hypomagnesemia, due to poor diet 
and increased renal loss. The effect of diuretics is usually 
mild but can be potentiated by the co-administration of 
proton-pump inhibitors.

Hypomagnesemia presents with signs of neuromuscular 
hyperexcitability (tremor, fasciculations, tetany with posi-
tive Trousseau and Chvostek signs, hyperreflexia) but the 
frequently associated hypocalcemia also contributes to these 
clinical features. Nonspecific signs of CNS dysfunction such 
as fatigue and lethargy might occur. Vertical nystagmus is a 
rare but alarming sign of severe hypomagnesemia [151].

Magnesium ions play a role in Na+/K+ ATPase pump 
function and calcium channel blockade. If magnesium levels 
decrease, intracellular calcium concentration increases, 
which can induce vasoconstriction and increased blood pres-
sure [152]. Cardiac arrhythmias and electrocardiographic 
changes include intractable ventricular tachycardia and 
fibrillation, torsades de pointes, multifocal atrial tachycar-
dia, and digitalis-toxic ventricular tachyarrhythmia [150]. 
High blood pressure induces dilatation of the myogenic 
vasoconstriction of cerebral arteries and arterioles, increases 
BBB permeability, and causes edema formation [153].

Table 18.8  Causes of hypomagnesemia

Decreased nutritional 
intake

• � Alcohol (also in part due to renal 
loss)

•  Parenteral feeding

Gastrointestinal loss • � Malabsorption, chronic diarrhea, 
small bowel bypass surgery, acute 
pancreatitis [14], PPI

Bone redistribution in 
hyperparathyroidism and 
hungry bone syndrome

Renal loss • � Polyuria (diabetes, osmotic, 
recovery from AKI, obstruction, 
and transplantation)

• � Hypercalcemia < metastases 
(inhibits reabsorption) but not 
hyperPTH

•  Tubular dysfunction
• � Extracellular fluid expansion 

(nephrotic syndrome, liver failure, 
cardiac failure)

•  Iatrogenic renal wasting
•  Thiazides and loop diuretics
• � Nephrotoxic drugs (platinum-based 

agents, epithelial growth factor 
(EGF) receptor-blockers, 
amphothericin B, aminoglycosides, 
foscarnet, cyclosporine/tacrolimus)

• � Genetic disorders: familial renal 
magnesium wasting (diagnosis of 
exclusion)

• � Most frequent is Gitelman 
syndrome, Bartter’s syndrome

Cutaneous loss Extensive burn injuries
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Chronic hypomagnesemia leads to dysregulation of 
calcium homeostasis with hypocalcemia, hypoparathyroid-
ism, vitamin D deficiency, and osteoporosis [154], and to 
refractory hypokalemia, due to renal potassium wasting.

The relationship between hypomagnesemia and seizures 
is unclear.

There is weak evidence that people with epilepsy are 
more likely to have chronic magnesium deficiency [155, 
156] and a small uncontrolled study suggested that magne-
sium supplementation might improve seizure control in 
patients with refractory epilepsy [157]. High dose intrave-
nous magnesium infusion has been used to treat super-
refractory status in children with mitochondrial disorder due 
to mutation in the polg1 gene [158]. Magnesium is also the 
favored agent for seizure prophylaxis in women with pre-
eclampsia [159, 160].

Altogether, these findings might suggest a direct anticon-
vulsant effect of magnesium and an increased risk for sei-
zures with hypomagnesemia.

However, magnesium barely crosses the BBB and reports 
of seizures due to hypomagnesemia are scarce. In the few 
reported adult cases, other potential causes of seizures were 
present [161–164]. In neonates with primary hypomagnese-
mia, seizures are frequently reported but severe hypocalce-
mia is also often present and might at least in part be 
responsible for the seizures [127, 165].

The anti-seizure effect of magnesium in pre-eclampsia 
might also relate more to its vasodilating and hypotensive 
effects [166–168].

Lastly, another confounding factor is that generalized 
tonic-clonic seizures are accompanied by catecholamine 
release that can aggravate hypomagnesemia caused by an 
intracellular magnesium shift [169, 170].

�Management of Hypomagnesemia
Total serum and ionized magnesium levels have to be mea-
sured together with calcium, potassium, albumin, and creati-
nine levels. If the cause is not obvious, the urine excreted 
fraction should be measured. If the excreted fraction is <5%, 
GI loss or cellular uptake should be suspected. An excreted 
fraction >5% indicates renal loss [171].

The best technic to measure magnesium status is still dis-
cussed [147]. Routine laboratory tests assess total Mg serum 
levels, but only the ionized fraction is physiologically active. 
Both fractions may vary independently in magnesium dys-
regulation. A study found that half of the patients with ionized 
hypomagnesemia had normal total magnesium concentration 
[146] and reliable concentrations of serum ionized magne-
sium can be obtained only by direct measurement [149].

The treatment of Mg depletion depends on its severity 
and on the presence of clinical manifestations. The defi-
ciency should be corrected if symptomatic or if the levels are 
persistently <0.5 mM/L.

Patients with arrhythmias, tetany, or seizures should 
receive 1–2 g intravenous magnesium sulfate over 2–15 
min, if the patient is hemodynamically unstable or over 60 
min, if stable. This initial dose is followed by an infusion 
of 4–8 g over 12–24 h during 3 or 5 days. Magnesium 
uptake by the cell is slow and a large part infused will be 
excreted in urines (around 50%). This treatment has to be 
adapted in case of renal dysfunction. The serum concen-
tration should be monitored frequently particularly with 
renal insufficiency.

Oral Mg replacement therapy should be given to asymptom-
atic patients. The underlying disease should be diagnosed and 
treated. Amiloride could also be used for its ability to increase 
Mg reabsorption and prevent hypomagnesemia in patients with 
renal failure or receiving thiazide or loop diuretics.

�Acid-Base Disorders and Seizures

Although acid-base disorders are common in the critically ill 
but they do not appear to be a major precipitant of acute sei-
zures. These disturbances can, however, be severe and are 
often associated with worse outcome, especially metabolic 
acidosis [172, 173]. The point prevalence of severe meta-
bolic or mixed acidemia (pH < 7.20) in critically ill patients 
was 6% in a recent prospective multi-center study and it was 
associated with an ICU mortality rate of 57%, but other stud-
ies have not found such an association [174]. A metabolic 
alkalemia with a pH of 7.55 is associated with increased 
mortality [175].

The most frequent cause of acidosis is septic shock. Other 
causes of acidosis and alkalosis are presented in Table 18.9.

The acid-base balance is finely controlled by different 
mechanisms to keep the blood pH within a between 7.35 and 
7.45. The Henderson–Hasselbach equation
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determines that blood pH is set by the ratio of the serum 
bicarbonate concentration and the PaCO2.

Any acid-base disturbance leads to a compensatory 
respiratory and renal response. The respiratory compensa-
tion is fast, acting within minutes, and is triggered by pH-
sensitive neurons in respiratory center of the central 
nervous system. When blood pH decreases, ventilation 
increases, and more carbon dioxide is released by the lungs, 
effectively lowering PaCO2 and bringing back pH to nor-
mal values. On the contrary, when pH increases, ventilation 
rate decreases, PaCO2 increases, and pH decreases back. 
The kidneys also play a central role in acid-base balance by 
excreting excess acids or bases but these adjustments are 
slower than lungs and take several days. Additionally, pairs 
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of weak acids and bases, such as carbonic acid and bicar-
bonate ions, and inorganic phosphate ions, also act as fast 
buffers to maintain control blood pH.

Acid-base disturbances cause potassium to shift into and 
out of the cells. In metabolic acidosis, hydrogen ions excess 
is buffered into the cells and to preserve the electro neutral-
ity, potassium ions move from the intracellular to the extra-
cellular fluid. Hyperkalemia is thus commonly seen in 
diabetic ketoacidosis. pH also modifies the binding equilib-
rium of calcium with small inorganic ions. Ionized calcium 
levels decrease when pH increases, which contributes to 
some of the symptoms and signs of alkalosis.

Metabolic acidosis causes nausea, vomiting, fatigue, and 
if severe, encephalopathy. Patients typically have a deep and 
rapid breathing (Kussmaul breathing). An inability to gener-
ate the respiratory response to acidosis should raise the ques-
tion of a respiratory or neurologic disease. Respiratory 
acidosis manifestations are headache, confusion, lethargy 
and breathing is typically slow.

Metabolic alkalosis is often asymptomatic or symptoms 
are related to the hypokalemia or the underlying cause but 
acute respiratory alkalosis may be spectacular. Patients 
with alkalosis present with irritability, paresthesias, mus-

cle twitching or cramps, and muscle spasms, a clinical pic-
ture very similar to hypocalcemia and hypomagnesemia.

Sudden changes in PCO2 can provoke severe neurologic 
manifestations with seizures and coma [176, 177], especially 
in patients with chronic liver disease because the alkaline pH 
favors the ammonia entrance into the central nervous system 
[178, 179].

It should be first mentioned that metabolic (lactic) and 
respiratory acidosis are often the transient consequence of 
seizures, especially of generalized tonic-clonic type [22, 23]. 
In fact, lactic acidosis is a good indicator of seizures in 
patients who present with a first episode of loss of conscious-
ness. Seizures also directly acidify the cerebral extracellular 
fluid, which can reduce neuronal excitability and is thought to 
contribute to seizure arrest and postictal refractoriness [180].

Some anti-seizure medications, including topiramate, 
zonisamide and acetazolamide, slightly acidify the blood 
through inhibition of the carbonic anhydrase. The role of this 
induced non-anion gap metabolic acidosis in seizure control 
in this setting is unclear. Conversely, voluntary hyperventila-
tion is used during routine electroencephalography to reveal 
epileptiform discharges [181, 182]. It will trigger a seizure in 
virtually all children with absence epilepsy. It is somewhat 
less helpful in other situations, but may nonetheless increase 
the frequency, and thus the chance to observe, of interictal 
discharges [183, 184].

Hyperthermia-induced hyperventilation and alkalosis are 
associated with febrile seizures in children [185, 186], although 
a causal relationship is still not clearly demonstrated.

A few cases of severe metabolic alkalosis and seizures 
have been reported in relationship with the ingestion of large 
quantities of sodium bicarbonate (baking soda), as an over-
the-counter antacid medication. Other cases occurred in the 
setting of Gitelman syndrome, an autosomal recessive kidney 
disorder caused by loss of function mutations of the thiazide 
sensitive sodium chloride symporter. The role of alkalosis in 
inducing seizures is unclear as these patients also had other 
electrolyte disturbances, including hypomagnesemia.

On the other hand, respiratory acidosis is a potent anti-
seizure agent. Inhalation of 5% CO2 has been successfully 
used to abort seizures in animals [187] and in children with 
absence epilepsy [188] and has been proposed as a treatment 
for prolonged febrile seizures.

In critically ill patients, seizures have been reported in 
association with metabolic acidosis. The role of acidosis is 
unclear, though, as almost all cases were confounded by the 
presence of intoxication (non-steroidal anti-inflammatory 
drugs intoxication, alpha-lipoic acid, neem oil, margosa oil, 
citalopram, isoniazid, paracetamol, 5-FU, cocaine/amphet-
amines, cyanide, strychnine, ethanol, propylene glycol, eth-
ylene glycol, methanol), an underlying inborn error of 
metabolism, an associated electrolyte imbalance, renal fail-

Table 18.9  Causes of acidosis and alkalosis

Metabolic 
acidosis

•  Diabetic ketoacidosis
•  Drugs: acetazolamide, alcohol, aspirin, iron
• � Poisons: carbon monoxide, cyanide, 

ethylene glycol, methanol
•  Lactic acidosis
• � Loss of bases (bicarbonate) through the 

digestive tract (diarrhea, colostomy, etc.)
•  Advanced kidney disease
•  Renal tubular acidosis

Metabolic 
alkalosis

• � Loss of hydrogen from vomiting, stomach 
drainage, congenital chloride diarrhea

• � Mineralocorticoid excess (Cushing 
syndrome, adrenal tumors)

•  Bartter or Gitelman syndrome
•  Diuretics (thiazides, furosemide)
• � Hypercalcemia and the milk-alkali 

syndrome
•  Hypokalemia
•  Alkali administration

Respiratory 
acidosis

• � Lung disorders (chronic bronchitis, severe 
asthma, pneumonia, etc.)

•  Sleep disorders breathing
• � Disorders of the nerves or muscles of the 

chest (Guillain–Barre syndrome, 
amyotrophic lateral sclerosis)

•  Drugs: alcohol, opioids, strong sedatives

Respiratory 
alkalosis

•  Anxiety
•  Aspirin overdose (early stage)
•  Fever
•  Low levels of oxygen
•  Pain
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ure, Wernicke encephalopathy, or PRES. In fact, the associa-
tion of acidosis, encephalopathy and seizures should strongly 
suggest the possibility of an acute intoxication or metabolic 
disturbance. Also, while blood pH decreases with metabolic 
acidosis, brain pH may in fact increase as the BBB is rela-
tively impermeable to bicarbonate ions but not to CO2 gas 
molecules, whose concentration decreases due to the com-
pensatory respiratory mechanism [189]. Thus, it is possible 
that acute metabolic acidosis may trigger seizures in part due 
to secondary brain alkalosis.

Recent studies in neonates have demonstrated that post-
asphyxia seizures are attributable to brain alkalosis due to an 
enhanced extrusion of H+ ions across the blood–brain barrier 
in the recovery phase from asphyxia-induced acidosis [190].

�Management of Acid-Base Disorders

The acid-base disorders are categorized as metabolic or respi-
ratory to choose effective therapeutic strategies. The diagnosis 
requires the measurement of arterial blood gases, electrolyte 
lactate and glucose levels, and renal function. The treatment 
focuses on correcting the underlying etiology [191]. The cor-
rection of acidemia by itself with the administration of intrave-
nous buffers (sodium bicarbonate) remains controversial [192].
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�Introduction

Alcohol use disorders have become fairly common in the 
general population, and are quite frequently under-addressed 
in the inpatient setting. In 2010, 17.9 million Americans 
were identified as alcohol-dependent or abusers. An esti-
mated 10–33% of patients in the critical care setting carry 
the diagnosis of alcohol use or dependence [1]. Rates are 
higher in adult men (12.4%) than adult women (4.9%). The 
DSM-5 estimates that 1 in 5 ICU admissions in some urban 
hospitals may be related to alcohol, and that at least 20% of 
ER visits by adult patients may be related to alcohol abuse or 
withdrawal [2, 3]. Diagnostic criteria for alcohol abuse and 
dependence disorders have now been unified into a spectrum 
of qualifying characteristics which help providers delineate 
the appropriate diagnosis to guide management [2]. Before 
discussing management of alcohol-related seizures within 
the intensive care unit (ICU), it is necessary to familiarize 
oneself with the revised diagnostic criteria for abuse and 
dependence disorders, and to acknowledge the multiple con-
founding medical comorbidities that patients with alcohol 
withdrawal syndromes often present with.

This chapter will review the definition of alcohol use dis-
orders, pathophysiology of alcohol withdrawal and alcohol-
related seizures, associated electrographic findings, treatment 
of alcohol-related seizures, and management of other comor-
bid medical conditions and other critical care dilemmas, 

which may arise while treating these patients for seizures in 
the ICU; including delirium, agitation, and the need for 
mechanical ventilation.

�Definition and Diagnosis of Alcohol 
Spectrum Disorders

The DSM-5 characterizes the severity of alcohol use on a 
spectrum of mild to severe based on the number of symptoms 
the patient exhibits. Mild use is characterized by the presence 
of 2–3 symptoms, moderate use as 4–5 symptoms, and severe 
use by the presence of 6 or more symptoms. Presence of two 
of these symptoms indicates an Alcohol Use Disorder (AUD). 
Qualifying symptoms include: (1) Use in larger amounts or 
over a longer period than intended. (2) Persistent desire or 
unsuccessful efforts to cut down or control use. (3) Excessive 
amounts of time spent in the procurement, usage, or recovery 
from its effects. (4) Craving, or a strong desire or urge to use 
alcohol. (5) Recurrent use resulting in a failure to fulfill major 
role obligations at work, school, or home. (6) Continued use 
despite having persistent or recurrent social or interpersonal 
problems caused or exacerbated by the effects of alcohol. (7) 
Reduction or cessation of important social, occupational, or 
recreational activities because of use. (8) Recurrent use in 
situations in which are physically hazardous. (9) Continued 
alcohol use despite knowledge of having a persistent or recur-
rent physical or psychological problem caused or exacerbated 
it. Additional qualifying characteristics may include presence 
of tolerance and or a withdrawal syndrome.

Tolerance is defined as either an increased amount of 
alcohol necessary to achieve intoxication or desired effect, or 
a diminished effect with ingestion of the same amount of 
alcohol [2]. Blood alcohol concentration (BAL) is the most 
objective test to judge tolerance to alcohol. An individual 
who has a BAL of 150 mg of ethanol per deciliter who dem-
onstrates no signs of intoxication should be considered as 
having some tolerance to alcohol. In the non-tolerant indi-
vidual, a BAL of 200  mg of ethanol/deciliter ingestion 
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should lead to severe intoxication. BAL of 400 mg/dL may 
lead to coma and death [4].

Elevated serum gamma glutamyl transferase (γ-GT) lev-
els (>35 units) may also be indicative of heavy chronic drink-
ing. Elevated levels may be present in up to 70% of chronic 
drinkers. Carbohydrate-deficient transferrin (CDT) levels 
may also be elevated (>20 units), and may be helpful in iden-
tifying heavy alcohol users. As these levels return to normal 
during periods of abstinence, it is crucial to obtain a clear 
history of alcohol use in order to define where an individual 
may fall on the diagnostic spectrum in order to predict 
whether they are likely to withdrawal [2, 5–8].

The genetic profile of the individual may also play a role 
in alcohol consumption. A three to fourfold increase in risk 
of alcohol use disorders has been observed in children of 
individuals with preexisting alcohol use disorders, whether 
they are raised by them or adoptive parents. There are addi-
tionally significantly higher rates of dysfunctional use in 
monozygotic versus dizygotic twins when one twin has a 
diagnosis of an alcohol use disorder [2].

�Alcohol Withdrawal Syndrome

Withdrawal symptoms may develop anywhere between 4 and 
24 h after heavy ingestion [3]. One must take care to delineate 
true withdrawal symptoms from manifestations of alternative 
disease processes; for example, tremors from hypoglycemia 
or drug effect and psychomotor agitation or seizures from 
street or prescription drug withdrawal. It is often difficult to 
isolate true withdrawal symptoms as many patients have 
overlapping comorbidities with similar presentation. Alcohol 
withdrawal symptoms may range from mild to severe. The 
risk of developing alcohol withdrawal symptoms increases 
with quantity of intake and chronicity of alcohol use [9]. 
Habitual consumption of greater than eight drinks per day 
may predispose individuals to withdrawal symptoms [2]. As 
the effects of alcohol withdrawal may be deleterious, indi-
viduals may choose to continue to self-medicate with alcohol 
or other drugs to avoid developing symptoms.

Criteria have been established to define the syndrome of 
alcohol withdrawal. These include abrupt cessation or reduc-
tion in prolonged, heavy alcohol intake accompanied by two 
or more of the following: (1) autonomic hyperactivity 
(sweating, heart rates greater than 100 bpm), (2) hand trem-
ors, (3) insomnia, (4) nausea or vomiting, (5) transient tac-
tile, visual, or auditory hallucinations (delirium tremens), (6) 
psychomotor agitation, (7) anxiety, (8) generalized tonic-
clonic seizures [2, 10].

These symptoms and signs must cause significant distress 
and impairment in functioning, and may not be attributable to 
other comorbid medical conditions, including psychiatric 
conditions or drug intoxication [2]. Symptoms may be 

relieved by alcohol or benzodiazepine administration, and 
evolve in time after the last drink (Table 19.1), usually peak-
ing in intensity during day two of cessation, with improve-
ment usually by days four or five. Anxiety, tremors, and 
insomnia may persist for 3–6 months. Less than 10–20% of 
chronic abusers will suffer from severe withdrawal symptoms 
(delirium tremens), and 3–10% of abusers will suffer from 
alcohol withdrawal seizures in the outpatient setting [3, 8, 9].

Due to essentially enforced abstention from alcohol use in 
the critical care setting during hospital admission, up to 30% 
of patients may develop symptoms associated with compli-
cated (severe) alcohol withdrawal syndrome, including delir-
ium tremens (24–33%) [11] and alcohol withdrawal seizures 
(5–17%) [12]. Mortality from delirium tremens may be as 
high as 8% in some patient populations, and may often be 
related secondarily to concurrent comorbid problems, such 
as infection leading sepsis or cardiac death.

Consideration for hospital admission includes presence of 
alcohol withdrawal symptoms as defined above, fever, enceph-
alopathy, symptoms or objective laboratory data suggestive of 
infection or other systemic processes which may be secondary 
to alcohol use, or alcohol-related seizures, such as trauma.

Approximately 70% of patients admitted and treated in 
the ICU for severe alcohol withdrawal symptoms are intu-
bated and mechanically ventilated during their stay [11]. The 
majority of patients, however, may only suffer from mild to 
moderate withdrawal symptoms, and overuse of medication 
triggered by scoring scales for treatment of withdrawal 
symptoms may have deleterious effects such as over sedation 
and respiratory depression [12].

Table 19.1  Signs and symptoms of alcohol withdrawal syndrome, 
from last alcohol consumption presented by time-degree (modified 
from Mirijello et al. [3]). There is overlap between the degrees

Degree

Time from  
last ethanol 
consumption 
(hours)

Presenting clinical  
signs and symptoms

A. Mild 
sympathomimetic 
symptoms

6–12 Tremors, diaphoresis, 
hyperthermia, nausea/vomiting, 
hypertension, tachycardia, 
tachypnea, mydriasis

B. Alcoholic 
hallucinosis 
(25%)

12–24 Visual, auditory and tactile 
altered perceptions, with patient 
recognizing them as unreal

C. Alcohol 
withdrawal 
seizures (10%)

24–48 Generalized tonic-clonic 
seizures (with short or no 
postictal period), rarely partial 
onset seizures

D. Delirium 
tremens (5%)

48–72 Delirium (hyperactive, 
hypoactive, or mixed type), 
disorientation, psychosis, 
hallucinations, hyperthermia, 
malignant hypertension, 
insomnia, seizures, tremors, 
asterixis, coma
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�Scales for Monitoring Withdrawal Symptoms

Multiple assessment scales have been devised for evaluation 
of withdrawal symptoms [3, 5, 12]. The most commonly uti-
lized scale to quantify the severity of alcohol withdrawal is 
the Clinical Institute Withdrawal Assessment of Alcohol 
Scale, Revised (CIWA-Ar). The CIWA-Ar is a ten item ques-
tionnaire, which scores withdrawal severity in a range of 
0–67. Scores 0–8 indicate absent to minimal withdrawal, 
9–15 moderate withdrawal, and scores greater than 16 dem-
onstrate severe withdrawal [8].

Most patients require ICU care for symptomatic treatment 
for scores greater than 15–20 [12, 13]. Use of the CIWA-Ar 
scale for symptomatic guidance of therapy in the critical care 
setting may be difficult in mechanically ventilated patients 
not able to verbalize responses appropriately. This may poten-
tially lead to falsely inflated scores and subsequent medica-
tion over-administration, as symptoms of comorbid critical 
illness may be erroneously misinterpreted as withdrawal 
symptoms; or to delay in appropriate critical care, as symp-
toms and signs are attributed to alcohol withdrawal [5].

The Prediction of Alcohol Withdrawal Severity Scale 
(PAWSS) has also been developed and utilized in conjunc-
tion with the CIWA-Ar scale as a clinical prediction scale to 
define patients which are more likely to suffer from compli-
cated alcohol withdrawal syndrome. The questionnaire has 
threshold criteria of alcohol use within 30 days; if patients 
meet this requirement they are screened into receiving the 
questionnaire; and are given points for previous episodes of 
severe intoxication, blackouts, delirium tremens, seizures, 
comorbid substance use, and previous alcohol rehabilitation 
treatment. Points are also given for meeting clinical criteria 
of BAL>200 mg ethanol/deciliter, or evidence of autonomic 
hyperactivity.

Patients with PAWSS< 4 are considered at low risk for 
complicated alcohol withdrawal syndrome; scores of PAWSS 
≥4 are considered at high risk for complicated alcohol with-
drawal syndrome. The study by Maldonado et al. suggested 
that using a PAWSS cutoff score of 4 led the scale to have a 
sensitivity for identifying complicated alcohol withdrawal 
syndrome of 93.1%, specificity of 99.5%, positive predictive 
value of 93.1%, and negative predictive value of 99.5% [12].

�Incidence and Timeline of Alcohol-Related 
Seizures

Alcohol-related seizures (ARS) are a frequent occurrence in 
the critical care setting, and appropriate recognition and 
management may help decrease length of stay and improve 
morbidity and mortality outcomes in that patient population. 
Seizures are found to occur predominately in the setting of 
alcohol withdrawal due to the neurochemical adaptive 

changes, which manifest secondary to chronic alcohol usage 

[5, 6, 8, 14, 15]. Seizures related to alcohol withdrawal usu-
ally occur prior to the onset of delirium tremens, (i.e., at 
onset of admission up to 72 h, and usually within a 5 day 
period of admission). In previous literature reviews, ques-
tions have been raised as to whether there is an actual asso-
ciation between alcohol withdrawal seizures and delirium 
tremens; or if these are of overlapping, but independent 
pathologies [5, 11].

Seizures may also occur during episodes of severe intoxi-
cation. While this may be less commonly encountered, this 
must remain in the differential diagnosis of the severely 
intoxicated patient who remains unarousable, or has focality 
in their neurologic exam. Patients with history of previous 
head trauma or previous intracranial pathology, toxometa-
bolic abnormalities, renal or hepatic dysfunction, increased 
age (>60), or history of epilepsy may be more prone to sei-
zures during acute alcohol intoxication. Cerebral atrophy 
combined with coagulopathy secondary to bone marrow 
suppression and hepatic dysfunction occurring with severe, 
prolonged alcohol use may lead to predisposition to develop-
ment of subdural or epidural hematomas, leaving one vulner-
able to alcohol-related seizures. Acute hepatic failure due to 
severe alcohol intoxication may also result in seizures, cere-
bral edema, coma, and death. Profound hyponatremia associ-
ated with chronic alcohol use may also lead to seizures 
during severe intoxication. Thorough laboratory workup 
including biochemical profile, blood counts, coagulation 
profile, liver profile, ammonia level, blood glucose levels, 
along with blood alcohol level, and arterial blood gases may 
be key in directing and predicting risk of seizures.

�Pathophysiologyof Alcohol Withdrawal 
and Alcohol-Related Seizures

In the normal brain, there exists a carefully orchestrated bal-
ance between excitatory and inhibitory neurotransmission. 
Alcohol withdrawal produces not only changes in the auto-
nomic system (which may result in hypertension, tachycar-
dia, or psychomotor agitation), but also changes which may 
lead to seizures and coma. Alcohol acts as a central nervous 
system depressant. Acute alcohol ingestion causes up 
regulation and potentiation of the inhibitory γ-aminobutyric 
acid (GABA) pathway on efferent neurons and inhibition of 
the excitatory N-methyl-D-aspartate (NMDA) receptors, 
resulting in significant CNS sedation [3]. As an adaptive 
mechanism, chronic use of alcohol results in down regula-
tion of the GABA pathway, causing a decrease in the number 
and sensitivity of GABA receptors as well as reduction in 
endogenous levels of GABA [16].

Over time, in order to produce the same levels of CNS 
sedation, an increased concentration of alcohol is needed 
(usually resulting in increased amounts of alcohol ingestion). 

This phenomenon is known as tolerance [8, 11]. In parallel, 
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compensatory increases in the activation of the excitatory 
glutamate pathways also occur, resulting in up regulation of 
NMDA receptors and increased levels of glutamate [3, 5, 8, 
16, 17].

Abrupt cessation or reduction in chronic alcohol intake in 
a patient who has become physiologically dependent on 
alcohol creates an imbalance in the CNS, with unopposed 
excitation resulting in hyperactivity of the autonomic sys-
tem, leading to withdrawal symptoms, and potentially to 
alcohol withdrawal seizures [8]. All of these changes over 
time lead to neuroplastic changes in the mesocorticolimbic 
system and the extended amygdala, which result in the 
strengthening of the compulsivity and relapse behaviors 
present during withdrawal phases in order to avoid manifes-
tation of withdrawal symptoms [16].

Alcohol withdrawal in itself can also potentiate hippo-
campal neuronal loss and can lead to a kindling effect which 
may lead to increased severity of future episodes of alcohol 
withdrawal, ultimately negative impacting memory and cog-
nitive functioning [12].

In individuals where there is a suspected history of 
chronic alcohol use and impending withdrawal is predicted 
to occur, coverage with oral or IV benzodiazepines should be 
utilized to prevent withdrawal symptoms and ultimately sei-
zures for at least a 7 day course. Patients may be considered 
for therapy, if daily consumption reaches ten beverages in a 
female or 15 beverages in a male (with each beverage con-
taining ~8 g of ethanol), history of recent withdrawal symp-
toms or history of withdrawal seizures, recent heavy binge 
drinking (greater than 20 drinks or 160 g of ethanol daily for 
longer than 7 days) [15].

�Genetic Influence

Genetic predisposition to alcohol intolerance may self-select 
some individuals from engaging in ingestion of excessive 
amounts of alcohol or vice versa.

Genetic polymorphisms of alcohol dehydrogenase (ADH) 
and aldehyde dehydrogenase (ALDH), two enzymes 
involved in alcohol metabolism may contribute to the vari-
ability in tolerance and abuse of alcohol in different patient 
populations across the world [15]. Most often seen in Asian 
populations, individuals with these variants (specifically in 
ALDH2*2 allele (Glu504Lys)) often have low alcohol toler-
ance and experience a flushing syndrome and palpitations 
[18]. This may affect up to 40% of Chinese, Korean, and 
Japanese populations, and may result in lower levels of alco-
hol abuse, withdrawal, and presence of alcohol-related sei-
zures, which, if they occur, may be secondary to comparatively 
lower consumption amounts.

Polymorphisms in ALDH1A1 and ALDH1B1 enzymes 
have been associated with alcohol consumption in Finnish 

and Danish populations, respectively [18]. There have been 
a significant number of genes, and gene polymorphisms 
which have been implicated in the development of alcohol 
dependence, predisposition for withdrawal symptoms and 
alcohol-related seizures.

A specific cluster of 58 genes has been identified by 
Morozova et al. in networks that were significantly enriched 
for alcohol metabolism and biotransformation. Some of 
these genes include GRIA1 and GRIA4, which encode iono-
tropic AMPA 1 and 4 glutamate receptors, and GRIN1, 
GRIN2B, and GRIN2C, which encode NMDA ionotropic 
glutamate receptor subunits 1, 2B, and 2C, indicating the 
importance of glutamatergic transmission as a central role in 
alcohol abuse, dependence, and withdrawal. Further studies 
need to be conducted in order to develop genetically tailored 
therapies, or at least genetic mapping to identify individuals 
likely to engage in alcohol abuse behaviors [18].

Multiple additional genetic factors regarding predisposi-
tion to dependence and withdrawal have been studied in rats 
and other small animals. In rats, low levels or pharmacological 
blockade of mGluR2 mRNA were found to increase alcohol 
intake, and alcohol seeking behavior. In post-mortem evalua-
tion of frontal cortex samples of alcohol-dependent patients, 
presence of decreased expression of metabotropic glutamate 
receptor mGluR2 mRNA was found to be prevalent, which 
may act as a marker of alcohol dependence [16]. In the com-
plex environment of the ICU, how much these and additional 
genes, interacting with each other and with the medications 
administered, lead to seizure development, is unknown.

�Comorbidities in the Alcoholic Patient 
with Seizures Admitted to an ICU

Based on the aforementioned, seizures in the alcoholic 
patient may be multifactorial. As noted previously, patients 
admitted and found to have severe alcohol withdrawal 
symptoms may suffer from alcohol withdrawal seizures at a 
rate of 5–17%. Alcohol abusers may ultimately also suffer 
from a significant number of medical comorbidities which 
may leave them prone to having seizures for other reasons. 
Often times, these individuals may concurrently suffer from 
anxiety, depression, or other psychiatric disorders. They 
may be prescribed anxiolytics, opioids, and antipsychotics, 
and may additionally be abusing other substances. An emer-
gency toxicology screen and STAT CT head as well as EKG, 
and lab work including complete blood count, biochemical 
profile, electrolytes, ammonia, troponin, lipase, amylase, 
blood glucose, and infectious workup should always be 
obtained. Consideration should additionally be made for 
lumbar puncture, if the clinical picture and patient history 
indicate a diagnosis of meningitis, which should be treated 
without delay.
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Acute systemic comorbidities, such as electrolyte distur-
bances (hypomagnesemia, hyponatremia, hypoglycemia), 
diabetic ketoacidosis, uncontrolled hypertension, myocardial 
infarction, immunosuppression leading to infectious pro-
cesses (bacteremia, urinary tract infections, pneumonia), and 
respiratory depression or insufficiency or central nervous sys-
tem comorbidities, such as infections (including meningitis, 
encephalitis, brain abscess), previous or concurrent ischemic 
or hemorrhagic strokes, traumatic brain injury, tumors and 
other intracranial pathologies, may all lead to decrease the 
threshold for seizures in the context of alcohol withdrawal.

Chronic alcohol abuse may lead to a host of systemic 
medical issues. Neurologic manifestations of major concern 
may include Wernicke’s encephalopathy (triad of ataxia, 
confusion, and ophthalmoplegia), secondary to thiamine 
deficiency, which may progress to Wernicke-Korsakoff syn-
drome, a later manifestation which further includes confabu-
lation and memory loss. Prophylactic treatment with IV 
thiamine and folic acid should be administered on admis-
sion, and prior to administration of any dextrose containing 
solution, as glucose oxidation is dependent on thiamine, and 
in case of thiamine deficiency may lead to worsening of neu-
rologic injury. Treatment of hypomagnesemia which usually 
accompanies low thiamine levels is necessary, as low magne-
sium levels may hinder thiamine absorption.

Additional neurologic manifestations may include pro-
found neuropathy, burning mouth syndrome (from thiamine 
deficiency), myopathy, severe memory impairment, diffi-
culty with executive decision processes, insomnia, tremors, 
and profound ataxia from cerebellar degeneration.

Cardiac abnormalities include development of alcohol-
related cardiomyopathy, electrolyte disturbances resulting in 
arrhythmias (from profound hypokalemia and hypomagnese-
mia), or elevated risk for cardiovascular disease including 
hypertension, hypertriglyceridemia, and myocardial infarction.

Gastrointestinal disturbances may include gastric or duo-
denal ulcers, alcoholic hepatitis, cirrhosis, fulminant liver 
failure leading to death, coagulopathies, pancreatitis, esoph-
agitis, esophageal varices, as well as esophageal, pancreatic, 
and liver cancers. Risk of re-feeding syndrome due to mal-
nutrition (which may also be suggested by hypomagnesemia, 
hypokalemia, and hypophosphatemia) must be considered.

Bone marrow suppression or hypersplenism from cirrho-
sis may be prominent in these patients, and caution should be 
taken to evaluate for thrombocytopenia prior to performing 
any procedures. By the same token, if there is concern for 
infectious process, consideration should be made to provide 
broad spectrum coverage with antibiotics.

Changes in hormonal balance may also occur, and males 
may suffer from low testosterone, gynecomastia, and erectile 
dysfunction. Females may suffer from irregular menses, spon-
taneous abortions, and births of infants with risk of fetal alco-
hol syndrome, if alcohol use is continued during pregnancy.

�Alcohol-Related Seizures

Some studies have proposed that ARS are more common in 
patients that have been repeatedly detoxified from alcohol, 
as opposed to chronic abusers with abrupt cessation. 
Postulation of increased rate of withdrawal seizures in 
repeatedly detoxified patient relies on the kindling model of 
seizure activity in alcoholic individuals [19]. Individuals 
who imbibe greater than 50 g of ethanol daily are at higher 
risk of developing alcohol withdrawal seizures [15]. Patients 
with history of repeated binge drinking are at less of a risk of 
developing ARS than the above two groups, unless they have 
a history of previous post-traumatic epilepsy or idiopathic 
epilepsy, which may make even moderate amounts of alco-
hol intoxication lower the seizure threshold, and may 
increase the ability for these patients to seize.

Previous reviews have identified clinical predictors of 
those more likely to suffer from severe alcohol withdrawal 
syndrome and ARS. These include having had previous doc-
umented episodes of delirium tremens; previous documented 
ARS; higher ALT on admission (clinical predictor of severe 
alcohol withdrawal), higher γ-GT (clinical predictor for 
ARS), hypokalemia, and or thrombocytopenia on admission 
[11]. ARS usually precede delirium tremens. Seizures after 
the 5–7 day post-withdrawal period should be investigated 
for alternative comorbidities, including intracranial pathol-
ogy, infection, hypoxemia, metabolic disturbance (electro-
lyte or blood glucose), or drugs which may decrease the 
threshold for seizures.

Most ARS are of generalized onset (80%), and manifest 
as generalized tonic-clonic seizures, with some studies 
reporting partial onset seizures in 8.3–22%. Some of these 
patients may have overlapping underlying localization 
related epilepsy, idiopathic generalized epilepsy, or post-
traumatic epilepsy. MRI brain with and without gadolinium 
and with epilepsy protocol should be obtained on patients 
with any focality found on the clinical examination or the 
EEG to help differentiate whether there is an underlying 
organic pathology, which may have been exacerbated by 
alcohol withdrawal [20–27].

Rarely, ARS progresses into status epilepticus. Patients 
should be placed on continuous EEG monitoring, and consider-
ation should be made for airway protection with intubation if 
seizures persist. Evaluation for underlying pathology (infectious 
or intracranial pathology) via imaging and CSF analysis should 
be obtained. Rare cases of non-convulsive status epilepticus 
(NCSE) have also been reported. If obtundation persists despite 
normalization of BAL and correction of toxometabolic abnor-
malities, consideration for NCSE should be made. Continuous 
EEG should be initiated and AED treatment administered if 
findings are indicative of seizure activity.

A proposed condition of subacute encephalopathy with 
seizures in alcoholics (SESA) has been recognized in rare 
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cases, and has been proposed as a new subset of NCSE. Less 
than ten cases have been reported. First described in the 
1980s, case reports describe chronic alcoholics presenting 
with confusion, persistent encephalopathy despite toxometa-
bolic workup, intermittent unilateral weakness or jerking (in 
some cases) and presence of persistent ictal activity on EEG, 
or presence of periodic lateralized epileptiform discharges 
(PLEDS). SESA has been postulated as a variant of NSCE 
which has gone unrecognized in the alcohol population 
thought of to have had a single seizure with prolonged post-
ictal state (which may have been NCSE, just not recorded on 
EEG). MRI findings may demonstrate T2 hyperintensities on 
FLAIR, and DWI changes which may resolve. It has been 
postulated that the pathophysiology of SESA is similar to 
that of PRES, as FLAIR and DWI changes have been shown 
to resolve in some case reports, with resolution of ictal activ-
ity. While only a few cases have been reported; if this indeed 
is responsible for the suspected “prolonged post ictal state” 
found in many alcoholics with seizures, SESA NCSE may 
responsible for a larger number of cases of unexplained pro-
longed encephalopathy than previously thought.

�Electrographic Findings on EEG Monitoring 
of Patients with Alcohol Abuse and or 
Alcohol-Related Seizures

EEG in abstinent individuals with a history of alcohol use is 
generally normal. In chronic habitual alcohol users there 
may be more prominent amounts of theta (slower) and beta 
(faster) activity, which may overall be of lower voltage. The 
prominence and amplitude of alpha range activity may be 
reduced. It has been proposed that increased beta activity 
may also be related to administration of benzodiazepines in 
the withdrawing patient [22]. Additionally, non-focal slow-
ing may also occur in early abstinence [22, 24, 28, 29].

In the subgroup analysis of known epileptic patients ver-
sus patients with known ARS by Sand et  al., quantitative 
EEG analysis of both groups post-seizure demonstrated a 
statistically significant lower amount of slow wave (delta) 
activity in the alcohol-related seizures group, as compared to 
EEG delta wave activity post-seizure in the known epileptic 
group. Reduced alpha amplitudes on quantitative EEG also 
supported a clinical diagnosis of ARS [22].

In comparing occipital photic driving response to 18 Hz 
and 24 Hz stimulation, Sand et al. also found a statistically 
significant variation in response in alcoholics who presented 
with ARS as compared to epileptic or control patients. 
A  diminished photic driving response was witnessed in 
patients with known ARS. There was also significant correla-
tion between high AUDIT scores, and severity of alcohol 
abuse, and diminished response to 24 Hz photic stimulation. 

The authors proposed that this may be used as a marker of 
alcohol abuse severity [30].

In a study by Coutin-Churchman et al., 191 male alcohol-
ics, with average ethanol consumption of 100 g daily, were 
admitted for detoxification and had electroencephalography 
performed at least 1 week post-admittance/alcohol absten-
tion. Only 7 out of 191 patients had no abnormality on EEG. 
42.4% showed decreased delta–theta power and increased 
beta power, 17.3% showed only decreased delta–theta power, 
15.2% had only increased beta power, 14.7% had decreased 
delta–theta–alpha power, and the remaining abnormal EEGs 
demonstrated combinations of the above. [23]

Valladeres et al. demonstrated that delta slow wave sleep 
is attenuated in patients with alcohol dependence, along with 
decrease in vagal tone and sympathetic hyperactivity as 
compared to controls abstinent to alcohol [31].

EEG in patients admitted for alcohol withdrawal, but with 
seizures from alternative etiologies may reveal electroen-
cephalographic changes that may potentially reflect an 
underlying organic pathology which may be contributing to 
the current event. Focal slow waves may be seen in areas of 
cortical damage, and sharp and spike waves may be visual-
ized in areas of cortical irritability. Generalized spike wave 
patterns may be seen in patients with primary generalized 
epilepsy, or focal spike wave patterns may be seen in patients 
with localization related epilepsy. EEG findings of sharply 
contoured waves with triphasic morphology may be indica-
tive of an underlying toxometabolic pathology, which may 
be contributing to a patient’s unresponsive state.

Alcohol-related seizures may infrequently reveal an under-
lying diagnosis of idiopathic generalized epilepsy (IGE), which 
may have an underlying genetic component, or post-traumatic 
epilepsy which may have been triggered by alcohol use, par-
ticularly in young adults. These underlying diagnoses must be 
considered in the differential diagnosis of new onset seizures in 
the patient with alcohol abuse. Less than 1% of patients who 
seize within 6 h of alcohol use, but present with no symptoms 
of alcohol withdrawal, were noted to have idiopathic general-
ized epilepsy (IGE) in one study and were found to have elec-
trographic patterns on EEG, indicative of such. These patients 
had lower mean alcohol intake, and had lower alcohol use dis-
orders identification test (AUDIT) scores than patients with 
ARS [20]. This underscores the importance of a precise clinical 
history obtained either from the patient, family, or from other 
medical documentation, as patients with underlying epilepsy 
may require long term antiepileptic drug therapy.

Therefore, one should not forget that treatment of seizures 
related to these conditions is ultimately reliant on addressing 
the underlying disease process, and associated alcohol-
related seizures may be treated first by standard ICU proto-
col for management of seizures or status epilepticus, rather 
than simple measures against the latter.
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�Medications Used in the Treatment 
of Alcohol-Related Seizures

�Benzodiazepines

Treatment of ARS should begin with benzodiazepines (BZD) 
as first line agents. These are most often already in use to 
treat withdrawal symptoms, and can be utilized in either oral 
or IV scheduled and triggered formulations. BZD are GABA-
ergic and cross tolerant with alcohol, and not only play a role 
in membrane stabilization, but also additionally function 
efficaciously in controlling withdrawal symptoms, including 
agitation, tachycardia, anxiety, and progression to full delir-
ium tremens.

Choice or availability of BZD may be institution depen-
dent. Consideration should be made in drug choice with 
multiple variables in mind, including age of the patient, 
metabolic clearance, and respiratory function. Shorter act-
ing agents, such as midazolam or lorazepam, should be 
considered in the elderly; otherwise agents such as diaze-
pam and chlordiazepoxide may be considered, as the longer 
half-life of diazepam and chlordiazepoxide may allow for 
a  smoother detoxification process [5, 8, 32]. Patients 
who  have significant hepatic dysfunction should avoid 
diazepam or chlordiazepoxide, as these are mainly hepati-
cally metabolized. Length of therapy may be dependent on 
recurrence of seizure activity and or withdrawal symptoms. 
Traditionally symptom and seizure triggered therapy is ini-
tiated, and then maintenance therapy is utilized, with addi-
tional seizure or withdrawal triggered therapy available on 
an as needed basis. In the ICU setting, midazolam is com-
monly used as a first line infusion choice, and oral loraze-
pam may be added on a scheduled basis. Lorazepam 
infusions are generally avoided due to risk of propylene 
glycol toxicity associated with prolonged infusions. 
Monitoring of respiratory function is imperative in non-
intubated and mechanically ventilated patients. Previously, 
clobazam has also been used as an adjunct agent to deal 
with withdrawal symptoms, however, it also may be effec-
tive in seizure control. As this medication must be titrated 
slowly, it may not be an optimal first line choice in the 
ICU setting for control of ARS. It also has not been clearly 
studied as an agent to control ARS).

�Propofol

Escalation of therapy should be considered if the patient con-
tinues to convulse, using either propofol or barbiturates. 
Propofol is a short acting, lipid-soluble, IV infusion, adminis-
tered in the ICU setting on mechanically ventilated patients. In 
BZD-refractory seizures, propofol may be added with success, 
based on the notion that GABA receptor saturation may occur, 

and the additional inhibitory effects on the NMDA subtype of 
glutamate receptors may be responsible for controlling both 
seizures and withdrawal symptoms [9, 15, 21, 33–36].

Risk of propofol infusion syndrome [37] may occur with 
prolonged infusions or high rates of infusion. Serial creatine 
phosphokinase, triglyceride levels, and liver function panels 
should be obtained. Enteral nutrition may also need to be 
reduced on the intubated patient receiving tube feeds, as the 
propofol infusion is similar in composition to a 10% paren-
teral lipid emulsion, which provides 1.1 kcals/mL as fat.

�Barbiturates

If patient does not respond to BZDs and continues exhibiting 
ARS, escalation to phenobarbital administration is a reason-
able option, as a synergistic effect of the drug to BZD is 
believed to exist. Loading doses of 15–20 mg/kg IV x1 may 
be utilized, followed with maintenance dosing of 1–3 mg/kg 
total daily dosing administered IV or PO in divided doses 
ever 8 or 12 h, 12 h after administration of the phenobarbital 
loading dose. Care should be taken in administration of phe-
nobarbital in the elderly population due to significant seda-
tive effects and longer half-life.

�Carbamazepine

Carbamazepine has been successful in the treatment of ARS 
due to its agonistic GABA-ergic and antagonistic NMDA 
receptor effects. It has been reported to be more effective 
than placebo, and at least as effective as BZD in treatment of 
ARS.  Doses should start at 600–800 mg/day in divided 
doses, which should be tapered to 200 mg daily by days 5–7. 
A disadvantage is that there is so far no IV formulation in the 
USA, therefore enteric administration may lead to erratic 
absorption in ICU patients. Care should be taken to monitor 
for hyponatremia and agranulocytosis [3, 38, 39].

�Valproic Acid

Commonly used in doses from 500 mg every 8–12 hours, val-
proic acid is a GABA-ergic antiepileptic, which may also have 
antagonistic properties against NMDA receptors. Valproic 
acid has been proven to be successful in control of ARS, as 
well as alcohol withdrawal symptoms, and mood stabilization. 
Careful monitoring of liver function tests, complete blood 
counts, and ammonia levels is required in the ICU. As it is 
hepatically metabolized and may interact with several other 
ICU medications through inhibition of cytochrome P-450, val-
proic acid may not be the drug of choice in patients with pre-
existing hepatic dysfunction [3].
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�Topiramate

Topiramate works on multiple receptors. It has GABAA-ergic 
effects and is antagonistic at the AMPA and kainate glutamate 
receptors. This inherently leads to reduced dopamine release 
in the nucleus accumbens, and via effects on multiple other 
receptors may contribute in reduction of autonomic hyperac-
tivity and alcohol withdrawal symptoms, in addition to quell-
ing ARS. Use of 50 mg daily or 50 mg twice per day has been 
demonstrated to reduce incidence of ARS. Like carbamaze-
pine, there is no IV topiramate formulation [3, 38].

�Pregabalin

In mouse models, pregabalin has been found to work effec-
tively in prevention of ARS. Pregabalin binds to the alpha-2-
delta subunit of voltage gated calcium channels, which inhibits 
activity dependent calcium influx in nerve terminals, thus 
reducing release of glutamate, norepinephrine, and Substance 
P. It has anticonvulsant, anxiolytic, and analgesic properties. It 
does not bind to plasma proteins, and is excreted in the urine, 
which may prove to be a viable alternative to hepatically 
metabolized medications. In rat models of alcohol withdrawal, 
it has been shown to reduce alcohol withdrawal seizures on 
EEG, as well as reduce alcohol withdrawal symptoms [28].

�Gabapentin

Gabapentin has been showed to have modest effects of alco-
hol withdrawal symptoms and minimal effect on ARS. There 
have been no studies showing usefulness of gabapentin as 
first line agent in ARS, but it may be used as an adjunct 
agent. It has been speculated that dose titration, and the fact 
that one must titrate from low doses due to sedative effects, 
may be part of the reason as to the lower response rates of 
ARS to gabapentin as first line therapy [3].

�Treatment of Alcohol Withdrawal 
and Related Agitation and Delirium

Benzodiazepines have long been a mainstay in alcohol with-
drawal treatment as well as in the treatment of ARS. They 
may be used in oral, intravenous, or intramuscular injection 
forms. If patients are actively being detoxified, a 7 day course 
of BZD should be pursued, with oversight by a physician or 
other skilled provider, due to abuse potential [40]. Treatment 
paradigms for management of alcohol withdrawal patients 
vary significantly in the literature, which reflects variability 
in institution policies [3, 6, 8–10, 14, 15, 17, 41–45].

Most institutions rely on symptom-triggered scales like 
CIWA-Ar, or derivatives of this, however, this scale has not 
been validated in the critical care setting where most patients 
are intubated, and likely sedated. While most retrospective 
studies have evaluated use of continuous as well as intermit-
tent BZD administration for symptom control in intubated 
patients, one observational study of 188 patients by Stewart 
et  al. used high dose BZD in alcohol withdrawal patients, 
who were not intubated, unless they developed signs of aspi-
ration or significant cardiopulmonary depression. They 
found that there was no significant increase in morbidity or 
mortality associated with not intubating these patients. They 
did, however, demonstrate a statistically significant increase 
in length of hospitalization in intubated versus non-intubated 
patients (15 days vs 6 days, respectively) [14].

In the ICU setting, concurrent use of dexmedetomidine 
has been shown to be a very successful treatment in main-
taining control of agitation and delirium in the critically ill, 
alcohol withdrawing patient, without the additive risk of sig-
nificant respiratory depression. Dexmedetomidine is a selec-
tive α2-agonist, which acts in the locus ceruleus and spinal 
cord. It may be utilized in a continuous IV formulation as an 
adjunct therapy to BZD in patients not able to tolerate oral 
medications or patients who are intubated [1, 40, 46]. 
Dexmedetomidine provides reduction in severity of symp-
toms of autonomic hyperactivity, but does not cause respira-
tory depression or profound sedation that BZD may exhibit 
at higher doses. It may, however, cause as side effects 
bradycardia and hypotension, and patients receiving this 
medication need to be monitored in a telemetry unit [46].

A retrospective controlled cohort study by VanderWeide 
et  al. showed that use of dexmedetomidine in critically ill 
patients withdrawing from alcohol may decrease BZD usage 
in dexmedetomidine versus control groups to a statistically 
significant amount at 12 h (on the average minus 20 mg of 
BZD use in the dexmedetomidine group compared to minus 
8.3  mg BZD use in the control group) and with a trend 
towards benefit in reduction of BZD usage at 24 h (average 
minus 29.7 mg BZD use in dexmedetomidine group com-
pared to minus 11 mg BZD use in the control group) at 24 h. 
There were no statistically significant differences in either 
group in length of ICU stay, hospital stay or length of 
mechanical intubation [1].

As well as for control of ARS, propofol has also been used 
for control of alcohol withdrawal. A retrospective review by 
Sorhaby et al. showed that use of BZD infusions versus pro-
pofol infusions for control of alcohol withdrawal syndrome 
showed no difference in intubated days, length of stay, length 
of ICU stay, or days of mechanical ventilation. However, 
patients utilizing BZD infusions required a significantly 
larger number of BZD symptom-triggered IV boluses of 
medication as compared to the propofol infusion group [44].
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Use of typical and atypical antipsychotics, such as halo-
peridol, quetiapine, and risperidone in low doses, has been 
shown to control agitation, confusion, and hallucinations, 
which may occur in the acute and subacute state in the 
ICU. Care must be checked to evaluate for QTc prolonga-
tion, and these drugs should not be administered in these 
patients due to the risk for torsades de pointes. Generally, 
once the patient leaves the ICU setting, these medications 
can be tapered or eliminated completely.

�Conclusion

Treatment for alcohol withdrawal syndrome and ARS is still 
broadly undefined due to the limitations in current clinical 
research. Most data are retrospective, and most studies have 
confounding variables, as alcoholic patients commonly 
have multiple medical problems affecting the risk for 
seizures in multiple ways. Clinical history is of utmost 
importance in order to help delineate timeline and causation 
of ARS or alcohol withdrawal symptoms and expedite 
appropriate therapy.
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�Introduction

Detection and prevention of drug related problems during 
hospitalization are a focus area for many clinicians. Adverse 
drug events, many of which are preventable, account for 
greater than 100,000 deaths annually in hospitalized patients 
[1]. In addition it is estimated that adverse drug events extend 
the hospital length of stay by 2 days subsequently resulting 
in increased costs ranging from $2500 to $5500 per patient 
[2–4]. The intensive care unit has the highest incidence of 
adverse drug events and the greatest severity risk compared 
to other areas of the hospital [4, 5]. Drug-induced seizures 
represent a potentially serious adverse drug event. Critically 
ill patients with and without neurologic disease may develop 
seizures during their hospitalization. Bleck et al. [6] reported 
that over a 2-year observation period of patients without neu-
rologic problems admitted to large university medical center 
intensive care units (ICU), 12.3% experienced neurologic 
complications during their stay. Of the patients who devel-
oped these complications, 28% experienced seizures. 
Importantly patients who developed these neurologic com-
plications demonstrated increased risk of in-hospital mortal-
ity and experienced two-fold longer lengths of stay compared 
to those patients who did not develop these complications 
[6]. Many complications may arise as a result of drug related 
seizures including hypoxemia, shock, hyperthermia, rhabdo-
myolysis, metabolic acidosis, status epilepticus, respiratory 

failure, and other drug specific complications. Assessment of 
complications of patients presenting to the emergency 
department (ED) with drug-induced seizure shows that this 
complication rate is relatively high (60%) with three factors 
predicting these complications (hyperglycemia, stimulant 
exposure, initial acidosis) [7]. Therefore it is essential that all 
clinicians have increased vigilance towards recognition of 
iatrogenic seizures and associated causes.

�Epidemiology

The true incidence of drug-induced seizures is currently 
unknown. The Food and Drug Administration relies upon 
voluntary reporting of adverse drug events, including drug 
related seizures, which impacts the ability to acquire true 
estimates. Additionally many patients are receiving poly-
pharmacy complicating the ability to make an accurate asso-
ciation to the offending agent. Therefore most of the 
information that is available is based upon data from experi-
mental studies and case reports/case series.

The Drug Abuse Warning Network (DAWN) estimated 
that of the total 108 million ED visits in 2005, 14% of visits 
were a result of drug misuse and abuse (31% illicit drugs and 
27% prescription drugs) [8]. Seizures appear to be a rare 
effect associated with drug administration although the 
DAWN estimates do not report data on specific complica-
tions such as seizures. The Boston Collaborative Drug 
Surveillance Program evaluated over 32,000 inpatient 
records and found that drug related seizures occurred in 
0.08% of the group [9]. More recent studies have estimated 
that 6.1–9% of new-onset seizures and status epilepticus is 
drug related [10, 11]. Thundiyil et al. [12] assessed 386 cases 
drug related seizures reported to a poison control center and 
found the leading causes of seizures to be bupropion (23%), 
diphenhydramine (8.3%), tricyclic antidepressants (7.7%), 
tramadol (7.5%), amphetamines (6.9%), isoniazid (5.9%), 
and venlafaxine (5.9%). In the majority of these patients 
(68.6%) only one seizure was reported while 3.6% experi-
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enced status epilepticus as a result. When compared to data 
published 10 years prior, there was a statistically significant 
increase in newer antidepressant related seizures (bupropion 
and venlafaxine), but a decrease in tricyclic antidepressant 
(TCA) and cocaine-associated seizures [13]. Other older 
reports in hospitalized patients found the most common 
drugs associated with seizures were penicillins, isoniazid, 
insulin, lidocaine, and psychotropic agents (including tricy-
clic antidepressants and antipsychotics) [9, 14]. Wijdicks 
and Sharbrough [15] found that 15% of their cohort of new-
onset seizures in the ICU was related to drug toxicity (antibi-
otics and antiarrhythmics). Drug-induced seizures are 
associated with poor outcome and increased risk of aspira-
tion pneumonitis [16] along with 15% of drug-associated 
seizures presenting as status epilepticus [14]. Recently 
Finkelstein et al. [17] found about 5% of pediatric patients 
presenting to ED for medical toxicology consult had a drug-
induced seizure. The majority were teenagers in whom the 
ingestion was intentional with antidepressants (bupropion 
being most common). The second most common drug class 
leading to pediatric seizures was over-the-counter anticho-
linergics/antihistamines [17].

�Risk Factors

Patients with a pre-existing seizure disorder have an 
increased propensity to develop seizures during critical ill-
ness; however, all critically ill patients have the ability to 
experience seizures while hospitalized. Outside of neuro-
logical causes, other risk factors that may lower seizure 
threshold in critically ill patients include electrolyte imbal-
ance, medications, medication withdrawal, medication over-
dose, organ failure, extremes of ages (elderly and infants), 
glucose abnormalities, infections, alterations in volume of 
distribution due to post-operative fluid shifts or dialysis/con-
tinuous veno-venous hemofiltration, and ischemic-hypoxic 
encephalopathy [18]. Many medications used routinely in 
critically ill patients have been associated with drug-induced 
seizures at both therapeutic and toxic concentrations [19, 
20]. Patients with critical illness have several factors that 
may increase their vulnerability to drug-induced seizures 
including altered pharmacokinetics especially reduced drug 
elimination due to end organ damage and the use of multiple 
drug regimens that could result in drug interactions. Most 
drug-induced seizures are concentration dependent, there-
fore anything that could result in increased central nervous 
system (CNS) concentrations of the drug would place the 
patient at risk. There are a wide spectrum of drug related 
risk factors for induction of seizures including the intrinsic 
epileptogenicity of the agent, factors that increase serum 
concentrations (dose, route schedule, route of elimination, 
drug interactions) and factors enhancing CNS concentra-

tions (alterations in blood-brain-barrier permeability, lipid 

solubility, molecular weight, ionization, protein binding, 
transport by endogenous systems) [21]. Due to the complex 
nature of medication regimens in critically ill patients, drug 
interactions, especially with the cytochrome P450 (CYP450) 
drug metabolizing enzymes, may represent a significant risk 
for patients in the ICU. The CYP3A4 isoenzyme subfamily 
accounts for metabolism of approximately 60% of all drugs 
used today. In addition there are patient-related risk factors 
including the presence of a seizure disorder, neurologic 
abnormality, reduced drug elimination, and conditions that 
disrupt the blood-brain barrier [21].

The contribution of genetics to variability in drug metab-
olism is now well recognized and will determine drug expo-
sure in individuals. Approximately 60% of adverse effects 
are believed to be associated with drugs metabolized by 
polymorphic phase 1 drug metabolizing enzyme [22]. Four 
major metabolic phenotypes have been characterized; poor 
metabolizer (PM), intermediate metabolizer (IM), extensive 
metabolizer (EM), and ultrarapid metabolizer (UM). PM that 
either have no or reduced enzyme activity would be pre-
dicted to accumulate high drug concentrations due to 
decreased metabolism [23]. While drug-induced seizure 
activity has not been directly attributed to pharmacogenom-
ics, it is important to consider this as an important risk factor. 
For example, in recent years there have been several reports 
of near fatal outcomes associated with opioids due to 
CYP2D6 genotypes [24, 25]. Please refer to other more 
extensive publications on pharmacogenomic alterations as a 
cause of adverse drug reactions [23, 26, 27].

When clinicians suspect a drug related seizure in patients 
who are critically ill there are important questions that should 
be evaluated:

Is there a temporal relationship between the initiation of the 
drug or dosage titration and seizure?
What was the dose prescribed compared to recommended 
doses?
Was the dose appropriately adjusted for organ function?
Was there an administration error?
Are there any possible drug interactions?
Does the patient have any other possible cause of a seizure 
like electrolyte disturbance?

�Prevention

The best treatment for drug-induced seizures is prevention. 
Increased awareness and monitoring will often identify 
potential problems before they occur. General principles of 
drug use, particularly those that have been associated with an 
increased seizure risk, should be to use the minimally 
effective dose, avoid polypharmacy, and avoid abrupt dis-
continuation. To assist in prevention the clinician should 

consider the following points especially in patients who are 
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considered to be at increased risk for seizures, as described 
previously:

What is the patient age? Is there a need to adjust the dose or 
use smaller doses?
Is there a need for the prescribed agent?
Is there an alternative agent that may have lower potential 
for seizures?
Are you using the smallest, effective dose?
Is there a need to taper an agent to avoid withdrawal?
What is the appropriate titration schedule?
Is there a possibility of drug interactions with the medication 
regimen?

�Causative Agents

There have been many agents that critically ill patients are 
exposed to that have been reported to cause seizures. 
Table 20.1 contains a list of these agents along with possible 
mechanisms for the seizure in addition to a previously pub-
lished mnemonic [28] (Otis Campbell – the town drunk from 
the Andy Griffith show) that has to be adapted to apply more 
specifically to critically ill patients. Overall the primary 
mechanism by which drugs induce seizures is related to 
some interference with neurotransmitters in the CNS.  In 
most instances, drugs with epileptogenic potential have a 
dose-related risk. However, as denoted in the table, some 
agents may have a seizure inducing risk even at therapeutic 
concentrations. Since most seizures are dose-related the 
importance of optimized drug dosing in critically ill patients 
becomes essential, especially given the potential for signifi-
cant pharmacokinetic alterations due to drug interactions, 
pharmacogenomics, protein binding alterations, CNS uptake, 
and dynamic alterations in drug clearance Overall, there is a 
lack of high-quality clinical data assessing seizure risk and 
most of these associations are based upon case-reports or 
small case series data.

�Analgesics

�Opioids
In animals opioids are associated with electroencephalogram 
(EEG) proven seizure activity; however, the dose required to 
replicate this in the clinical setting is far greater that what is 
administered with either analgesia or anesthesia. On the other 
hand, focal neuroexcitation on the EEG occasionally occurs 
in humans after large doses of fentanyl, alfentanil, sufentanil, 
and remifentanil [29–32]. In animal studies midazolam, nal-
oxone, and phenytoin have been shown to prevent seizure 
activity on the EEG where seizure activity was induced by 
large doses of fentanyl [33]. All strong mu agonists can cause 

myoclonus after an IV bolus with some of the more rapid-
onset agents more likely the culprits [34]. However, the rela-
tionship between myoclonus or rigidity, subcortical seizure 
activity and cortical seizures is unclear. The postulated neuro-
nal mechanisms of seizure induction include opioid induced 
disinhibition of GABAergic interneurons and inhibition of 
hyperpolarization-activated potassium currents [35, 36]. It is 
important to note that epidural and intrathecal administration 
of opioids has also been linked to seizure activity [37–39]. 
The most common reason for seizures due to opioids is linked 
to opioid withdrawal and use of agents with a higher risk for 
causing seizures (meperidine and tramadol).

Meperidine is metabolized via N-demethylation to an 
active metabolite normeperidine, which is then renally 
excreted. Accumulation of this metabolite is associated with 
seizure activity and patients with renal impairment or receiv-
ing large doses are at risk [40, 41]. Oral administration of 
meperidine will result in increased concentrations of norme-
peridine due to extensive first-pass metabolism, thus having 
increased risk for seizures at therapeutic dosing [42]. The 
elimination half-life is approximately five times as long as the 
parent compound (3–6 h versus 15–40 h), thus the toxic 
metabolite can quickly accumulate. Typically normeperidine 
toxicity develops at concentrations greater than 0.8 mg/
dL. EEG changes associated with normeperidine include slow 
wave activity and epileptiform discharges that will resolve 
once normeperidine is eliminated [43]. Normeperidine 
induced seizures often begin after the onset of other clinical 
sequelae such as delirium, tremors, or myoclonus. Seizures 
that develop are usually generalized tonic-clonic. Naloxone 
does not reverse the toxicity and could exacerbate the seizure 
activity. Treatment includes supportive measures and with-
drawal of meperidine. Treatment with traditional antiepileptic 
drugs (AEDs) should be avoided as they have been shown to 
accelerate the conversion of meperidine to normeperidine 
potentially worsening the seizures [44]. Return to baseline 
neurologic functioning is dependent upon removal of the par-
ent compound and the toxic metabolite so it would not be 
anticipated until a few days after meperidine discontinuation.

Morphine can induce seizures at high doses in neonates 
with immature blood-brain barriers but has never been 
shown to be associated with seizures in adults [45]. There 
have been some reports of seizure activity with fentanyl, 
alfentanil, and sufentanil [46–50], which have not been con-
firmed with EEG findings of seizure activity [51, 52]. Surface 
EEG recordings are characterized by high-voltage slow delta 
waves following administration of these agents [44]. It has 
been postulated that the tonic-clonic movements originally 
reported is somatic muscle rigidity or subcortical seizure 
activity and not true seizure activity.

Tramadol is a weak mu-receptor agonist with other pharma-
cological properties including inhibition of serotonin and nor-
epinephrine reuptake. Tramadol has been reported to cause 
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Table 20.1  Drug related seizures in critically ill patients and associated mechanisms

Agent Proposed mechanism

High risk agents

Antipsychoticsa D1 agonists and D2 antagonists are proconvulsant. Antagonism of α1-receptors, agonism of α2-receptors, and 
inhibition of histamine-1 receptors may promote seizure activity

Flumazenila Not a direct effect of the drug rather the resultant effects of benzodiazepine reversal

Meperidinea Mediated through normeperidine, a toxic metabolite that is proconvulsant

Theophyllineb Lowers seizure threshold by elevating cyclic GMP levels in brain and antagonizes the depressant effects of adenosine 
on cerebral cortex (other actions include pyridoxine depletion and inhibition of GABA)

Penicillinsb GABA antagonists by blocking GABAA Cl− channels and prevent GABA binding to GABAA receptors

Carbapenemsb Prevent GABA binding to GABAA receptors

Medium risk agents
Bupropion Inhibition of dopamine reuptake

Fluoroquinolones Prevent GABA binding to GABAA receptors

Cephalosporinsb Prevent GABA binding to GABAA receptors

Isoniazidb ↓ brain levels of GABA via inhibitory action of glutamic acid decarboxylase

Tramadol Inhibition of monoamine (serotonin, norepinephrine) reuptake rather than to opioid effects

Tricyclic 
antidepressants

Inhibition of reuptake of norepinephrine or serotonin in the brain
Overdose produces anticholinergic toxidrome (hypotension, QRS interval prolongations, ventricular arrhythmias, 
and seizures)

Withdrawal alcohol 
benzodiazepines
Barbiturates opioids

Disinhibition syndrome (loss of inhibitory control leading to excess stimulation and release of glutamate, NMDA, 
norepinephrine, and serotonin)
Opioids may possess mu-receptor anticonvulsant properties that can precipitate seizures upon withdrawal

Low risk agents
Other antidepressants Inhibition of reuptake of norepinephrine or serotonin in the brain

Local anesthetics Antagonism of Na+ channel

Volatile general 
anestheticsb

Activation of NMDA receptors (enflurane and sevoflurane)

Other opioids Unknown; likely mediated by selective stimulation of opioid receptors

Antihistamines Histamine may be anticonvulsive via central H1 receptors

Metronidazole Unknown

Baclofen Inhibition of presynaptic or postsynaptic inhibitory neurons

Beta blockers Nonspecific action on centrally located neurons (membrane-stabilizing effects)

Cyclosporine Structural damage to central nervous system

Cocaine Augments the effects of catecholamines by blocking the reuptake at the synaptic junction and lowers seizure threshold

Stimulants Augments the effects of catecholamines by blocking the reuptake at the synaptic junction

Antivirals May be the result of inhibition of mitochondrial DNA polymerase and altered mitochondrial cell function

Antiepileptic drugs AED in high concentrations may have depressant effect on inhibitory interneurons resulting in disinhibition of 
excitatory neurons and facilitation of epileptic discharges
Absence seizures may be induced by facilitating synchronization of the firing neurons in the thalamocortical network

Aspirin Depletion of brain glucose

Mnemonic for drug related seizures in critically ill (Otis Campbell) [28]
GABA gamma aminobutyric acid,
O Opioid withdrawal  oral hypoglycemics
T Tricyclic antidepressants, theophylline
I Isoniazid, insulin
S Sympathomimetics, salicylates
C Cocaine, carbapenems, cyclosporine
A Amphetamines, antibiotics, antidepressants, antipsychotics, anesthetics
M Meperidine, Methyl xanthines
P PCP. Propoxyphene
B Benzodiazepine withdrawal
E Ethanol withdrawal
L Lithium
L Lidocaine
aSeizures commonly occur at therapeutic doses
bSeizures occasionally occur at therapeutic doses
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seizures following overdose and also with therapeutic dosing 
(primarily with chronic dosing) [53]. The lowest dose associ-
ated with seizures was 200  mg with the seizure occurring 
within 6 h of administration [54]. The incidence of seizures 
following overdose has been reported to be around 8% and the 
risk of a recurrent seizure is low (7%) [55–57]. Subsequently 
during the second year the agent was on the market a warning 
letter was issued by the Food and Drug Administration to all 
healthcare practitioners based upon the increased number of 
reports of seizures they had received. In most of the cases, 
patients were receiving other agents that were known to 
increase the risk of seizures and many were overdoses [58]. In 
a post-marketing surveillance case-controlled study in over 
10,000 patients the risk of seizures with tramadol was similar 
to other analgesic agents [59]. The use of naloxone and risk of 
inducing a seizure in tramadol poisonings is controversial with 
some studies showing improvement in brain waves [60], others 
showing increased clonic seizures [61], and others showing no 
benefit [62]. Tapentadol is an orally active, central synthetic 
analgesic that acts via the mu-opioid receptor and inhibition of 
norepinephrine reuptake. The seizure rate of tapentadol 
reported to the National Poison Data System is 1.8% which 
was less than that associated with tramadol (13.7%) [63].

Seizures can also be the result of opioid withdrawal. 
Interestingly, Wijdicks and Sharbrough [15] attributed one-
third of new-onset seizures in the critically ill patients in their 
cohort to opioid withdrawal. In this cohort, all patients who 
experienced new-onset seizures received at least 7 days of 
repeated intramuscular injections. Seizures related to drug 
withdrawal typically occur 2–4 days after last ingestion depend-
ing on the pharmacokinetic profile of the offending agent. 
Gradual tapering of agents that are associated with drug with-
drawal, including opioids, is optimal in preventing seizures.

�Salicylates
Salicylate toxicity primarily mediated through salicylic acid 
clinically presents with neurologic abnormalities including 
seizures. Most seizures are generalized and related to the 
depletion of brain glucose and increased CNS oxygen con-
sumption even with normal blood glucose. First-line treat-
ment for salicylate induced seizures is benzodiazepines 
followed by barbiturates as second-line agents. Since seizure 
is the most important symptom of severe salicylate toxicity 
other treatment should include gastrointestinal decontamina-
tion, urine alkalinization, and hemodialysis [19].

�Anesthetics

�General Anesthetics
Seizure activity associated with general anesthetic agents is 
largely thought to be an uncommon event. Nonetheless sei-
zure activity has been reported with both volatile and nonvola-
tile agents. These agents are commonly used in the operating 

or procedure rooms and rarely in the ICUs. Therefore, their 
potential epileptogenic effects may be encountered in criti-
cally ill patients only in cases of immediate post-op transfer to 
an ICU bed without passing through the recovery room.

The most widely reported volatile anesthetic agent associ-
ated with seizures is enflurane [64]. This agent produces high 
amplitude spikes and periods of electrical silence on the EEG 
with the hyperexcitability originating in the limbic system and 
then spreading to other areas [65]. Most seizures reportedly 
occur during recovery from anesthesia [66, 67]. Interestingly, 
delayed seizures have also been reported up to eight postop-
erative days even with an initial normal EEG [68–70]. The 
occurrence of seizures can be minimized by using lower con-
centrations (less than 1.5 minimum alveolar concentration) 
and avoiding hypocapnia [71]. However others have reported 
seizure activity with enflurane even with normocapnia in 
patients with seizure disorders [72]. No specific recommenda-
tions are available regarding the use of these agents. With the 

availability of other volatile agents, however, that have less 
seizure risk, it is best to avoid enflurane in patients with a pre-
existing seizure disorder or is at risk of seizures.

There have also been a couple reports of isoflurane-
associated seizures [73, 74]. In these reports, myoclonic sei-
zures occurred 2 h after induction and progressed to 
generalized seizures with sustained myoclonus during recov-
ery. However the bulk of information in humans suggests 
that isoflurane has anticonvulsant properties [75, 76].

Sevoflurane has a reported incidence of seizures up to 
12% in clinical trials conducted in children, healthy adults, 
and elective gynecological surgery [77–83]. Most of the sei-
zures were reported within 90 min of sevoflurane adminis-
tration and epileptiform EEG activity was seen in over 70% 
of the cases. A case report also described seizure activity 
with emergence from sevoflurane anesthesia [82]. When 
compared to isoflurane, sevoflurane has stronger epilepto-
genic property. Recently postulated risk factors for epilepti-
form activity include high alveolar sevoflurane concentration 
(greater than 2.0 MAC), more rapid anesthetic induction, 
hyperventilation, history of epilepsy, and female gender 
[84]. The concomitant use of nitrous oxide, benzodiazepine, 
or opioid seems to counteract the epileptogenic property of 
sevoflurane [81, 85]. The postulated mechanism is via 
NMDA receptor activation, similar to that observed with 
enflurane, since both agents have a similar molecular struc-
ture with seven fluoride atoms [86].

The seizure potential of the nonvolatile agents appears to 
be negligible. Some of the agents have been used intraopera-
tively, however, to activate epileptogenic foci during epilepsy 
surgery. There have been some reports of seizures associated 
with ketamine anesthesia [87, 88], although EEG recordings 
have not revealed seizure activity in patients without a seizure 
disorder. However, it is well described that ketamine can acti-
vate epileptogenic foci, primarily subcortical seizure activity 
originating in the thalamic and limbic areas, in patients with a 
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known seizure disorder [89, 90]. There is no evidence of sei-
zure activity in cortical regions. Ketamine does possess anti-
convulsant properties and has received attention as an 
intervention for patients with refractory status epilepticus [91].

During induction and maintenance of anesthesia, etomi-
date is associated with involuntary myoclonic movements, 
which may simulate a tonic seizure but not correlated with 
any epileptogenic activity [92, 93]. It is also possible that 
this represents subcortical seizure activity [44]. In patients 
with a history of seizure disorders, surface EEG recordings 
have documented proconvulsant activity of etomidate at 
lower concentrations [94, 95]. Further studies are necessary 
to further evaluate the proconvulsant nature of these agents.

There have been several types of CNS reactions to propo-
fol including twitching, hypertonia, myoclonus, and seizure 
activity [96]. Propofol has been used in the treatment of sta-
tus epilepticus; however, there are some reports correlating 
propofol to seizure activity in patients without a seizure dis-
order history [97]. The seizure activity described in these 
reports primarily occurred during induction and emergence 
of anesthesia with induction doses of 0.5–5.2 mg/kg with 
34% of the patients having associated EEG abnormal trac-
ings [97]. The Committee on the Safety of Medicines in the 
United Kingdom estimated the seizure incidence as 1  in 
47,000 [98]. However it is uncertain if the reports are simply 
“abnormal movements” or seizure activity since there is very 
little EEG epileptiform activity reported.

�Local Anesthetics
Local anesthetics are known to be associated with both neu-
rotoxicity and cardiotoxicity, especially following overdose 
in patients with and without a seizure disorder. The most 
commonly cited local anesthetic agents associated with sei-
zures are lidocaine and bupivacaine.

Lidocaine can be administered to critically ill patients by a 
variety of different dosing routes, including topical, subcuta-
neous, intravenous, and intraspinal/epidural and seizures 
(clonic and tonic/clonic) following each route of administra-
tion has been reported. The greatest risk for neurotoxicity is 
following intravenous administration and when the drug is 
inadvertently injected directly into the blood vessel. Lidocaine 
is metabolized to monoethylglycinexylidide (MEGX), which 
can also contribute to its toxicity by lowering the seizure 
threshold [99]. The risk of seizures is correlated to serum 
concentration with seizures commonly reported with lido-
caine concentrations of 8–12 mg/dL.  Seizures are usually 
short lived ranging from a few seconds to a few minutes. At 
concentrations between 0.5 and 5 mg/dL, lidocaine can sup-
press the clinical and EEG manifestations of seizures in 
experimental models and has been used to treat status epilep-
ticus in the clinical setting [100, 101]. There are several fac-
tors that can affect serum concentrations of local anesthetics 
including site and rate of injection, concentration, total dose 

administered, use of a concomitant vasoconstrictor, degree of 

ionization, degree of plasma and tissue binding, age, weight, 
and rate of metabolism and excretion [102]. Bupivacaine is 
similar to lidocaine in epileptogenic potential. This agent is 
approximately 7 times more potent than lidocaine so toxicity 
can develop at doses as low as 2–3 mg/kg [103].

Patients who are at the greatest risk for local anesthetic 
induced seizures are those with a history of renal or hepatic 
failure, older age, congestive heart failure, and/or septic shock 
[20]. In addition toxicity has been reported as a result of drug 
interactions with cimetidine and propranolol [104, 105]. 
Clinicians should utilize the lowest effective dose, follow 
serum concentrations, and avoid long-term infusions. 
Treatment for seizures associated with local anesthetics 
should include benzodiazepines and supportive care.

�Antiepileptic Agents

The concept of antiepileptic drugs (AED) inducing seizures is 
controversial and many times overlooked by clinicians. The 
difficulty lies in differentiating between drug effect and natu-
ral course of the disease. Seizure disorders, in and of them-
selves, are usually infrequent and unpredictable with swings 
between periods of seizure control success and failure. There 
are several conditions that have been identified that are asso-
ciated with increased risk of seizures from these agents. These 
conditions include: (1) paradoxical reaction of the drug; (2) 
toxic concentrations of the AED; (3) result of AED-induced 
encephalopathy; (4) incorrect choice of AED in treatment of 
an epileptic syndrome or seizure type; (5) patients with mixed 
seizure types; and (6) AED withdrawal or regimen change 
[106]. Before concluding that an increase in seizures after the 
introduction of a new AED is associated with that agent, alter-
native explanations should be explored. These include spon-
taneous fluctuation of seizure frequency, the presence of 
known seizure aggravators (such as sleep deprivation, alco-
hol, and electrolyte abnormality), drug interactions, concur-
rent use of other epileptogenic inducing drugs, progression of 
epilepsy, and the development of drug resistance [107].

Even when AED drugs are chosen correctly for a clinical 
seizure type, they may provoke an increase in seizures. This 
usually occurs early after a patient is started on the AED and 
serum concentrations are within the normal range. 
Paradoxical seizures appear to be more common in children 
compared to adults. Both carbamazepine and phenytoin have 
been shown to provoke complex partial seizures [106]. 
Tonic-clonic seizures have been exacerbated by carbamaze-
pine, gabapentin, lamotrigine, and benzodiazepines, while 
absence or absence status has been provoked by phenobarbi-
tal, oxcarbazepine, valproate, clonazepam with valproate 
and myoclonic seizures are increased with lamotrigine or 
oxcarbazepine [106–108].

Increased seizures may occur as a result of toxic AED 

serum concentrations. A neurotoxicity syndrome associated 
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with AED overdose has been described and includes seizure 
exacerbation and coma [106, 107]. The AEDs, which are best 
described to cause seizures with intoxication, include phe-
nytoin, carbamazepine, and valproate [106]. Carbamazepine 
has been associated with seizures following overdose or in 
the setting of increased carbamazepine-10,11-epoxide (active 
metabolite) concentrations [109, 110]. Therefore drug inter-
actions that can increase the concentration of this active 
metabolite increase the risk of seizure exacerbation.

Several AEDS have been associated with development of 
encephalopathy. Encephalopathy presents clinically as coma, 
asterixis, fever, aggravation of pre-existing neurological def-
icits, and seizures. Agents that have been reported to cause 
encephalopathy include valproate, carbamazepine, and phe-
nytoin [107]. Encephalopathy due to phenytoin is not com-
monly associated with an increase in seizure activity. On the 
other hand, an increase in seizure frequency due to valproate-
induced encephalopathy is common. This is generally seen 
within the first week of treatment but can develop within the 
first 9 months of initiation [107]. Benzodiazepines are usu-
ally ineffective in treating these seizures, therefore the best 
treatment is to remove the offending agent [106, 107].

Incorrect selection of AED for a given seizure type may 
not only be ineffective but may provoke a seizure. For exam-
ple, phenytoin, gabapentin, and carbamazepine may increase 
the frequency of primary generalized seizures, especially 
absence seizures, when incorrectly prescribed for this sei-
zure type [20]. Carbamazepine and phenytoin have been 
shown to provoke or intensify generalized spike and wave 
discharges on EEG [111, 112]. In addition, myoclonic and 
atonic seizures are provoked by carbamazepine, lamotrigine, 
and gabapentin [106].

Seizure syndromes, such as West syndrome or Lennox 
Gastaut syndrome, consist of heterogeneous seizure types, 
with the EEG showing continuous abnormal patterns of dif-
fuse slowing and generalized spike and wave activity [106]. 
Seizure exacerbation from AED is frequently reported, espe-
cially in children. The application of an AED to treat a seizure 
may actually unmask a second seizure component of an epi-

lepsy syndrome, leading to an apparent increase in seizure fre-
quency, when in fact the second seizure had been present all 
along. Agents that have increased seizure frequency in Lennox-
Gastaut syndrome include phenytoin, carbamazepine, and 
benzodiazepines, while provocation of tonic seizures in West 
syndrome has been reported with benzodiazepines [106, 107].

In epileptic patients on antiepileptic polytherapy, seizure 
worsening is not easy to appreciate since worsening may be 
due to the withdrawal of an AED that was beneficial, rather 
than the introduction of a new one. An increase in seizures 
associated with withdrawal of the 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. In 
patients, where the drug is quickly discontinued, there 
appears to be an increase in post-withdrawal seizures, as 
compared to the cohort of patients where a gradual decrease 
in AED dose [113].

Just as the addition or deletion of medications must be care-
fully 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 metabolism of an AED, causing an iatrogenic AED 
withdrawal when, in fact, the AED dose has remained con-
stant. The addition of a second or third AED may have this 
property and can cause this effect on the first AED’s level. 
Table 20.2 presents common interactions between AEDs.

Finally, one must consider the protein binding of several 
ICU drugs. Many AEDs are heavily protein bound and free 
drug is the active moiety and is associated with toxicity. Not 
uncommonly, ICU patients have low serum albumin and 
protein levels, leading to a higher or even toxic free AED 
levels; this may pass unnoticed, if not specifically checked. 
In addition, competition for protein binding between the 

Table 20.2  Effect on present AED plasma levels with addition of new AED [103, 244]

Added AED

Present AED

PHT TPM PHB CBZ VPA LEV BDZ LAM

Phenytoin (PHT) … ↓ ↔ ↓ ↓ ↔ ↔ ↓
Phenobarbital (PHB) ↑ then ↓ ↔ … ↔ ↓ ↔ ↓ ↓
Carbamazepine (CBZ) ↔ ↓ ↔ … ↓ ↔ ↓ ↑
Valproic acid (VPA) ↓/a ↓ ↑ ↔/b … ↔ ↑ ↔
Levetiracetam (LEV) ↔ ↔ ↔ ↔ ↔ … ↔ ↔
Benzodiazepines (BZD) ↓ ↔ ↔ ↔ ↔ ↔ … ↔
Lamotrigine (LAM) ↔ ↑ ↔ b ↔ ↔ ↔ …

Topiramate (TPM) ↑ … ↔ ↔ ↓ ↔ ↔ ↔c

aIncreases free PHT levels
bIncreases active epoxide metabolite
cNo change at doses up to 400 mg/day
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various highly bound ICU medications (AEDs or others) 
may also lead to higher than expected active free levels of 
individual drugs accounting for signs of toxicity. Therefore, 
it is imperative in critical care that the clinician measure both 
total and free levels of drugs whenever possible. Table 20.3 
illustrates the wide variety of protein binding that may occur 
with several common medications, and emphasizes the need 
to look at more discreet pharmacologic interactions in these 
medically complex patients.

�Antimicrobial Agents

Antibiotics, especially beta-lactams, have often been linked 
to seizures in critically ill patients. The critically ill patient 
typically develops severe infections often requiring aggres-
sive antibiotic dosing. In addition when a seizure occurs in 
an infected patient, additional work-up is required to exclude 
the co-existence of a CNS infection as a cause of the seizure. 
Many of the antibiotics act by antagonizing the action of 
GABA by various different mechanisms (See Table  20.1). 
Renal insufficiency is a well-documented risk factor for anti-
biotic, particularly β-lactam, toxicity. The most appropriate 
therapy for most antibiotic associated seizures is withdrawal 
of the agent and administration of benzodiazepines.

�Beta-lactams
Seizure activity has been most commonly described with the 
penicillin class dating back to 1945 where myoclonic twitch-
ing was described in a toddler following intraventricular 
administration of benzylpenicillin [114]. Since that time, 
beta-lactams have been associated with neurotoxicity to 

varying degrees. Penicillin consistently produces seizures 
via any route of administration, although more common after 
intrathecal administration [115, 116]. The most frequently 
reported seizure types are myoclonus and generalized tonic-
clonic seizures occurring 23 to 72 h after initiation of antibi-
otic therapy [117, 118]. Risk factors for seizures are those 
associated with increasing CNS concentrations and include 
older age, infants, renal impairment, history of meningitis, 
past history of central nervous system abnormality, adminis-
tration of intraventricular antibiotics, continuous infusion 
administration, and history of seizures [119]. Penicillin brain 
toxicity is also due to a decrease in active transport out of 
CNS, when co-administered with other drugs, including 
anesthetics and probenecid, leading to an accumulation in 
the CNS at a higher concentration than in the blood [120]. 
Neurotoxicity has not been shown to correlate to CSF or 
serum concentrations of the antibiotic while brain tissue 
concentration is a better indicator [120]. The convulsive 

activity following semisynthetic penicillins has been 
described; however, their proconvulsant potency is lower 
than what is observed for benzylpenicillin [121].

Cephalosporins have a similar risk of inducing seizures in 
experimental models yet in clinical practice cephalosporins 
rarely produce seizures unless given in high doses or in 
patients with renal impairment [122]. In a recent systematic 
review of cephalosporin-induced neurotoxicity more than 
10% of the cases evaluated reported overt seizures and simi-
lar proportion had EEG-confirmed nonconvulsive status epi-
lepticus [123]. Essentially, all generations of cephalosporins 
are reported to cause seizures, but approximately 50% of 
reported cases have renal insufficiency and/or elderly 
patients with pre-existing neurological disease [123]. There 
have been several reports of nonconvulsive status epilepticus 
in patients with renal dysfunction who were being treated 
with cefepime [124, 125]. Naeije et  al. [126] evaluated 
patients with normal renal function who underwent continu-
ous EEG monitoring and also received cefepime or merope-
nem. They found that 1.25% of patients who were receiving 
cefepime with normal renal function showed epileptiform 
discharges compared to 0.19% of those patients receiving 
meropenem. If one considers, however, those patients with 
concomitant to the administration of the antibiotic EEG test-
ing, the percentages are quite different: 23.7% of those with 
cefepime infusion had continuous epileptiform discharges 
versus 3.75% of those with meropenem [126]. This study 
suggests that cefepime may be an independent risk factor for 
periodic epileptiform discharges so clinicians should be cog-
nizant of this potential. Most patients develop seizure 1–5 
days after starting the agent. Treatment of beta-lactam asso-
ciated seizures includes benzodiazepines and barbiturates.

�Carbapenems
Carbapenems are synthetic beta-lactam agents that are typi-
cally used for treating serious infections in hospitalized 
patients. The postulated mechanism of seizure induction is 

Table 20.3  Relative protein binding affinities for commonly used ICU 
Drugs and AEDs

Drug % bound

Amiodarone 96

Digoxin 20–30

Nitroglycerin 60

Atracurium 82

Vecuronium 60–90

Propofol >95

Phenytoin 90

Valproic Acid 90

Carbamazepine 75–90

Phenobarbital 20–45

Lamotrigine 55

Felbamate 25

Oxcarbazepine (MHD) 38

Topiramate 15

Zonisamide 40

Tiagabine 95

Leviracetam <10

Vigabatrin –

Gabapentin –
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via binding to the GABAA receptor [127]. The traditional 
carbapenem, imipenem/cilastatin, has been associated with 
seizures at lower concentrations than other antibiotic agents 
and has a reported incidence of seizures ranging from 1.8–
6% [120, 127]. Experimental studies suggest that imipenem 
is 10 times more neurotoxic than benzylpenicillin [128]. The 
toxicity associated with imipenem is due to accumulation of 
an open lactam metabolite of imipenem with cilastatin hav-
ing no role alone in increasing seizure risk. Risk factors for 
seizures associated with imipenem include high dose, renal 
impairment, elderly, pre-existing neurologic abnormality, 
and Pseudomonas aeruginosa infection [129]. Seizures typi-
cally occur within 3–7 days of treatment initiation and are 
generalized or focal [129, 130]. The average daily dose of 
imipenem-cilastatin in those patients who experienced sei-
zures ranged between 13 mg/kg to 4 g of imipenem [130]. As 
with other beta-lactam agents the treatment of choice for sei-
zure activity is removal of the agent and administration of 
benzodiazepines. Phenytoin and other sodium channel 
blockers should be avoided. The newer carbapenems (e.g., 
meropenem) have a lower affinity for GABAA receptor and 
have a reduced incidence of seizures (0.8%) [131]. Patients 
whose medical course is complicated by hydrocephalus 
show a marked decrease in the elimination rate of merope-
nem from the CSF as compared to that from the serum [127].

�Fluoroquinolones
Fluoroquinolone agents are associated with seizures in ani-
mals; however in the clinical setting, seizures are rare and 
generally associated with overdoses or in patients who are 
susceptible to seizures [132]. The mechanism of seizures is 
similar to that of beta-lactams. Receptor binding affinity is 
likely secondary to the similarities between the chemical 
structures of GABA and the antibiotics [133]. The incidence 
of CNS toxicity of fluoroquinolones was originally thought 
to be associated with lipophilicity of the agent although that 
theory has since been disproven [132]. There does appear to 
be varying degrees of binding to the GABA receptor, which 
may result in inhibiting or displacing GABA from the recep-
tors. Animal studies also suggest that these agents have an 
agonist effect on the glutamate receptor NMDA [134]. The 
most epileptogenic agent is trovafloxacin followed by enox-
acin, moxifloxacin, ciprofloxacin, ofloxacin, and gatifloxa-
cin, which is equivalent in epileptogenicity to levofloxacin 
[132, 135]. The estimated incidence in humans of seizure 
activity is 1% or less [136]. The seizures that have been 
described include tonic-clonic and generalized myoclonic 
activity occurring anywhere from 8 h to 12 days after initia-
tion of therapy, although seizures have been reported up to a 
week following discontinuation of therapy [109, 137, 138]. 
Additionally seizures have been reported when fluoroquino-

lones are co-administered with theophylline and nonsteroi-
dal anti-inflammatory drugs [20].

�Isoniazid
Isoniazid (INH) remains one of the most common agents for 
drug-induced seizures in the USA[13]. INH has a 1–3% risk 
for development of seizures. The epileptogenic potential 
results from INH being metabolized to hydrazines, resulting 
in a pyridoxine (vitamin B6) deficiency via inhibition of 
pyridoxine phosphokinase (the enzyme transforming pyri-
doxine to pyridoxal phosphate). Pyridoxal phosphate (acti-
vated B6) is required by glutamic acid decarboxylase to 
convert glutamic acid to GABA thus leading to decreased 
levels of GABA [139]. Mortality associated with INH is 
reported as high as 19%, particularly after ingestion of 10–15 
g of INH [139]. An overdose of INH is very frequently asso-
ciated with seizures, although therapeutic doses have also 
been linked to seizure activity primarily in elderly patients 
[140, 141]. Serum INH concentrations greater than 10 mg/L 
on presentation, greater than 3.2 mg/L 2 h after ingestions or 
greater than 0.2 mg/L 6 h after ingestion are associated with 
severe toxicity [142]. Seizures associated with INH may 
occur without warning usually 1–3 h after ingestion, fre-
quently as generalized tonic-clonic seizures, which are pro-
longed and difficult to treat [143]. Other symptoms that 
accompany seizures include coma and metabolic acidosis. 
Phenytoin is ineffective in treating seizures associated with 
INH. Benzodiazepines are considered first-line agents; how-
ever, patients may be refractory since the agents require the 
presence of GABA for their therapeutic effects. Therefore, 
primary treatment includes intravenous administration of 
pyridoxine in amounts equivalent to ingested INH dose (1 g 
IV pyridoxine for each gram of INH ingested [144, 145]. If 
unknown quantities are ingested, then the dose of pyridoxine 
should be 5 g IV. This dose may be repeated on five to 20 min 
intervals until control of seizures has been obtained [20, 
120]. A low threshold should be used for pyridoxine admin-
istration in the setting of INH toxicity. One study reported 
the absence of adverse effects with pyridoxine doses of up to 
357 mg/kg [145].

Isoniazid remains less likely than other antibiotics to 
cause seizures within the hospital or the ICU, as most cases 
of INH-induced seizure result from acute, accidental, or 
intentional overdose. In this case, the presence of an unex-
plained anion-gap metabolic acidosis with high lactate level 
in the presence of no seizures or after a brief seizure should 
alert the intensivist for the possibility of INH overdose. 
Damaging neurologic sequelae have resulted from expo-
sures as low as 20 mg/kg [120]. This is striking, as the rec-
ommended dosage for children requiring therapy runs from 
10–15 mg/kg [120]. Clear understanding of dosage regi-
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mens must be carefully communicated, not only to the 
health care team, but also to patients or parents of patients 
on INH.

�Metronidazole
Experimental evidence and scattered case reports suggest 
that metronidazole has proconvulsant activity [146–149]. 
The mechanism of action by which metronidazole induces 
epileptogenicity is largely unknown [120]. It is known that 
seizures seem to develop approximately seven to 10 days 
following the initiation of high dose therapy (5–6 g/day) in 
susceptible patients [120]. Patients witnessed to have 
seizures on metronidazole therapy were also afflicted with 
metastatic cancers (metronidazole was used as a radiation 
sensitizer) and were also treated with other medications with 
known pro-convulsant actions (for example, phenothiazines, 
cefamandole, ciprofloxacin, and theophylline) [120]. Based 
on these rare human reports and some limited evidence from 
animal experiments, metronidazole use should be considered 
safe, if not used in high doses or in combination with other 
epileptogenic drugs.

�Antiviral Agents

Antiviral agents rarely produce seizures except when given 
at high doses or to patients with a seizure disorder. 
Ganciclovir, foscarnet, and zidovudine have been reported to 
cause seizures in human immunodeficiency virus (HIV)-
infected patients; however, these patients have multiple rea-
sons for seizures so it is hard to establish the causal 
relationship [20]. Risk factors for foscarnet-related seizures 
include the presence of toxoplasmosis with CNS involve-
ment and a decrease in creatinine clearance [150]. Without 
the presence of these risk factors and in the absence of any 
electrolyte abnormalities, there have been no reported sei-
zures in the foscarnet-treated population [150].

Neurologic sequelae (vomiting hallucinations and confu-
sion or coma, rarely seizures) as a result of acyclovir dosing 
have been reported in the literature, although mostly through 
case reports [151]. Often, this comes as a consequence of 
intravenous administration, but it has also been found to 
occur in patients receiving oral therapy. While patients with 
pre-existing renal dysfunction, the elderly or those patients 
with overdose may be most susceptible to adverse neurologi-
cal events [151], seizures cannot be entirely attributed to the 
drug, but instead to the primary CNS insult by herpes sim-
plex virus or varicella zoster virus. Nevertheless, acyclovir 
neurotoxicity is distinguished from viral encephalitis by its 
sudden onset, absence of fever or headache, lack of focal 
neurologic findings and normal cerebrospinal fluid [152]. 
Discontinuation of the drug and hemodialysis should be con-
sidered in case of suspicion of neurotoxicity leading to sei-

zures from this drug.

Ganciclovir administration has been associated with sei-
zures after the first month of administration in patients 
infected with the HIV. Seizures worsened with increased dos-
ing and the seizures did not respond to phenytoin administra-
tion and stopped when ganciclovir was discontinued [153].

The incidence of seizures occurring in patients infected 
with HIV is higher than in the general population [154, 155] 
The question yet to be definitively answered is if this 
increased seizure risk is secondary to the disease progres-
sion itself, complicated by the many medications required to 
prolong life, especially in advanced disease, or it is a mani-
festation of the anti-viral medications required for the pre-
vention of this progression. In a study that followed 550 
patients for 1 year and monitored for seizure incidence, only 
one patient (0.018%) had a seizure attributed to the toxic 
effects of anti-retroviral (zidovudine) therapy when taken in 
overdose with sulfonamides [154]. Because of the difficulty 
in assessing the cause-effect relationship with these agents 
and seizure activity, it is accepted that AED therapy should 
be initiated in patients infected with HIV after their initial 
seizure [155]. Selection of AED agent is crucial in this popu-
lation, as many drug interactions and disease interactions 
exist. Valproate, for example, can increase viral reproduction 
of both the HIV virus in addition to cytomegalovirus, while 
phenytoin, phenobarbital, and carbamazepine may increase 
the metabolism of protease inhibitors via the CYP450 sys-
tem [155]. For more information on these interactions, the 
interested reader should refer to the Chapter Seizures and 
Infection in the ICU.

�Bronchodilators

Seizures are a frequent adverse sequela of theophylline and 
aminophylline toxicity mediated primarily through the 
antagonism of adenosine receptors, the inhibition of phos-
phodiesterase, and the increase in cAMP; however, some 
have suggested other mechanisms including depletion of 
pyridoxine and inhibition of GABA [28]. The incidence of 
theophylline-associated seizures is 8–14% with mortality 
reported as high as 50% [156]. The associated EEG findings 
include periodic lateralized epileptiform discharges, general-
ized epileptiform discharges, and generalized slowing and 
focal status epilepticus [157]. Generalized seizures occur in 
33% and secondarily generalized seizures occur in 30% of 
patients. Almost half of patients have ≥3 seizures with status 
epilepticus occurring in 29% of them, usually without per-
manent neurologic sequelae [113].

Serum theophylline concentrations do not always corre-
late well to the risk of seizures, particularly in chronic toxic-
ity since serum and CNS theophylline concentrations are 
poorly correlated [158, 159], although many reports suggest 
that seizures less likely occur with serum concentrations of 

less than 60 mg/dL [160]. Some authors suggest that patients 
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who are at increased risk of seizures be maintained with the-
ophylline concentrations at 10–15 mg/dL [157]) Serum con-
centrations of >21 mg/dL are commonly associated with 
drug-induced seizures in acute toxicity and in one study sei-
zures were seen in two out of three cases reaching this con-
centration [113]. Serum concentrations do not correlate with 
the number of seizure a patient may develop. Nonetheless 
clinicians should be aware of the risk, as other reports have 
also seen seizure activity in therapeutic or mildly elevated 
concentrations [157].

Several risk factors for seizures have been reported in 
patients on long-term treatment including advanced age, pre-
vious seizure history, encephalitis, cerebral vascular insuffi-
ciency, alcohol withdrawal, and other brain anomalies [161]. 
In addition the potential for drug interactions may increase 
risk of toxicity as seizures with theophylline have been 
described in patients concurrently receiving theophylline 
along with metronidazole, ciprofloxacin, gatifloxacin, moxi-
floxacin, or imipenem [149]. The addition of a quinolone can 
increase theophylline serum concentrations through inhibi-
tion of theophylline metabolism. Also, theophylline has been 
shown to increase the antagonism of the GABAA receptor 
achieved by the fluoroquinolones, thus increasing the epilep-
togenicity of the antibiotic [120].

Seizures due to theophylline are known to be prolonged 
and difficult to treat. The general principle in management is 
to stop the seizure as soon as possible (within 5–6 h of inges-
tion) as a correlation exists between morbidity and mortality 
and the duration of seizures. Barbiturates and benzodiaze-
pines are the cornerstone of management (phenytoin is inef-
fective), although many cases may require general anesthesia 
and aggressive gastrointestinal decontamination and hemo-
dialysis [162]. Hemodialysis and hemoperfusion is com-
monly used when serum theophylline concentrations are 
greater than 100 mg/dL following acute toxicity and greater 
than 60 mg/dL with chronic toxicity [163]. Midazolam has 
been reported to be effective against refractory seizures 
caused by theophylline toxicity [164].

�Immunosuppressive Agents

Seizure etiology in the post transplant patient population 
may be the most difficult to assess, given the level of medical 
complexity that these patients possess. Metabolic abnormali-
ties, including non-ketotic hyperosmolar hyperglycemia, 
weakened immune systems, polypharmacy, and potential 
coagulopathies all pose as possible instigators of neurologic 
toxicity. Before the intensivist attributes seizures to a meta-
bolic or drug cause, an extensive work-up to exclude infec-
tious agents invading the CNS should be completed.

The most common immunosuppressive agent associated 
with seizures is cyclosporine. The overall incidence of CNS 

toxicity with cyclosporin is 10% and includes cerebellar dis-
orders, neuropathies, and seizures [165]. The incidence of 
seizures is approximately 3% in bone marrow transplant 
patients and around 1% in solid-organ transplants [165]. Of 
solid organ transplants, cyclosporine induced seizures are 
more commonly reported after liver transplant compared to 
renal transplant. Patients with the highest risk for seizure 
during cyclosporine therapy include those on simultaneous 
high-dose steroids, children, and those with hypertension, 
hypomagnesemia, and/or hypoalbuminemia [166]. The onset 
of seizures ranges from 2 to 180 days of treatment initiation 
(usually early during aggressive dose escalation) even in 
patients without risk factors for seizures. The highest risk for 
seizures was in patients with cyclosporine concentrations 
above 250 mcg/mL. Cyclosporin produces structural injury 
to the CNS [167]. White matter is particularly susceptible to 
toxicity, manifested by characteristic focal lesions on mag-
netic resonance imaging. The brain contains high concentra-
tions of the cytosolic-binding protein cyclophilin, which 
suggests increased cellular uptake of cyclosporin [165]. 
Calcineurin inhibitors may also exacerbate an underlying 
seizure focus by enhancing neuronal excitability. The EEG 
in patients with cyclosporine neurotoxicity consists of dif-
fuse slowing [165].

Cyclosporine’s metabolic pathway may be induced by 
phenytoin, phenobarbital, and carbamazepine [166]. Careful 
monitoring of cyclosporine serum concentrations is impera-
tive in the patient who must be maintained on one of these 
AEDs. Valproic acid is one AED, which has failed to show 
any impact on the metabolism of cyclosporine [166]. For 
that reason it may be recommended as a possible therapeutic 
option, although its use should be avoided in patients less 
than 2 years old who have undergone liver transplantation as 
it has had reported deleterious effects on the liver itself [166]. 
Newer AEDs, which are non-hepatic enzyme inducers, like 
gabapentin, oxcarbazepine, or levetiracetam may also be 
considered to control seizures [168]) Calcineurin inhibitor-
sparing regimens with mycophenolate mofetil and cortico-
steroids may be useful in reducing the incidence of 
neurotoxicity [169]. Calcineurin inhibitors can then be 
started when encephalopathy and electrolyte shifts have 
resolved, usually within 48 hours. Please refer to the ICU 
Seizures in Organ Transplantation Recipients Chapter for 
more information.

Other immunosuppressing agents used after organ trans-
plantation, increasing the risk for seizures includes tacroli-
mus (FK506) and OKT3. Since tacrolimus is also a 
calcineurin inhibitor it has a similar risk for neurotoxicity to 
cyclosporine. Sirolimus is a newer agent related to tacroli-
mus, but its mechanism of action differs where it does not 
inhibit calcineurin. No evidence of neurotoxicity with siroli-
mus therapy for up to 18 months has been found [170]. In 
renal transplant patients, OKT3 caused seizures in 6% 
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(8/122) of cases, all with non-functioning grafts, due to tubu-
lar necrosis [171].

�Chemotherapeutic Agents

Chemotherapeutic agents may also be associated with sei-
zures, including alkylating agents (chlorambucil and busul-
fan) cisplatinum, 5-fluorouracil, high dose methotrexate, 
vincristine, etoposide, and ifosfamide [20, 172–174]. The 
greatest risk of seizures from chemotherapeutic agents is 
after excessive doses such as the regimens used for myeloab-
lative treatment in preparation for bone marrow transplant. 
Children also seem to be susceptible to seizures especially 
with chlorambucil and vincristine. Seizures occur within 
hours or days of drug administration, but can be delayed in 
patients with impaired renal or hepatic clearance.

�Psychotropic Agents

Psychotropic drugs have been implicated in drug-induced 
seizures for many years. The San Francisco General study 
noted that psychotropic drugs accounted for 34% of all wit-
nessed drug-induced seizures occurring in hospital [14]. This 
is not surprising given the potential of these agents through 
their pharmacologic activity to lower the seizure threshold 
and through drug interactions with other medications to either 
result in toxicity or result in lowering of concurrent AEDs. 
Most of these agents utilize the CYP450 hepatic enzyme sys-
tem for elimination, thus co-administration with other agents 
that inhibit this system may inadvertently lead to toxicity and 
increase risk of seizures. The epileptogenic potential of the 
agents varies and data is limited regarding the impact of these 
agents on seizure threshold in epileptic versus non-epileptic 
brains. In general it is recommended to use the less epilepto-
genic agent in patients with a history of seizures at the lowest 
effective dose. The risk factors for antipsychotic-induced sei-
zures include: history or epilepsy, electroconvulsive therapy, 
abnormal EEG, history of drug-induced seizures, neurode-
generative disorder, head injury, insulin shock therapy, larger 
doses of antipsychotics, polypharmacy with multiple antipsy-
chotics, and sudden changes in the dose [175]. The intensivist 
should be aware of the seizure potential and maintain a con-
servative approach to managing critically ill patients, balanc-
ing the risk and benefit in each individual patient.

�Antipsychotic Agents
Seizures associated with psychotropic agents are often the 
cause for ICU admission, particularly as a result of overdose. 
Even though all patients receiving antipsychotic agents are 
at risk for drug-induced seizures, the most common time for 
seizures to develop is upon initiation or during dosage titra-
tion particularly rapid titration schedules. The epileptogenic 

potential of antipsychotics depends somewhat on the ratio of 
dopamine-1 (D1) to dopamine-2 (D2) blockade, as well as 
the balance of glutamate and GABA activity. D1 agonists 
and D2 antagonists are proconvulsant. Also antagonism of 
α1-receptors, agonism of α2-receptors, and inhibition of his-
tamine-1 receptors may promote seizure activity. Another 
potential mechanism is via influence of neurosteroid sex hor-
mones produced in the brain [176]. Traditionally the low 
potency agents were thought to possess the highest risk of 
seizure activity (see Table 20.4).

The literature suggests that chlorpromazine and other ali-
phatic phenothiazines (promazine and trifluoperazine) are 
commonly associated with seizures (1.2% overall incidence) 
[177, 178], while piperazine phenothiazines (fluphenazine, 
perphenazine, prochlorperazine, trifluoperazine) are less 
associated with seizures (0.3–0.9% overall incidence with 
therapeutic dosing) [177–179]. Doses exceeding 1000  mg 
per day of chlorpromazine have a 9% incidence of seizures. 
Seizures most commonly occur at the onset of treatment or 
after a rapid dose increase with other associated risk factors 
including an abnormal EEG tracing or evidence of a brain 
abnormality. Phenothiazines induce diffuse, paroxysmal 
EEG changes [20]. In addition the phenothiazines can inter-
act with phenytoin and phenobarbital resulting in reduced 
concentrations of these AEDs placing patients at increased 
risk of seizures [20]. Butyrophenones (haloperidol and dro-
peridol) have been associated with seizures although this 
class of drugs may carry a lower risk than other antipsychotic 
agents [179, 180].

The atypical antipsychotic, clozapine, has a 2.8% risk of 
seizures with the risk higher in patients receiving doses >600 
mg/day (risk = 4.4–14%) or with the use of a rapid titration 
schedule [181, 182]. Status epilepticus following clozapine 
administration has also been reported [183]. Seizures occur-
ring during clozapine therapy do not necessarily lead to dis-
continuation of therapy, especially since clozapine is held for 
refractory patients. Administration of seizure prophylaxis 
with valproic acid, phenytoin, or topiramate is often consid-
ered [184, 185]. The risk of seizures for the remainder of 
newer, atypical antipsychotic agents is not well defined and 
appears to be low. Outside of olanzapine, none of the other 
second-generation antipsychotics induce EEG changes [186]. 
Olanzapine is associated with EEG slowing and epileptiform 
abnormalities [186, 187]. The consensus is that risperidone 
(0.34% incidence), olanzapine (0.9% incidence), ziprasidone 
(0.4% incidence), aripiprazole (0.1% incidence), quetiapine 

Table 20.4  Risk of seizures associated with antipsychotics [176]

Low risk agents Medium risk agents High-risk agents

Fluphenazine
Haloperidol
Molindone
Risperidone
Trifluoperazine

Olanzapine
Quetiapine
Thioridazine

Clozapine
Chlorpromazine
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(0.8% incidence) are not associated with an increased risk of 
seizures [188–192]. The agent with the most concern is olan-
zapine since it is structurally related to clozapine and there 
are isolated cases of seizures and status epilepticus reported 
at therapeutic doses [186, 193–195]. The case reports of the 
other agents were in patients receiving polytherapy with 
agents that are associated with seizure activity. It should be 
considered that all patients who are predisposed to seizures 
are at increased risk when prescribed any antipsychotic agent. 
When using these agents, it is best to use the lowest effective 
dose with slow dosage titration and avoid using them with 
other agents that may lower the seizure threshold.

If patients experience an antipsychotic-associated seizure 
and there is a need to continue therapy, then agents with the 
lowest potential to lower seizure threshold should be used 
(e.g., risperidone, haloperidol, fluphenazine, pimozide, molin-
done, trifluoperazine, thioridazine) [175]. Phenothiazines are 
more likely to lower seizure threshold than butyrophenones. 
Therefore, haloperidol would be the agent of choice for treat-
ing delirium in the intensive care unit in patients at risk of 
seizures. The agents with the highest risk potential for sei-
zures are clozapine and chlorpromazine [194, 196, 197] and 
in this case should be avoided in the ICU.

�Antidepressants
Antidepressant drugs have both convulsant and anticonvul-
sant properties. The convulsant properties are more promi-
nent at higher concentrations and particularly prevalent in 
overdose cases. The propensity of antidepressant agents to 
cause seizures varies from 0.1 to 20% (see Table 20.5) [198–
200]. Since these agents are used for a variety of indications 
clinically ranging from depression to smoking cessation the 
exposure to these agents has increased so it is essential to 
understand their seizure risk profile. It is important for the 
intensivist to evaluate this data (See Table  20.5) and then 
extrapolate to decision-making on initiating or continuing 
these agents in the ICU patient.

Tricyclic Antidepressants
The first report of seizures associated with tricyclic antide-
pressants (TCA) occurred not long after the introduction of 
the first agent to the market (imipramine) [201]. Since that 
time, the overall incidence of TCA-induced seizure ranged 

from 4 to 20%, primarily in acute overdose [199, 200]. 
Not all of the TCAs share the same potential for seizures at 
therapeutic doses. Agents that have been reported to most 
commonly be associated with seizures are amoxapine, ami-
triptyline, imipramine, nortriptyline, desipramine, doxepin, 
and protriptyline. Clomipramine is associated with increased 
risk of seizures at doses greater than 300 mg/day [202]. 
Seizures generally occur within three to 6 h post ingestion 
and are uncommon after 24 h [176]. It has been suggested 
that the risk of seizures could be reduced by monitoring 
plasma concentrations since the isoenzymes responsible for 
TCA metabolism are known to be subject to genetic poly-
morphisms that could result in toxic concentrations in the 
small percentage of patients who may be lacking this isoen-
zyme [203]. However, there is a lack of consensus on the 
utility of serum concentration monitoring, since the inci-
dence of seizures in patients treated with “low dose” TCA 
does not differ significantly from that of the general popula-
tion, implying that it is not the medication itself, but rather 
the brain insult that is causing the seizure [176].

Maprotiline is a semi-TCA but has a higher risk for sei-
zures compared to other TCA, potentially related to a toxic 
metabolite. The risk of seizures is increased at doses above 
225 mg/day. The pharmacologic action of these agents 
includes inhibition of serotonin and norepinephrine reup-
take, histamine (H1) antagonism and alpha-1 receptor antag-
onism. The exact mechanism by which these agents induce 
seizures has not been elucidated since many studies have 
found varying effects of these agents on the seizure thresh-
old. Seizures generally occur within a few days of initiation 
of therapy or when changing to higher doses.

In overdose, TCA produce an anticholinergic toxidrome 
that includes hypotension, QRS interval prolongation, ven-
tricular arrhythmias, and seizures. Mortality is significantly 
increased with the presence of seizures [204]. TCA-induced 
seizures, with the exception of amoxapine, is generally 
accompanied by a widened QRS duration on electrocardio-
gram [205]. A QRS duration of 0.10 s or longer was moder-
ately predictive of seizures while durations of 0.16 s or 
longer was highly predictive of seizures [206]. Seizures 
associated with TCA are more likely to be prolonged and 
multiple and associated with increased risk of medical com-
plications (hypotension, coma, other cardiovascular compli-

Table 20.5  Risk of Seizures Associated with Antidepressants [176, 245]

Minimal risk agents Low risk agents Medium risk agents High-risk agents

Phenelzine
Tranylcypromine

SSRI
Trazodone
Mirtazapine
Nefazodone

Amitriptyline
Imipramine
Desipramine
Nortriptyline
Protriptyline
Doxepin
Venlafaxine

Maprotiline
Amoxapine
Clomipramine
Bupropion
Citalopram

SSRI selective serotonin reuptake inhibitors
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cations) and death [13, 207]. Treatment of TCA overdose 
includes supportive care, benzodiazepines for seizures, and 
sodium bicarbonate for cardiac toxicity.

Selective Serotonin Reuptake Inhibitors
The selective serotonin reuptake inhibitors (SSRI) adminis-
tered alone have been reported to have anticonvulsant 
effects [208]. In overdosage situations, however, fluoxetine, 
sertraline, citalopram, escitalopram, and fluvoxamine have 
been reported to cause seizures [176, 209, 210]. In overdose 
situations, citalopram was reported to more likely cause sei-
zures than escitalopram at comparable doses [211]. 
Accumulating data suggest that at therapeutic doses the 
incidence of seizures with fluoxetine is 0.2%; however, 
these agents appear to be less epileptogenic than TCA [196]. 
Another important consideration is possible drug interac-
tions through CYP450 since SSRI are both inhibitors and 
substrates for this enzyme system. It is important that clini-
cians carefully review all medication regimens in patients in 
the ICU to assess for potentially serious drug interactions. 
When these agents are co-administered with other agents 
that mimic serotonin or with monoamine oxidase inhibitors, 
“serotonin syndrome” may develop. This syndrome is asso-
ciated with seizures, delirium, myoclonus, and autonomic 
instability [212, 213].

Monoamine Oxidase Inhibitors
Monoamine oxidase inhibitors occasionally are associated 
with seizure activity in patients suffering from hypertensive 
crisis as part of tyramine ingestion [214]. In general when 
these agents are used in the recommended doses and without 
external interacting factors, there is very little risk of drug-
induced seizures.

Bupropion
Bupropion is a unique agent that works pharmacologically by 
inhibiting the reuptake of dopamine, norepinephrine, and 
serotonin. Bupropion displays similar characteristics to TCA 
in overdose, although they are not structurally similar, with 
conduction delays on ECG reported in 2–3% of overdose 
cases [215]. Initially the maximum recommended doses were 
450–900 mg/day and the overall incidence of seizures was 
2–5.4% leading to the drug being withdrawn from the market 
in 1986 [216]. It was later re-introduced to the market with a 
maximum recommended dose of 450 mg/day. The incidence 
of seizures at doses greater than 450 mg/day has been reported 
to be as high as 2.2% compared to maximal doses less than 
450 mg/day, which conferred a 0.44% seizure incidence 
[216]. Seizure risk is increased in patients with the following: 
history of seizures, head trauma, anorexia/bulimia, CNS 
tumor, severe hepatic cirrhosis, and use with other medica-
tions that lower the seizure threshold. Bupropion was also 
reported to be an important cause of drug-related new-onset 
generalized seizures presenting to the emergency department 

[11]. The sustained release formulation is hypothesized to 
have a lower epileptogenic potential since it produces lower 
peak concentrations compared to the immediate release prod-
uct; however, there have been reports of tonic clonic seizures 
associated with the use of the sustained release product [216, 
217]. In a recent cohort of patients, seizures with bupropion 
XL overdoses (doses of 600 mg in adults and 16 mg/kg in 
children) developed in 32% of patients, with the onset of sei-
zures ranging from 0.5 h up to 24 h (mean 7.3 h) after inges-
tion [218]. This data would suggest an observational period 
of at least 24 h for patients who ingest the XL formulation. In 
general, bupropion is thought to have a higher risk of seizures 
compared to other antidepressant agents and should be used 
with caution in patients with a seizure disorder [219, 220].

Miscellaneous Antidepressants
Both trazodone and nefazodone have a very low risk for 
new-onset seizures and are probably safe in patients with sei-
zure disorders. Venlafaxine is another agent pharmacologi-
cally similar to bupropion, but with lesser effect on dopamine 
reuptake inhibition. Cardiotoxicity with QRS interval wid-
ening and arrhythmias have been reported with venlafaxine 
overdose, but to a lesser extent than that experienced with 
TCA, although the reported incidence of seizures is also high 
and ranges from 8 to 14% [221].

�Lithium
Lithium is well known to be associated with serious neuro-
logical side effects, especially seizures. There is very limited 
information describing lithium’s pharmacologic effects, but 
these are likely mediated through effects on neuronal ion 
transport and inhibition of norepinephrine and serotonin 
reuptake. The EEG changes seen after lithium is generalized 
slowing and paroxysmal diffuse alpha activity, which typi-
cally develop within one to 2 weeks of therapy onset and are 
reversible with elimination of the drug [222]. Seizures asso-
ciated with lithium generally occur with supratherapeutic 
concentrations (>3 mEq/L); however, seizures have been 
reported in patients with therapeutic concentrations and 
upon drug withdrawal. Therefore it is imperative that the 
clinical presentation of the patient is treated instead of treat-
ing a laboratory value. Except in chronic overdosing, serum 
concentration correlates with severity of toxicity symptoms 
[223, 224]. Risk factors for lithium-associated seizures 
include pre-existing EEG abnormality, clinical seizure disor-
der (including childhood febrile seizures), decreased renal 
function, and acute psychotic symptoms [20]. Because the 
combination of lithium and carbamazepine has been impli-
cated in acute neurotoxicity even with “therapeutic” concen-
trations of both agents, the intensivist should be aware and 
use alternative AED or mood stabilizing agents [225, 226]. 
Treatment of lithium toxicity includes supportive care, gas-
trointestinal decontamination, enhanced elimination with 

hemodialysis and benzodiazepines.
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�Stimulants

Psychostimulants such as caffeine, amphetamines, methyl-
phenidate, and modafinil are gaining increasing popularity in 
the treatment of diseases such as attention deficit-hyperactivity 
disorder (ADHD), narcolepsy, and obesity [227]. Due to their 
diffuse action within the CNS, one would imagine the risk for 
seizures induced by this class of medications to be high. 
Studies have shown, however, that the relative epileptogenic-
ity of these medications is quite low [228]. There are no data 
available regarding the seizure risk with their anecdotal use in 
ICU comatose patients.

While caffeine is certainly the most widely used medica-
tion in this class, methylphenidate remains the most widely 
prescribed for the aforementioned disease states. Overall, 
this stimulant has proven to be quite safe with regard to sei-
zure induction. In fact, methylphenidate has actually been 
shown to decrease the incidence of seizure in patients with 
acute brain trauma [229]. When this stimulant is used in 
patients with seizure disorders that are well controlled on 
AEDs, there is very minimal risk of seizure exacerbation or 
prolongation [230]. In fact, methylphenidate may increase 
the serum concentrations of some AEDs, including pheno-
barbital and primidone [228]. Again, the importance of care-
ful monitoring of serum concentrations of medications with 
the addition or removal of any medical therapy cannot be 
understated.

For patients without a previous history of seizures, if the 
luxury of a pre-treatment EEG is available, it may well prove 
beneficial in determining a patient’s potential risk for devel-
oping 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%, while for patients presenting 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 previous history of seizures, who had one 
event after discontinuing the drug [230].

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 chil-
dren with these disorders, exacerbation of seizures and psy-
chotic symptoms was reported with modafinil therapy in 
2/13 children [231].

�Drug Withdrawal

Literature has suggested that 45% of seizures in the hospital 
or ICU are the result of alcohol or drug toxicity and drug 
withdrawal [103]. Drug withdrawal may occur at several dif-
ferent times during the patient’s hospitalization. Early with-

drawal related to agents the patient ingested prior to 
admission might occur as patients are moved from the emer-
gency department to the ward or the ICU or when medica-
tions are changed or abruptly stopped. Early withdrawal 
seizures can be attributed to many agents and may be pre-
dictable and preventable by assessment of the admission 
toxicology screen. More information regarding ICU seizures 
related to withdrawal from legal or illegal drugs can be found 
in a separate chapter.

�Miscellaneous Agents

Baclofen is a centrally acting muscle relaxant administered 
either orally or intrathecally. Withdrawal from baclofen, a 
GABAB agonist, has been reported to be similar to ethanol 
and sedative withdrawal and may include seizures. Both 
abrupt discontinuation of oral therapy and intrathecal pump 
failure have been associated with seizures [232–234]. The 
treatment of these seizures includes benzodiazepines and the 
readministration of oral therapy. However oral replacement 
therapy may not reach sufficient CSF concentrations to be 
effective in patients with intrathecal pump failure [234].

Diphenhydramine is the most common antihistamine 
agent associated with seizures and was recently reported as 
the second most common agent associated with drug-induced 
seizures reported to a poison control center [12]. Seizures 
associated with diphenhydramine appear to be most com-
mon in overdose situations (~5% of cases) and are generally 
brief and self-limited within 2–3 h of ingestion [235]. 
Children have an increased susceptibility to the convulsive 
effects of these agents with fatality being reported after 
ingesting less than 150 mg [236].

Intravenous contrast media have been associated with 
tonic-clonic and partial seizures within 10 min of administra-
tion. The risk is generally low (0.2–0.5%) except in patients 
with metastatic cancer to the brain where the incidence 
increased to 15% [237, 238]. In animal models, the use of 
iodinated contrast triggered seizures when given by various 
routes of administration including intravenous, intra-arterial, 
intracerebral, and subarachnoid. Seizures are usually self-lim-
iting occurring within 30 min of infusion with status epilepti-
cus rarely occurring. The risk factors include dose administered, 
speed of administration, use of ionic agents, osmolarity, his-
tory of seizure disorder, and structural brain abnormality [237].

Beta-adrenergic blocking agents can cause seizures in over-
dose with the majority of cases involving propranolol [239]. The 
cardioselective agents and ones with lower lipid solubility seem 
to be less epileptogenic but still can result in seizures [240].

Other agents that have been associated with seizures 
include exogenous administration of thyroid hormone, hypo-
glycemic agents, and electrolyte derangements. These areas 
are specifically covered in individual chapters in this book.
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�Treatment

Overall the management strategy involves supportive care, 
removal of offending agent (if possible), and administration of 
an antiseizure agent with benzodiazepines as first-line agents 
followed by phenobarbital [241]. The specific approach for 
managing drug-related seizures is covered within another 
chapter of this text. For other detailed information on managing 
seizures in the intensive care unit, please refer to previously 
published comprehensive reviews [242, 243].

�Summary

While the overall incidence of drug-induced seizures appears 
to be relatively low, critically ill patients may be more vul-
nerable to the epileptogenicity of drugs. Unfortunately, the 
occurrence of drug-related seizures in critically ill patients is 

often difficult to assess and is dependent upon certain patient 
and drug attributes that would place the patients at increased 
risk. The complexity of the illness and delivery of care in 
critically ill patients certainly contribute to the risk. 
Numerous drugs have been implicated as a cause of seizures 
but to varying degrees. The true incidence and causality is 
difficult to assess as most of the data is from published case 
reports or post-marketing surveillance programs. Therefore, 
clinicians should report any drug related seizures to appro-
priate formulary committees or databases in order to further 
clarify any relationships between the drug and this adverse 
consequence. Prevention is the key treatment for drug-
induced seizures with the first step being familiarity with the 
agents that may cause seizures followed by prospective 
assessment of drug regimens. Critically ill patients possess 
many of the risk factors for drug related adverse events so 
recognition and vigilance is essential by all clinicians. In 
addition since most drug-induced seizures are dose-related, 

it is important to use the lowest effective dose adjusted for 
end organ function in an effort to minimize this potentially 
serious adverse effect. Treatment of seizures is usually 
symptomatic and includes, when possible, discontinuing the 
offending agent. In general the first-line agents for treating 
drug-induced seizures are benzodiazepines, which should be 
initiated promptly in an effort to minimize the morbidity and 
mortality associated with this adverse effect of drugs.
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�Introduction

Seizures due to toxins and illicit drugs are usually related to 
an imbalance in the cerebral equilibrium of excitation and 
inhibition. Neuronal excitation is a result of an influx of 
sodium and calcium, or a decrease in chloride influx or 
potassium efflux. In contrast, neuronal inhibition is facili-
tated by a decrease in sodium influx or an augmentation of 
chloride influx or potassium efflux. Several pathways trigger 
seizures, including drugs that block adenosine, histamine, 
and GABA receptors as well as substances that stimulate 
cholinergic and glutamate receptors [1] (see Table  21.1). 
Toxins such as cocaine or soman (a nerve agent) cause sei-
zures in part by increasing excitatory amino acids, as opposed 
to flumazenil, lindane, or pentylenetetrazole, which have 
proconvulsant effects due to their effect on GABA receptors. 
Adenosine is an endogenous neurotransmitter that may be 
responsible for interictal cessation of seizures, since adenos-
ine release is associated with brief periods of postictal elec-
trical silence. Adenosine antagonists such as theophylline in 
toxic doses have been associated with status epilepticus (SE) 
with as high as a 23% incidence of death [2].

A variety of drugs and toxins cause seizures or SE requir-
ing ICU admission. Increased morbidity has been associated 
with seizures, including hyperthermia, acidosis, anoxic brain 

injury, and an eightfold increased risk of aspiration 
pneumonitis [3]. If intoxication is suspected, identification 
of the causative agent is imperative, as specific therapies 
aimed at toxin elimination may be required in parallel with 
antiepileptic treatment and supportive 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 case and may interfere with treatment of 
the primary disease. Timely identification of the drug or the 
toxin involved is mandatory. Accompanying symptoms (e.g., 
delirium), the patient’s history, and drug screens in blood 
and urine must be taken into consideration.

Toxin-induced seizures are typically generalized and self-
limited and may not require antiepileptic treatment. However, 
SE has been reported to occur in 4–10% of cases [4], which 
has been associated with certain drugs/toxins more frequently 
(see Table 21.2). There are limited evidence-based approaches 
for treatment of drug- and toxin-induced seizures. For the 
majority of cases, antiepileptic treatment should be centered 
on GABA agonists. Benzodiazepines continue to be first-line 
therapy for drug- and toxin-related seizures. Propofol may be 
tried as a second-line treatment for refractory drug-induced 
seizures. Phenytoin is not considered first- or second-line 
therapy as it is ineffective for the majority of drug- and toxin-
related seizures. In certain instances, phenytoin can exacer-
bate seizures associated with cocaine, lidocaine, theophylline, 
and organochlorine insecticides. Limited evidence exists for 
the efficacy of valproic acid or levetiracetam in treatment of 
drug- and toxin-related seizures, but could reasonably be con-
sidered as a third-line agent [4].

�Epidemiology

The incidence of toxin-related seizures is unknown. A pro-
spective study of patients presenting with their first convulsive 
seizure found that 8.5% of patients older than 25 years have a 
toxic/metabolic etiology; 11% of patients older than 60 years 
have a toxic/metabolic etiology; and 24% of patients between 
40 and 65 years have a toxic/metabolic/vascular etiology [2]. 
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A retrospective review of the California Poison Control in 
2003 evaluated the causes of all drug-related seizures [3]: of 
386 cases, 7.5 and 6.9% were related to tramadol and amphet-
amine use, respectively, while 37% were related to antidepres-
sants (tricyclics, bupropion, venlafaxine, of which 23% were 
related to bupropion), 8% to diphenhydramine, and 6% to iso-
niazid. The majority of these cases resulted in a single seizure, 
but 3.6% resulted in SE. Similarly, in a retrospective study of 
142 pediatric drug-induced seizures, the antidepressant class 
of medications was the most common etiologic agent, repre-
senting 42% of the cases. Of those cases involving antidepres-
sants, bupropion was the identified antidepressant in 
approximately 50% of cases [5].

�Illicit or Abused Drugs

Chronic use, overdose (intoxication), and withdrawal are 
potential causes of seizures in illicit drugs users. A retrospec-
tive analysis identified 49 cases of recreational drug-induced 
seizures admitted to the San Francisco General Hospital 

between 1975 and 1987. Whereas the great majority had one 
single focal or generalized seizure, seven patients had mul-
tiple convulsions and two developed SE requiring ICU 
admission [6]. 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 hospital admissions for 
recreational drug-induced seizures are infrequent. Routine 
screening for recreational drugs in patients admitted to the 
hospital because of a seizure has a low yield and should only 
be considered if the patient’s history raises suspicion for 
drug abuse, but, oftentimes, drug screens do not include the 
majority of drugs that can cause seizures [7]. 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.

�Opiates

Opiates include natural (endogenous, e.g., endorphin; 
exogenous, e.g., morphine, a constituent of the milky 
extract of opium poppy, Papaver somniferum) or synthetic 
compounds (e.g., fentanyl) acting on central opiate recep-
tors and producing psychological and physical dependence. 
Heroin (diacetylmorphine, a lipophilic morphine analogue 
with faster blood-brain barrier passage) is the most com-
monly used recreational opiate leading to abuse and addic-
tion. Intoxication usually caused by intravenous 
administration of an overdose presents with coma, respira-
tory depression, pinpoint but reactive pupils, and vomiting. 
Seizures are uncommon, which seems expected given the 
inhibitory actions of opiates on the brain: opiate receptors 
(μ, δ, κ) inhibit the adenylate cyclase and close Ca2+ chan-
nels via G-protein-mediated pathways and thereby reduce 
neuronal excitability. Pro-convulsant effects of morphine 
have been reported in an in vitro murine hippocampal prep-
aration precipitated by selective stimulation of mu and 
kappa opiate receptors [8]. In humans, seizures have been 
reported in 2% of heroin overdose patients [9], which may 
be attributed to heroin itself [10] or to adulterants. 
Inadvertent intrathecal application of morphine has led to 
seizure in one reported case [11].

Because seizures related to opiates themselves are uncom-
mon, other causes should be explored. These can be direct 
toxic effects of adulterant drugs, or the result of other dis-
eases frequently observed in the addicted population (stroke, 
infection, neoplasms, and metabolic derangement). 
Adulterant drugs should be sought in laboratory analysis 
[12]. Acute opiate intoxication can be treated with the antag-
onist naloxone (0.8 mg iv, repeated as needed up to 20 mg). 
No specific recommendations exist for the use of antiepilep-
tic drugs. Certain opioids are more commonly associated 

Table 21.1  .Mechanisms associated with toxin-induced seizures

1. Activity at NMDA and GABA receptors

2. Disturbances of ion flux: typically involves sodium channels in 
which there is an alteration in the resting potential of nerve cells

3. Adenosine antagonism

4. Alterations in the concentration or activity of biogenic amines 
and catecholamines

Modified from Sharma AN, Hoffman RJ. Toxin-related seizures. Emerg 
Med Clin North Am. 2011 Feb;29(1):125–39, with permission from 
Elsevier

Table 21.2.  Drugs/toxins that cause or precipitate status epilepticus

1. Star fruit

2. Endosulfan (pesticide)

3. Domoic acid

4. Soman (chemical weapon)

5. Cocaine

6. Tetramine (rodenticide)

7. Camphor

8. Aluminum-containing biomaterial

9. Carbon monoxide

10. Colloidal silver

11. Ecstasy

12. Lead

13. Lysergic acid amide

14. Maneb

15. Neem oil

16. Nitromethane

17. Petrol sniffing

Modified from Tan RY, Neligan A, Shorvon SD. The uncommon causes 
of status epilepticus: a systematic review. Epilepsy Res. 2010 Oct;91(2–
3):111–22, with permission from Elsevier
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with seizures and those include tramadol, propoxyphene, 
and meperidine (see more details in the drug-induced sei-
zures chapter of this book).

In contrast to acute overdose, chronic heroin abuse is an 
independent risk factor for seizures with an adjusted odds 
ratio of 2.8 that increased to 3.6 when concomitant brain 
pathology was present [13]. Seizures sometimes accompany 
opiate withdrawal which in adults typically presents with 
flu-like 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 
withdrawal of narcotics as a cause of tonic-clonic seizures 
[14]. Among all admissions with first-ever seizure of identi-
fiable cause, patients in opioid withdrawal constituted the 
largest group. However, they represented only a small frac-
tion of all ICU admissions during the 10-year study period 
(0.066%). Therefore, opioid withdrawal seizure remains a 
rare cause of ICU admission. General withdrawal symptoms 
are usually well handled with methadone (20  mg once or 
twice daily). Withdrawal in the neonate (neonatal abstinence 
syndrome, NAS) who was exposed to opiates taken by the 
mother is more severe and more frequently associated with 
seizures. Its treatment should be based on substitution of opi-
ates. If sedatives are required, phenobarbital should be pre-
ferred to diazepam [15].

The opiate oxycodone has been reported to lower seizure 
threshold in patients with a history of seizures or acute renal 
failure. One epileptic patient seized several times after inges-
tion of oxycodone. Seizures were controlled with carbam-
azepine and the opiate could be continued [16].

�Sedatives and Hypnotics

Sedative agents used for recreational purposes include ben-
zodiazepines, barbiturates, and others (e.g., glutethimide, 
methaqualone). Barbiturates especially have an addictive 
potential of psychological and physical dependence which is 
between stimulants (see below) and opiates. Benzodiazepines, 
with a lower abusive potential, may also lead to withdrawal 
symptoms. Seizures, however, are not as common as with 
withdrawal from barbiturates. In a study in which patients 
were withdrawn from therapeutic doses of benzodiazepines 
taken for several months, withdrawal seizures were not 
reported [17]. As benzodiazepines and barbiturates are pow-
erful antiepileptic drugs, seizures have not been observed 
with overdose—mostly administered on suicidal purpose. 
However, flumazenil used as a benzodiazepine antidote has 
led to partial seizures [18] and fatal SE [19].

Withdrawal from benzodiazepines 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 GABAA receptors by long-term 
use of these sedatives [20, 21]. Additionally, a role of the 
glutamatergic system is suspected because reduced suscepti-
bility was observed after treating benzodiazepine-dependent 
mice with an NMDA antagonist [22].

Seizures are observed in 3% of patients going through 
benzodiazepine or barbiturate withdrawal [23]. They typi-
cally occur within 1–10 days after stopping the drug, depend-
ing on the specific agent’s half-life and the previously 
ingested dose [24]. For example, with short-acting barbitu-
rates, such as secobarbital, pentobarbital, or amobarbital, 
seizures are expected within the first 2–3 days 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 per day and in 75% taking 900 mg. 
With lower daily doses of 400 mg, electroencephalographic 
changes consistent with epileptiform discharges can be 
found in up to one third of patients [25]. Sedative withdrawal 
seizures should be treated with titrated doses of benzodiaze-
pine or barbiturate (determination of a “stabilization dose,” 
usually 200 mg pentobarbital every 6 h, followed by gradual 
tapering over 2–3 weeks). Most other antiepileptic drugs are 
ineffective.

Other sedatives, such as chloral hydrate and meprobam-
ate, can also cause seizures during withdrawal. In contrast, 
glutethimide [26] and pentazocine/tripelennamine (T’s and 
blues) can produce seizures on ingestion [27].

�Stimulants

Psychostimulants include amphetamines, ephedrine, and 
methylphenidate; these agents release monoamines at the 
synaptic nerve terminals. Clinical use of amphetamines is 
established for treatment of narcolepsy, hyperactivity in chil-
dren, and the control of obesity. Due to their widespread use, 
amphetamines are easy to procure; after cannabis, amphet-
amines are the most common drugs of abuse. Use of methy-
lenedioxymethamphetamine (MDMA, “ecstasy” or 
“molly”), an amphetamine with stimulant and hallucino-
genic properties, has quadrupled over the past decade [28]. 
Another psychostimulant with properties similar to MDMA 
is cocaine. In contrast to amphetamines, cocaine blocks the 
reuptake of monoamines such as norepinephrine, dopamine, 
and serotonin at synaptic nerve endings.

The incidence of amphetamine-associated seizures is 
unknown; 4% (44/1019) of patients presenting to an Australian 
hospital with first-ever seizure were noted as having an 
amphetamine-associated seizure [29]. Reported frequencies 
of cocaine-induced seizures vary between 1 and 40% [30]. 
Seizures can occur with psychostimulant overdose but also 
after intentional administration of high doses. In one study, 
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women were more likely to present with seizures than men 
(18% vs. 6%) [31]. Seizures occur with amphetamines, espe-
cially MDMA, even at intentional doses [32], but are less fre-
quent than with cocaine [6] . MDMA causes euphoria and 
mental stimulation; however, it can also lead to more serious 
adverse effects such as hyperthermia, seizures, hyponatremia, 
rhabdomyolysis, and multi-organ failure [33]. An association 
exists between MDMA or cocaine use and acute catastrophic 
neurovascular events, such as subarachnoid hemorrhage, 
intraparenchymal hemorrhage, and ischemic stroke. These 
events can on their own produce seizures [34, 35]. These sei-
zures are commonly focal, whereas the typical cocaine-
induced seizure is generalized. Brain imaging studies should 
therefore be considered in stimulant users with focal seizures. 
Convulsions induced by cocaine are usually of short duration 
and occur immediately or within a few hours. MDMA pro-
duces a secondary clonic phase after the initial ictal event [36]. 
Rarely, SE develops, requiring ICU care. Complex partial SE 
has been reported with alkaloid “crack” cocaine abuse 
(smoked) in a patient who presented with bizarre behavior 
thought to be “cocaine psychosis” [14]. Seizures during stimu-
lant withdrawal have not been reported. Newer, designer 
amphetamines, which oftentimes have little cross-reactivity 
with commercial urine toxicology screening, such as 2,5-dime-
thoxy-4-chloroamphetamine (DOC), have been reported to be 
associated with SE [37]. Benzodiazepines remain the first-line 
treatment for cocaine-induced seizures followed by barbitu-
rates. If seizures are refractory still, then propofol may be use-
ful. Current reports have not shown effectiveness or reduction 
in lethality with the use of phenytoin in the setting of cocaine 
intoxication [38]. In a mouse model, cannabidiol (CBD) pre-
treatment inhibited cocaine-induced acute seizure as well as 
associated liver injury [39]. However, SE after cocaine but 
also after MDMA is notoriously refractory to conventional 
treatment and requires ICU management [31, 40–42]. 
4-Methylaminorex-related seizures can be treated with the 
calcium channel blocker flunarizine [34].

�Solvents

Solvents include hydrocarbons, ketones, esters, and ethers and 
are commonly consumed by inhalation of glues, cleaning flu-
ids, paint thinners, or anesthetics. Addictive effects resemble 
those of ethanol. Chronic abuse can lead to focal neurological 
deficits (e.g., cranial nerve palsies, internuclear ophthalmople-
gia, and peripheral neuropathy) [43] and CNS demyelination 
[44]. Severe intoxication or oral administration can be accom-
panied by seizures [45, 46]. Seizures may be partial or gener-
alized [47, 48]. Chronic solvent exposure may also lead to 
temporal lobe epilepsy as demonstrated by a case of occupa-
tional intoxication [49]. Seizures were fully controlled after 
stopping the exposure to cyclohexanone and isopropanol.

1,4-Butanediol is a solvent that is metabolized to gamma-
hydroxybutyric acid (GHB), a metabolite that acts through 
GABA receptors. GHB and its derivative gamma-
butyrolactone (GBL) have gained popularity as an illicit 
drug due to its sedative, anxiolytic, and euphoria-inducing 
effects. Poisoning leads to states of confusion, aggression, 
and combative behavior and later coma, respiratory depres-
sion, and death. Withdrawal is characterized by tremor, hal-
lucinations, tachycardia, insomnia, and, in a few reported 
cases, epileptic seizures [50]. In Sweden, high dissemination 
of GHB and mortality rates comparable to those of heroin 
have been reported [51].

�Hallucinogens

Marijuana is the illicit drug most frequently used for recre-
ational purposes and is now approved in several states and 
countries legally for medical purposes. It is derived from the 
hemp plant Cannabis sativa. Its major hallucinogenic ingre-
dient is Δ9-tetrahydrocannabinol (THC). THC acts via spe-
cific receptors which are called CB1 and CB2. These receptors 
are expressed in the brain and immune cells, respectively; 
certain brain lipids (anandamide and 2-arachidonoylglycerol) 
are endogenous ligands of CB1 and operate as retrograde 
synaptic transmitters [52]. Cannabinoids have antiepileptic 
properties [13, 53], which are described as being similar to 
those of phenytoin [54] despite different mechanisms of 
action [55]. Pro-convulsant activity was also reported for 
THC in a rat model [56]; this discrepancy is likely related to 
species and seizure model. Cannabis withdrawal can pro-
duce a mild withdrawal syndrome consisting of anxiety, nau-
sea, increased body temperature, and tremors. Seizures are 
not part of this syndrome.

Several case reports of seizures after ingestion of syn-
thetic cannabinoids have been published [57, 58]. Since 
2004, these herbal blends have been sold in specialty 
shops, convenient stores, and on the internet and claim to 
produce cannabis-like effects after smoking the blend. 
They are sold under various names such as Spice, K2, K3, 
and Mr. Nice Guy. In comparison to naturally occurring 
THC, certain formulations of synthetic cannabinoids have 
exhibited four times the potency for binding to the CB1 
receptor [58]. The binding to the CB1 receptor is felt to be 
primarily responsible for the psychotropic effects, which 
can lead to psychosis, agitation, and unresponsiveness. It 
is important to note that a typical urine toxicology screen 
will be negative for THC after consumption of synthetic 
cannabinoids.

Other natural (mescaline, psilocybin) and synthetic hal-
lucinogens (lysergic acid diethylamide, LSD) are not consid-
ered epileptogenic. However, one case of grand mal seizure 
after LSD overdose has been reported [59].

M.L. McNulty et al.
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Phencyclidine (“angel dust”), a hallucinogenic anesthetic 
similar to ketamine, has antiepileptic properties [60]. 
Intoxication, however, can lead to a severe clinical syndrome 
characterized by agitation, violence, psychosis, and catato-
nia, which can be complicated by rhabdomyolysis, hyper-
thermia, and seizures [61]. Fatal SE has been reported in this 
setting [62].

�Epileptogenic Environmental Toxins

�Marine Toxins

Among various toxins produced by marine animals or plants, 
domoic acid and ciguatera toxins are most relevant in view 
of epileptogenicity. Domoic acid (DA) is a potent excito-
toxin that is produced by algae (Nitzschia pungens). Humans 
are intoxicated via the food chain by eating mussels contain-
ing the poison. Domoic acid is an analog of kainic acid and 
binds to NMDA receptors and causes an influx of excessive 
calcium [63]. Administered to rats, DA produces seizures 
resulting from unspecific neuronal activation throughout 
many brain areas. Excitotoxic brain damage ensues within 
certain brain regions, hippocampus and cerebellum, being 
more vulnerable than others [64].

An epidemic DA intoxication was first identified in 
Canada in late 1987 [65]. After eating poisoned mussels, 107 
patients developed acute gastrointestinal symptoms (76%), 
incapacitating headache (43%), and loss of short-term mem-
ory (25%). Twelve patients (11%) required intensive care 
because of seizures, coma, and respiratory or circulatory 
problems. One fourth of those patients died. Damage in hip-
pocampus and amygdala was the leading neuropathological 
finding [66]. Hippocampal damage, also demonstrated in 
survivors by reduced glucose uptake in PET imaging [66], is 
likely responsible for persisting seizure activity until 4 
months after intoxication and for delayed onset temporal 
lobe epilepsy after 1 year [67]. Acute DA-induced seizure 
activity was resistant to phenytoin but controlled by diaze-
pam and phenobarbital [66].

Although less epileptogenic, ciguatera fish intoxication is 
the most common nonbacterial marine food poisoning syn-
drome in humans. Ciguatoxins are heat-stable polyether tox-
ins which act by increasing the permeability of excitable 
membranes to sodium ions [68]. Produced by the benthic 
(bottom dwelling) dinoflagellate Gambierdiscus toxicus, 
they enter the food chain via carnivore fish (mackerel, bar-
racuda, rabbitfish) to human. Ciguatera is endemic in tropi-
cal countries but has been observed in North America and 
Europe, where the diagnosis is often missed or the condition 
is misdiagnosed for multiple sclerosis [69]. This confusion 
stems from the typical ciguatera symptomatology being par-
esthesias, especially of thermo- and nociception with hot-

cold inversion, occurring several hours after ingestion. 
Parasthesias usually begin periorally and then spread cen-
trifugally. Complete restitution is common [70] but can take 
as long as several months and in some cases symptoms per-
sist. Severe intoxication can lead to coma, flaccid paralysis, 
respiratory paralysis, and generalized tonic-clonic seizures 
[68, 71, 72]. Deaths have been reported [73]. Confirmation 
of diagnosis can be achieved by detecting the toxin in human 
blood using available bioassays [74, 70]. Treatment with 
intravenous mannitol (10 ml/kg of 20% solution infused 
slowly over 30–45 min) after initial fluid replacement 
reduces Schwann cell edema and completely reverses symp-
toms in up to 60% of patients [75, 68]. However, in a double-
blind randomized study of mannitol versus normal saline 
treatment over 24 h, mannitol was not found superior and 
had more side effects [17]. Additional supportive therapy 
may be necessary.

�Mushroom and Plant Toxins

The most poisonous mushrooms are of the Amanita species. 
These produce a variety of toxins (amatoxins) [76]. A. phal-
loides produces the cytotoxic amanitin, which can lead to 
acute hepatic and renal failure within days of ingestion [77]. 
Seizures can occur as part of fulminant hepatic failure (FHF) 
and are likely related to ammonia toxicity, which increases 
synaptic glutamate release [78]. Besides antiepileptic drugs 
and supportive therapy, specific treatments for A. phalloides 
poisoning include gastric decontamination, oral activated 
charcoal and lactulose, high doses of penicillin, ceftazidime, 
thioctic acid, or silibinin, and combined hemodialysis and 
hemoperfusion [79, 80]. Positive effects of acetylcysteine 
were also reported [81]. Benzodiazepines, as the first line 
drug for agitation and seizures, have been used in the past.

Inocybe; Clitocybe; other Amanita species, especially A. 
pantherina and A. muscaria; and Psilocybe produce neuro-
toxins [82]. Examples of these toxins are ibotenic acid, sti-
zolobic acid, and muscimol. Intoxication occurs most 
commonly in children (unintentional ingestion) and pro-
duces a distinctive syndrome consisting of alternating phases 
of drowsiness, agitation plus hallucinations, and seizures 
occurring within 2–3 h after ingestion [83]. In a study of nine 
cases of A. pantherina or A. muscaria poisoning, seizures 
were observed in four [84]. All seizures were controlled by 
standard antiepileptic drugs. In contrast to A. phalloides poi-
soning, intoxication from neurotoxic Amanita species is usu-
ally time-limited and followed by complete recovery. 
However, mushroom identification should be sought, 
because syndromes differ in their course and treatment. 
Identification may be achieved from the remains of a meal 
[85]. Another species of mushrooms, Gyromitra esculenta, 
contains hydrazine that disrupts normal production of GABA 
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by various mechanisms including blocking pyridoxal 
5′-phosphate, which enhances the elimination of pyridoxine 
and ultimately may result in seizures due to inadequate 
GABA supply [2]. In this instance, use of benzodiazepines or 
barbiturates may be ineffective as they both require GABA 
to exert their clinical effect.

Besides mushrooms, ingestion of certain plants can 
induce seizures. Water hemlock or other members of the 
Cicuta genus and their toxin, cicutoxin, are mostly involved. 
Water hemlock grows along rivers in North America. 
Intoxication conveys an overall mortality rate of 70% [86]. 
Typical symptomatology includes nausea followed by loss 
of consciousness and generalized seizures. In one report a 
patient was successfully treated with hemodialysis and 
hemoperfusion, forced diuresis, and artificial ventilation 
[87]. Star fruit (Averrhoa carambola) is a tropical fruit that 
originates from Southeast Asia and has been shown to cause 
neurotoxicity among patients with chronic renal insuffi-
ciency [88]. In a series of 32 patients with star fruit toxicity, 
seven developed seizures and all but one died, which was felt 
related to SE [88]. The mechanism for toxicity is uncertain; 
however, animal studies have shown that star fruit inhibits 
GABA binding on synaptic membranes.

Another source of potential ingestions Toxins is herbal 
medications, which use has increased significantly in the past 
few decades. Some of these herbal medicines contain poten-
tial neurotoxic compounds. Borage seed oil is derived from 
the seeds of the borage plant (Borago officinalis) and is used 
medicinally as an anti-inflammatory, for menopause-related 
symptoms, and for diabetic neuropathy. A previously healthy 
41-year-old woman presented with confusion with episodes 
of inappropriate staring and laughing that evolved into gener-
alized tonic-clonic seizures and SE after taking borage oil 
daily for the week prior to presentation. Other toxic plants 
that can sometimes induce seizures (with severe intoxication) 
include members of the belladonna alkaloid family (jimson-
weed, nightshade), azalea, and Christmas rose [89].

Besides direct toxicity, plant ingestion Toxins can lead to 
intoxication by insecticides or herbicides. Amitraz is a 
widely used insecticide that often leads to intoxication in 
children. Symptoms include loss of consciousness, vomit-
ing, hypotension, hypothermia, and generalized seizures and 
evolve within 2 h after ingestion [90, 91]. Benzodiazepine 
treatment is effective against convulsions [90]. The outcome 
is usually good.

�Carbon Monoxide (CO)

CO is a colorless and odorless gas that is contained in exhaust 
fumes of motor vehicles, smoke from fires, tobacco smoke, 
and fumes of faulty heating systems. Intoxication results 
from acute inhalation or from chronic exposure to low con-

centrations. Seizures can occur with either acute or chronic 
poisoning. CO has a higher affinity for hemoglobin (forming 
carboxyhemoglobin) than oxygen. It therefore competitively 
removes oxygen from hemoglobin, thereby producing tissue 
hypoxia. The brain is the organ most vulnerable to hypoxia 
which leads to neurological symptoms ranging from dizzi-
ness and headache to coma and death. 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 mea-
surement of the whole blood COHb level is performed. In a 
prospective study, COHb levels were measured in 753 
unselected patients admitted to the Emergency Department. 
Those with suspected diagnosis of CO intoxication were 
excluded. Two patients from the entire cohort (0.3%) and 
one of twenty (5%) admitted with seizures had COHb levels 
of greater than 10% [92]. In several case reports, mild to 
moderate CO poisoning (mild, 10–20% COHb; moderate, 

20–40% COHb) presented as an isolated focal or generalized 
seizure [93–95]. Other symptoms of mild to moderate poi-
soning included headache (84%), dizziness (92%), visual 
disturbances, and fatigue [96]. The classic cherry-red discol-
oration of the skin (color of carboxyhemoglobin) is mostly 
seen with severe intoxication (40–60% COHb), which also 
leads to coma, generalized convulsions, and respiratory 
impairment. Global brain edema and signs of hypoxia 
(hypodensities in white matter or basal ganglia) are seen on 
computed tomography. In one report, the EEG was charac-
terized by lateralized sharp waves and a focal electrographic 
seizure discharge within hours of the CO exposure associ-
ated with coma and focal motor seizures [97]. One case of 
CO-related nonconvulsive SE in a 70-year-old female patient 
has also been reported [98]. Long-term sequelae of severe 
intoxication range from memory deficits or extrapyramidal 
disorders to persistent vegetative state [99].

The therapy of choice for acute CO intoxication is hyper-
baric oxygen therapy [100], which significantly reduces late 
sequelae [101]. Oxygen itself has neurotoxic properties: 
especially, when applied under high pressure, oxygen can 
induce seizures. In one study, seizures occurred in 0.3% of 
cases at 2.45  atm abs and in 2% at 2.80  atm abs [102]. 
Mortality remains at the 30% level if the patient is not treated 
with hyperbaric oxygen, but drops to less than 10% if this 
treatment is offered early [89, 100].

�Heavy Metals

�Introduction
Heavy metal poisoning stems from environmental pollution 
(e.g., herbicides, pesticides), occupational exposure (e.g., 
mining), iatrogenic (e.g., antimicrobials), or intentional 
ingestion of recreational drugs (e.g., gasoline sniffing). 
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Heavy metals can bind to various reactive groups (ligands) 
to inhibit their physiological function. Drugs designed to 
limit the toxic effects of heavy metals (chelators) compete 
with these endogenous ligands for heavy metal binding. 
Chelators have a greater affinity for heavy metals and form 
complexes which are easily eliminated from the body. Most 
heavy metal poisoning is secondary to chronic exposure.

�Lead
Lead intoxication is common since Ancient Roman ages, 
when lead was ingested via water delivered through lead 
pipe systems. Today, most cases of lead poisoning are the 
result of occupational exposure. Large-scale prevention 
programs have been introduced to eliminate this health haz-
ard [103]. Other cases of lead intoxication occur in children 
who accidentally ingest lead-containing paint or soil. 
Chronic lead poisoning is therefore more common in adults, 
whereas acute intoxication more often occurs in children. 
The symptoms differ: chronic exposure leads to gastrointes-
tinal, hematological, and renal symptoms. CNS and neuro-
muscular symptoms predominate with acute intoxication. 
The neurological syndrome of lead poisoning includes ver-
tigo, clumsiness, ataxia, headache, insomnia, restlessness, 
and convulsions [104, 105]. Seizures are often repetitive 
and tonic-clonic and are followed by somnolence with 
visual disturbances or coma [106, 107]. Lead binding to 
GABA thereby reducing inhibition in cortical circuits has 
been suggested as a possible pathophysiological mechanism 
for lead-induced seizures [108]. Antiepileptic drugs that 
increase GABA-mediated inhibition (sodium valproate, 
barbiturates, and benzodiazepines) are therefore preferred 
in lead-induced seizures [108]. Chronic lead exposure can 
also produce thiamine deficiency, which lowers seizure 
threshold [109]. In these cases thiamine should be substi-
tuted. Other treatments for lead intoxication include chelat-
ing agents—edetate calcium disodium, dimercaprol, 
d-penicillamine, or succimer (2,3-dimercaptosuccinic acid). 
Anemia with basophilic stippling of red cells and lead lines 
at the metaphyses of long bones are other diagnostic find-
ings. Blood zinc protoporphyrin (ZPP) levels can be used to 
assess lead exposure over the prior 3 months [110]. Excretion 
of lead in the urine should be assessed before and after ini-
tiation of therapy with chelating agents. Asymptomatic 
patients with blood lead levels greater than 80 μg/dl or 
symptomatic patients with blood lead concentration greater 
than 50 μg/dl should be treated with edetate calcium diso-
dium i.v., followed by oral administration of succimer for 
19 days. Asymptomatic patients with blood lead concentra-
tion greater than 50 μg/dl can be treated with succimer 
alone. Edetate calcium disodium should be combined with 
dimercaprol in cases with CNS symptoms [110]. 
Dexamethasone and mannitol should be considered in cases 
of cerebral edema.

�Mercury
Mercury poisoning used to be a common side effect of vari-
ous drugs such as antimicrobials, laxatives, and antiseptics. 
Whereas these drugs have been replaced with nontoxic and 
more effective agents, chronic mercury exposure from cos-
metics distributed in developing countries (e.g., skin whiten-
ing cream [111]) still occurs. Other sources of mercury are 
occupational exposure [112] and environmental pollution, 
especially fish containing organic mercury compounds. The 
FDA therefore recommends avoiding consumption of shark, 
swordfish, mackerel, and tilefish in pregnant or women of 
childbearing age and young children [113]. Mercury intoxi-
cation causes a variety of symptoms, including gastrointesti-
nal, renal, pulmonary, hepatic, and neurological. 
Neurotoxicity may result from excitotoxic neuronal damage 
due to defective glutamate reuptake by astrocytes [114].

The symptomatology of mercury intoxication depends 
upon the route of ingestion and on whether the exposure was 
acute or chronic. Acute inhalation of vapors containing high 
doses of elementary mercury is the most hazardous form of 
intoxication. Clinical signs occur within hours, consisting of 
gastrointestinal, respiratory symptoms, visual impairment, 
and generalized tonic-clonic seizures [115, 116]. Intensive 
care is mandatory as respiratory, renal, and hepatic failure 
may be fatal. In contrast, intravenous injection of doses of 
metallic mercury as high as 8 g is not life-threatening: in a 
case of suicidal injection, gastroenteritis, stomatitis mercu-
rialis, neuropsychological symptoms, and tremor mercurialis 
occurred without respiratory, hepatic, or renal abnormalities 
[117]. In one report, the patient was successfully treated with 
2,3-dimercaptopropane-1-sulfonate (DMPS), a chelating 
agent, and surgical removal of mercury deposits. Chronic 
exposure to mercury, in metallic or organic form (methyl-
mercury) causes a neuropsychological syndrome (erethism) 
characterized by irritability, personality change, depression, 
delirium, insomnia, apathy, memory disturbances, head-
aches, general pain, and tremors. Hypertension, renal distur-
bances, allergies, and immunological conditions occur [112]. 
Recurrent seizures and EEG abnormalities may also be pres-
ent [118]. Standard antiepileptic drug therapy can be used for 
mercury-related seizures and epilepsy. The chelating agent 
DMPS should be given repetitively to remove approximately 
1 mg of mercury per day of treatment [117].

�Tin
Tin has neurotoxic properties as an organic compound (tri-
ethyltin, trimethyltin). These organotins are used as pre-
servatives for textiles or wood and in the production of 
silicone rubber. Intoxication often occurs during occupa-
tional exposure. Symptoms include hearing loss, confu-
sion, memory deficits, ataxia, sensory neuropathy, 
aggressiveness, and disturbed sexual behavior, complex 
partial and tonic-clonic seizures. Long-term effects include 
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epilepsy, likely because trimethyltin intoxication produces 
damage in amygdala, piriform cortex, and hippocampus, 
requiring antiepileptic treatment.

�Pesticides and Other Chemical Toxins

�Introduction
Exposure to toxic chemicals that lead to excessive hyperac-
tivity in the nervous system can originate from industrial 
accidents, misuse in agriculture, or occupational hazards 
[115, 119]. There is both short- and long-term neuropathol-
ogy that is caused by excitotoxicity. The acute phase of exci-
totoxicity can be followed by long-term regional 
neurodegeneration that leads to functional consequences 
such as cognitive decline and/or sensorimotor deficits.

�Cholinesterase Inhibitors
Pesticides and chemical warfare agents, which inhibit the 
enzyme acetylcholinesterase (AChE), are toxic to humans 
and can lead to severe neurological dysfunction, causing sei-
zures, miosis, and alterations of consciousness. Compounds 
such as toxic VX and sarin (“nerve gases”) are considered 
organophosphorus (OP) nerve agents that were developed 
for chemical warfare during World War II and are some of 
the most well-known epileptogenic compounds [119]. These 
nerve agents can rapidly cross the blood-brain barrier and 
initially induce seizures through overstimulation of choliner-
gic pathways [120]. OP pesticides are also one of the biggest 
classes of insecticides used both in the home and in agricul-
ture. Another class of pesticides that have an anticholinester-
ase mode of action is the class of carbamate pesticides.

OP and carbamate cholinesterase inhibitors are epileptogenic 
due to the deactivation of AChE, which leads to overstimulation 
of cholinergic synapses in the brain. Seizures can begin in differ-
ent brain regions and spread throughout causing multifocal 
lesions in areas such as the cortex, hippocampus, thalamus, and 
amygdala [119]. Epileptiform activity and the activation of glu-
tamate receptors are triggered by the overstimulation of postsyn-
aptic muscarinic acetylcholine (ACh) receptors.

Those affected from acute poisoning from OPs are treated 
with atropine in order to inhibit muscarinic effects and, typi-
cally, pralidoxime (2-PAM), which reactivates phosphory-
lated AChE.  Benzodiazepines are the drugs of choice for 
stopping seizures and SE caused by nerve agents. Studies 
have recently favored the use of midazolam over diazepam as 
the benzodiazepine of choice due to its superior pharmacoki-
netic characteristics [121]. Midazolam is most effective when 
given early after seizure onset, but it loses its protective effi-
cacy over time or when delayed in administration. Seizure 
activity-induced internalization or downregulation of synap-
tic GABAA receptors is theorized to lead to refractory SE that 
is observed later after OP exposure or seizure onset. If this 

occurs, newer antiepileptic drugs are required to effectively 
terminate nerve agent-induced seizures and SE [121]

�Cyanide
Cyanide is toxic in its ionic form (CN-) and can be released as 
hydrogen cyanide or cyanogen chloride gases. Typical neuro-
logical symptoms after acute exposure include headache, ver-
tigo, and seizures which are followed by coma, respiratory 
failure, cardiac arrest, and death [119]. Currently, there are 
two cyanide-specific antidotes available which are Cyanokit® 
and Nithiodote®. These agents work by binding free cyanide 
in the bloodstream and detoxifying cyanide, respectively.

�Other Pesticides
Organochlorines such as dichlorodiphenyltrichloroethane 
(DDT) interfere with the function of sodium channels, which 
ultimately leads to repetitive nerve firing, clinically apparent as 
tremors and seizures. There are no specific antidotes for 
organochlorine pesticides. Another class of commercial and 
domestic insecticides that have similar effects on voltage-gated 
sodium channels are the pyrethroids. A case of SE has been 
reported after inhalational exposure to a type II pyrethroid, 
bifenthrin [122]. Type II pyrethroids additionally cause chlo-
ride channel inhibition, which lowers the threshold for action 
potential generation and increases neuronal hyperexcitability.

�Conclusion

In summary, toxins and illicit drugs exert their effects and 
cause seizures via various pathophysiological mechanisms by 
altering the brain’s excitatory and inhibitory pathways. Certain 
toxins and drugs are more commonly associated with 
SE. Unfortunately, most commercially available drug screens 
do not screen for the substances most commonly associated 
with provoking seizures and are therefore of uncertain utility. 
Treatment of toxin-related seizures typically focuses on sup-
portive care with airway management to ensure proper oxy-
genation and ventilation in conjunction with blood pressure, 
heart rate, and temperature stabilization, followed by assess-
ment of serum glucose and the administration of a benzodiaz-
epine, if clinically indicated. Occasionally, a more specific 
treatment is necessary in cases of certain intoxications.
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�Introduction

Status epilepticus (SE) and seizures are the most common 
neurologic conditions managed in pediatric intensive care 
units [1, 2]. However, while often encountered, management 
is highly variable and treatment delays have been reported 
[3–6]. Further, there is increasing evidence that many sei-
zures in critically ill children are electrographic-only, so 
identification requires continuous electroencephalographic 
(EEG) monitoring. This chapter reviews the identification 
and management of seizures and status epilepticus in chil-
dren in the pediatric intensive care unit (PICU).

�Electrographic Seizure Incidence and Risk 
Factors

Few data are available regarding the incidence of clinically 
evident seizures in children receiving care in the 
PICU.  However, observational studies by interdisciplinary 
neurological critical care teams describe seizures and SE as 
the most commonly managed conditions in the PICU [1, 2]. 
A study in a quaternary care children’s hospital described 
373 pediatric neurocritical care consultations over 1 year 
(2006–2007). SE was the admission diagnosis for 18% of 
patients receiving consults, and evaluation of seizures or 
possible seizures was the reason for neurologic consultation 
in 35% of patients. EEG was one of the most commonly used 
resources by the service. Forty-one percent of patients had 
EEGs performed, and 19% of patients had continuous EEG 

monitoring performed [1]. A second study from a quaternary 
care children’s hospital describes 615 pediatric neurocritical 
care consultations over a 32-month period (2005–2008). The 
most common diagnoses are related to epilepsy, seizures, or 
SE, and these occurred in 48% of patients. The 615 patients 
underwent a total of 849 EEG studies of which 72% were 
standard 20–30 min EEG studies and 28% were continuous 
EEG monitoring studies [2].

Studies of critically ill children undergoing continuous 
EEG monitoring in PICUs have reported that 10–50% expe-
rience electrographic seizures. Further, about one-third of 
children with electrographic seizures have a sufficiently high 
seizure burden to be categorized as electrographic SE [7–
26]. Although there is variability in the definition of electro-
graphic SE across studies, a common criterion has been 50% 
of any 1 h epoch containing seizure activity. For example, 
this could constitute a single 30-minute seizure or ten 
3-minute seizures. The indications for EEG monitoring var-
ied across these studies. Some studies included only patients 
with known acute neurologic disorders, such as hypoxic-
ischemic brain injury, encephalitis, or traumatic brain injury. 
Other studies had broader inclusion criteria and included 
patients with encephalopathy due to more heterogeneous 
diagnoses, including both primary neurologic and primary 
medical conditions. Inclusion criteria variability may explain 
the broad reported electrographic seizure incidences since 
lower electrographic seizure incidence is reported by studies 
with broader inclusion criteria.

The largest epidemiologic study of continuous EEG mon-
itoring in the PICU was a retrospective study in which 11 
tertiary care pediatric institutions each enrolled 50 consecu-
tive subjects who underwent clinically indicated continuous 
EEG monitoring, thereby yielding 550 subjects. 
Electrographic seizures occurred in 30% of monitored sub-
jects. Among subjects with electrographic seizures, electro-
graphic SE occurred in 33% of subjects. Further, among 
subjects with electrographic seizures, 35% had exclusively 
EEG-only seizures [19]. These data are consistent with 
single-center studies [9, 12, 14–16, 18, 20–22, 24, 26].
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Several studies have demonstrated that EEG-only sei-
zures occur in children who have not received paralytics 
recently or ever during their PICU stay [21, 24]. This finding 
indicates the existence of electromechanical uncoupling, 
referring to a dissociation between the electrographic sei-
zures and outwardly observable seizure manifestations. It 
indicates that clinically evident changes were not being sim-
ply masked by paralytic administration.

Continuous EEG monitoring is resource intense, and 
seemingly small changes in continuous EEG monitoring uti-
lization and workflows may have substantial impacts on 
equipment and personnel needs [27, 28]. Thus, identifying 
children at higher risk of electrographic seizures may be very 
beneficial since limited continuous EEG monitoring 
resources could be directed optimally. Several risk factors 
have been reported consistently by multiple studies: (1) 
younger age (infants as compared to older children) [14, 17, 
19, 22, 24], (2) the occurrence of convulsive seizures [15, 19, 
20] or convulsive SE [14] prior to initiation of EEG monitor-
ing, (3) the presence of acute structural brain injury [13–15, 
17, 18, 20, 22, 26], and (4) the presence of interictal epilep-
tiform discharges [14, 18–20] or periodic epileptiform dis-
charges [9]. Although the reported risk factors are statistically 
significant, it is problematic that the absolute difference in 
the proportion of children with and without electrographic 
seizures based on the presence or absence of a risk factor is 
often only 10–20%. Thus, these risk factors may have lim-
ited clinical utility in selecting patients to undergo continu-
ous EEG monitoring.

Seizure prediction models combining multiple known 
seizure risk factors could take into account multiple risk fac-
tors and allow targeting of continuous EEG monitoring to 
children at highest risk for experiencing electrographic sei-
zures within the resource limitations of an individual medi-
cal center. A recent study derived a seizure prediction model 
from a retrospectively acquired multicenter dataset and vali-
dated it on a separate single-center dataset. The model had 
fair to good discrimination indicating that most, but not all, 
patients were appropriately classified as experiencing sei-
zures or not.. The model could be applied clinically in three 
steps. First, the clinician would obtain two clinical variables 
(age and whether there were clinically evident seizures) and 
two EEG variables (background category and interictal epi-
leptiform discharge presence) presence) from a routine 20-30 
minute EEG. Second, the clinician could determine a model 
score based on those variables. Third, patients with model 
scores above an institutional cutoff score would be selected 
to undergo continuous EEG monitoring. Individual institu-
tions could select different model cutoff scores based on 
center-specific resource criteria. A center with substantial 
continuous EEG monitoring resources might perform moni-
toring for any patient with a model score >0.10. At this cut-
off, 14% of patients with electrographic seizures would not 

undergo continuous EEG monitoring, so their seizures would 
not be identified and managed. However, 58% of patients 
without electrographic seizures would be identified as not 
needing continuous EEG monitoring, so limited resources 
would be conserved. Given a seizure prevalence of 30%, this 
cutoff would have a positive predictive value of 47% and 
negative predictive value of 91% [29]. Further development 
of seizure prediction models in more homogeneous cohorts 
and with additional variables might yield improved perfor-
mance characteristics.

�Continuous EEG Monitoring Duration

Decisions regarding the duration of continuous EEG monitor-
ing must balance the goal of identifying electrographic sei-
zures with practical concerns regarding the substantial 
equipment and personnel resources required to perform con-
tinuous EEG monitoring. Observational studies of critically ill 
children undergoing clinically indicated continuous EEG 
monitoring have reported that about 50% of patients with elec-
trographic seizures are identified with 1 h of EEG monitoring 
and 90% of patients with electrographic seizures are identified 
with 24–48 h of EEG monitoring [9, 12, 14, 15, 18, 20, 21, 
24]. Monitoring for 48 h identifies about 5% more patients 
than monitoring for 24 h, but that duration requires substantial 
resource utilization [30]. Thus, using broad inclusion criteria 
for 24 h of EEG monitoring but then developing a seizure pre-
diction model to determine which patients need additional 
monitoring may enable optimal resource utilization.

There are two important limitations regarding the electro-
graphic seizure timing data described above. First, most of 
the studies calculated timing at the onset of continuous EEG 
monitoring and not the onset of the acute brain insult. This 
may be problematic since in clinical practice patients may 
present at varying durations after the onset of acute brain 
insult. Furthermore, patients may experience clinical changes 
potentially producing additional brain injury while in the 
intensive care unit, and it is unclear if the timing consider-
ations should restart with each of these clinical occurrences. 
Second, patients in most of the studies underwent 1–3 days 
of clinically indicated continuous EEG monitoring, and none 
of the studies performed prolonged monitoring during the 
entire acute management course for all patients. Thus, some 
patients may have experienced electrographic seizures after 
EEG monitoring was discontinued.

Based on the data described above, the Neurocritical Care 
Society’s Guideline for the Evaluation and Management of 
Status Epilepticus strongly recommends performing 48 h of 
continuous EEG monitoring to identify electrographic SE in 
comatose children following an acute brain insult [31]. The 
American Clinical Neurophysiology’s Consensus Statement 
on Continuous EEG Monitoring in Critically Ill Children 
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and Adults recommends performing continuous EEG 
monitoring for at least 24 h in children at risk for electro-
graphic seizures [32].

�Outcome

Several studies in critically ill children have reported asso-
ciations between high electrographic seizure exposures and 
worse outcomes. However, the extent to which electro-
graphic seizures are actually producing secondary brain 
injury versus serving as biomarkers of more severe acute 
brain injury remains unknown. Further, the extent to which 
seizures produce secondary brain injury is likely dependent 
on a complex interplay between acute brain injury etiology, 
seizure exposure (also referred to as seizure burden), seizure 
characteristics (possibly including anatomical extent, mor-
phology, frequency, voltage), and seizure management strat-
egies. As summarized below, a number of studies have 
reported an association between electrographic seizures, par-
ticularly with high electrographic seizure exposures, and 
worse outcomes even after adjustment for potential con-
founders related to acute encephalopathy etiology and criti-
cal illness severity [33].

Several studies have described an association between 
electrographic seizures and unfavorable short-term outcome. 
A prospective observational study of 1–3 channel EEGs in 204 
critically ill neonates and children classified seizure exposure 
as present or absent. The study found that the occurrence of 
electrographic seizures was associated with a higher risk of 
unfavorable neurologic outcome (odds ratio 15.4) in a multi-
variate analysis that included age, etiology, pediatric index of 
mortality score, Adelaide coma score, and EEG background 
categories [16]. Several other studies aimed to evaluate the 
effect of seizure burden categorically classified children as no 
seizures, electrographic seizures, or electrographic SE (defined 
as more than 50% of any 1 h epoch containing seizure). A 
single-center study of 200 children in the PICU with outcome 
assessed at discharge identified an association between elec-
trographic SE and higher mortality (odds ratio 5.1) and wors-
ening pediatric cerebral performance category scores (odds 
ratio 17.3) in multivariate analyses including seizure category, 
age, acute neurologic disorder, prior neurodevelopmental sta-
tus, and EEG background categories. Electrographic seizures 
not classified as electrographic SE were not associated with 
worse outcomes [34]. A larger multicenter study of 550 chil-
dren in the pediatric intensive care unit reported an association 
between electrographic SE and mortality (odds ratio 2.4) in a 
multivariate analysis that included seizure category, acute 
encephalopathy etiology, and EEG background categories. 
Electrographic seizures not classified as electrographic SE 
were not associated with mortality [19]. A single-center pro-
spective study evaluated 259 critically ill infants and children 

who underwent continuous EEG monitoring. There were 
electrographic seizures in 36% of subjects, and 9% of those 
with seizures had electrographic SE. Seizure burden was cal-
culated as the proportion of each hour containing seizures, 
and the maximum hourly seizure burden was identified for 
each subject. The mean maximum seizure burden per hour 
was 15.7% in subjects with neurological decline versus 1.8% 
in subjects without neurological decline. In a multivariate 
analysis that adjusted for diagnosis and illness severity, for 
every 1% increase in the maximum hourly seizure burden, 
the odds of neurological decline increased by 1.13. Maximum 
hourly seizure burdens of 10%, 20%, and 30% were associ-
ated with odds ratios for neurological decline of 3.3, 10.8, 
and 35.7, respectively. In contrast to some of the other stud-
ies described above, electrographic seizures were not associ-
ated with higher mortality [23].

A study addressing long-term outcome obtained follow-up 
data at a median of 2.7 years following admission to the PICU 
in 60 encephalopathic children who were neurodevelopmen-
tally normal prior to admission and underwent clinically indi-
cated continuous EEG monitoring. Multivariate analysis 
including acute neurologic diagnosis category, EEG back-
ground category, age, and several other clinical variables 
identified an association between electrographic SE and unfa-
vorable Glasgow Outcome Scale (Extended Pediatric Version) 
category (odds ratio 6.36), lower Pediatric Quality of Life 
Inventory scores (median of 23.07 points lower), and an 
increased risk of subsequently diagnosed epilepsy (odds ratio 
13.3). Children with electrographic seizures not classified as 
electrographic SE did not have worse outcomes [35].

Together, these studies suggest that there may be a dose-
dependent or threshold effect of electrographic seizures upon 
outcomes, with high seizure exposures having clinically rel-
evant adverse impacts. This threshold may vary based on 
age, brain injury etiology, and seizure characteristics such as 
the extent of brain involved and electroencephalographic 
morphology. While further study is needed, these data sug-
gest that at least in some patients with high electrographic 
seizure exposures, electrographic seizures may be producing 
secondary brain injury. Thus, identifying and managing 
those seizures might mitigate such injury.

�Clinical Practice and Guidelines Related 
to Continuous EEG Monitoring

A survey of continuous EEG monitoring use in the PICUs of 
61 large pediatric hospitals in the United States and Canada 
reported about a 30% increase in the median number of patients 
who underwent continuous EEG monitoring per month from 
2010 to 2011 [36]. Indications for continuous EEG monitoring 
included determining whether events of unclear etiology were 
seizures in 100% of centers and identifying electrographic 
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seizures in patients considered “at risk” in about 90% of 
centers. Patients considered “at risk” included those with 
altered mental status following a convulsion, altered mental 
status in a patient with a known acute brain injury, and altered 
mental status of unknown etiology. About 30–50% of centers 
reported using continuous EEG monitoring as part of standard 
management for specific acute encephalopathy etiologies 
within a clinical pathway (i.e., following resuscitation from 
cardiac arrest or with severe traumatic brain injury). Further, 
although often referred to as “continuous EEG monitoring”, at 
the vast majority of centers, EEG was recorded continuously 
but only intermittently reviewed. The EEG tracing was gener-
ally reviewed 2–3 times per day by a combination of physi-
cians and technologists [36].

The Neurocritical Care Society’s Guidelines for the 
Evaluation and Management of Status Epilepticus recom-
mends the use of continuous EEG monitoring to identify 
electrographic seizures in at-risk patients including (1) 
patients with persisting altered mental status for more than 
10 min after convulsive seizures or SE and (2) encephalo-
pathic children after resuscitation from cardiac arrest, with 
traumatic brain injury, with intracranial hemorrhage, or with 
unexplained encephalopathy. The guideline strongly recom-
mends 48 h of continuous EEG monitoring in comatose 
patients. If SE occurs (including electrographic SE), then 
the guideline recommends that management should con-
tinue until both clinical and electrographic seizures are 
halted [31].

The American Clinical Neurophysiology’s Consensus 
Statement on Continuous EEG Monitoring in Critically Ill 
Children and Adults recommends continuous EEG monitor-
ing for 24–48 h in children at risk for seizures. EEG monitor-
ing indications include (1) recent convulsive seizures or 
convulsive SE with altered mental status, (2) cardiac arrest 
resuscitation or with other forms of hypoxic-ischemic 
encephalopathy, (3) stroke (intracerebral hemorrhage, isch-
emic, and subarachnoid hemorrhage), (4) encephalitis, and 
(5) altered mental status with related medical conditions. 
The consensus statement also provides detailed recommen-
dations regarding personnel, technical specifications, and 
overall workflow [32].

Based on the available data, the Neurocritical Care 
Society’s Guidelines for the Evaluation and Management of 
Status Epilepticus and the American Clinical Neurophysiology 
Society’s Consensus Statement on Continuous EEG 
Monitoring in Critically Ill Children and Adults, an interdis-
ciplinary workgroup at the Children’s Hospital of 
Philadelphia composed of electroencephalographers, neuro-
logical critical care consultants, and intensivists developed 
an intensive care continuous EEG monitoring pathway 
which is available online (http://www.chop.edu/clinical-
pathway/eeg-monitoring-clinical-pathway).

�Quantitative EEG for Electrographic Seizure 
Identification

Increasing continuous EEG monitoring use among critically 
ill children [36, 37] is resource intense and would benefit 
from improved seizure identification efficiency. Quantitative 
EEG techniques separate the complex EEG signal into com-
ponents (such as amplitude and frequency) and compress 
time, thereby permitting display of several hours of EEG 
data on a single image that may be interpreted more easily 
and/or more rapidly than conventional EEG.  Quantitative 
EEG techniques may facilitate more efficient EEG monitor-
ing review by encephalographers and perhaps even earlier 
identification of seizures by non-electroencephalographer 
clinicians providing bedside care. These quantitative EEG 
techniques are still being developed, and their test character-
istics are still being established.

Several studies have examined the utility of quantitative 
EEG in critically ill children. In the first study, 27 color den-
sity spectral array and amplitude-integrated EEG tracings 
were reviewed by three encephalographers. The median sen-
sitivity for seizure identification was 83% using color den-
sity spectral array and 82% using amplitude-integrated 
EEG. However, for individual tracings, the sensitivity varied 
from 0 to 100% indicating excellent performance for some 
patients and poor performance for other patients, likely 
related to individual patients’ seizure characteristics. A false 
positive occurred about every 17–20 h [38]. In the second 
study, 84 color density spectral array images were reviewed 
by eight electroencephalographers. Sensitivity for seizure 
identification was 65%, indicating that some electrographic 
seizures were not identified. Further, only about half of sei-
zures were identified by six or more of the raters indicating 
problems with inter-rater agreement. Specificity was 95%, 
indicating some non-ictal events were misdiagnosed as sei-
zures [39]. A study of color density spectral array and enve-
lope trend EEG found that seizure identification was 
impacted by both modifiable factors (interpreter experience, 
display size, and quantitative EEG method) and non-
modifiable factors inherent to the EEG pattern (maximum 
spike amplitude, seizure duration, seizure frequency, and sei-
zure duration) [40].

Critical care providers have expertise at screening multi-
ple monitoring modalities and are generally continually 
available at bedside within the PICU. Thus, if critical care 
clinicians are able to use quantitative EEG techniques, then 
electrographic seizures might be identified more rapidly. 
A study provided 20 critical care physicians (attending and 
fellow physicians) and 19 critical care nurses with a brief 
training session regarding color density spectral array and 
then asked them to determine whether each of 200 color den-
sity spectral array images contained electrographic seizures. 
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The images were created from conventional EEG derived 
from critically ill children, and the true seizure incidence 
was 30% based on electroencephalographer review of the 
conventional EEG tracings. The sensitivity was 70%, indi-
cating that some electrographic seizures were not identified. 
The specificity was 68%, indicating that some images cate-
gorized as containing EEG seizures did not contain seizures. 
These errors may be problematic since they could lead to 
exposure of non-seizing children to antiseizure medications 
with potential adverse effects. Given the 30% seizure inci-
dence used in the study, the positive predictive value was 
46% and the negative predictive value was 86% [41].

These data indicate that commercially available quantita-
tive EEG techniques permit identification of many but not all 
seizures, and sometimes non-ictal events might be consid-
ered seizures based on isolated quantitative EEG review. 
Since seizures often occur early during EEG monitoring, 
recordings and EEG technologists may not be readily avail-
able when continuous EEG monitoring is needed [24]; rapid 
bedside implementation may be an important advantage of 
these quantitative EEG techniques. Seizure identification 
may improve with user training and experience, further 
development of quantitative EEG trends, and implementa-
tion of quantitative EEG panels with multiple trends. 
However, since quantitative EEG techniques lead to misclas-
sification of some non-ictal events as seizures, potentially 
leading to unnecessary antiseizure medication administra-
tion, confirmation by conventional EEG review may be indi-
cated when quantitative EEG techniques suggest seizures are 
present. With further development, these synergistic meth-
ods could make use of the efficiency and bedside availability 
of quantitative EEG methods and the accuracy of conven-
tional EEG tracings.

�Status Epilepticus Management Overview

SE describes a prolonged seizure or recurrent seizures with-
out a return to baseline, and it is the most common pediatric 
neurological emergency with an incidence of 18–23 per 
100,000 children per year [42]. The clinician’s management 
aim is to rapidly institute care that simultaneously (1) stabi-
lizes the patient medically, (2) identifies and manages any 
precipitant conditions, and (3) terminates clinically evident 
and electrographic-only seizures.

Historically, SE was defined as a seizure lasting longer 
than 30 min or a series of seizures without return to baseline 
level of alertness between seizures [43]. The prodromal or 
incipient stage occurred in the initial 5 min during which it is 
unknown whether the seizure will self-terminate or evolve 
into SE. The persisting SE period was divided into early SE 
(5–30 min), established SE (>30 min), and refractory SE 
(seizures persist despite treatment with adequate doses of 

two or three anticonvulsants). The temporal definition of SE 
has gradually shortened due to increasing recognition that 
most seizures are brief (3–4 min) [44] and delays in admin-
istration of antiseizure medication are associated with more 
refractory seizures. Additionally, the related terminology has 
been modified to convey a greater sense of urgency. The 
Neurocritical Care Society’s Guideline for the Evaluation 
and Management of Status Epilepticus in Children and 
Adults defines SE as “5 minutes or more of (i) continuous 
clinical and/or electrographic seizure activity or (ii) recur-
rent seizure activity without recovery (returning to baseline) 
between seizures” and states that “definitive control of SE 
should be established within 60 minutes of onset” [31]. The 
antiseizure medication choices are referred to as “emergent,” 
“urgent,” and “refractory” to help convey that these medica-
tions should be administered sequentially and rapidly. 
Refractory SE is defined as clinical or electrographic sei-
zures which persist after an adequate dose of an initial ben-
zodiazepine and a second appropriate antiseizure medication. 
In contrast to prior definitions, there is no specific time that 
must elapse before initiation of refractory SE management if 
prior drugs have not terminated seizures.

Variability in SE management and treatment delays are 
common. Studies of SE management in children in emer-
gency departments have described that laboratory parame-
ters were often not checked, and some results were only 
available after long delays [6]. Additionally, benzodiazepine 
dosing was outside usual dosing guidelines in 23% of chil-
dren with convulsive SE [6]. Excess benzodiazepine dosing, 
which often occurs when prehospital doses are administered, 
has been associated with respiratory insufficiency and need 
for intensive care unit admission [4–6], while inadequate 
dosing may reduce the likelihood of seizure termination.

Several studies have documented that antiseizure medica-
tion administration may be slower than optimal. In one study 
of children with convulsive SE, the median time to adminis-
ter a second-line antiseizure medication was 24  min [45]. 
Additionally, a recent multicenter study of children who 
eventually experienced refractory SE found that the median 
time from seizure onset to medication administration was 
28 min for the first medication, 40 min for the second medi-
cation, and 59 min for the third medication. Further, the first 
and second non-benzodiazepine antiseizure medications 
were administered at a median of 69 and 120 min [3]. These 
delays in antiseizure medication administration may be 
problematic since several studies have described associa-
tions between SE management delays and more prolonged 
seizures [46] and lower antiseizure medication responsive-
ness [47–50]. A study of children with convulsive SE found 
that for every minute delay between SE onset and emergency 
department arrival, there was a 5% increase in the risk of 
having SE that lasts more than 60 min [46]. A study of chil-
dren with continued clinical seizures after the first- and 
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second-line antiseizure medications reported that seizures 
were terminated in 100% of subjects when a third medica-
tion was administered within 1 h but were terminated in only 
22% of subjects when the third medication was administered 
after 1 h [47]. Similarly, a study of children documented that 
the first-line and second-line medications terminated convul-
sive SE in 86% of children when administered in less than 
15 min but only 15% of children when administered in more 
than 30 min [48]. A study of children with convulsive sei-
zures lasting longer than 5 min found that treatment delays 
of more than 30  min were associated with seizure control 
delays [49]. Finally, midazolam efficacy has been found to 
be significantly lower when treatment was initiated more 
than 3 h after seizure onset, and there was a trend toward 
reduced efficacy even at 1 h [50]. Together, these data indi-
cate that antiseizure medication administration delays are 
associated with reduced medication efficacy.

Based on this documented variability in care and manage-
ment timing, a recent consensus document recommended 
that all units have a written SE management pathway [51]. 
However, a 2010–2011 survey of emergency departments in 
Illinois that received responses from 88% of 119 facilities 
reported that only 19% of facilities had an SE protocol and 
only 9% of facilities had a pediatric-specific SE protocol 
[52]. An example of SE management pathway is provided in 
Fig.  22.1 which is adapted from the Neurocritical Care 
Society’s Status Epilepticus Evaluation and Management 
Guideline [31] and other recent publications [53–60]. An 
interdisciplinary workgroup at the Children’s Hospital of 
Philadelphia composed of neurological critical care consul-
tants, emergency medicine specialists, intensivists, and phar-
macists developed a SE management pathway which is 
available online ( http://www.chop.edu/clinical-pathway/
status-epilepticus-clinical-pathway).

�Status Epilepticus Management:  
Diagnostic Considerations

Medical stabilization is critical as part of the management of 
SE.  The Neurocritical Care Society’s Guideline for the 
Evaluation and Management of Status Epilepticus provides 
a timed treatment pathway [31]. Steps to be completed in the 
initial 2 min include (1) noninvasive airway protection with 
head positioning and (2) vital sign assessment. Steps to be 
included in the initial 5 min include (1) neurologic examina-
tion and (2) placement of peripheral intravenous access for 
administration of emergent antiseizure medications and 
fluid resuscitation. Steps to be completed in the initial 
10 min include intubation if airway or gas exchange is com-
promised or intracranial pressure is elevated. Intubation may 
be necessary due to seizure-associated hypoventilation, 
medication-associated hypoventilation, inability to protect 

the airway, or other causes of oxygenation or ventilation 
failure. Steps to be completed in the initial 15 min include 
vasopressor support if needed [31].

Multiple studies have characterized the various potential 
etiologies for SE [42, 61–63]. Acute symptomatic conditions 
are identified in 15–20% of children with SE [42, 62, 64]. 
Rapidly reversible causes of seizures should be diagnosed 
and treated within minutes of hospital arrival, specifically 
evaluating for electrolyte disturbances such as hyponatre-
mia, hypoglycemia, hypomagnesemia, and hypocalcemia. 
The American Academy of Neurology’s practice parameter 
on the diagnostic assessment of the child with SE reported 
that abnormal results among children who underwent testing 
included low anticonvulsant levels (32%), neuroimaging 
abnormalities (8%), electrolytes (6%), inborn errors of 
metabolism (4%), ingestion (4%), central nervous system 
infections (3%), and positive blood cultures (3%) [65]. The 
Neurocritical Care Society’s Guideline for the Evaluation 
and Management of SE provides suggestions regarding etio-
logic testing including bedside finger-stick blood glucose 
(0–2 min) and serum glucose, complete blood count, basic 
metabolic panel, calcium, magnesium, and antiseizure medi-
cation levels (5 min). In some patients, other diagnostic test-
ing may include neuroimaging or lumbar puncture (0–60 
min), additional laboratory testing (including liver function 
tests, coagulation studies, arterial blood gas, toxicology 
screen, and inborn errors of metabolism screening), and con-
tinuous EEG monitoring if the patient is not waking up after 
clinical seizures cease (15–60 min) [31]. These recommen-
dations are similar to those of the prior American Academy 
of Neurology’s practice parameter [65]. Rarer infectious, 
metabolic, autoimmune, and paraneoplastic etiologies may 
be considered in specific situations [66].

Among children with SE, neuroimaging abnormalities 
have been reported in 30% of children and are described to 
alter acute management in 24% of children [62]. If no etiol-
ogy is identified by computerized tomography, magnetic 
resonance imaging may still identify lesions. For example, 
one study described that among 44 children who underwent 
head computerized tomography and magnetic resonance 
imaging, 14 had a normal head computerized tomography 
but an abnormal magnetic resonance imaging [62].

There are two main urgent EEG indications. First, if the 
diagnosis of psychogenic SE is suspected, then rapid diagno-
sis using EEG monitoring may avoid continued escalation of 
antiseizure medications with potential adverse effects. 
Second, if there is concern that EEG-only seizures (also 
referred to as subclinical seizures or nonconvulsive seizures) 
are ongoing despite cessation of clinically evident seizures, 
then EEG monitoring may be required for identification 
and to assess the impact of continued management [19, 24]. 
A multicenter study of children who underwent EEG moni-
toring while in the PICU reported that 33% of 98 children 
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Fig. 22.1  Example of management pathway for pediatric status epilepticus
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who presented with convulsive SE had electrographic sei-
zures identified. The seizure burden was often high with 
electrographic SE in 47% of patients with seizures. Further, 
34% of children with seizures had exclusively EEG-only sei-
zures which would not have been identified without EEG 
monitoring [67].

If no etiology is identified by the initial testing, then addi-
tional testing may be indicated. A targeted approach may be 
useful for some patients, but in some patients sending a full 
panel of tests initially may be optimal. Recent reviews have 
summarized issues related to detailed etiologic testing [56, 
66]. Central nervous system infections are a common cause of 
acute symptomatic SE [62], accounting for 0.6–40% of all SE 
[68, 69]. The clinical presentation of encephalitis and other 
central nervous system infections is highly variable depending 
on the pathogen involved and specific host factors. Additionally, 
fever may be absent and clinical signs of infection may be 
subtle or absent, particularly in young children, individuals 
who are immunocompromised, or individuals who have 
received recent antibiotics. Therefore, lumbar puncture should 
be performed in all children with SE without an obvious non-
infectious etiology. A lumbar puncture should also be obtained 
if an autoimmune etiology is suspected as neuro-inflammatory 
processes will often yield cerebrospinal fluid pleocytosis, ele-
vated cerebrospinal fluid protein, and intrathecal immunoglob-
ulin synthesis (oligoclonal band profile, IgG index, and IgG 
synthesis rate). Many causes of autoimmune encephalitis may 
be associated with neoplasms, although the frequency of tumor 
detection varies. Depending on the paraneoplastic autoanti-
body, distinct brain regions may be targeted, with seizures or 
SE resulting from autoimmunity to either the limbic system or 
cerebral cortex. Specific autoantibody testing for some of these 
disorders is available, and, in general, testing of the cerebrospi-
nal fluid has superior sensitivity and specificity as compared to 
serum. Any patient with known or suspected paraneoplastic 
disease should have appropriate tumor screening imaging per-
formed. In addition to paraneoplastic processes, Rasmussen’s 
encephalitis (imaging showing progressive unihemispheric 
cortical atrophy) and Hashimoto’s encephalopathy (serum 
antithyroid peroxidase antibodies or anti-thyroglobulin anti-
bodies) may also cause autoimmune forms of SE.  Some 
genetic epilepsies may present with new-onset SE that do not 
produce obvious metabolic or imaging changes. Thus, per-
forming gene panel analysis or exome sequencing may be use-
ful in some patients with unexplained SE.

�Status Epilepticus Management: Emergent 
Benzodiazepine Management

The Neurocritical Care Society’s Guideline for the Evaluation 
and Management of SE states that “definitive control of SE 
should be established within 60 minutes of onset” [31] with 

termination of both clinical and electrographic seizures. 
Benzodiazepines are the “emergent” medications of choice 
with lorazepam for intravenous administration, diazepam for 
rectal administration, and midazolam for intramuscular, buc-
cal, or intranasal administration [31]. Repeat dosing may be 
provided in 5–10 min if seizures persist. A double-blind ran-
domized trial of 273 children with convulsive SE in the 
emergency department compared intravenous lorazepam 
(0.1 mg/kg) and diazepam (0.2 mg/kg). A half dose of either 
medication could be administered if seizures persisted after 
5 min. The primary outcome, SE cessation by 10 min with-
out recurrence in 30 min, was not significantly different in 
the two groups (72.1% with diazepam and 72.9% with loraz-
epam). Subjects receiving lorazepam were more likely to be 
sedated (67% with lorazepam, 50% with diazepam), but 
there was no difference in requirement for assisted ventila-
tion (18% with lorazepam, 16% with diazepam) [70]. If 
intravenous access cannot be obtained, then rectal, intramus-

cular, buccal, or intraosseous benzodiazepines can be admin-
istered. For buccal or nasal dosing of midazolam, the 
intravenous version of the drug is generally used off-label in 
the United States.

�Status Epilepticus Management: Urgent 
Antiseizure Medication Management

About one-third to one-half of children will have persisting 
SE after receiving benzodiazepines [45, 47, 70], yet there are 
few comparative data evaluating the antiseizure medication 
options available for this management stage. Options include 
phenytoin, fosphenytoin, phenobarbital, valproate, and leve-
tiracetam. Optimal decisions may depend on patient charac-
teristics, seizure characteristics, and also practical 
institutional factors such as which drugs are most rapidly 
available since some need to be ordered and dispensed from 
pharmacy as opposed to being immediately available in 
medication carts.

Phenytoin is reported as the second-line agent by most 
respondents in surveys of pediatric emergency medicine 
physicians [71] and neurologists [72]. Phenytoin has demon-
strated efficacy in pediatric SE management [73, 74]. 
Phenytoin is prepared with propylene glycol and alcohol at a 
pH of 12 which may lead to cardiac arrhythmias, hypoten-
sion, and severe tissue injury if extravasation occurs (purple 
glove syndrome). Fosphenytoin is a prodrug of phenytoin, 
and it is dosed in phenytoin equivalents (PE). Cardiac 
arrhythmias and hypotension are less common than with 
phenytoin since it is not prepared with propylene glycol, but 
they may still occur. Fosphenytoin is associated with less tis-
sue injury (purple glove syndrome) if infiltration occurs. 
Both phenytoin and fosphenytoin are considered focal anti-
convulsants, and they may be ineffective in treating SE 
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related to epilepsy with a generalized mechanism of seizure 
onset. There are numerous drug interactions due to strong 
hepatic induction and high protein binding, so free phenytoin 
levels may need to be assessed [75]. There is little respira-
tory depression, particularly when compared to some of the 
other antiseizure medication options, such as phenobarbital, 
midazolam, or pentobarbital.

Phenobarbital is often considered a third-line or fourth-
line drug in pediatric SE pathways. One study of 36 children 
with SE indicated that phenobarbital stopped seizures faster 
than a combination of diazepam and phenytoin and safety 
was similar, [76] and several reports have described the use 
of high-dose phenobarbital to control refractory SE and 
allow withdrawal of pharmacologic coma [77–79]. 
Phenobarbital may cause sedation, respiratory depression, 
and hypotension, so cardiovascular and respiratory monitor-
ing is generally required. It is a hepatic enzyme inducer lead-
ing to drug interactions.

Valproate sodium is a broad-spectrum antiseizure medi-
cation reported to be safe and highly effective in terminating 
SE and refractory SE. Because it has mechanisms indepen-
dent of GABA receptors, valproate may be effective later in 
refractory SE once GABA receptors have been targeted by 
other agents. Several studies and reports have reported that 
valproate sodium is effective in terminating SE [80] and 
refractory SE in children without adverse effects [80–84]. It 
may cause less sedation, respiratory depression, and hypo-
tension than some other antiseizure medications, such as 
benzodiazepines, phenobarbital, or phenytoin. Black box 
warnings from the Federal Drug Administration include hep-
atotoxicity (highest risk in children younger than 2 years, 
receiving anticonvulsant poly-therapy, and with suspected or 
known metabolic/mitochondrial disorders), pancreatitis, and 
teratogenicity. Other adverse effects include pancytopenia, 
thrombocytopenia, platelet dysfunction, hypersensitivity 
reactions (including Stevens-Johnson syndrome and toxic 
epidermal necrolysis), and encephalopathy (with or without 
elevated ammonia). There are numerous drug interactions 
due to strong hepatic inhibition.

Levetiracetam is a broad-spectrum antiseizure medica-
tion. Several observational studies in children have reported 
that levetiracetam may be safe and effective for managing 
SE and acute symptomatic seizures [85–90]. Levetiracetam 
has no hepatic metabolism, which may be beneficial in 
complex patients with liver dysfunction, metabolic disor-
ders, or in those at risk for major drug interactions. 
Additionally, in comparison to other intravenously avail-
able antiseizure medications, levetiracetam has a low risk of 
sedation, cardiorespiratory depression, or coagulopathy. 
Since levetiracetam clearance is dependent on renal func-
tion, maintenance dosage reduction is required in patients 
with renal impairment.

�Refractory Status Epilepticus Management

Refractory SE is characterized by seizures that persist despite 
treatment with adequate doses of initial antiseizure medica-
tions. Definitions for refractory SE have varied in seizure 
durations (no time criteria, 30 min, 1 or 2 h) and/or lack of 
response to different numbers (two or three) of antiseizure 
medications. The Neurocritical Care Society’s SE Evaluation 
and Management Guideline states that “patients who con-
tinue to experience either clinical or electrographic seizures 
after receiving adequate doses of an initial benzodiazepine 
followed by a second acceptable anticonvulsant will be con-
sidered refractory” [31]. In contrast to prior definitions of 
refractory SE, there is no specific time that must elapse to 
define refractory SE, thereby emphasizing the importance of 
rapid sequential treatment. Depending on refractory SE defi-
nitions and the cohorts described, refractory SE occurs in 
about 10–40% of children [48, 49, 73] with SE. Studies in 
children have indicated that SE lasted more than 1 h in 
26–45% of patients [91, 92], longer than 2 h in 17–25% of 
patients [92, 93], and longer than 4 h in 10% of patients [92].

In a subgroup of patients, refractory SE may last for 
weeks to months, despite treatment with multiple antiseizure 
medications. This lengthy course has been referred to as 
malignant refractory SE [94] or super-refractory SE [95, 96]. 
Malignant refractory SE is associated with an infectious or 
inflammatory etiology, younger age, previous good health, 
and high morbidity and mortality [94, 97, 98]. It has also 
been referred to as de novo cryptogenic refractory multifocal 
SE [98], new-onset refractory SE (NORSE) [97, 99, 100], 
and febrile infection-related epilepsy syndrome (FIRES) 
[101–103]. Some of these entities in which refractory SE 
occurs in a previously healthy person with no identified 
cause except a recent infection may represent overlapping 
terms describing similar or identical entities [104].

The Neurocritical Care Society’s SE Evaluation and 
Management Guideline states that “the main decision point 
at this step is to consider repeat bolus of the urgent control 
anticonvulsant or to immediately initiate additional agents” 
[31]. Additional urgent control antiseizure medications may 
be reasonable if they have not yet been tried or if the patient 
needs to be transferred or stabilized prior to administration 
of continuous infusions. However, if an initial urgent control 
medication fails to terminate seizures, then preparations 
should be initiated to achieve definitive seizure control with 
continuous infusions.

The management of refractory SE has been reviewed pre-
viously in children [56, 57, 105–107]. While there is vari-
ability in suggested pathways and reported management 
decisions [108], all pathways either administer additional 
antiseizure medications such as phenytoin/fosphenytoin, 
phenobarbital, valproate sodium, or levetiracetam or proceed 
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to pharmacologic coma induction with intravenous or 
inhaled medications. The Neurocritical Care Society’s SE 
Evaluation and Management Guideline recommends rapid 
advancement to pharmacologic coma induction rather than 
sequential trials of many urgent control antiseizure medica-
tions [31]. Few data are available regarding management of 
refractory SE with midazolam, pentobarbital, and other 
anesthetic therapies [59]. Midazolam dosing usually involves 
an initial loading dose of 0.2 mg/kg followed by an infusion 
at 0.05–2 mg/kg/h titrated as needed to achieve clinical or 
electrographic seizure suppression or EEG burst suppres-
sion. If seizures persist, escalating dosing through additional 
boluses is needed to rapidly increase levels and terminate 
seizures. Increasing the infusion rate without bolus dosing 
will lead to very slow increase in serum levels which is 
inconsistent with the goal of rapid seizure termination. 
Pentobarbital dosing usually involves an initial loading dose 
of 5–15 mg/kg (followed by another 5–10 mg/kg if needed) 
followed by an infusion at 0.5–5 mg/kg/h titrated as needed 
to achieve seizure suppression or EEG burst suppression. If 
seizures persist, escalating dosing through additional boluses 
is needed to rapidly increase levels and terminate seizures. 
Anesthetics such as isoflurane are effective in inducing a 
burst suppression pattern and terminating seizures. Propofol 
may also be used to terminate seizures, but is rarely used in 
children due to its Federal Drug Administration black box 
warning because of the risk of propofol infusion syndrome.

Patients treated with continuous infusions or inhaled 
anesthetics require intensive monitoring due to issues with:

	1.	 Continuous mechanical ventilation both for airway pro-
tection and to maintain appropriate oxygenation and 
ventilation

	2.	 Central venous access and arterial access due to frequent 
laboratory sampling and high likelihood of developing 
hypotension requiring vasopressor or inotropic support

	3.	 Temperature management and regulation since high-dose 
sedatives and anesthetics can blunt the shivering response 
and endogenous thermoregulation

	4.	 Assessment for development of lactic acidosis, anemia, 
thrombocytopenia, and end-organ dysfunction such as 
acute liver or renal injury

	5.	 Risk of secondary infections due to indwelling catheters 
(central catheters, endotracheal tubes, Foley catheters), as 
well as some medications (pentobarbital)

The goals of pharmacologic coma induction are unclear. 
It remains unclear whether the EEG treatment goal should be 
termination of seizures, burst suppression, or complete sup-
pression of EEG activity. The Neurocritical Care Society’s 
SE Evaluation and Management Guideline states that “dos-
ing of continuous infusions anticonvulsants for refractory SE 
should be titrated to cessation of electrographic seizures or 

burst suppression” [31]. Further, it remains unclear how long 
the patient should be maintained in pharmacologic coma. 
The guideline states that “a period of 24–48 h of electro-
graphic control is recommended prior to slow withdrawal of 
continuous infusion anticonvulsants for refractory SE” [31], 
and a survey of experts in SE management across all age 
groups reported they would continue pharmacologic coma 
for 24 h [108].

Electrographic or electro-clinical seizures frequently recur 
during weaning of pharmacologic coma medications [109–
112] indicating that pharmacologic coma should be consid-
ered as a temporizing measure, and during this period other 
antiseizure medications should be initiated which may pro-
vide seizure control as coma-inducing medications are 
weaned. Case reports and series have described several add-
on medications, and other techniques have been reported use-
ful in reducing seizure recurrence as pharmacologic coma is 
weaned, but there are no large studies. These options include 
topiramate, ketamine, pyridoxine, the ketogenic diet, epilepsy 
surgery, immunomodulation (steroids, intravenous immune 
globulin, plasmapheresis), hypothermia, and electroconvul-
sive therapy. These have been reviewed recently [56, 57].

�Conclusions

Seizures and SE are common in critically ill children. Rapid 
management is needed to manage systemic complications, 
identify and manage precipitating conditions, and terminate 
seizures. While data are limited, a predetermined manage-
ment plan that emphasizes rapid progression through appro-
priately dosed antiseizure medications may help streamline 
management. Children with or without prior convulsive sei-
zures may experience electrographic seizures requiring EEG 
monitoring for identification.
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