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Preface

It was only 20 years ago that when continuous EEG (cEEG) monitoring was dis-
cussed, it was in the context of monitoring patients in the epilepsy monitoring unit
for spell characterization or epilepsy surgery evaluation. Certainly EEGs were per-
formed in the intensive care units (ICU), and patients even underwent “prolonged
monitoring.” However, in the era of paper EEGs, prolonged monitoring often con-
sisted of turning the EEG machine on for 5 min every hour or so. Interpretation of
reams of paper was done the following day. Partly because of what now appears to
be rudimentary methods, we did not appreciate the extraordinary prevalence of sei-
zures in critically ill patients.

The last two decades have seen a remarkable change in our understanding of sei-
zures in critically ill patients. Much of this change has been due to the availability of
cEEG monitoring. The advent of digital EEG and advances in information technol-
ogy have paved the way for the broad availability of cEEG monitoring, which has led
to the realization that about 20 % of critically ill patients in whom cEEG monitoring
is performed have seizures or status epilepticus (SE). The medical community has
recognized the need for cEEG monitoring in large and small, university and com-
munity hospitals, and this has fueled a remarkable demand for these services.

Continuous EEG monitoring has now become a discipline in its own right. A few
years ago, a handful of like-minded individuals set up the Critical Care EEG
Monitoring and Research Consortium (CCEMRC); this consortium has grown to
about 50 members. Many clinical neurophysiology fellowships have made cEEG
monitoring education an essential part of their training. In fact, dedicated cEEG
monitoring fellowships have also become available. Many clinical neurophysiolo-
gists and neurointensivists now complete their training with a special interest and
expertise in cEEG monitoring. Professional societies throughout the world have
also started offering education and training in this discipline at their annual meet-
ings. The American Board of Clinical Neurophysiology now offers a subspecialty
certification in critical care EEG monitoring.

This remarkable growth in cEEG monitoring was the impetus behind this book.
The ever-expanding knowledge base, advances in recording and analysis, interpre-
tation and treatment concerns, and implementation challenges can best be addressed
in a textbook on this subject. In an effort to address these challenges and provide a
state of the art of this field, we undertook editing Continuous EEG Monitoring:
Principles and Practice.

vii



viii Preface

With Continuous EEG Monitoring: Principles and Practice, we wanted to
address all issues the practitioner may face in this field. With this in mind, we
divided the text into four sections, “Clinical Aspects,” “Special Situations,”
“Treatment,” and “Technical and Administrative Considerations.” Each chapter is
written by authors who have been seminal to the advancement of cEEG monitoring.
The “Clinical Aspects” section addresses the clinical issues of cEEG monitoring.
Included are chapters detailing the history of the field, epidemiology of seizures and
SE in critically ill patients, and classification of SE. Interpretative aspects of cEEG
monitoring are also discussed in this section. Quantitative analysis of EEG is a vital
aspect of this field, and several chapters are devoted to this. The “Special Situations”
section addresses specific issues related to cEEG monitoring. Included are special
situations that can lead to SE and warrant cEEG monitoring, such as anoxic enceph-
alopathy, autoimmune SE, and medication-induced seizures. Critical care and prog-
nostic issues in adults and children are also addressed in this section. The ‘“Treatment”
section has chapters detailing management options for acute seizure emergencies
ranging from recurrent nonconvulsive seizures to super refractory SE. The final
“Technical and Administrative Considerations” section deals with very important
implementation issues for cEEG monitoring. The popularity of cEEG monitoring
has not been without its challenges. EEG equipment, electrodes, staffing, billing,
and information technology issues have all raised different challenges. These topics
are addressed in this final section.

The four sections of this book provide a comprehensive “principles and practice”
approach to cEEG monitoring. Readers will find that they not only learn the scien-
tific and clinical aspects of this field but are aware of the practical challenges and
potential solutions. As such many different types of professionals will find value in
this book. Neurology, clinical neurophysiology, epilepsy, and neurointensive care
trainees will benefit from reading this book in its entirety. Practicing neurologists,
particularly neurohospitalists and others involved with hospital inpatients, clinical
neurophysiologists, intensivists, neurosurgeons, and neuroscientists, will also find
many sections of value. Technologists will find a lot of useful information that will
help them care for these patients. Administrators and managers will find material
that will help them run their departments more efficiently.

There are many individuals who have contributed to Continuous EEG Monitoring:
Principles and Practice, and without them, this book would not have been possible.
Foremost, we are extremely grateful to our colleagues who contributed chapters.
They have spent many hours collating critical information to create this very useful
textbook. Special thanks is due to the publisher, Springer Medicine Books, in par-
ticular, Sylvana Freyberg who recognized the need for such a book and encouraged
us to put it together and Sowmya Ramalingam who kept us on task to make sure this
project reached culmination. The technologists, residents, fellows, neurologists,
neurosurgeons, nurses, and administrators we work with at Duke University Medical
Center must be recognized and thanked for their unwavering dedication to patients,
education, research, and each other. Without them, we could not do any of what we
do. Of course, the most important group of individuals who have contributed is our
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patients. It is through their illness that we learn. It is this learning that we hope will
provide more effective treatment for these and other patients.

Finally, we must thank our families. Medicine is an extremely fulfilling and
demanding profession. Our spouses and children endure our long work hours rou-
tinely; this book added many more hours away from them. Without their constant
support, encouragement, and motivation, none of this would have been possible. For
that, and a lot more, we are forever grateful.

Durham, NC, USA Aatif M. Husain
Saurabh R. Sinha
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Introduction

The history of electroencephalography (EEG) began in the late 1800s and has
increasingly led to clinical, experimental, and computational studies that have
enabled the discovery, understanding, recognition, diagnosis, and treatment of a
great number of neurophysiological abnormalities and critical illnesses of the brain
and spinal cord. Currently, EEGs are often continuously recorded mostly using
scalp or cortical electrodes with enough digital EEG memory to store extended
recordings of several hours. Modern EEG machines are further equipped with fully
computerized signal processing systems allowing rapid and multidimensional anal-
yses that present many challenges to the managing physicians.

In this chapter, we provide an overview of the history of EEG and its clinical
contributions toward the field of continuous EEG monitoring in critical care.
Milestones in the history of EEG and the emergence of continuous EEG monitoring
are presented in Fig. 1.

From the Galvanometer to Scalp Electrodes

The introduction of the galvanometer with astatic needles has been mainly associ-
ated with Leopoldo Nobili, a physicist in Florence, and was further refined in 1858
by William Thompson (Lord Kelvin) in England. Galvanometers were able to faith-
fully demonstrate continuous electrical currents and their variations in intensity, but
could not detect extremely brief electrical phenomena (Fig. 2). In 1875, Richard
Caton, a scientist from Liverpool, England, placed two electrodes of a galvanometer
over the scalp of a human and became the first to record brain activity in the form of
electrical signals. Caton used a beam of light projected on the mirror of the galva-
nometer and reflected onto a large scale placed on the wall. With this type of visu-
alization, Caton found that “feeble currents of varying direction pass through the
multiplier when the electrodes are placed at two points of the external scalp

Increasing use of col

EEG machines are used i

EEG machines find their way into

Galvanometer More sensitive Description Amplifiers for Implanted Digital Quantitative
electrodes used over | string galvano- of human brain potentials Microelectrodes EEG EEG
the scalp of humans | meter EEG signals | recording
Electric Multichannel
stimulation of recordings
cerebral cortex
1870 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

time

Fig. 1 Technical electroencephalographic innovations over time. EEG electroencephalography
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Conductor terminal

Conductor terminal

Fig.2 Scheme of a galvanometer

surface.” This initial experiment led to the concept of the graphic recording of reg-
istered electrical brain signals, the technique that underlies present-day EEG. Caton
noted that the surface of the gray matter was positively charged with respect to
deeper structures in the cerebrum. He also noted that the electric currents of the
cerebrum changed in relation to the underlying function with neurofunctional active
regions exhibiting negative variations of electric current. Hence, Caton has also
been credited with pioneering the work on evoked potentials.

Concurrent with Caton’s work, physiologists in Eastern Europe began to report
their observations on cerebral electrical activity with another discovery of greater
impact on the neuroscientific world — the capability of the cerebral cortex to be
electrically stimulated as described by Gustav Fritsch and Julius Eduard Hitzig in
1870. These discoveries were followed by several observations of spontaneous elec-
trical activity in the brains of animals and the studies of electrical responses of the
human brain after electrical stimulation. These included the first EEG evidence of
epileptic activity during a seizure in a dog following electrical stimulation reported
by Napoleon Cybulski, a Polish physiologist. Seven years after the study of Fritsch
and Hitzig, Vasili Y. Danilevsky wrote his thesis on electrical stimulation and the
spontaneous electrical activity of animal brains while working at the University of
Kharkov. However, Danilevsky was disappointed as he had expected better correla-
tion of the spontaneous regional electrical brain activity with psychic and emotional
processes. Adolf Beck, a Polish physician and physiologist at the University of
Lwéw, Poland, further investigated the spontaneous electrical brain activity of
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rabbits and dogs using nonpolarizable electrodes and observed the disappearance of
rhythmical oscillations during illumination of the eyes (i.e., “alpha blocking™).

In 1903, Willem Einthoven, a Dutch doctor and physiologist, invented a string
galvanometer, an instrument with greater sensitivity of detection but which required
photographic recording. The string galvanometer became the standard instrument
for EEG at the turn of the century with Pravdich-Neminsky, a Ukrainian and then
Soviet physiologist, reporting electrical activity recordings using this technique in
animal brains in 1912.

The First Human EEG

In the 1920s, Hans Berger, a German neuropsychiatrist and the discoverer of the
human EEG, was the first to describe the existence of human EEG signals [1].
Berger first used a string galvanometer in 1910, to later migrate to an Edelmann
model followed by a more powerful Siemens double-coil galvanometer.
Unfortunately, it took more than 10 years for the scientific community to accept
these scalp potentials as genuine brain signals.

In 1926, Berger started to use the more powerful Siemens double-coil galvanom-
eter and published his first report of a human 3-min EEG recording in 1929. He
described the alpha rhythm as the dominant component of human EEG signals and
the alpha blocking response, a milestone in the history of clinical EEG [1]. For his
one-channel EEG tracings, Berger used a bipolar recording technique with fronto-
occipital leads along with a time marking line generated with a sine wave of 10
cycles/sec (Fig. 3). During the 1930s, Berger recorded the first EEG of human sleep,
detecting sleep spindles. He followed this with the examination of human EEG pat-
terns in hypoxic brain injury, in epilepsy, in the investigation of several diffuse and
localized brain dysfunctions, and with the examination of changes in EEG signals
with mental activities.

Early Use of Multichannel EEG

While EEG provides very large-scale, robust measures of neocortical dynamic
function, one single scalp electrode provided estimates of synaptic sources averaged
over tissue masses containing between 100 million and 1 billion neurons.

MU AMA L AAAAAA AL A,

Fig. 3 The first one-channel electroencephalogram in a human. One-channel electroencephalo-
graphic tracing with a bipolar recording technique with fronto-occipital leads (upper line) along
with a time marking line generated with a sine wave of 10 cycles/sec (Reprinted with kind permis-
sion from Springer, Berger [1])
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In 1932, a group of inventors in Berlin, Germany, lead by Jan Friedrich Tonnies,
a German inventor and engineer, and investigators at the Rockefeller foundation in
New York, USA, simultaneously built the first amplifiers designed to record cere-
bral potentials thus opening up the field of multichannel recordings that covered
large brain regions [2]. By the 1940s, EEG technology was viewed as a genuine
window on the mind, with important applications in neurosurgery, neurology, and
cognitive science.

The first report of a prominent, transient, electrographic element termed an “epi-
leptic spike” came from Fisher and Lowenbach in 1934 [3], inspiring further elec-
trophysiological work in epileptology by Gibbs and Lennox, two neurologists and
epileptologists from Harvard Medical School, USA. A few years later, Hallowell
and Pauline Davis began the first investigations of EEG patterns during human
sleep. This was followed by the first systematic studies of sleep EEG patterns and
different stages of sleep in humans by Alfred L. Loomis and colleagues initiating
EEG-based analyses of sleep disorders through the work of Kleitman in the 1940s
at the University of Chicago, USA.

In the 1940s, the EEG started to become invasive, and the use of special implanted
or “depth” electrodes and the exploration of deep intracerebral regions began. The
space averaging of brain potentials resulting from extracranial recording is a ran-
dom data reduction process forced by current spreading in the head volume conduc-
tor. In contrast, EEG electrodes implanted in brains provide more focal details but
with very circumscribed spatial coverage that fails to provide a more global assess-
ment of brain function. However, technical and ethical limitations of intracranial
recording forced neurophysiologists to emphasize scalp recordings, which provide
synaptic action estimates of larger scale sources that can be correlated to cognition
and behavior.

Throughout the 1950s, clinical and experimental neurophysiological studies
using EEG expanded rapidly worldwide with the discovery of cerebral recruiting
responses, the effects of descending and mostly inhibitory influences of the brain-
stem reticular formation, and the use of EEG to locate brain regions that generated
epileptic activity prior to surgical interventions. These studies were followed by
EEG studies in newborns in the 1960s and investigations of evoked cortical poten-
tials that became commonly used for prognosis and the monitoring of psychiatric
and neurocritically ill patients in the late 1970s [4, 5]. Despite the large body and
scientific impact of early investigations using EEG at that time, further discussion
on this topic is beyond the focus of this chapter.

From Paper to Digital Recording

Since the first human EEG recordings in the early 1920s and their widespread accep-
tance 20 years later, it has been known that the amplitude and frequency content of
EEG patterns reveals substantial information about the neurofunctional state of the
brain. For example, the voltage record during deep sleep has dominant frequencies in
the delta range near 1 Hz, whereas the eyes-closed waking state is associated with
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sinusoidal oscillations of an alpha frequency range near 10 Hz. Early in the history
of EEG, it became clear that more standardized and automatic quantitative analyses
would allow for reliable identification and correlation of EEG information to differ-
ent neurofunctional states, such as distinguishing different sleep stages, determining
the depth of anesthesia, identifying waxing and waning epileptic activity during sei-
zures, and the analysis of encephalopathic states. Hence, in the 1950s, EEG became
widely available, and almost every tertiary academic medical care center had at least
one EEG machine. At the end of the decade, EEG was also in use in a large number
of nonacademic hospitals and private practices in the 1960s.

This propagation of EEG significantly slowed in the 1970s, possibly explained
by the advances in high resolution, structural neuroimaging techniques including
computed tomography and magnetic resonance imaging. However, it soon became
recognized that EEG provides real-time information on the neurofunctional status
and its spatial development that cannot be assessed at bedside by neuroimaging
techniques, and EEG regained interest in the 1990s.

Although in the 1980s technical advances allowed the EEG to be digitized and
recorded on videotape, the number of channels and the resolution were limited at
first. Electronic data storage volumes increased significantly in the 1990s, and
computer networking enabled remote EEG reading and simultaneous video record-
ing of the patients, making continuous EEG (cEEG) recordings over hours to days
of many critically ill patients, possible. As manual review and interpretation of
cEEG became increasingly labor-intensive, effective methods were developed to
assist in rapid and accurate EEG interpretation, especially regarding seizure detec-
tion. In the late 1990s and early 2000s, complex algorithms enabling quantitative
EEG analyses, such as the Wavelet analysis and Fourier analysis, with new focus
on shared activity between rhythms including phase synchrony and magnitude syn-
chrony, were developed. Automated spectral analysis was introduced to study
spectral content through a spectrogram also known as a time-frequency plot, a
color plot providing the temporal evolution of the EEG frequency spectrum. In this
context, the color provides information about the power at a given instant of time
for a given frequency band. These modern methods of EEG concerned with both
temporal and spatial properties revealed robust electrographic correlations with
cognitive processes, such as mental calculation, working memory, and selective
attention further expanding the yield of EEG and increasing the diagnostic power
of cEEG monitoring especially in epilepsy clinics and intensive care units (ICU) in
the last several years.

Diagnosis and Prognosis

Critically ill patients often become confused or obtunded from a variety of critical
illnesses, including acute brain lesions, systemic metabolic derangements, seizures,
or status epilepticus (SE). Nonconvulsive seizures (NCS) and nonconvulsive status
epilepticus (NCSE) are states without visible convulsions and hence depend on
EEG and cEEG to both make a diagnosis and ascertain treatment success. In recent
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years, cEEG has been increasingly implemented in ICUs as a noninvasive tool to
continuously assess dynamic real-time information of brain function, enabling
immediate detection of changes in neurofunctional status, even if clinical examina-
tion of patients with altered mental status is limited or clinical seizure-related signs
are subtle or nonspecific. Focal slowing of EEG background activity may indicate
ischemia or the presence of other acute brain lesions, while global slowing suggests
an encephalopathy. The loss of EEG variability and reactivity may indicate severe
brain injury and poor prognosis [6].

Increasing use of cEEG reveals clinically undetected epileptiform activity in up
to 80 % of critically ill patients with altered level of consciousness [7, 8] and results
in heightened clinical awareness of treating physicians and greater detection rates
than routine EEG, the latter because of the intermittent nature of occult seizures.
Using cEEG, epileptic seizures have been detected in up to 15% of non-
neurocritically ill patients and in 10-50 % of neurocritically ill patients. Almost half
of patients with traumatic brain injury monitored with cEEG reveal seizures [6]. SE
is observed in up to 10 % of patients with ischemic stroke, in about 15 % with trau-
matic brain injury, in 20 % with intracerebral hemorrhage, in 10 % with subarach-
noid hemorrhage, and in 30% of patients after cardiac arrest [6]. Determining
seizure type at SE onset and detecting interictal periodic discharges using cEEG
monitoring provide pivotal prognostic information [9], and seizure detection with
consecutive antiepileptic treatment has to be associated with improved outcome
[10], further underscoring the importance of cEEG monitoring.

Aside from seizure detection, some EEG characteristics such as the degree of
slowing of EEG background activity, the presence of non-epileptic episodic tran-
sients such as triphasic waves, and frontal intermittent rhythmic delta activity [11,
12], as well as sleep elements [13], alert clinicians to direct additional clinical inves-
tigations toward specific underlying etiologies of altered mental status and to
improve prognostication in patients with acute non-epileptic encephalopathy. The
prognostic importance of cEEG has further been demonstrated in patients suffering
from hypoxic brain injury after cardiac arrest. While most studies indicate that
somatosensory evoked potentials are the most reliable outcome predictor in this
context [14], recent studies have revealed that the combination of clinical examina-
tion, EEG background reactivity, and serum neuron-specific enolase offers the best
outcome predictive performance for prognostication of early postanoxic coma,
whereas somatosensory evoked potentials may not add any complementary infor-
mation [15]. However, although prognostication of poor outcome seems excellent,
future studies are needed to further improve the prediction of good prognosis, which
still remains inaccurate.

Directing Treatment

While cEEG monitoring is routinely used in epilepsy clinics and in outpatients to
guide antiepileptic treatment in patients with epilepsy, cEEG is mostly used to help
in the management of patients with SE refractory to first- and second-line
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antiepileptic drugs or to monitor frequency ranges of EEG background activity in
patients treated for raised intracranial pressure or for impending vasospasm fol-
lowing subarachnoid hemorrhage. Antiepileptic and anesthetic agents can be
titrated to achieve seizure suppression or to manage elevated intracranial pressure
by the induction of EEG burst suppression. While these are common practices in
ICUs, the optimal EEG endpoint and the duration of such suppression have not
been determined.

The need to identify seizures and SE in critically ill patients is based on the
assumption that certain types of persistent ictal activity damage the brain. In patients
with brain trauma or intracerebral hemorrhage, NCSE or NCS may increase the risk
of morbidity and mortality. In other clinical settings, the effect of seizures or SE is
less clear except for refractory convulsive SE, which has a high mortality of up to
40 %. Therefore, current guidelines recommend close monitoring of SE refractory
to first- and second-line antiepileptic treatment and a rapid treatment escalation
guided by EEG, especially in some patients with NCS or nonspecific or subtle clini-
cal signs of seizures. However, although the use of EEG for monitoring and direct-
ing treatment in patients with SE seems plausible, studies proving a reduction of
morbidity and mortality by the use of cEEG in many of these clinical settings have
not been conclusive.

Interinstitutional Variability

The widespread and increasing use of cEEG in recent years calls for a standardized
procedure to assure and enhance the quality of cEEG-related science. Data describ-
ing the current interinstitutional variability of cEEG practice in the critically ill are
limited. In a recent study, a survey of cEEG indications and procedures was sent to
intensivists and neurophysiologists responsible for ICU-cEEG at 151 institutions in
the USA [16]. At some institutions only one physician could be identified. Of the
137 physicians from 97 institutions who completed the survey, cEEG was used by
nearly all respondents to detect NCS or NCSE in patients with altered mental status
following clinical seizures with in intracerebral hemorrhage, after traumatic brain
injury and after cardiac arrest. It has also been used to characterize abnormal move-
ments suspected of being seizures.

The majority of physicians monitor comatose patients for 24-48 h. However,
in an ideal situation with unlimited resources, 18 % of respondents would increase
cEEG duration. Eighty-six percent of institutions have an on-call EEG technolo-
gist available 24/7 for new patient hookups, but only 26 % have technologists
available 24/7 in-house. There is substantial variability in who reviews EEGs and
how frequently the record is reviewed as well as how often quantitative EEG is
used. Although there is general agreement regarding the indications for cEEG in
ICUs, there is substantial interinstitutional variability on how the procedure is
performed. Future studies and guidelines in this context are warranted to justify
the increased use of cEEG in the ICUs and to improve the art and science of this
emerging field.
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Future Perspectives

Nowadays, EEGs in ICUs are recorded invasively and noninvasively using entirely
computerized systems. The EEG machines are equipped with a variety of signal
processing software and enough memory for long-term recordings lasting several
hours or days. Delicate needle electrodes can be used for EEG recordings from the
cortex without the attenuation and nonlinearity effects of the skull. In the future,
EEG machines may be increasingly integrated with other dynamic neuroimaging
systems such as functional magnetic resonance imaging. However, to what extent
this development will target critical care is unclear and will face many obstacles
including the transportation of vulnerable, critically ill patients to the radiologic
units. New software for more complex investigations of neuronal network interac-
tion and for automated seizure detection and artifact suppression will emerge,
enhancing the scope and quality of application but also providing increasing ana-
lytic and technological challenges to neurophysiologists.

Conclusions

Within the span of approximately 100 years, the value of EEG has evolved from
a little accepted innovation to a vital procedure for monitoring critically ill
patients. Though its origins were in the study of cognitive neurology, its value in
epilepsy and seizures was quickly realized. Now, in addition to remaining an
essential tool in the diagnosis of epilepsy, EEG is used for the assessment and
prognostication of many different neurological conditions. With newer tech-
niques in data analysis and interpretation, EEG promises to remain vital to the
management of neurologically ill patients.
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Introduction

Seizures and status epilepticus (SE) are relatively common in critically ill adults, and
manifestations may include convulsive status epilepticus (CSE), nonconvulsive status
epilepticus (NCSE), and nonconvulsive seizures (NCS). Convulsive seizures that do
not meet criteria for status are also seen in this patient population. SE is associated
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with significant morbidity and mortality and should be diagnosed and treated appro-
priately. Some challenges in diagnosis and treatment center on the entity of NCSE. This
group is now thought to be a heterogeneous patient population including different
conditions and associated etiologies. In fact, the underlying etiology of seizures and
status is felt to be a very important determinant of overall prognosis and outcome in
this group of critically ill adult patients. In this chapter, the epidemiology, clinical
features, and etiologies of the various SE types will be presented.

Status Epilepticus: Overview

SE is a medical and neurologic emergency with a mortality of up to 20 % [1]. Significant
morbidity has been reported as well [2]. SE was historically defined as continuous sei-
zure activity of at least 30 min duration or a series of repetitive seizures without return
of consciousness between seizures [3]. Currently, a working definition of SE is continu-
ous seizure activity persisting greater than 5 minutes or 2 repetitive seizures without
return to baseline level of consciousness between seizures [4]. This definition is now
more widely accepted as it is considered more appropriate to guide treatment [5].

The incidence of SE across age groups is estimated on average as 7 [5, 6] to 41
cases per 100,000 annually, but there are several reasons why data can be discor-
dant. Incidence in young adults has been shown to be 27 per 100,000 per year but
86 per 100,000 per year in the elderly [7]. Many of these population-based studies
also use the International League Against Epilepsy (ILAE) 1993 definition of SE
using the 30 minutes time period that is no longer in favor [3].

There appear to be ethnic differences in the incidence of SE with nonwhites
reported as having a higher frequency of SE (13.7-57/100,000) compared to whites
(6.9-20/100,000) [6-8]. Gender differences are also seen with higher rates in men
than women [5, 6, 9]. This is typically attributed to higher rates of acute and remote
symptomatic seizures in men [6]. There seems to also be a suggestion that the inci-
dence of SE may be increasing over time. A recent review reports an increase in the
frequency of SE from 3.5 to 12.5 per 100,000 cases from 1979 to 2010 [10], and
prior large studies have suggested upward trends as well, which have been mostly
attributed to increasing elderly populations [6].

Gastaut noted, “there are as many types of status as there are types of epileptic
seizures” [11], and although classification of seizures and SE will be discussed in
another chapter, the system continues to evolve and is utilized differently in many
population-based studies. For the purpose of this chapter, SE will be categorized as
CSE or NCSE, and NCS will also be briefly discussed.

Convulsive Status Epilepticus

The term CSE is often used interchangeably with GCSE. CSE classically refers to
SE with a predominant motor manifestation; when this is in the form of generalized
convulsive seizures, it is best characterized as generalized CSE (GCSE). There are
several other subtypes including focal motor SE and myoclonic SE (MSE).
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Generalized Convulsive Status Epilepticus

Epidemiology

GCSE is one of the major categories of SE, and it remains a significant problem
with regard to morbidity and mortality in adults. This is despite the fact that the defi-
nition of GCSE has changed over time to be defined as 5 minutes of convulsive
seizures or recurrent seizures over this time period without return to baseline level
of consciousness. The incidence of GCSE can sometimes be difficult to parse out
from the rates of SE in general as many population-based studies include both
GCSE and NCSE. Other inclusion criteria including age groups, definitions of SE,
and other factors may differ, making the data somewhat variable.

GCSE accounts for the majority of cases of SE in most studies, and NCSE may
account for only about 6 % [5]. The incidence of GCSE is age related, with highest
rates in children under one year of age and adults over 60 years of age [5, 6]. A more
detailed discussion of SE in children will be provided in another chapter.

Clinical Features

GCSE is typically characterized by impaired consciousness as well as motor mani-
festations. It typically includes bilateral tonic stiffening followed by clonic (rhyth-
mic jerking) of the limbs, and clinical features may include focal neurologic
findings, such as hemiparesis, in the postictal period. Although GCSE includes both
primary and secondarily generalized seizures, this differentiation may be difficult to
discern in the critically ill adult. EEG can be useful in this classification, but the
semiology can be quite similar, particularly if the clinical onset is not observed or if
seizure and epilepsy history is not known. Asymmetric shaking and unilateral
delayed cessation of clonic activity can be signs of focal onset, but this is not always
a specific finding. Myoclonus prior to generalized tonic-clonic activity may suggest
primary generalized epilepsy, but this can be challenging to gather from witness
reports or even from direct observation.

Focal Motor Status Epilepticus

Epidemiology

The incidence of focal motor SE that does not secondarily generalize may be difficult
to assess in the critically ill patient. CSE with focal onset may be common and inci-
dence is typically included in the incidence of GCSE or NCSE in most population-
based studies. Epilepsia partialis continua (EPC), described below, may be more
commonly seen in children than in the adult population of critically ill patients.

Clinical Features

Focal motor SE can vary greatly in terms of semiology and presentation that is
largely referable to the area of epileptogenic onset. Many cases of generalized SE
are actually focal in onset, but the signs may either not be recognized by observers
or reported by patients, particularly in critically ill adults in an intensive care unit
(ICU) setting. Focal motor SE with preserved consciousness may be the easiest to
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recognize as it presents with jerking or clonus of the limb or face, which may spread
to involve other areas. A refractory type of focal motor SE is EPC. This is character-
ized by repetitive focal jerking of typically one part of the body. It usually does not
spread as with the “Jacksonian march” seen in other focal motor SE or secondarily
generalized SE and may have a slower frequency than other focal motor SE types.
Other “non-motor” types of focal SE are nonconvulsive and will be discussed below
in the section on NCSE. These can be quite difficult to identify and classify in a
critically ill patient with altered consciousness.

Myoclonic Status Epilepticus

Epidemiology

MSE is characterized by frequent myoclonic jerks that are typically generalized but
can be focal and may be rhythmic or arrhythmic. This is a large group of heteroge-
neous disorders. In those associated with epilepsy syndromes, myoclonus may be a
characteristic finding, such as juvenile myoclonic epilepsy (JME) or part of a broad
variety of dysfunction (Lennox-Gastaut syndrome, LGS). MSE in these patient
populations is less common than GCSE and may also have a more benign prognosis
than secondary forms. It may also be associated with other neurologic or systemic
dysfunctions that will be discussed later in this chapter, including hypoxia-anoxia.

Clinical Features

Characteristic findings in MSE include frequent myoclonus that is often generalized
but may also be focal. The jerking movements may be rhythmic or arrhythmic, and
often there are characteristic EEG findings which will be discussed elsewhere. MSE
that is epileptic in origin may be seen with other GCSE (as in JME) as well as other
seizure types such as atonic or myoclonic-astatic seizures in LGS. These typically
can be relatively easily distinguished from other forms of persistent myoclonus and
MSE by history. While the former have a history of epilepsy, other nonepileptic
types, sometimes termed “status myoclonus,” are associated with an underlying dif-
fuse etiology such as anoxia or other forms of encephalopathy. When seen in the
setting of other medical conditions, the myoclonus is often nonrhythmic, prolonged,
and continuous, with large amplitude jerking movements. These are classically
described involving the face, trunk, and limbs, but may also be multifocal.

Nonconvulsive Status Epilepticus

NCSE is an under-recognized form of SE that accounts for 20-50 % of all SE and is
associated with significant morbidity and mortality. Approximately 8—10 % of criti-
cally ill patients have been found to be in NCSE [12]. NCSE is more widely diag-
nosed with the increasing use of continuous EEG (cEEG) monitoring. It remains
difficult to determine the incidence of NCSE in the ICU, particularly as some stud-
ies make this diagnosis based on initial 30-60 min EEG, while others utilize cEEG
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recordings. Some studies suggest that NCSE typically is diagnosed in the first hour,
while others do not. Although SE has historically been easier to recognize by semi-
ology with repeated or prolonged convulsions, recognition of NCSE followed later.
In the early nineteenth century, some episodes of prolonged confusional states were
thought to be due to seizures, but it was not until EEG was introduced in the 1940s
that NCSE was conclusively established as a valid entity [13—15]. In 1956, Gastaut
used the term “psychomotor status” to describe another type of NCSE associated
with altered mental status [13]. In 1962, an international symposium codified SE by
characterizing it as a term for a repeated or prolonged seizure as to create a fixed and
lasting epileptic condition for at least 30—60 min [15, 16]. The same group also
promoted the view that there were many types of SE.

There are several ways to think about categorization of NCSE, and the definition
of the term remains controversial. The narrowest definition of the term refers only
to two categories. They include absence (previously petit mal) status and focal or
complex partial SE (previously psychomotor SE) [2, 11, 17, 18]. With wider use of
EEG and cEEG monitoring, the stratification of this term has evolved.

Over time, other subtypes and classifications have been proposed, with the con-
cept that there may be as many types of NCSE as there are seizure types or classifi-
cations. There are a variety of accepted definitions of NCSE, but in addition to a
change in mental status, there is a common working definition that is often used for
EEG criteria that also includes a “significant improvement in clinical state or base-
line EEG after antiepileptic drug” [19]. These criteria can be problematic, however,
in that one of the criteria establishes the definition by responsiveness to anticonvul-
sant treatment, which is not always the case in resistant NCSE [20].

Although semiology can be broadly divided between CSE and NCSE as those
forms of status with or without convulsions, there may be more subtle features of
partial or focal status that are increasingly recognized. Typically, the lack of major
motor manifestations delineates the difference between CSE and NCSE, but many
patients with NCSE have minor abnormal motor findings. These may include nystag-
mus, facial twitching, or tonic eye movements [18]. As might be expected, the find-
ings typically correspond to the origin of onset of the localization-related epilepsy.

While on one hand findings in temporal lobe NCSE may be characterized as
confusion, parietal lobe NCSE, which is much less common, may be manifest by
findings referable to the areas involved. The most common types of parietal lobe
seizures arise from the postcentral gyrus and are typically described as a positive or
negative sensation. Patients describe sensations in NCSE as prolonged paresthesias,
pain, sexual phenomenology, or a widespread body “aura” [21]. Pain and percep-
tions of heat or cold are less common, as are seizures with sexual phenomenology
or psychiatric phenomena, or disturbances of body image, but they have also been
associated with seizures of parietal lobe origin and also those of parietal
NCSE. Prolonged ictal sensory changes are thought to be rare and are uncommonly
reported. Recognition of somatosensory SE requires that patients report symptoms
and this may be hindered when patients are amnestic for the auras or sensory symp-
toms during the seizure or if the area of ictal onset has spread to lead to confusion,
thus impairing patient report.
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It is more common for these patients to have had a witnessed seizure or GCSE,
but it is notable that there is a large portion of critically ill patients who may not
have had a clinically evident seizure. The diagnosis can be difficult, particularly as
patients in the ICU setting may be thought to be postictal after clinically evident
seizures. It has also, and still is, often mistaken for other reasons for change in men-
tal status [22].

There are several ways to think about NCSE, and it is useful to understand that
the categories and divisions that are utilized are not mutually exclusive. NCSE has
been divided into different types by semiology, EEG patterns, and association with
varied levels of consciousness. Traditionally, NCSE was thought to primarily be
associated only with epilepsy syndromes, as in the “wandering confused” patient
with epilepsy who has a relatively good prognosis, now other presentations are rec-
ognized. These are often seen in the critical care setting and are seen in acutely ill
patients with impaired mental status. Motor manifestations may or may not be seen.
Clinicians should be attuned to the possibility of NCSE, even in patients without
clinically evident seizures, although NCSE that follows uncontrolled SE is the more
common presentation.

By EEG criteria, NCSE is typically categorized as generalized or lateralized. There
are often blurred lines in patients with altered consciousness or coma who have peri-
odic or continuous patterns on EEG that may resemble those typical in NCSE patients.
Itis not yet fully clear whether treating these patterns may improve outcome or is then
diagnostic of NCSE. Some groups advocate categorizing NCSE into “NCSE proper”
and “comatose NCSE” to delineate these patient populations [23].

Etiology

Among critically ill adults, causes of seizures and SE are diverse, and this contrib-
utes to the notion that not all such patients can be approached in the same manner.
Furthermore, the underlying etiology of seizures and SE has increasingly been rec-
ognized as a critical determinant of prognosis and outcome in this patient popula-
tion. Thus, prompt recognition of the root cause(s) of seizures and SE, along with
its subsequent evaluation and treatment, is crucial.

In critically ill adults, etiologies are varied. Important causes of acute seizures
and SE include insufficient dosages or low levels of antiepileptic drugs (AEDs) in
patients with known epilepsy, cerebrovascular disorders, traumatic brain injury
(TBI), hypoxia-anoxia, and infectious etiologies including sepsis, brain tumors, and
toxic-metabolic disorders [24, 25]. Less common, but also important, etiologies
including inflammatory and immune-mediated conditions are garnering increasing
interest. Such disorders include paraneoplastic syndromes and autoimmune enceph-
alitides such as anti-N-methyl-p-aspartate (NMDA) receptor encephalitis. Many of
these important causes will be discussed individually in greater detail in the sections
that follow. Given the broad spectrum of associated underlying conditions, critically
ill patients with seizures and SE are, in many ways, a very heterogeneous group
(Table 1).
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Table 1 Etiologies of seizures and status epilepticus in critically ill adults

Preexisting epilepsy
Insufficient doses of AEDs
Low levels of AEDs
Sleep deprivation, stress, nonspecific illness

Cerebrovascular disorders

Ischemic stroke
SAH
ICH

Traumatic brain injury

Hypoxic-anoxic injury
CNS infection

Viral, bacterial, less common infectious etiologies

Sepsis

Brain tumors

Toxic-metabolic disorders and drugs

Electrolyte disturbances

Intoxication and withdrawal states (alcohol and illicit drugs)

Medications

Inflammatory and immune-mediated conditions
NORSE
Paraneoplastic or non-paraneoplastic limbic encephalitis

In the literature, some studies seek to emphasize the importance of the underly-
ing etiology of NCSE and NCS by dividing or categorizing patients into groups
based on the associated diagnosis or precipitant. For example, acute symptomatic
causes of NCSE are defined by acute neurologic or medical disorders causally
related to the status, independent of a prior epilepsy diagnosis. Such conditions can
include strokes, head trauma, hypoxia-anoxia, central nervous system (CNS) infec-
tions, or brain tumors [18]. Alternatively, patients with a preexisting diagnosis of
idiopathic epilepsy who present in NCSE without having one of the acute symptom-
atic conditions would comprise an idiopathic group. Lastly, cryptogenic patients
would be those without an idiopathic epilepsy diagnosis or an acute symptomatic
cause of NCSE [18]. Thinking about NCSE in this manner helps to highlight the
variations between these patient groups and the significance and influence that etiol-
ogy can potentially have on factors such as treatment, prognosis, and outcome.

The expanding use of cEEG monitoring has aided in the evaluation of seizures
and SE, especially NCSE, in critically ill adults. It has also lead to greater focus on
identifying seizures in comatose patients who may be admitted to the ICU for rea-
sons initially unrelated to epilepsy or seizures. Patients may undergo evaluation with
cEEG in a variety of intensive care unit settings, including the medical ICU (MICU)
or neurologic ICU (NICU). Often, cEEG monitoring is requested to evaluate impaired
level of consciousness or altered mental status in such patients with multiple
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neurologic and medical comorbidities, which may put them at increased risk for
seizures. Literature has suggested that the admission diagnoses and etiologies of sei-
zures and SE may vary between patients admitted to a MICU as opposed to NICU
[26]. For example, recent work has found a higher rate of toxic-metabolic, infectious,
and substance-related etiologies in a MICU population and a higher rate of stroke in
the NICU [26]. Overall, cEEG monitoring is a valuable tool in the detection and
management of seizures and SE of varied etiologies in critically ill patients.

Preexisting Epilepsy

Adults with a preexisting diagnosis of epilepsy, either of focal or generalized onset,
can present with an acute worsening of their seizures or with SE. This can occur due
to one of the acute symptomatic etiologies discussed in detail in the following sec-
tions, such as an acute stroke, CNS infection, or a metabolic disturbance exacerbat-
ing the underlying epilepsy. However, in the case of preexisting epilepsy, alternate
etiologies may include nonadherence to an AED regimen, low AED levels, or treat-
ment with an inappropriate medication for a particular epilepsy type [24]. A poten-
tial example of the latter would be treatment of a primary generalized epilepsy
syndrome, such as JME, with a medication such as carbamazepine that can actually
exacerbate the underlying seizure disorder. In individuals with epilepsy, estimates
in the literature suggest that around 15 % have developed SE at least once during the
course of their illness [24]. Additionally, SE can also be the initial presentation of
seizures in patients who will ultimately go on to develop epilepsy [6].

The particular presenting features of acute seizures and SE in epilepsy patients
will vary based on the principal epilepsy diagnosis. For example, patients with an
underlying primary generalized epilepsy may present with nonconvulsive, absence
SE, or potentially GCSE, while those with a focal epilepsy syndrome can develop
focal NCSE or GCSE [24]. MSE can also occur in the setting of preexisting epi-
lepsy and in this case certainly represents a unique clinical scenario, as opposed to
myoclonic status in patients with anoxic brain injury and cardiac arrest, which will
be reviewed later. Examples of syndromes in which myoclonic status can develop
include JME and secondary generalized epilepsies such as LGS.

In the setting of epilepsy, there are additional factors which can lower the threshold
for seizures and possibly contribute to acute breakthrough seizures or SE in particular
clinical scenarios. Such factors include significant sleep deprivation, alcohol or drug
intoxication or withdrawal, stress, fatigue, nonspecific illness, or metabolic abnor-
malities [27]. These circumstances may precipitate acute seizures or SE in individuals
with an underlying predisposition to seizures, and clinicians can often provide impor-
tant education to patients on avoidance of at least some of these potential triggers.

Acute Cerebrovascular Injuries

Acute cerebrovascular injuries, including subarachnoid hemorrhage (SAH), isch-
emic stroke, and intracerebral hemorrhage (ICH), are common etiologies of seizures



2 Epidemiology of Seizures in Critically Ill Adults 21

and SE in critically ill adults. In addition, remote hemorrhagic and ischemic strokes
have also been recognized as frequent precipitants, especially in older adults [28].
A study that looked at causes of hospital-onset seizures found stroke to be one of the
most common etiologies, accounting for 23 % of cases in those patients without a
prior history of seizures [29]. Patients with acute cerebrovascular disorders may have
convulsive seizures; nonconvulsive, electrographic seizures; or a combination of the
two categories. In this patient population, seizures and SE can occur as part of the
initial presentation of the brain injury or may be detected during the subsequent hos-
pital course. The expansion of cEEG monitoring has aided in the detection of NCS
and NCSE in patients with strokes and brain hemorrhages that may frequently be
encephalopathic or comatose or may require prolonged sedation.

Recent work has demonstrated electrographic seizures in up to one third of
patients with nontraumatic ICH undergoing cEEG monitoring, and over half of
these seizures were not associated with any clear clinical findings [30]. Another
group investigating rates of NCSE among patients referred for EEG testing found
that out of 451 study subjects, ICH, including traumatic ICH, was the etiology in
18 % of cases [18]. In addition to electrographic seizures, periodic EEG patterns can
also be seen in patients with ICH, including lateralized periodic discharges (LPDs),
generalized periodic discharges (GPDs), and rhythmic delta activity (RDA).
Periodic patterns have been noted to have an association with cortical, as opposed
to deep, hemorrhages. Similarly, an expanding ICH volume (30 % expansion at 24 h
follow-up CT scan) has been associated with electrographic seizures [30]. An ongo-
ing challenge in this patient group, as is the case with many critically ill popula-
tions, lies in determining the impact of treating seizures and periodic patterns on
overall prognosis and patient outcome.

Acute clinical seizures, as well as NCS and NCSE, are recognized complications
of SAH and felt to be generally associated with poor outcomes. As noted, a high
clinical index of suspicion is often needed to diagnose nonconvulsive ictal activity
in these patients. Recent estimates of the frequency of electrographic seizures in
SAH patients undergoing cEEG monitoring range from 7 to 19 % [31, 32]. Reports
have additionally suggested that SAH patients at higher risk for NCSE include those
with poor neurologic grade (Hunt and Hess grade 4 or 5 and Fisher grade 3 or 4) and
older age [33]. Treatment of NCS and NCSE in these patients is aimed at prevention
of secondary brain injury and associated complications. Quantitative EEG analysis
has also shown promise as an additional tool for evaluation of delayed cerebral
ischemia in SAH and is increasingly utilized at academic and other centers perform-
ing high volumes of cEEG monitoring. Details of quantitative EEG techniques will
be reviewed in a later chapter.

Traumatic Brain Injury

Following TBI, seizures and SE can occur, and cEEG monitoring can assist in the
detection of these events, especially in patients with altered mental status or coma.
Important factors contributing to the occurrence of seizures include brain injury
severity and the existence of hemorrhagic contusions [34]. In a series of twenty
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moderate-severe TBI patients with non-penetrating head injuries monitored prospec-
tively with cEEG and cerebral microdialysis, ten were found to have electrographic
seizures [34]. Of those ten patients, seven had SE. In this group, seizures were also
found to be linked to persistent elevations in intracranial pressure as well as increases
in the lactate/pyruvate ratio in cerebral microdialysis measurements [34], suggesting
that seizures can have multifaceted effects on the brain in this population. In another
large cohort of critically ill adults undergoing cEEG monitoring, 18 % of the included
patients with a diagnosis of TBI had electrographic seizures [32]. In the TBI popula-
tion, as with many of the other patient groups discussed here, the effect treatment of
seizures has on overall patient outcomes, and neurologic function remains unknown.
However, treatment of identified seizures does at least provide a potential mechanism
to help in prevention of further brain injury and metabolic distress [34].

Central Nervous System Infections

Electrographic and clinical seizures can occur with CNS infections of various types in
critically ill adults, including cases of viral and bacterial infections, as well as with less
common infectious diseases. A well-recognized example is that of herpes simplex
encephalitis (HSE), a potentially life-threatening condition in which seizures are com-
mon during the course of the illness. EEGs performed in patients with HSE often dem-
onstrate lateralized findings, such as lateralized periodic discharges (LPDs) [35], which
can be highly epileptogenic. cEEG monitoring can be useful in identifying electro-
graphic seizures and periodic patterns in patients with various CNS infections [36].

In a study of critically ill adults admitted with CNS infections who were moni-
tored with cEEG, 48 % had either electrographic seizures or PDs [36]. The largest
group of patients had a viral etiology (68 %), followed by bacterial and then fungal
or parasitic causes. As has been discussed with other etiologic groups, only a frac-
tion of the patients with electrographic seizures (36 %) had an appreciable clinical
correlate, again highlighting the concept that a high index of suspicion along with
the use of cEEG monitoring is often necessary to detect these seizures [36].

There are additional rare infectious causes of SE that have been described,
including uncommon bacterial and viral infections and prion diseases, about which
less is known. Some examples of atypical bacterial infectious agents include
Bartonella, Coxiella burnetii (Q fever), and neurosyphilis [24, 37]. Less common
viral causes that have been reported can include West Nile encephalitis, JC virus,
Parvovirus B19, and measles encephalitis, among others; and prion diseases such as
Creutzfeldt-Jakob disease are also noted [24, 37]. Such atypical infectious causes of
SE should be considered in the appropriate clinical context and in cases where stan-
dard initial work-up is unrevealing.

Toxic-Metabolic Disorders and Drug-Related Causes

Toxic-metabolic disorders are an additional cause of acute seizures and SE in criti-
cally ill adults. There are a number of metabolic disturbances that can be associated
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with seizures, including hyponatremia, hypoglycemia or hyperglycemia, hepatic
encephalopathy, uremia and renal failure, and less commonly hypomagnesemia and
hypocalcemia [24, 29, 38]. While such metabolic abnormalities are recognized as
seizure precipitants, precise cut points for serum values below or above which sei-
zures may occur have yet to be fully delineated [38]. In patients with seizures or SE
related to metabolic disturbances, there may be an additional underlying cerebral
lesion that may be remote, such as a prior stroke. In this case, the metabolic abnor-
mality would further lower the threshold for acute seizures in patients who may
already be predisposed. A study evaluating the etiologies, treatment, and outcomes
of hospital-onset seizures found metabolic abnormalities to be one of the most com-
monly observed causes of seizures (20 % of cases). It was an especially prevalent
etiology among those without a prior existing history of seizures [29]. An interest-
ing link between metabolic disorders and SE is that of EPC and hyperosmolar non-
ketotic hyperglycemia. EPC has multiple, varied causes, and among them metabolic
disorders, such as nonketotic hyperglycemia, are relatively common [24, 39]. As
mentioned previously, there is most often a co-occurring structural brain lesion in
addition to the metabolic abnormality in these cases of EPC [39].

Alcohol and drug intoxication and withdrawal states are also accepted as
precipitants for acute symptomatic seizures in adults [38]. If alcohol withdrawal
is to be implicated as the etiology, then the seizure must take place within 7-48
h of the patient’s last drink [38]. Withdrawal from certain medications, such as
benzodiazepines, can also cause acute seizures. Drugs of abuse that can precipi-
tate acute symptomatic seizures include cocaine and crack cocaine, certain
stimulants and inhalants, and potentially hallucinogens such as phencyclidine
(PCP) [38].

In critically ill, hospitalized patients, certain medications have also been linked to
seizures and SE. One important, representative example to consider is that of cepha-
losporin antibiotics, such as cefepime. Periodic discharges, such as atypical triphasic
waves, as well as NCSE have been reported to occur in association with cefepime,
typically in patients with renal impairment [40]. An awareness of medication-induced
seizures and NCSE is important for practitioners treating critically ill patients, as the
use of such broad-spectrum drugs is common and often necessary.

Sepsis

Sepsis is a frequent ICU admission diagnosis and/or complication in critically ill
patients and has been shown to be an additional, important risk factor for acute brain
dysfunction as well as electrographic seizures and periodic discharges (PDs) [41].
A recent study evaluating cEEG monitoring in the MICU found that 60 % of their
subjects had an admission MICU diagnosis of sepsis, and of these patients, 10 %
were found to have electrographic seizures, while 17 % had PDs [41]. As is the case
with other conditions that may result in encephalopathy or potentially a comatose
state, cEEG monitoring can be very valuable in diagnosing electrographic seizures,
NCSE, and PDs in patients with sepsis [41]. Again, these electrographic seizures are
often associated with no detectable clinical signs or only subtle findings.
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Inflammatory and Inmune-mediated Disorders

Immune-mediated and inflammatory etiologies of seizures and SE are increasingly
entertained in patients presenting without a prior history of epilepsy and without a
clear alternate etiology identified after initial work-up. Additionally, such condi-
tions may be included in the differential diagnosis for known epilepsy patients with
an acute worsening of their seizures or those who have been previously thought to
have an idiopathic epilepsy. New onset refractory status epilepticus (NORSE) is a
relatively newly described entity characterized by superrefractory status epilepticus
in patients without a preexisting epilepsy diagnosis, often following a nonspecific
febrile illness and with a potential early CSF pleocytosis [42]. The precipitating
cause of NORSE remains uncertain, despite an extensive work-up, in many cases.
However, given the frequent preceding mild febrile illness, a post-viral or autoim-
mune/inflammatory etiology is often hypothesized [42]. NORSE is associated with
significant morbidity and mortality, and the time course of the status can be weeks
to months or more.

Patients with a paraneoplastic or non-paraneoplastic limbic encephalitis can also
present with a focal NCSE, in addition to other features such as psychiatric symp-
toms or movement disorders. Examples of such syndromes include limbic encepha-
litis associated with antibodies against voltage-dependent potassium channels
(VGKC) or glutamic acid decarboxylase (GAD) and anti-NMDA receptor encepha-
litis [24]. Certain forms of limbic encephalitis can interestingly be associated with a
specific seizure type. For example, faciobrachial dystonic seizures have been
described as a unique seizure type seen with VGKC-complex/leucine-rich glioma-
inactivated 1 (LGI1) antibodies [43]. Hashimoto’s encephalopathy can also poten-
tially present with seizures and SE, or alternately EEG monitoring can demonstrate
nonspecific markers of encephalopathy such as slowing or “triphasic waves” (GPDs
with triphasic morphology) [44]. This area presents exciting opportunities for future
research and exploration, as new autoantibodies and their associated syndromes are
regularly identified and characterized. Neurologists and intensivists may therefore be
able to better diagnose and appropriately treat some groups of patients with seizures
and status previously felt to be cryptogenic or due to an uncertain encephalitis.

Hypoxia-Anoxia and Cardiac Arrest

Acute seizures and SE, including MSE, occur commonly following cardiac arrest.
In this critically ill patient population, there is ongoing debate as to whether seizures
represent a marker of the underlying hypoxic-anoxic brain injury or independently
contribute to poor neurologic outcomes and recovery. Many centers now perform
cEEG monitoring on post-cardiac arrest patients undergoing therapeutic hyperther-
mia (TH) as part of standard protocol, if the resources are available. These patients
are often sedated and paralyzed while undergoing TH, making the diagnosis of NCS
and NCSE especially challenging. Recent studies have found electrographic sei-
zures on cEEG in between 23 and 33 % of post-cardiac arrest patients undergoing
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TH, similar to prior estimates [45, 46]. Neurologic outcome was generally poor in
these patients. Seizures can occur both during the cooling phase of TH as well as
during or after rewarming. This time course should be taken into account when
determining the appropriate duration of cEEG monitoring in this population. In
addition to NCS and NCSE, periodic patterns such as GPDs can commonly be seen
with post-cardiac arrest patients undergoing cEEG. These patterns themselves are
potentially associated with evolution into NCS [47]. While the use of cEEG moni-
toring facilitates earlier identification of seizures and interictal epileptiform activity
in this population, the prognostic value and optimal approach to treatment of these
findings is yet to be fully established.

Conclusions

In summary, seizures and SE are common occurrences among critically ill adults.
Manifestations include GCSE, focal motor SE, MSE, and NCS or NCSE. Acute
seizures and SE can occur in patients with preexisting epilepsy or de novo.
CEEG monitoring is an important tool in the evaluation of these conditions,
especially NCSE which may present with subtle clinical manifestations or be
identified predominantly through electrographic findings. Causes are varied, and
in critically ill adults often relate to an acute symptomatic etiology. The underly-
ing etiology confers important information regarding the prognosis and out-
comes in this population.
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Introduction

Over the last few decades, much has been learned about the epidemiology of sei-
zures in critically ill children and neonates. Seizures are often difficult to identify in
this patient population by clinical observation alone so continuous EEG (cEEG)
monitoring is needed. Because cEEG monitoring is a relatively new technique and
is necessary to accurately detect seizures in the intensive care unit (ICU), the data
on epidemiology of seizures in critically ill children and neonates is still emerging.
This topic is covered in three sections in this chapter: (1) epidemiology of seizures
in children in the pediatric ICU, (2) epidemiology of seizures in children in the
cardiac care unit (CCU), and (3) epidemiology of seizures in the neonatal ICU.

Seizures in the Pediatric Intensive Care Unit
Seizure Incidence

Studies of critically ill children undergoing cEEG monitoring in pediatric ICUs
have reported that 10-50 % experience electrographic seizures, and about one-third
of children with electrographic seizures have a sufficiently high seizure exposure to
be categorized as electrographic status epilepticus (SE) (Fig. 1) [1-19]. The exact
indications for monitoring varied across these studies, but most included a primary
indication related to an acute encephalopathy or altered mental status. The largest
study of cEEG monitoring in the pediatric ICU retrospectively evaluated 550 chil-
dren who underwent clinically indicated cEEG monitoring at 11 tertiary care pedi-
atric ICUs in the United States and Canada. Electrographic seizures occurred in
30 % of monitored children. Further, among those children with seizures, electro-
graphic SE occurred in 33 %. Consistent with other single-center studies which
demonstrated a high occurrence of EEG-only (also termed subclinical or noncon-
vulsive) seizures [3, 6, 8—10, 12, 14-16, 18], 35 % of children with electrographic
seizures had exclusively EEG-only seizures [13]. Several studies have demonstrated
that EEG-only seizures occur even in children who have not received any or recent
paralytics [15, 18], indicating clinically evident changes were not being simply
masked by paralytic administration, but that electromechanical uncoupling occurred,
referring to a dissociation of electrical brain activity and outward mechanical signs.

Seizure Risk Factors

Identifying children at higher risk for electrographic seizures is complex since elec-
trographic seizures have been reported in both large heterogeneous cohorts [13] and
smaller more homogeneous cohorts of children with single brain insult etiologies
[7, 11, 12, 16]. Several risk factors have been reported including younger age
(infants as compared to older children) [8, 11, 13, 16, 18], the occurrence of convul-
sive seizures [9, 13, 14] or convulsive status epilepticus (CSE) [8] prior to initiation
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of monitoring, the presence of acute structural brain injury [7-9, 11, 12, 14, 16], and
the presence of interictal epileptiform discharges [8, 12-14] or periodic epilepti-
form discharges [3]. Although the reported risk factors are statistically significant,
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 %, so
these risk factors may have limited clinical utility in selecting patients to undergo
monitoring.

EEG monitoring is resource intense, and seemingly small changes in utilization
may have substantial impacts on equipment and personnel needs [20, 21]. Seizure
prediction models combining multiple known seizure risk factors could allow tar-
geting of EEG monitoring to children with the highest risk for experiencing electro-
graphic seizures within the resource limitations of an individual medical center. A
recent study derived a seizure prediction model from a retrospectively acquired
multicenter dataset and validated it on a separate single-center dataset. Both datas-
ets were derived from clinically indicated EEG monitoring performed for critically
ill children with heterogeneous etiologies for their acute encephalopathy. The model
had fair to good discrimination including the validation dataset, indicating that most
(but not all) patients were appropriately classified as having or not having electro-
graphic seizures. 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). Second, using these variables, the clinician could
determine a model score. Third, patients with model scores above an institutional
cutoff score would be selected to undergo cEEG monitoring. Individual institutions
could select different model cutoff scores based on center-specific criteria. A center
with substantial EEG monitoring resources might perform EEG monitoring for any
patient with a model score >0.10. At this lower cutoff, 14 % of patients with electro-
graphic seizures would not undergo EEG monitoring, so the seizures would not be
identified and managed. However, 58 % of patients without electrographic seizures
would be identified as not needing EEG monitoring, so limited resources would not
be expended. Given a seizure prevalence of 30 %, this cutoff would have a positive
predictive value of 47 % and negative predictive value of 91 % [22]. Further devel-
opment might yield improved predictive models by incorporating additional vari-
ables or focusing on more homogeneous cohorts.

Continuous EEG Monitoring Duration

Decisions regarding the duration of EEG monitoring must balance the goal of iden-
tifying electrographic seizures with practical concerns regarding the substantial and
limited resources required to perform EEG monitoring. Observational studies of
critically ill children undergoing clinically indicated EEG monitoring have reported
that about 50 % and 90 % of patients with electrographic seizures are identified with
1 h and 24-48 h of EEG monitoring, respectively (Fig. 2) [3, 6, 8,9, 12, 14, 15, 18].
Thus, 1 h of EEG will fail to identify many children who will subsequently
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experience electrographic seizures, while 48 h of monitoring identifies most chil-
dren with electrographic seizures.

There are two important limitations regarding the electrographic seizure timing
data described above. First, most of the studies providing the data above calculated
timing at the onset of EEG monitoring and not the onset of the acute brain insult.
However, 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 ICU, and it is unclear if
the timing considerations should restart with each of these clinical occurrences.
Second, most of the studies providing the data above were observational studies in
which patients underwent 1-3 days of clinically indicated EEG monitoring. Thus,
some patients may have experienced electrographic seizures after EEG monitoring
was discontinued. In specific circumstances electrographic seizures are known to
occur later in time, such as following cardiac arrest resuscitation [7].

Based on the data described above, the Neurocritical Care Society’s Guideline
for the Evaluation and Management of Status Epilepticus strongly recommends per-
forming 48 h of EEG monitoring to identify electrographic SE in comatose children
following an acute brain insult [23]. The American Clinical Neurophysiology’s
Consensus Statement on Continuous EEG Monitoring in Critically I11 Children and
Adults recommends performing EEG monitoring for at least 24 h in children at risk
for seizures [24].

Outcome

Several studies in critically ill children have reported associations between high
seizure exposures and worse outcomes. However, the extent to which electrographic
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, seizure characteristics, and
seizure management strategies. As summarized below, a number of recent studies
have reported an association between electrographic seizures, particularly with high
electrographic seizure exposures, and worse outcomes even after adjustment for
potential confounders related to acute encephalopathy etiology and critical illness
severity.

Several studies have described an association between electrographic seizures
and unfavorable short-term outcome. A prospective observational study of 1-3
channel EEG in 204 critically ill neonates and children found that the occurrence
of electrographic seizures was associated with a higher risk of unfavorable neuro-
logic outcome (odds ratio 15.4) in a multivariate analysis that included age, etiol-
ogy, pediatric index of mortality score, Adelaide coma score, and EEG background
categories [10]. Several other studies aimed to evaluate the effect of seizure burden
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and classified children as having no seizures, electrographic seizures, or electro-
graphic SE. A single-center study of 200 children in the pediatric ICU with out-
come assessed at discharge identified an association between electrographic SE
and higher mortality (odds ratio 5.1) and worsening pediatric cerebral performance
category scores (odds ratio 17.3) in multivariate analyses including seizure cate-
gory, age, acute neurologic disorder, prior neurodevelopmental status, and EEG
background categories. Electrographic seizures not classified as electrographic SE
were not associated with worse outcomes [25]. A larger multicenter study of 550
children in the pediatric ICU reported an association between electrographic SE
and mortality (odds ratio 2.4) in a multivariate analysis that included seizure cate-
gory, acute encephalopathy etiology, and EEG background categories.
Electrographic seizures not classified as electrographic SE were not associated
with worse outcomes [13]. A single-center prospective study evaluated 259 criti-
cally ill infants and children who underwent EEG monitoring described electro-
graphic seizures in 36 % of subjects which constituted electrographic SE in 9 % of
subjects. Seizure burden was calculated as the proportion of the 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 neuro-
logical decline versus 1.8 % in subjects without neurological decline. In a multi-
variate 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
associated with odds ratios for neurological decline of 3.3, 10.8, and 35.7. In con-
trast to some of the other studies described above, electrographic seizures were not
associated with higher mortality [17].

A study addressing long-term outcome obtained follow-up data at a median of
2.7 years following pediatric ICU admission from 60 children who were neurode-
velopmentally normal prior to admission and underwent clinically indicated EEG
monitoring. Multivariate analysis including acute neurologic diagnosis category,
EEG background category, age, and several other clinical variables identified an
association between electrographic SE and unfavorable Glasgow Outcome Scale
(Extended Pediatric Version) category (odds ratio 6.36), lower Pediatric Quality of
Life Inventory scores (23.07 points lower), and an increased risk of subsequently
diagnosed epilepsy (odds ratio 13.3). Children with electrographic seizures not clas-
sified as electrographic SE did not have worse outcomes [26].

Together, these studies suggest there may be a dose-dependent or threshold effect
of seizures upon outcomes, with high seizure burdens having clinically relevant
adverse impacts. This threshold may vary based on age, brain injury etiology, and
seizure characteristics such as the extent of brain involved and electroencephalo-
graphic morphology. While further study is needed, these data suggest that at least
in some patients and at high seizure exposures, electrographic seizures may be pro-
ducing secondary brain injury, and identifying and managing those seizures might
mitigate such injury.
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Clinical Practice and Guidelines

A recent survey of EEG monitoring use in the pediatric ICUs of 61 large pediatric
hospitals in the United States and Canada reported that the median number of
patients who underwent cEEG monitoring per month increased about 30 % from
2010 to 2011 [27]. Indications for EEG monitoring included determining whether
events of unclear etiology were seizures in 100 % of centers and identifying electro-
graphic seizures in patients considered “at risk” in about 90 % of centers. Patients
considered “at risk” included those with altered mental status following a convul-
sion, 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 EEG
monitoring as part of standard management for specific acute encephalopathy eti-
ologies within a clinical pathway (i.e., following resuscitation from cardiac arrest or
with severe traumatic brain injury) [27].

The Neurocritical Care Society’s Guidelines for the Evaluation and Management
of Status Epilepticus recommends the use of EEG monitoring to identify electro-
graphic seizures in at-risk patients including those with persisting altered mental
status for more than 10 min after convulsive seizures or SE or encephalopathic
children after resuscitation from cardiac arrest, with traumatic brain injury, with
intracranial hemorrhage, or with unexplained encephalopathy. The guideline
strongly recommends 48 h of EEG monitoring in comatose patients. If SE occurs
(including electrographic SE), then the guideline recommends that management
should continue until not only the clinical seizures are halted, but until all electro-
graphic seizures are halted [23].

The American Clinical Neurophysiology Society’s (ACNS) Consensus Statement
on Continuous EEG Monitoring in Critically Il Children and Adults recommends
EEG monitoring for 24-48 h in children at risk for seizures. Monitoring indications
include recent convulsive seizures or CSE with altered mental status, cardiac arrest
resuscitation or with other forms of hypoxic-ischemic encephalopathy, stroke (intra-
cerebral hemorrhage, ischemic stroke, and subarachnoid hemorrhage), encephalitis,
and altered mental status with related medical conditions. Detailed recommenda-
tions are provided regarding personnel, technical specifications, and overall work-
flow [24].

Quantitative EEG

Increasing EEG monitoring use among critically ill children [27, 28] is resource
intense and would benefit from improved seizure identification efficiency. Quantitative
EEG (qEEG) techniques separate the complex EEG signal into components (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 than conven-
tional EEG. QEEG techniques may facilitate more efficient EEG monitoring review
by encephalographers and perhaps even earlier identification of seizures by
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non-encephalographer clinicians providing bedside care. These techniques are still
being developed and their test characteristics are still being established.

Several studies have examined the utility of qEEG in critically ill children. In the
first study, 27 color density spectral array (CDSA) and amplitude-integrated EEG
(aEEG) tracings were reviewed by three encephalographers. The median sensitivity
for seizure identification was 83 % using CDSA and 82 % using aEEG, but for indi-
vidual tracings the sensitivity varied from 0 to 100%. A false positive occurred
about every 17-20 h [29]. In the second study, 84 CDSA images were reviewed by
eight encephalographers. Sensitivity for seizure identification was 65 %, indicating
that some electrographic seizures were not identified. Further, only about half of
seizures were identified by six or more raters. Specificity was 95 %, indicating some
non-ictal events were misdiagnosed as seizures [30]. A study of CDSA and enve-
lope trend EEG found that seizure identification was impacted by both modifiable
factors (interpreter experience, display size, and gEEG method) and non-modifiable
factors inherent to the EEG pattern (maximum spike amplitude, seizure frequency,
and seizure duration) [31].

Critical care providers have expertise at screening multiple monitoring modali-
ties and are generally continually available within the ICU. Thus, if critical care
clinicians are able to use qEEG, then electrographic seizures might be identified
more rapidly. A study provided 20 critical care physicians (attendings and fellows)
and 19 critical care nurses with a brief training session regarding CDSA and then
asked them to determine whether each of 200 CDSA images created from conven-
tional EEG derived from critically ill children contained electrographic seizures.
The true seizure incidence was 30 % based on electroencephalographer review of
the conventional EEG tracings. The CDSA seizure identification sensitivity was
70 %, indicating that some electrographic seizures were not identified. The specific-
ity was 68 %, indicating that some images categorized 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 incidence used in the study, the positive predictive
value was 46 % and negative predictive value was 86 % [32].

These data indicate that commercially available qEEG techniques permit iden-
tification of many but not all seizures. Since seizures often occur early during EEG
monitoring recordings and EEG technologists may not be readily available when
EEG monitoring is needed [18], rapid bedside implementation may be an impor-
tant advantage of these qEEG techniques. Seizure identification may improve with
user training and experience, further development of qEEG trends, and implemen-
tation of qEEG panels with multiple trends. However, since qEEG leads to mis-
classification of some non-ictal events as seizures, potentially leading to
unnecessary antiseizure mediation administration, confirmation by conventional
EEG review may be indicated for when qEEG techniques suggest seizures are
present. With further development these synergistic methods could make use of the
efficiency and bedside availability of qEEG methods and the accuracy of conven-
tional EEG tracings.
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Seizures in the Cardiac Intensive Care Unit
Seizure Incidence

A number of studies have evaluated the incidence of clinically evident and EEG
only seizures and their association with outcomes among neonates with congenital
heart disease, as recently reviewed [33]. Neonates and infants undergoing surgery
for congenital heart disease often experience clinically evident seizures in the post-
operative period. A study of infants who survived newborn cardiac surgery requir-
ing deep hypothermic circulatory arrest for defects other than hypoplastic left heart
syndrome reported seizures in 18 % of 164 infants, with most seizures occurring
within 2 days of surgery [34]. Similarly, a study of infants undergoing repair of
D-transposition of the great arteries reported convulsions in 6 % of 171 infants dur-
ing the initial 2 days [35].

EEG-only seizures may be even more common than convulsions in neonates with
congenital heart disease [35—41]. A recent study described implementation of the
ACNS Guidelines on Continuous EEG Monitoring in Neonates which recommend
EEG monitoring in neonates with congenital heart disease [42]. EEG monitoring was
performed for 161 of 172 eligible neonates over an 18-month period. Electrographic
seizures occurred in 13 neonates (8 %). Among neonates with seizures, 85 % had
exclusively EEG-only seizures and 62 % had SE [41]. In a second study of neonates
with D-transposition of the great arteries, 136 of 171 infants underwent EEG moni-
toring for 48 h. Electrographic seizures occurred in 20 % of infants, most seizures
had no clinical correlate, and most seizures occurred 13-36 h after surgery [35].
Similarly in a third study, EEG-only seizures occurred in 12 % of 183 children who
underwent 48 h of EEG monitoring after cardiac surgery. None of the seizures had a
clinical correlate, and the median seizure onset time was 21 h [37]. In a fourth study
of infants with congenital heart disease, electrographic seizures in 6 % of 93 children,
and all seizures occurred within 1 week of surgery [38]. A fifth study of 36 children
who underwent cardiac surgery with cardiopulmonary bypass and underwent EEG
from intubation until 22-96 h after bypass reported electrographic seizures in 8 % of
children [39]. Finally, a study of 39 infants undergoing Norwood-type operations and
aFEG identified intraoperative and postoperative seizures in 23% and 18% of
infants, respectively [40].

Seizure Risk Factors

Several risk factors for seizures among patients with congenital heart disease have
been identified. In one study, variables associated with an increased risk of clinical
seizures included coexisting genetic defects, aortic arch obstruction, and deep hypo-
thermic circulatory arrest duration greater than 60 min [34]. In another congenital
heart disease population, electrographic seizures occurred in 24 % of 58 children
with deep hypothermic circulatory arrest duration of 40 min or longer, 7% of 59
when duration was less than 40 min, and only 3 % of 61 who did not undergo deep
hypothermic circulatory arrest. Electrographic seizures occurred in 14 % of the
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neonates but only 7 % of the older infants [36]. In the Boston circulatory arrest trial
of infants with transposition of the great arteries, risk factors associated with elec-
trographic seizures included treatment with deep hypothermic circulatory arrest
rather than continuous cardiopulmonary bypass, longer duration of deep hypother-
mic circulatory arrest, and the presence of a ventricular septal defect [35]. In a study
of neonates with multiple types of congenital heart disease requiring cardiopulmo-
nary bypass, risk factors for seizures were delayed sternal closure or longer deep
hypothermic circulatory arrest duration [41].

Outcome

Several studies in infants and children with congenital heart disease have explored
their association with subsequent outcome. A cohort of children with D-transposition
of the great arteries who underwent perioperative EEG monitoring and subsequent
serial neurodevelopmental assessments found that perioperative electrographic sei-
zures were associated with lower developmental scores, higher risk of definite MRI
abnormalities, and higher risk of abnormal neurologic examination [35, 43-46].
Among 139 subjects available for follow-up at adolescence, multivariable analysis
found postoperative seizures as infants (electroclinical seizures or EEG-only sei-
zures) were the medical variable most consistently associated with worse outcome,
including lower scores on reading and math composites, general memory index,
executive function, and visual-spatial testing. These differences were substantial,
with scores falling at approximately two-thirds of a standard deviation below age-
defined means [46]. In a second cohort of 178 infants with complex congenital heart
disease, early postoperative seizures had occurred in 11%, and all seizures were
EEG only. Outcome assessment was performed at 1 year in 114 of 164 survivors.
There was a nonsignificant trend toward worse outcome in patients with postopera-
tive seizures, and this difference was significant in a subgroup with frontal-onset
seizures [47]. A follow-up study reported neurodevelopmental testing among 132 of
151 survivors at 4 years. Multivariate analysis included clinical and operative factors,
and the presence of postoperative seizures (which were all EEG-only seizures) was
associated with worse executive function and impaired social interactions/restricted
behavior but no difference in cognition, language, or motor skills [48]. In a study of
161 neonates with congenital heart disease who underwent EEG monitoring, mortal-
ity was higher among neonates with than without seizures (38 % vs 3 %) [41].

Although electrographic seizures have been associated with worse outcomes,
further study is needed to determine whether electrographic seizure identification
and management improves neurodevelopmental outcomes among children with
congenital heart disease.

Guidelines

The ACNS’s Guideline on Continuous EEG Monitoring in Neonates lists congenital
heart defects that require early surgery using cardiopulmonary bypass as a clinical
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scenario conferring a high risk for seizures in which EEG monitoring should be consid-
ered [42]. As described above, one study which implemented this recommendation for
161 of 172 eligible neonates identified electrographic seizures in 13 neonates (8 %) [41].

Seizures in the Neonatal Intensive Care Unit
Seizure Incidence

Studies of neonatal seizures have been limited by the difficulty diagnosing seizures
in this age group. When outward clinical signs of seizures are present, they are often
subtle and difficult to distinguish from other movements in critically ill newborns,
such as clonus or benign myoclonus. Additionally, even if clinical signs are initially
present, administration of antiseizure medications can result in electroclinical dis-
sociation: EEG-only seizures may persist despite resolution of outward clinical
signs. Furthermore, in the majority of neonatal seizures, there are no clinical signs.
In a study of 393 neonatal seizures recorded on EEG, only 21 % of seizures were
accompanied by clinical signs, while 79 % were “occult” or subclinical [49]. These
findings have since been replicated in multiple intensive care nurseries and with
multiple neonatal seizure etiologies. Thus, while population-based studies of neo-
natal seizures relying on clinical signs describe an incidence of 1-5 per 1000 live
births, these are likely underestimates.

More recent work has employed the gold standard of EEG monitoring to diag-
nose seizures in high-risk neonates. A recent multicenter cohort study prospectively
applied EEG monitoring to 90 term neonates with hypoxic-ischemic encephalopa-
thy during therapeutic hypothermia [50]. In this cohort, 48 % of neonates had sei-
zures on EEG monitoring [50], in agreement with prior smaller studies that also
used EEG to define incidence of seizures among neonates with hypoxic-ischemic
encephalopathy [51]. Increasingly, seizures are also reported in preterm newborns:
a cohort of 95 preterm neonates born at 24-30 weeks’ gestation found 48 % had
seizures on aEEG [52].

Seizure Risk Factors

The vast majority of neonatal seizures are symptomatic of acute injury or illness. A
2011 World Health Organization Guideline on Neonatal Seizures summarized
available evidence regarding the prevalence of seizures in at-risk neonates. Among
neonates with seizures, 38—-48 % have hypoxic-ischemic encephalopathy, 3-8 %
have hypoglycemia, 2-9 % have hypocalcemia, and 5-50 % have central nervous
system infections [53]. A study using MRI to identify etiology in a cohort of neo-
nates with seizures similarly found hypoxic-ischemic encephalopathy and stroke
were the most common etiologies [54]. Thus, neonates presenting with seizures
should always be evaluated for acute brain injury and systemic illness; very few
neonates with seizures have a neonatal onset epilepsy.
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Among neonates with brain injury, some groups are at particularly high risk for
seizures. As described above, about half of neonates receiving therapeutic hypother-
mia for hypoxic-ischemic encephalopathy have electrographic seizures identified
when EEG monitoring is performed [50, 51]. When acute ischemic stroke is identi-
fied in neonates, it is almost always in the setting of seizures [55]. However, the true
incidence of seizures in perinatal stroke is unknown, as many strokes are only diag-
nosed in retrospect, without recognition of signs in the perinatal period. Intracranial
hemorrhage is a relatively common cause of neonatal seizures, present in up to 18 %
of patients [56]. As discussed in the section above, neonates with congenital heart
disease are also at risk for seizures.

Continuous EEG Monitoring Duration

For the majority of neonates, EEG monitoring should be continued for a minimum
of 24 h [42]. Across heterogeneous populations, the majority of seizures begin
within 24 h of EEG monitoring onset [42]. Thus, 24 h is often adequate when using
EEG monitoring to screen for EEG-only seizures. There are no published data to
guide duration of recording after neonatal seizures are identified and controlled, and
the common practice of continuing EEG monitoring until achieving 24 h of seizure
freedom is largely based on convention.

Longer EEG monitoring durations may be indicated in select patients. Notably,
neonates receiving therapeutic hypothermia for hypoxic-ischemic encephalopathy
remain at risk for seizures beyond the first 24 h of life. A case series of 26 neonates
undergoing EEG monitoring throughout therapeutic hypothermia for hypoxic-
ischemic encephalopathy identified electrographic seizures in 66 %. Of those neo-
nates with seizures, 47 % had seizure onset after the initial 24 h of age [51]. Similarly,
19 % overall had temporary resolution of seizures for over 24 h on EEG monitoring,
only to have seizures return at a later point during monitoring. Overall, approxi-
mately 5% of neonates receiving therapeutic hypothermia for hypoxic-ischemic
encephalopathy are described as having seizures onset after hypothermia is complete
during the return to normothermia [50, 51]. For these reasons, it may be appropriate
to continue EEG monitoring beyond 24 h and up to the entire period of hypothermia
and rewarming, particularly if the initial EEG background is abnormal.

Outcome

Outcome data is available from series of neonates with seizures due to specific
causes, as recently reviewed.[57]. While these studies do not allow outcome com-
parisons between those with and without seizures, they offer useful data regarding
outcomes. The best prognosis is among newborns with seizures symptomatic of an
acute metabolic derangement, such as hypoglycemia. In these cases, death is quite
rare, and neurodevelopment is often normal. Conversely, neonates with seizures and
hypoxic-ischemic encephalopathy have historically had mortality rates above 25 %,
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with moderate or severe neurodevelopmental impairments in the majority of those
who survive. Overall, preterm babies with seizures have worse outcomes, though
further research is needed to fully define this risk. Following neonatal seizures, the
majority of babies do not develop subsequent epilepsy. Because neonatal seizures
are usually symptomatic, as the acute period of injury passes the seizures often
resolve. Multiple studies have reported associations between electrographic sei-
zures and worse clinical outcomes [58—61] or worse MRI-evident brain injury [62].

There is uncertainty regarding the impact of neonatal seizures on neurodevelop-
mental outcome. Because the majority of neonatal seizures are symptomatic of
brain injury, studies of long-term outcomes struggle to delineate the relative contri-
butions of seizure versus underlying condition toward later neurodevelopmental
outcomes. While it is clear that the underlying etiology is often the most important
factor, there is debate about how much seizures may produce secondary brain injury
that adds to the risk for later neurodevelopmental impairment. Several studies have
indicated that electrographic seizures or SE are associated with worse outcomes
even after adjusting for variables thought to reflect acute brain injury severity [63,
64]. A prospective study of 77 term neonates with hypoxic-ischemic encephalopa-
thy found that full-scale intelligence quotients at 4 years were lower among subjects
with more severe seizures as neonates even after adjusting for severity of initial
injury on MRI [63]. Similarly, in a longitudinal study of 129 children with neonatal
encephalopathy, neonatal SE remained associated with increased risk for subse-
quent epilepsy (hazard ratio 35.8) even after adjusting for the initial degree of clini-
cal encephalopathy and for severe/near-total brain injury on MRI [64]. A study of
106 neonates reported that SE was associated with increased risk for adverse neuro-
logic outcomes (odds ratio 20.3) and postneonatal epilepsy (odds ratio 6.5) even
within a multivariable model including cerebral ultrasound findings [65]. Finally, a
study of 218 term neonates with neonatal encephalopathy reported that the absence
of aEEG-identified seizures was associated with better 18-month outcome (odds
ratio 0.46) in a multivariable analysis including hypothermia group, birth weight,
Apgar scores, and encephalopathy grade [66].

Clinical Practice and Guidelines

Given the data above, there is increasing use of conventional EEG monitoring or
aEEG in neonatal ICUs. Surveys within the United States and internationally indi-
cate 60-90 % of neonatologists have access to EEG or aEEG, and these modalities
are often used for seizure identification and management [67-69]. Concerning,
despite widespread aEEG use, many neonatologists report a lack of confidence in
their ability to interpret aEEG [68].

The World Health Organization (WHO) identifies EEG as the most accurate
method for diagnosis of neonatal seizures and notes EEG carries little risk. The
WHO recommends EEG be used to confirm all clinical seizures in the neonatal
period. Their guideline does acknowledge that not all settings will have the resources
to adhere to this recommendation [53].
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The ACNS has provided a detailed guideline on EEG monitoring in neonates
[42]. The guideline recommends EEG monitoring for all neonates with suspected
seizures in order to confirm that clinical events are truly electrographic seizures.
Further, it recommends that EEG monitoring should continue for at least 24 h in an
effort to capture clinical events of unclear etiology or until multiple typical events are
captured and determined not to be seizures. If seizures are identified, the guideline
recommends that EEG monitoring should be continued in order to assess response to
treatment until the neonate has been seizure-free for 24 h. In addition to EEG moni-
toring for neonates with suspected or known seizures, the guideline suggests EEG
monitoring be used to screen for EEG-only seizures in neonates known to be at high
risk, such as those with acute neonatal encephalopathy, with cardiorespiratory risk
factors for brain injury (such as requiring extracorporeal membrane oxygenation or
presence of congenital heart disease), with stroke, or other neurological conditions.

Quantitative EEG

Neonatal intensive care units increasingly use bedside qEEG trends for near real-
time diagnosis of neonatal seizures. In particular, aEEG is widely used. As dis-
cussed above, observing for clinical signs may fail to diagnose many neonatal
seizures, yet many centers do not have access to conventional EEG monitoring, and
even in centers with EEG monitoring availability, it is seldom reviewed continu-
ously. Thus, aEEG is employed. Variations of aEEG include: (1) recording of full-
array conventional EEG, processed by software at the bedside to be displayed as
aEEG in real time, (2) postrecording processing of conventional EEG to be dis-
played as aEEG to facilitate efficient review of recordings by encephalographers,
and (3) reduced array (typically single- or dual-channel) EEG displayed at the bed-
side as aEEG. Many aEEG devices are marketed to and used by neonatologists
independent of encephalographer involvement.

aEEG is generated by selecting a limited number of channels of “raw” or source
EEG, which is then processed through proprietary software algorithms to generate a
time-compressed trend display of the amplitude of the EEG signal. aEEG may be
generated from any channel recorded as part of conventional cEEG. More often,
neonatal intensive care units use stand-alone aEEG machines that rely upon one to
three channels of EEG (recorded through four scalp electrodes plus one ground elec-
trode). Electrodes are typically placed at the central and parietal locations, for chan-
nels recording from the left hemisphere, right hemisphere, and cross-hemispheric
(Fig. 3). Signals recorded from these limited channels of EEG is then filtered to
remove high-frequency activity that is more likely to be artifact (typically >60 Hz).
The waveforms are rectified, smoothed, and then displayed as graphical output with
amplitude represented logarithmically on the y-axis and time represented in com-
pressed fashion on the x-axis. aEEG is most commonly used for neonatal seizure
detection. This relies on the principle that seizures often are characterized by an
increase in waveform amplitude. On aEEG, this is reflected as a transient elevation
of signal along the y-axis, as activity temporarily is higher in amplitude. aEEG does
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Fig.3 Neonatal EEG electrode placement. Open circles represent typical electrode placement in
conventional EEG; shaded circles represent typical electrode placement for aEEG

not incorporate information about frequency or power; it only reflects amplitude.
Whereas typically displayed conventional EEG might show 15 s of EEG on a single
screen, typical aEEG displays 3—6 h on a single screen. Newer systems provide the
option of displaying simultaneously the “raw” EEG signal for a selected time within
the longer aEEG period on the same screen (Fig. 4).

The sensitivity and specificity of aEEG for seizure detection have been well doc-
umented in term neonates, particularly in those with hypoxic-ischemic encepha-
lopathy. Among published data, there is some variation in reported accuracy that
likely reflects both differences in aEEG methods used and in the expertise of the
aEEG reviewers in individual studies. For example, aEEG systems which allow
simultaneous review of multiple channels, and of raw EEG alongside aEEG, have
better accuracy. Overall, aEEG has limited sensitivity for detecting individual sei-
zures, with over half of seizures present on conventional EEG missed when relying
on aEEG alone. Seizures are more likely to be missed on aEEG if they are low
amplitude, are brief in duration, or occur in a location away from the limited elec-
trodes used [70]. Furthermore, aEEG may overdiagnose seizures by as much as
50% [71]. However, because aEEG does identify some seizures, it has reasonable
sensitivity as a screening tool for determining whether a neonate has had any sei-
zures. In this capacity, aEEG may identify up to 85 % of neonates having seizures
when interpreted by expert users [72]. While aEEG does not have the accuracy of
the gold standard, conventional EEG monitoring, it is superior to clinical observa-
tion alone in diagnosing neonatal seizures.
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Fig. 4 Example of amplitude-integrated EEG (bottom) with concurrent raw EEG (top). The
arches on amplitude-integrated EEG represent EEG-only seizures

Ideally, aEEG is used in combination with conventional EEG monitoring. This
allows the most complete data to be obtained through recording full-array conven-
tional EEG, which can be reviewed by encephalographers to provide definitive
information regarding seizures, localization, and background features, while con-
currently aEEG can be displayed at the bedside allowing the care team to continu-
ously visualize the overall trend in real time. With practice, nurses and
non-neurologists can monitor aEEG in real time for early identification of changes
in brain activity concerning for seizure, and subsequently, targeted review of the
EEG by an encephalographer can then confirm whether or not aEEG changes are
seizures. While new conventional EEG monitoring systems have this capacity,
implementing dual aEEG and conventional EEG into practice requires coordination
among the neonatal and neurology teams.

Conclusions

Seizures in critically ill children and neonates are common. With appropriate
EEG monitoring supplemented with qEEG analysis, many of seizures can be
identified. EEG monitoring for 24—48 h is often appropriate to identify seizures,
and an additional 24 h of monitoring should be considered after control of sei-
zures. Detecting these seizures may be important, as there is growing evidence
that the seizures are associated with worse outcomes, independent of the under-
lying etiology. Hopefully in the near future, data will emerge that demonstrates
that optimally treating these seizures improves outcome.
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Introduction

Classifications of epileptic seizures and epilepsies have been developed by the
International League Against Epilepsy (ILAE). Since the early classifications, there
has always been a recognition that the classification scheme will change as more is
learned about these disorders. The ILAE has also classified status epilepticus (SE),
and this classification, too, has evolved over the last few decades. However, the lat-
est ILAE classification of epilepsy from 2010 does not talk discuss SE, although it
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Table 1 Classification of status epilepticus

1. Epilepsia partialis continua (EPC) of Kojevnikov
(a) Rasmussen syndrome
(b) Focal lesions
(c) Inborn errors of energy metabolism

2. Supplementary motor area status epilepticus
(a) Individual tonic motor seizures, without impairment of consciousness

(b) Tonic motor seizures which involve into generalized seizures, with impairment of
consciousness

3. Aura continua

4. Dyscognitive focal status epilepticus
(a) Mesial temporal origin
(b) Neocortical origin

5. Tonic-clonic status epilepticus

6. Absence status epilepticus
(a) Typical and atypical absence status epilepticus
(i) Absence status epilepticus
(ii) Atypical absence status epilepticus
(iii) Absence status epilepticus with focal features
(iv) De novo absence status epilepticus in the elderly
(b) Myoclonic absence

7. Myoclonic status epilepticus
(a) Negative myoclonic status epilepticus

8. Tonic status epilepticus

9. Subtle status epilepticus

10. Nonconvulsive status epilepticus

11. Febrile status epilepticus

does address the definition of seizures [1]. The penultimate report from 2006 on the
classification of epilepsy does discuss SE [2]. The older document will be used in
this chapter with those definitions of SE [3], but with updated language to reflect the
newer terminology related to seizures. The older document divided SE into nine
areas. There are some additions to the 2006 classification system that have been
included in this chapter, since new information has come out in the last 10 years.
Please see Table 1 for a classification of SE.

The 2010 ILAE terminology excludes some terms as they may lead to confusion
and were not clearly defined. Some examples of such terms are idiopathic epilepsy,
symptomatic epilepsy, and complex partial seizure. These have been replaced with
terms that are meant to be more clearly defined. As the newer terms appear in the
text, where there might be confusion, they will be concretely defined. In addition,
the 2006 ILAE report on the classification of SE gives sparse details on some of the
types of SE. When the details are so sparse as to be potentially misleading, addi-
tional details have been added, and they are identified as not appearing in the ILAE
classification system.
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Definition of Status Epilepticus

The definition of SE is an area of controversy. The 1993 ILAE guidelines for epidemio-
logic studies define SE as a seizure lasting more than 30 min or more than one epileptic
seizure where function has not been regained for more than 30 min [4]. In certain ani-
mal models, 30 min is the time in which there is neuronal injury, so the 30-min time
does make certain sense. Unfortunately, none of the American Academy of Neurology
Class I trials on SE use the 30-min criteria for defining SE. The Veterans Affairs SE
Cooperative Study, for example, used 10 min as the inclusion criteria. Others have sug-
gested other times, such as 15 min, 5 min, etc. [5]. Moreover, another study found no
significant differences between episodes of SE lasting more or less than 30 min [6]. An
operational SE definition has been suggested in which SE is treated as if it were SE
after 5 min, even if it cannot be formally diagnosed until 30 min.

Classification Scheme

The various types of SE that are recognized in the 2006 ILAE classification are
discussed in the section below. As noted above, additional information is provided
to add clarity where needed.

Epilepsia Partialis Continua

Epilepsia partialis continua (EPC) is a combination of focal seizures with ongoing
twitching. The site of twitching represents the area of the motor cortex from where
the seizure originates. There are three subtypes of EPC.

Rasmussen Syndrome

EPC with Rasmussen syndrome has focal myoclonus and focal seizures emanating
from the same hemisphere. There is variability regarding the presence of an EEG
correlate of the myoclonic jerks. The jerks persist during sleep. Over time, the EEG
shows progressive background slowing of the affected hemisphere.

Focal Lesions

Focal lesions such as tumors and dysplastic cortex can lead to seizures and EPC. The
jerking seen with EPC affects the same area as the focal seizures, but it does not
persist in sleep. There is often an EEG correlate. It can last for days to months. This
type of EPC is also seen with nonketotic hyperglycemia.

Inborn Errors of Metabolism

EPC with inborn errors of metabolism have uni- or bilateral rhythmic jerks that
persist in sleep, and they typically have an EEG correlate. These inborn errors of
metabolism are the ones affecting energy metabolism, like myoclonic epilepsy with
ragged red fibers (MERRF) or Alpers syndrome.
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Supplementary Motor Area

With Preserved Consciousness

In this type of supplementary motor area (SMA) SE, there are recurrent focal tonic
seizures with preserved consciousness. The individual tonic seizures occur every
few minutes during wakefulness and sleep.

With Impaired Consciousness

SMA SE can also result in secondarily generalized, bilateral, convulsive seizures.
These can become repetitive asymmetric, tonic motor seizures with impairment of
consciousness.

Aura Continua

Aura continua is an episode with symptoms that depend on localization wax and wane,
often for hours, without impairment of consciousness. A full seizure with alteration of
consciousness does not occur. Symptoms may include a motor component, dysesthe-
sia, painful sensations, or visual changes. Perhaps the most common form is limbic
aura continua, which may include fear, epigastric rising sensation, or other limbic fea-
tures that recur every few minutes for hours or longer. EEG correlation is variable.

Dyscognitive Focal

Dyscognitive focal SE has recurrent focal seizures with impairment of conscious-
ness or awareness leading to SE. There are two types.

Mesial Temporal

Mesial temporal dyscognitive focal SE arises, as the name implies, from mesial
temporal structures. It manifests as a series of dyscognitive focal seizures without
clear return of consciousness between events. Electrographic onset can be unilateral
or can alternate sides.

Neocortical

The semiology of neocortical dyscognitive focal SE is unpredictable, as its manifes-
tation depends on the cortical area involved. It can appear similar to absence SE or
generalized tonic-clonic SE if arising from the frontal lobe. Persistent language or
vision changes may occur if the SE arises from the temporal or occipital cortices,
respectively.

Tonic-Clonic

Tonic-clonic SE can appear as a primary generalized event from genetic and struc-
tural/metabolic generalized epilepsy. More commonly, however, this type of SE
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evolves into bilateral, convulsive seizures from focal epilepsies. Sometimes is
remains unilateral, providing a clue regarding site of onset. Tonic-clonic SE can
occur as part of an acute event.

There are a few important features of tonic-clonic SE that are not specifically
stated in the ILAE classification. (1) There is always profound impairment of con-
sciousness. (2) There can be variable combinations of tonic, clonic, or both types of
motor activity in an episode of SE. (3) It is important to note that at least focal-onset
tonic-clonic seizures appear to be a dynamic state. As the SE continues to be
untreated, the motor manifestations wane, until there are only subtle movements,
termed subtle SE (discussed below). (4) Before the motor manifestations wane,
there is a clear ictal EEG component that ends abruptly when the seizure ends. (5)
If the patient does not fully return to baseline before the next tonic-clonic seizure
starts, it is tonic-clonic SE.

Absence

Absence SE, like absence seizures, is the term used for a particular type of SE in
which the patient has reduced responsiveness and may appear to be staring. Often
confused with other types of SE in which there is a paucity of motor activity, absence
SE has typical clinical and EEG characteristics as discussed below. There are sev-
eral types of absence SE.

Typical and Atypical Absence

Typical and atypical absence SE is the term applied to several different types of SE
that have a similar semiology. There are several subtypes of typical and atypical
absence SE.

Typical

Typical absence SE is considered to be part of a genetic epilepsy with impairment
of consciousness. The level of impairment is variable and may depend on the indi-
vidual. About 20 % of patients have slight clouding of consciousness, about 60 %
having a confusional state where they are typically calm but do not interact with
their environment, and about 20 % with more severe impairment [5]. At times there
are accompanying subtle jerks of the eyelids during the event. The EEG correlate is
bilateral and symmetric, typically bifrontally predominant, spike or polyspike, and
wave complexes occurring at a frequency of at least 2.5 Hz. This type of SE responds
well to antiepileptic drugs (AEDs). Most commonly intravenous benzodiazepines
will terminate the event.

Atypical

Atypical absence SE is more commonly encountered in patients with structural/met-
abolic (generalized symptomatic) epilepsy. There is a fluctuating level of conscious-
ness. This fluctuating confusional state is different than typical absence SE, which
usually has a certain consistent level of impairment. The ictal semiology is quite
different than typical absence SE, because it can include tonic, atonic, myoclonic, or
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lateralized phenomena. The EEG consists of spike and polyspike and wave com-
plexes that are irregular and occur at a frequency of less than 2.5 Hz. These episodes
of SE may recur, and they are not generally amenable to treatment with benzodiaz-
epines. In patients with recurrent atypical absence SE, who have an underlying
genetic epilepsy, valproic acid may be particularly helpful in reducing recurrences.

With Focal Features

Absence SE with focal features is typically encountered in frontal lobe localization-
related epilepsy. There is impairment of consciousness, but the level of impairment
may depend on the individual. The EEG typically demonstrates a bilateral ictal pat-
tern, but it is asymmetric. Later in the episode, the EEG may start to look like other
types of absence SE. Treatment responsiveness varies with the individual.

Late-Onset De Novo

Late-onset de novo absence SE occurs in older adults that have an underlying toxic
or metabolic derangement leading to seizures. Such patients can have repeated epi-
sodes with recurrent toxic/metabolic problems causing further episodes of SE. The
preferred treatment is prevention of the underlying toxic/metabolic cause.

Myoclonic Absence

Myoclonic absence SE has proximal, predominantly upper extremity myoclonic
jerks that are synchronized to the 3 Hz spike and wave pattern seen on the EEG. It
can last for hours or days and is most commonly refractory to treatment with AEDs.

Myoclonic

In myoclonic SE there is irregular, typically bilateral myoclonic jerking which persists
for hours without impairment of consciousness. It is usually seen in conjunction with
Dravet syndrome, myoclonic-astatic epilepsy, nonprogressive myoclonic epilepsy in
infancy (especially Angelman syndrome), and incompletely controlled juvenile myo-
clonic epilepsy. While not specifically mentioned in the ILAE terminology report, it
is also seen with Lennox-Gastaut syndrome and epilepsy with myoclonic absences.

The ILAE report does not mention negative myoclonic SE, such as may be seen
in epileptic encephalopathy with continuous spike-wave during slow wave sleep. In
this kind of SE, a limb, often one of the upper extremities, becomes paralyzed but
continues to have brief atonic episodes. There can be alteration of consciousness
with these events and that may persist after the episode ends.

Tonic

With tonic SE patient has recurrent, brief tonic spasms that can continue for hours.
Most typically, if the patient is lying down, the neck and arms flex. It can occur with
both structural/metabolic and genetic epilepsies; with structural/metabolic epilep-
sies the duration can be longer than hours.
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Table 2 Diagnostic criteria for NCSE

1. In patients without a known epileptic encephalopathy

A. Rhythmic spikes, polyspikes, sharp waves, sharp and slow wave complexes of >2.5 Hz,
OR

B. Rhythmic spikes, polyspikes, sharp waves, sharp and slow wave complexes of <2.5 Hz or
rhythmic delta/theta activity of>0.5 Hz with one or more of the following:

(1) Intravenous antiepileptic drug causes improvement of both clinical status and EEG

(ii) During EEG pattern above, there is subtle clinical ictal phenomena

(iii) Increase in voltage and change in frequency at onset, change in frequency by>1 Hz
and/or change in location/spread during event, or change in voltage or frequency on
termination of the event

2. In patients with known epileptic encephalopathy

A. Increase in prominence or frequency in the features mentioned above, with both an
observable change in clinical status and a change from baseline at the same time, OR

B. Intravenous antiepileptic medication causes improvement of both clinical status and EEG

Subtle

Subtle SE is of the end result of uncontrolled tonic-clonic SE, with focal or multifo-
cal myoclonias, coma, lateralized periodic discharges (previously called periodic
lateralized epileptiform discharges, PLEDs), and a slow suppressed background
EEG. The myoclonias may not be epileptic in nature. The ILAE guidelines do not
provide details of the myoclonias, but they typically occur in the form of subtle
twitches of the trunk or extremities or as nystagmus. The EEG has an epileptic pat-
tern that includes generalized but asymmetric bilateral rhythmic discharges. As the
subtle SE continues, eventually there is complete loss of the motor component, and
there is only ongoing EEG epileptic activity. This is often also called nonconvulsive
status epilepticus (NCSE).

Nonconvulsive

NCSE is not formally included as part of the ILAE classification, but it is probably
more frequently encountered in patients undergoing continuous EEG (cEEG) moni-
toring in an intensive care unit than all other forms of SE. While it can appear as the
end stage of tonic-clonic SE, it is far more frequently found with patients with
unexplained changes in mental status. While this is an area of ongoing investigation,
frequently quoted diagnostic criteria of NCSE are presented in Table 2 [7].

Febrile

Febrile SE was included in the 1993 ILAE report, but was not mentioned in the
2006 report, where the SE is explicitly classified. It is included here for complete-
ness. Febrile SE is defined as 30 min of continuous seizure activity or intermittent
seizure activity lasting at least 30 min without return to baseline consciousness in
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the setting of a febrile illness. The febrile illness is not due to a central nervous
system infection and there is no acute electrolyte imbalance. The child is older than
1 month of age and does not have a history of previous febrile seizures.

Conclusions

The ILAE has provided a framework for the classification of SE that reflects the
classification of seizures. This provides a reasonable way to understand this
complex condition and describe it in a way that can be universally understood. It
is important to appreciate that with the evolution in the understanding of SE,
particularly as new information about NCSE becomes available, this classifica-
tion will change to incorporate additional aspects of pathophysiology, genetics,
semiology, response to treatment, and prognosis.
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Introduction

The use of continuous EEG (cEEG) monitoring has grown significantly over the last
15 years. Monitoring for nonconvulsive seizures (NCS) and nonconvulsive status
epilepticus (NCSE) is currently driving most cEEG utilization, but other uses are
recognized and are becoming common indications. As with other areas in health
care, the growth of EEG and information technology (IT) is increasing the capabili-
ties of this century-old technology. As cEEG monitoring evolves, there is a small
but growing base of evidence on how to use it. With time, that evidence base will
become larger and provide better guidance on the most efficient and effective way
to monitor patients. At this time though, institutions must rely on consensus state-
ments, expert opinion, and their own resources to determine how cEEG will be
deployed in their practice. Many institutions develop their own guideline such as the
truncated example seen in Table 1 from Duke University Hospital. It is critical that
any such service line has some form of guideline or service agreement to direct the
use of this important resource.
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Table 1 Duke University Hospital Guidelines for the use of continuous video/EEG monitoring
(truncated)

Management of status epilepticus

1. In patients that present with clinical status epilepticus and do not have an improving mental
status after treatment, a minimum of a routine EEG should be obtained

2. In patients with persistent alteration or fluctuation in mental status 1 after clinical seizures
have stopped, continuous EEG monitoring is indicated

(a) If no ictal or interictal abnormalities are noted after 24 h, cEEG monitoring can be
discontinued

(b) If seizures or epileptiform abnormalities are seen during the first 24 h, monitoring
should be continued for an additional 24 h
Monitoring for NCSE
1. Patients with altered mental status of any cause, particularly those in coma or with a
waxing-waning exam, should undergo a minimum of 24 h of cEEG monitoring

(a) For those without known neurologic injury, consider extending the monitoring period to
48 h

Monitoring for seizures following cardiac arrest

1. CEEG monitoring should be started on all post-cardiac arrest patients undergoing
therapeutic hypothermia as soon as possible

(a) Monitoring should continue for 24 h after normothermia is reached

2. CEEG monitoring should be considered in comatose cardiac arrest patients for up to 48 h in
those who are not undergoing therapeutic hypothermia

3. Though there is no data to guide treatment, the presence of ictal activity or status epilepticus
should be treated like other types of seizures beginning with phenytoin or levetiracetam,
particularly in those receiving therapeutic hypothermia

4. Consider SSEPs within 24 h of cardiac arrest for any patient that has not regained
consciousness within 2—-3 h of return of spontaneous circulation

Monitoring for seizures in patients with traumatic brain injury

1. All patients with TBI who have a Glasgow Coma score (GCS) of <9 or fluctuating mental
status should receive 24 h of cEEG monitoring within 24-48 h of admission

Monitoring of patients with subarachnoid hemorrhage

1. For all patients with subarachnoid hemorrhage and a GCS <9, cEEG monitoring is indicated
for at least 24 h

2. Currently, monitoring for ischemia from cerebral vasospasm is not indicated

Criteria for Starting Continuous EEG Monitoring

The most common reason for initiating a cEEG study in the intensive care unit (ICU)
is for the detection of subclinical or NCS. CEEG is the only type of monitor capable
of detecting these types of seizures and, therefore, uniquely suited to this job. The
most important population to monitor are those patients who are encephalopathic
and were known or strongly suspected to have experienced generalized convulsive
status epilepticus (GCSE). The time to recovery of a normal level of consciousness
varies greatly, but if the patient does not appear to show improvement within 30 min,
cEEG monitoring will almost certainly be needed. Multiple studies in adults and
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children have shown high rates of NCS (43-57 %) and NCSE (13 %) after clinical
seizure activity has stopped with or without the use of abortive medications [1, 2]. In
clinical practice, these patients should take precedence over others that will require
cEEG monitoring. If cEEG resources are limited and monitoring cannot be initiated
promptly, it may be necessary to transfer the patient to an institution with these capa-
bilities. If cEEG is not available, an emergency 30 min EEG may be helpful, but it is
likely to not meet the needs of the patient. The American Clinical Neurophysiology
Society (ACNS) and Neurocritical Care Society recommend initiating the study as
soon as possible and within 60 min, if possible [1, 3]. CEEG monitoring will be
required for multiple days or longer if NCS or NCSE is detected after GCSE. Though
the technique for monitoring and review does not change, the purpose of cEEG is
now directed at terminating seizure activity and ensuring that it does not recur.

Refractory (RSE) and super refractory status epilepticus (SRSE) require IV
anesthetic agents such as midazolam, propofol, and pentobarbital. Once RSE or
SRSE has been diagnosed and IV anesthetics started, cEEG monitoring is required
not only to monitor for the termination of seizure activity but also to titrate to the
desired depth of anesthesia whether it is seizure, burst, or total EEG suppression.
During the withdrawal of IV anesthetics, cEEG monitoring is needed to ensure that
NCSs do not reemerge. In SRSE, the rate of seizure reoccurrence is unfortunately
high (greater than 50 %), and close monitoring is necessary to confirm that treat-
ment has been effective [4]. If monitoring is anticipated to last for many days, dif-
ferent tools could be used if they are available. Computed tomography (CT) and
magnetic resonance imaging (MRI) compatible electrodes, like disposable plastic,
subdermal needle, and wire electrodes, may be used in place of non-disposable
gold-plated electrodes if neuroimaging is needed. Quantitative EEG (qQEEG) soft-
ware can be used to facilitate review of long periods of data particularly if a repro-
ducible seizure pattern is found.

CEEG for the detection of seizure activity should not be limited to those with
GCSE. In the setting of supratentorial brain injury, many encephalopathic patients
are at risk for NCSs. Though clinical seizure activity noted prior to the onset of
encephalopathy increases the risk, the rates of detecting subclinical seizure activity
in this population remain relatively high. The patients most likely to experience
NCS include those with prior epilepsy, intracranial hemorrhage (ICH), moderate-
severe traumatic brain injury (TBI), central nervous system (CNS) infections,
hypoxic-ischemic-related injury, and brain tumors and those who have undergone a
recent neurosurgical procedure [1]. If there is suspicion for NCS, early application
of cEEQG is critical to identify and treat seizures as they become refractory to abor-
tive agents without prompt recognition and treatment. Though little outcome data is
available, it is likely that detection and treatment of seizures may reduce any sec-
ondary brain injury that may occur as a result of the NCS [5]. As with patients after
GCSE, routine EEG will be inadequate. Therefore, patients with known brain injury
and an unexplained encephalopathy should be considered “high risk” and undergo
cEEG monitoring as soon as possible.

Though high rates of NCS and NCSE are well recognized in those with brain
injury and encephalopathy, acutely ill medical and surgical patients with altered
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mental status may also be at high risk for seizures. Many acute illnesses, especially
sepsis, with single or multi-organ failure and encephalopathy are associated with
NCS and NCSE. Similarly, patients who are found to have epileptiform patterns,
such as lateralized or generalized periodic discharges, on routine EEG are also at
high risk for seizures. Therefore, in these cases cEEG should be strongly considered
if resources are available [1, 6].

CEEQG has proven critical in the ICU for spell characterization. Similar to studies
performed outside the ICU, characterizing paroxysmal events is a common use for
cEEG. Stereotyped motor movements presumed to represent seizure are a frequent
request for a routine EEG. However, cEEG with audio and video has the advantage
of detecting multiple events over several hours and is crucial for determining the
etiology of these events. Many such movements are seen that resemble seizure
activity but are not epileptic in nature, including clonus, tremors, and intermittent
posturing from herniation. This is a common and expected use for cEEG monitor-
ing. When monitoring for spell characterization, capturing several events is encour-
aged to properly define their etiology and determine their clinical significance.
However, once the desired events have been captured, monitoring may no longer be
needed.

Routine EEG has been used for several decades as a prognostication tool, par-
ticularly after cardiac arrest, but cEEG is becoming useful for this purpose as well.
Though there is no evidence as of yet to suggest that cEEG would necessarily be
more helpful than a routine study, compelling information has been gained from
experience with cEEG monitoring. In most patient populations studied, a lack of
EEG reactivity in the absence of significant sedation is consistently associated with
a poor prognosis [1, 6]. EEG reactivity has been defined as a change in background
frequency and/or amplitude when an external stimulus is applied [6, 7]. EEG reac-
tivity is best determined using a standardized stimulation protocol, but a combina-
tion of auditory and tactile stimulation is probably all that is needed in most
circumstances. The association between poor prognosis and a lack of reactivity is
best documented in comatose post-cardiac arrest patients, but it is present in those
with TBI, SAH, and sepsis as well. Though less well studied, a wide range of other
prognostic findings can be found during cEEG monitoring. In cardiac arrest, burst
suppression patterns are associated with a poor outcome, whereas a continuous
reactive record is associated with a good outcome. In sepsis, the appearance of lat-
eralized periodic discharges (LPD) and seizures may be associated with a poor out-
come, but this association is less robust [1, 6, 8].

CEEG is also commonly used to measure the depth of anesthesia in circum-
stances outside of RSE. Refractory intracranial hypertension may require titration
of anesthetics to burst suppression. Reducing EEG activity to that of burst suppres-
sion correlates well with maximal reduction in cerebral metabolic oxygen (CMRO,)
demand, thereby decreasing cerebral blood volume. The anesthetics can be titrated
to a desired intracranial pressure (ICP), but monitoring the depth of anesthesia is
important for avoiding dose-dependent side effects. Treatment to total EEG sup-
pression does not correlate with improved ICP control but risks over treatment. In
many institutions, pentobarbital remains the agent of choice for controlling
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refractory intracranial hypertension. As serum levels do not correlate well with
either effectiveness or toxicity, cEEG is required to titrate the effective dose of pen-
tobarbital. Avoidance of electrocerebral inactivity may reduce the possibility of
causing cardiac suppression and other harmful side effects including a gastrointes-
tinal ileus and hypothermia. Though there may be alternatives to cEEG monitoring
such as Bispectral index, familiarity with these modalities in the ICU is limited, and
the available data to promote its use is sparse [9]. QEEG processing may assist in
rapid review but requires the same equipment and resources as standard cEEG
monitoring.

Throughout its development, cEEG has functioned chiefly as a seizure detector
and secondarily as a neuromonitor. It provides information on a patient’s level of
sedation and can reveal global or focal insults when imaging is unavailable and the
clinical exam is unhelpful. A more recent and novel use for cEEG is the detection
of cerebral ischemia [10]. Developments in quantitative trending tools now allow
EEG to be a sensitive, real-time detector of cerebral ischemia and other forms of
secondary brain injury. Though currently feasible with the aid of qEEG tools, the
evidence base for cEEG in this role is limited. CEEG can provide data on the devel-
opment or worsening of slowing or suppression suggestive of ischemia. However,
given that slowing and suppression are not specific for ischemia, EEG should be
used in combination with other data including imaging, transcranial ultrasound,
brain parenchymal oxygen monitors, or cerebral microdialysis. This function of
cEEG monitoring is also the most difficult to perform effectively and should only be
used when an EEG laboratory is able to support it. Very frequent or real-time review
is needed to relay information in a time frame that will allow intervention. Other
options include training bedside providers to interpret qEEG trends. As this is a
developing role, this should not be considered a routine use for cEEG in most insti-
tutions [1].

Duration of Continuous EEG Monitoring

The duration of cEEG monitoring is determined by the indication and goals of per-
forming the study. CEEG started for spell characterization, in many instances, can
be a short recording as long as the events of interest are satisfactorily captured. On
the other hand, cEEG for ischemia monitoring will need to continue for a few days
during the time when the patient is at highest risk for neurologic deterioration such
as vasospasm in SAH. For determining prognosis in the setting of hypoxic-ischemic
injury, there is no clear duration for EEG monitoring. Many institutions will per-
form cEEG during therapeutic hypothermia or targeted temperature management
both to detect NCS as well as to assist in prognostication. This monitoring will often
last for 3 or 4 days. If the study is restricted to assisting in prognostication, cEEG
may not be necessary. If adequate samples of both baseline and post-stimulation
EEG can be captured, intermittent routine EEGs are a reasonable alternative.
When monitoring for NCS, the most common use of cEEG, the proper length of
an EEG study is less clear. For patients with RSE on continuous IV anesthetics,
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monitoring will typically be required until they are off of the infusion for at least
24 h. If the patient has been on IV anesthetics for several days or has SRSE, the
duration of monitoring will often need to be a few days after anesthetic agents have
been stopped. Due to either active metabolites (i.e., midazolam) or the volume of
distribution (i.e., propofol), the effects of the drugs may be seen long after the infu-
sion is stopped. This is a principle called context sensitive half time. In this circum-
stance, the patient effectively remains on the anesthetic until those effects have
dissipated. The duration of this period is unpredictable and depends on many fac-
tors including age, renal and hepatic function, and temperature. In cases of RSE
and SRSE, monitoring will need to continue until it is deemed safe to stop monitor-
ing by the treating provider.

For both adults and children undergoing monitoring for NCS without known
GCSE, the minimum duration of cEEG monitoring should be at least 24 h and per-
haps 48 h in the pediatric population [1, 11]. It is likely that a single 30 min or 60 min
study will not accurately identify a patient who is experiencing intermittent
NCS. Increasing the duration of monitoring will almost certainly increase the likeli-
hood of detecting seizures and epileptiform discharges if they are present. However,
it has been difficult to determine how long the cEEG monitoring must be. Most stud-
ies have found 80-85 % seizure detection in the first 24 h and a yield of over 90 %
when monitoring is extended to 48 h [2, 12]. Most of this data comes from a diverse
neurocritical care population with a variety of different pathologies such as TBI,
SAH, stroke, and CNS infections. No one population has been studied in large
enough numbers to make a disease-specific monitoring duration recommendation.
However, recent studies are beginning to provide some guidance on the duration of
cEEG monitoring. For example, the first 30 min epoch of EEG data can provide a
great deal of information and may predict which patients are likely to have seizures
and those that will not. A recent study found that the majority of seizures detected in
a neuro-ICU population are found within the first 30 min [12]. When seizures are not
seen during this time, the background of the EEG can be predictive of seizures as
well. With the possible exception of patients with known epilepsy, those with epilep-
tiform findings in the first 30 min may be more likely to develop NCS than those
without [12—-15]. Similarly, the patient is much less likely to have NCSs if the first
2-4 h of EEG data shows only diffuse slowing without evidence of epileptiform
discharges [12—-14]. In a recent study of a large neuro-ICU population, the temporal
dynamics of seizure risk were examined and showed a precipitous drop in seizure
occurrence based on early EEG features [12]. When no epileptiform features are
found within just 15 min, the likelihood of detecting a seizure falls below 10 %. With
epileptiform features, the likelihood of detecting seizures drops below 10 % at 7 h.

Though the growing body of literature has been helpful to determine the ade-
quate length of a cEEG study, many questions still remain. How long should EEG
monitoring be when a patient’s brain injury is in evolution or the susceptibility to
further insult remains high for several days. Examples of this include vasospasm in
SAH or worsening ICP in TBI or ICH. In these circumstances, there is susceptibility
to further brain injury for several days and the likelihood of subsequent seizures
could be high as well. Therefore, it may be wise to monitor a particularly tenuous
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patient for a longer period of time even if seizures are not seen early in the monitor-
ing period.

Conclusions

Although clinical research data on seizure detection and prediction is helpful to
determine the duration of monitoring, cEEG resources are a critical element in
determining who will be monitored and for how long. Maintaining a cEEG ser-
vice line is expensive and labor intensive. An EEG laboratory capable of main-
taining cEEG services requires a large amount of capital expense for EEG
acquisition and review equipment as well as robust network and IT services. IT
infrastructure is critical both for recording a study as well as review, as remote
viewing of cEEG is typically necessary. Without it, an interpreting provider will
need to be present in the hospital or be easily able to come to the hospital to ensure
timely review and communicate the findings. An equally, if not more important,
element to maintaining an effective cEEG service is technologist staffing.
Adequately trained and registered technologists are the lynchpin of an effective
service line, and their availability will frequently determine how many patients
can be monitored and how quickly a study can be performed. Most EEG labora-
tories capable of high volume cEEG monitoring require 24 h staffing either with
in-house or on-call technologists. As many of these elements are not universally
available, a hospital-specific service agreement or guideline that emphasizes
appropriate triage of studies is critical. CEEG requires a great deal of resources.
Therefore, judicious ordering and appropriate triage are always necessary.
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Introduction

Continuous electroencephalography (cEEG) is an important diagnostic tool, fre-
quently used to assess brain function and detect nonconvulsive seizures (NCS). The
expansion of cEEG monitoring has led to the realization that rhythmic and periodic
patterns are commonly seen in critically ill patients. Unfortunately, the significance
and implications of many of these patterns remain poorly defined, making it diffi-
cult for the electroencephalographer to clearly communicate their meaning to the
clinical team. For some of these patterns, there has been an association with
increased risk of seizures and morbidity [1-4]. However, decision regarding if and
how aggressively to treat these patterns remains controversial. Furthermore, the
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distinction between ictal and interictal can become blurred, making this decision
even more challenging. Debate continues about whether these patterns intrinsically
have potential for neuronal injury or whether they exist as an epiphenomenon of
acute brain injury or encephalopathy [5]. A helpful conceptualization is to consider
that each of these patterns lie on an ictal-interictal continuum (IIC), implying vary-
ing degrees of cortical irritability and need for treatment [6].

In the past 10 years, there has been a great deal of research dedicated to periodic
and rhythmic patterns. The true incidence of these patterns remains unknown
because some accounts of incidence are based on routine electroencephalography
(EEQ) that likely underestimate the incidence seen on cEEG monitoring. In addi-
tion, it is important to keep in mind that prior to the widespread use of cEEG, the
patients undergoing cEEG monitoring were a selected population thought to be at
greatest risk for seizures [7]. However, despite the limitations of this research, there
is a developing understanding of the etiology of these patterns and their relationship
to prognosis and outcome.

ACNS Terminology

The American Clinical Neurophysiology Society (ACNS) has created and revised
a version of critical care EEG terminology with the goal of standardizing terminol-
ogy to describe EEG patterns frequently encountered in critically ill patients [8, 9].
The aim of standardizing the terminology is to facilitate communication and allow
multicenter research to attain a better understanding of the meaning of these pat-
terns. This classification system was designed to avoid using terms that have
become attached to certain clinical connotations (i.e., “triphasic waves”). In addi-
tion, the terminology does not include the terms “ictal,” “interictal,” and “epilepti-
form” in order to avoid the implication that these patterns definitively lie on one
side of the IIC [8].

Excluding unequivocal electrographic seizures (i.e., generalized spike-and-wave
discharges at 3 per second or faster and clearly evolving discharges that reach a
frequency of more than 4 per second), the ACNS subcommittee divided the remain-
ing EEG patterns into periodic discharges (PDs) or rhythmic delta activity (RDA).
In addition, the most recent version of the guidelines introduced the category of
spike-and-wave or sharp-and-wave (SW) [8]. To be characterized as a periodic or
rhythmic pattern by ACNS terminology, the waveform must repeat for a minimal
duration of six cycles (i.e., 1 per second for 6 s or 2 per second for 3 s) [9].

Two main terms are included in the description, term one which describes the
location (ie, generalized (G), lateralized (L), bilateral independent (BI), or multifo-
cal (Mf)) and term two which identifies the type of pattern (PDs, RDA, or SW) [8,
9]. Additionally, there are several modifiers as well as “minor” modifiers that fur-
ther describe EEG patterns (see Table 1). One of the modifiers commonly used is
the “plus” (+) descriptor. This descriptor implies an additional feature is present
which suggests that the pattern is more ictal-appearing. The modifier “+F” can be
used with PDs or RDA to describe superimposed fast activity only seen when the
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Table 1 Main terms including some additional modifiers included in the American Clinical
Neurophysiology Society’s Standardized Critical Care EEG Terminology (2012 version)

Plus
Main term 1 Main term 2 modifiers
Generalized (G) | Periodic +F Superimposed fast activity (PDs and RDA
discharges (PDs) only)
Lateralized (L) +R Superimposed rhythmic activity (PDs
only)
Bilateral +FR Both superimposed fast and rhythmic
independent (BI) (PDs only)
Multifocal (Mf) | Rhythmic delta +F Superimposed fast activity (PDs and RDA
activity (RDA) only)
+S Superimposed sharp waves or spikes or
sharply contoured (RDA only)
+FS Both superimposed fast and sharp waves
or spikes or sharply contoured (RDA only)
Spike-and-wave | No plus modifiers
or sharp-and-
wave (SW)
Additional modifiers
Prevalence Rare Occasional Frequent Abundant Continuous
(% of record) | <1% 1-9% 10-49 % 50-89 % >90 %
Duration (s) Very brief | Brief Intermediate Long Very long
<10s 10-59 s 1-4.9 min 5-59 min >l h
Frequency <05 105 |1 1.5 2 25 3 |35 >4
(cycle/s)
Sharpness Blunt Sharply contoured Sharp Spiky
(ms) >200 >200 with sharp 70-200 <70
morphology
Stimulus- Stimulus Spontaneous (Sp-) Unknown
induced induced
(SI-)

Adapted from Gerard [10]

pattern is present. The modifier “+R” can only be used with PDs and connotes
superimposed rhythmic or quasi-rhythmic delta activity. Finally, the modifier “+S”
is used exclusively with RDA, when there are frequent intermixed sharp waves,
spikes, or sharply contoured RDA.

The revised 2012 ACNS terminology included changes made based on solicited
feedback and studies of inter-rater agreement on the use of the terminology. The
first assessment found that inter- and intra-observer agreement for the presence/
absence of rhythmic or periodic patterns and for localization of these patterns was
moderate and agreement for the modifiers was slight to fair [11]. After initial
changes were made to the criteria, an assessment was conducted using the interim
version. Inter-rater agreement for the main terms was almost perfect, but agreement
on modifiers was more variable [12]. In the most recent assessment, the inter-rater
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agreement using the revised 2012 ACNS terminology was found to be almost per-
fect for the two main terms (i.e., pattern location (91 %) and pattern type (85 %)).
Modifiers including sharpness, absolute amplitude, frequency and number of
phases, and the+S modifier also had an “almost perfect” agreement (greater than
80 %), while the + F and + R modifiers had “substantial agreement.” However, agree-
ment for triphasic morphology and evolution were “moderate” (58 %) and “fair”
(21 %), respectively [5]. While further work may need to be done to improve the
understanding and reproducibility of some of the modifiers, main terms one and two
seem to be easily recognized and reliable. As a result, they have now largely replaced
older terminology in both clinical reports and cEEG literature.

An overview of each of the periodic patterns, alternative terminology, character-
istics, prevalence, association with seizures, mortality rate, and common etiologies
is listed in Table 2.

Periodic Discharges

PDs are discharges with both a uniform morphology and duration that repeat with a
definable and quantifiable interval between consecutive waveforms [8]. These
waveforms recur at nearly regular intervals [7]. The discharges can be generalized,
lateralized, bilateral independent, or multifocal [8]. Common etiologies include
infectious and toxic-metabolic etiologies.

Lateralized Periodic Discharges

Lateralized periodic discharges (LPDs) are discrete repetitive discharges that are lat-
eralized to one hemisphere and have a consistent morphology that recur at periodic
intervals, most frequently, between 0.5 and 3 Hz (Fig. 1). This pattern was first
termed “periodic lateralized epileptiform discharges” (PLEDs) by Chatrian et al. in
1964 [18]. The term was then changed to LPDs as part of the new ACNS terminol-
ogy [9]. Traditionally, the discharges are sharp waves or sharp wave complexes rang-
ing from 50 to 300 pV. The new ACNS terminology proposes that the term applies to
all PDs regardless of morphology. The discharges must be lateralized to one hemi-
sphere but can be maximal in any focal area of the brain [18]. Most frequently, the
field of discharges is broad, including the parasagittal chains and temporal chains of
the ipsilateral hemisphere, though focal PDs are still considered LPDs. LPDs can
involve the contralateral hemisphere; this is commonly seen if the discharges are
maximal in the frontal or occipital regions; however, the discharges must have higher
amplitude over one hemisphere [18]. It is important to exclude periodic artifacts that
can mimic LPDs, most commonly electrocardiographic or pulse artifact.

LPDs are typically associated with ipsilateral cerebral dysfunction. As such,
there is usually focal slowing or loss of the posterior dominant rhythm in that hemi-
sphere. The contralateral hemisphere may show evidence of an encephalopathy,
although it may also be unaffected.
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Fig. 1 Lateralized periodic discharges (LPDs) in a 61-year-old man with history of alcohol abuse
initially presenting after a witnessed generalized tonic-clonic convulsion. In the emergency depart-
ment, he was noted to have fever and right hemiparesis. CT of the brain demonstrated multifocal
infarcts, including the left MCA territory and bilateral PCA infarcts, thought to be cardioembolic
in etiology. LPDs seen here later evolved to discrete seizures

The overall incidence of LPDs was previously estimated to be 0.4—1 % based on
routine EEG studies; however, a more recent study evaluating cEEG has reported an
incidence as 8.6 % in patients with cEEG monitoring [4, 13, 14]. Classically, this
pattern has been considered a transient phenomenon, usually seen within the first
days of an acute brain insult and often resolving within days to weeks [13].

In historic literature based on routine EEGs, the most common etiology associ-
ated with LPDs is an acute or subacute structural lesion involving the cortex, typi-
cally caused by an ischemic stroke [13, 15, 18]. In the authors’ series, neoplastic
lesions were the most common cause of LPDs on cEEG, possibly reflecting a differ-
ence in monitoring practices [14]. Other etiologies include viral encephalitis (i.e.,
herpes encephalitis), intracranial hemorrhage, tumors, subarachnoid hemorrhage,
and anoxic encephalopathy. LPDs have been described in posterior reversible
encephalopathy syndrome, migraine, demyelinating diseases, Creutzfeldt-Jakob
disease (CJD), and mitochondrial encephalopathy with lactic acidosis and stroke-
like episodes (MELAS) [29]. While stroke and hypoxic-ischemic encephalopathy
are common etiologies for LPDs among neonates, an infectious etiology is more
common in the rest of the pediatric population. One study found that 2/3 of pediatric
patients with LPDs had central nervous system infections [30].

The majority of patients with LPDs do not have a prior history of epilepsy; how-
ever, seizures occur in the majority of patients with LPDs during their
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Fig.2 Lateralized periodic discharges with fast activity (LPDs+F) in a 55-year-old woman with
history of diabetes presenting with hyperglycemia and altered mental status. Continuous EEG
demonstrated 1 Hz left hemispheric LPDs+F as well as frequent electrographic seizures arising
from the left parieto-occipital region

hospitalization, seen in 49—100 % of patients with LPDs [4, 15—17]. The most com-
mon seizure type associated with LPDs is focal motor seizures [13, 16, 18]. Both
clinical and nonconvulsive seizures are associated with LPDs. One study found that
of all patients with seizures identified during continuous monitoring, 40 % had
LPDs. The majority of the seizures identified were nonconvulsive. Furthermore,
approximately 20 % of patients with LPDs had their first seizure after the first 24 h
of continuous monitoring, compared to 8 % of patients without LPDs [31].

A subtype of LPDs, namely, LPDs+F (or previously PLEDs+), were first
described as LPDs with superimposed rhythmic discharges, typically low-voltage
fast activity. This pattern has been reported to be more frequently associated with
clinical or electrographic seizures compared to LPDs alone (74 % vs. 6 %, respec-
tively, in one study) [32] (Fig. 2).

LPDs are typically considered ictal if the PDs are time locked to electromyo-
graphic recordings demonstrating clonic activity. This pattern is frequently associ-
ated with LPDs arising from the hemisphere contralateral to the focal clonic seizures
(Fig. 3).

In most studies, LPDs have been associated with a high mortality rate in adults,
ranging from 24 to 53% [13, 15]. LPDs have been found to be an independent
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Fig. 3 Ictal lateralized periodic discharges (LPDs) in an 87-year-old woman who presented with
altered mental status and rhythmic clonic movements of her left face, arm, and leg after probable
convulsion at home. EEG demonstrates lateralized periodic discharges, maximal over the right
frontocentral region, time locked with focal movements of the left lower extremity (i.e., EMG lead,
“L leg”). MRI of the brain was negative for a focal lesion. Etiology cryptogenic, suspected to be
infectious vs. inflammatory

predictor of poor outcome (moderate to severe disability or death) in patients with
subarachnoid hemorrhage, intracerebral hemorrhage, and patients in the medical
intensive care unit [33-35]. Interestingly, in one study of adult patients, the occur-
rence of seizures in patients with LPDs was associated with a lower likelihood of
death as a clinical outcome compared to LPDs that occurred without seizures [15].
In one study of 44 pediatric patients with LPDs, the mortality rate was 23 % and
morbidity rate was 50 % [30]. Of the patients with LPDs, a better prognosis is seen
among patients with a prior history of epilepsy or children with acute infections.
On account of the strong association with seizures, most experts agree that if
LPDs are seen on EEG, the patient should be treated with at least one antiepileptic
drug (AED) to prevent further seizures. Whether or not to “treat” LPDs to resolution
of the pattern remains highly controversial. A common practice has been to “treat”
LPDs when the pattern has a clear clinical correlate. However, the most commonly
recognized clinical correlate is clonic motor jerking, which has been shown to be
principally a manifestation of the location of LPDs or underlying lesion in or near
the motor cortex [36]. LPDs in other locations may have subtle clinical correlates
such as aphasia, eye deviation, or cognitive changes, which are subtle and
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particularly hard to recognize when a patient is in coma [29]. For example, evaluat-
ing whether frontopolar or occipital LPDs have a clinical correlate in a patient in
iatrogenic coma is not feasible. This does not necessarily mean that all LPDs should
be treated aggressively. LPDs can often be seen following clinical seizures or reso-
lution of status epilepticus (SE). They may also be very resistant to escalating medi-
cations and can take days to weeks to resolve; thus, it is unclear if aggressive
treatment with sedating medications or anesthesia is always warranted [13, 37].
Ultimately, the decision to treat must account for the underlying etiology and over-
all clinical context including the progression of the patient’s EEG patterns. While
there is no agreed-upon prescription for treating LPDs, a common approach in a
patient who has had nonconvulsive status that converted to complex LPDs is to
watch the LPDs for at least 1-2 days and continue the observation without interven-
tion as long as there is progressive improvement in the complexity and frequency of
the LPDs (Fig. 4).

LPDs can also be associated with corresponding regional increases in cerebral
perfusion or glucose metabolism on single-photon emission computed tomography
(SPECT) or positron emission tomography (PET) [38, 39]. Whether these func-
tional imaging studies should have a role in determining the appropriate degree of
intervention has not been established.

Bilateral Independent Lateralized Periodic Discharges

Bilateral independent lateralized periodic discharges (BILPDs) are asynchronous
PDs that occur independently but simultaneously over both hemispheres. Discharges
are typically sharp waves, spikes, or polyspikes, though epileptiform morphology is
not required under ACNS criteria [2, 9]. The independent left and right complexes
seen in BILPDs usually differ in morphology, amplitude, repetition rate, and site of
maximal involvement (Fig. 5) [19].

BILPDs are much less common than other rhythmic and periodic patterns. They
have been reported in 0.1 % of routine EEGs [15]. The etiologies associated with
this pattern include CNS infection, anoxia, chronic epilepsy, stroke, tumor, meta-
bolic abnormalities, and bilateral structural lesions [2, 19]. The bilateral involve-
ment of the discharges likely reflects more diffuse disease, and as such, these
patients have a higher likelihood of associated coma compared to unilateral dis-
charges [15, 19].

BILPDs are seen much less frequently than unilateral LPDs, and therefore, the
data regarding the significance of this pattern is limited. While both LPDs and
BILPDs are associated with a high frequency of seizures, generalized seizures are
more common with BILPDs compared to focal seizures seen in LPDs [19]. More
recent studies have found that patients with BILPDs were less likely to have sei-
zures compared to LPDs (43 % vs. 70 %, respectively) [15]. However, interestingly,
in one series of patients with CNS infections, 100 % of patients with BILPDs (4/4)
had electrographic seizures compared to 57 % (8/14) of patients with LPDs with
seizures.
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Fig. 4 Evolution of lateralized periodic discharges with fast activity (LPDs+F) in a 65-year-old
woman over the course of 1 month. The patient has a history of monoclonal gammopathy of
unknown significance (MGUS), HTN, and lupus who initially presented with confusion and gait
instability. MRI revealed posterior reversible encephalopathy syndrome (PRES) involving the left
occipital region. Frequent focal left occipital seizures and persistent LPDs were present on initial
24 h continuous EEG record. Seizures responded to multiple antiepileptic medications (valproic
acid, levetiracetam, lacosamide, and clonazepam) but LPDs+F persisted. Periodic discharges
improved in frequency, complexity, and morphology over the course of a month, while the patient
continued the same antiepileptic medication regimen
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Fig. 5 Bilateral independent lateralized periodic discharges (BILPDs) in a 94-year-old woman
who presented with Non-ST segment elevation myocardial infarction (NSTEMI) followed by
pulseless electrical activity (PEA) arrest. Hypothermia protocol was performed. Patient remained
comatose, and EEG was obtained to evaluate for subclinical seizures. Continuous EEG demon-
strated LPDs, arising independently from the bifrontal regions (BILPDs)

Compared to LPDs, the mortality rate for patients with BILPDs is higher, up to
61%; however it does not appear that functional outcomes among survivor are
significantly different [15, 19, 20]. It does not appear that functional outcomes
among survivors are significantly different [15].

As with LPDs, vigilance with cEEG monitoring is recommended for patients
with BILPDs given the increased risk of seizures, and at least one prophylactic AED
is often started though this practice is less well-described and likely less uniform
than that for LPDs. Again, it is unclear if there is value in attempting to “treat”
BILPDs to resolution. If possible, correcting the underlying etiology is an important
part of treatment. In some cases, BILPDs may represent nonconvulsive status epi-
lepticus (NCSE), and attempts should be made to treat the pattern, especially if
there is no alternative explanation for the patient’s mental status.

Generalized Periodic Discharges

Prior to the new ACNS terminology, generalized periodic discharges (GPDs) were
referred to as generalized periodic epileptiform discharges (GPEDs) [8, 9]. GPDs
are synchronous discharges that are relatively symmetric in amplitude across
homologous regions of the brain [7]. Discharges may be frontally or occipitally
predominant. According to the ACNS criteria, discharges are most frequently
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Fig.6 Generalized periodic discharges (GPDs) seen in a 63-year-old man with a history of hyper-
tension with asystole in the setting of profound hypoglycemia. The patient underwent hypothermic
protocol. EEG demonstrates generalized periodic discharges intermittently time locked with
whole-body myoclonus

spikes, polyspikes, or sharp waves and have a negative polarity, although blunt PDs
can also be considered GPDs [2, 15]. Between runs of PDs, typical patterns include
diffuse delta slowing or attenuation (Fig. 6) [7].

GPDs have been reported in 4-8 % of patients undergoing cEEG and 0.01-1%
of routine EEGs [3, 6, 23]. This pattern can be seen in up to 20 % of patients in coma
with severe postanoxic encephalopathy after cardiac arrest [40].

It has been hypothesized that GPDs may result from disruption of the thalamo-
cortical pathway with diffuse or multifocal cerebral dysfunction or systemic disease
[3]. Common etiologies include hypoxic ischemic injury (i.e., cardiac arrest), meta-
bolic disorders, sporadic CJD, and subacute sclerosing panencephalitis [15, 41].
Drug toxicities associated with GPDs include cefepime, baclofen, lithium, phency-
clidine, ketamine, barbiturates, and anesthetics [2, 21, 41]. GPDs may also be seen
in the late stages of generalized convulsive SE and after the SE has resolved [22].
The pattern can also represent NCSE, even without preceding convulsions. In par-
ticular, GPDs occurring at a frequency greater than 2.5 Hz should raise suspicion for
NCSE, although this is not the only criteria [42].

The presence of GPDs in an EEG record has been associated with seizures [23].
The most comprehensive study to date included 200 patients with GPDs with
matched controls and found that almost one half of patients with GPDs had a
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seizure at some point during their hospital stay (although this was not statistically
different than matched controls). Of note, there was no difference in outcome or
mortality between the patients with GPDs and the matched controls. However,
NCSE was found to be associated with worse outcome for patients both with and
without GPDs [3].

Given the common association between NCS and GPDs, it is important to con-
tinue careful monitoring in patients with GPDs in order to detect and treat
NCSE. Treatment of the underlying etiology is of the utmost importance in patients
with GPDs. The use of AEDs in patients with GPDs is even less understood and
more controversial than it is in the setting of other patterns. In general, many experts
do not start AEDs for GPDs where a correctable toxic or metabolic etiology is sus-
pected, though some feel it may hasten recovery and prevent seizures in the brain’s
transient period of increased irritability. On the other hand, if there is no explanation
for the patient’s mental status and/or the pattern meets criteria for NCSE, treatment
should be considered [3, 6, 23]. A “trial” of a benzodiazepine or another antiepilep-
tic drug can be considered in uncertain cases. In order for such a trial to be consid-
ered positive, both the electrographic pattern and the patient’s mental status must
improve [43].

The treatment of GPDs in the setting of anoxia, particularly if associated with
myoclonus, is especially controversial. Some consider the threshold to treat GPDs
associated with myoclonia lower than GPDs with nonconvulsive symptoms; how-
ever, in postanoxic encephalopathy, it is thought that the treatment may be futile
given a higher incidence of neuronal necrosis and a greater risk of poor outcome
[44]. Some authors have suggested that the background between individual dis-
charges may be useful in prognosis and the utility of antiepileptic drug treatment
[1, 44].

Generalized Periodic Discharges: Triphasic Morphology

The triphasic wave (TW) pattern was first described in the context of hepatic coma
in 1955 [45]. Over time, this term has become pathognomonic of a metabolic
encephalopathy. In fact, electroencephalographers have been found to choose to
report triphasic waves rather than GPDs based on the clinical history when classify-
ing an EEG pattern [46]. In order to extract clinical implications from EEG termi-
nology, the revised ACNS proposed standard terminology considers triphasic waves
to be a type of PDs (GPDs-TW) or occasionally a sharp-and-wave subtype
(GSW-TW) [9].

The TW modifier is used to define repetitive electrographic discharges consisting
of three phases, each longer than the preceding one; a surface positive high-
amplitude (typically greater than 70 pV) wave preceded and was followed by nega-
tive waves with smaller amplitude [9, 47]. GPD-TWs are typically diffuse, although
may have an anteroposterior or a posteroanterior time lag seen in bipolar montages
and may show a frontocentral or frontoparietal predominance. Typically, individual
complexes exceed 0.3 s (Fig. 7).
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Fig. 7 Generalized periodic discharges with a triphasic morphology (GPDs-TW) seen in a
47-year-old woman with history of epilepsy, depression, anxiety, and polysubstance abuse who
presented with fulminant hepatic failure after an acetaminophen overdose

Traditionally, GPD-TWs have been associated with metabolic encephalopathy.
They are highly characteristic of hepatic encephalopathy but not pathognomonic
[48]. Other possible etiologies include renal failure, toxic encephalopathies, steroid-
responsive encephalopathy, sepsis-associated encephalopathy, and postictal stupor
[28]. Studies have shown that the majority of patients with GPD-TWs have a com-
bination of at least two pathologic conditions and/or neuroradiologic abnormalities,
and over one quarter of patients have been found to have elements of all three abnor-
malities [28]. It has been general consensus that GPD-TWs represent the overall
derangement of thalamocortical circuits that result from metabolic, toxic, infec-
tious, and structural cerebral abnormalities, rather than being considered intrinsi-
cally epileptogenic [28, 49]. Rarely have they been found to be associated with
seizures, estimated at 0—4 % [24, 25].

GPD-TWs may be seen as an ictal pattern which can be difficult to differentiate
from NCSE [28]. It has been suggested that GPD-TWs typically disappear with
sleep, and this is one method to distinguish between them and an ictal pattern [50].
It was previously thought that only epileptiform discharges would respond to ben-
zodiazepines; however, GPD-TWs of metabolic origin also respond temporarily to
benzodiazepines, making it difficult to distinguish between the two entities [51].
For this reason, as discussed above, a positive benzodiazepine trial requires both
improvement in the EEG pattern and the patient’s mental state [43].
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The presence of GPD-TWs has been associated with high mortality, in the range
of 20-77 % [26, 28]. However, a recent study evaluated encephalopathic patients
GPD-TWs, and matched controls (encephalopathic patients without GPD-TW5s)
found that when the EEG background activity and GCS were matched, GPD-TWs
were not specifically associated with death [27]. Therefore, this pattern likely does
not intrinsically impact mortality, rather the comorbid conditions associated with it
affect outcome.

It is still not clear whether GPD-TWs represent a distinct entity from GPDs or
GSWs. Treatment of GPD-TWs (or GSW-TWs) should be similar to the approach
to GPDs. Again, a focus on addressing the underlying pathologic conditions that
may predispose the patient to this pattern is especially important. However, it is
important to keep in mind that the triphasic morphology does not in and of itself
predict a metabolic cause, and the possibility that this represents a potentially ictal
pattern should be considered.

Rhythmic Delta Activity

Intermittent rhythmic delta activity IRDA) was first described by WA Cobb in 1945
[52]. The ACNS terminology defines RDA as a repetitive waveform with relatively
uniform morphology and duration. In contrast to PDs, RDA occurs without an inter-
val between consecutive waveforms. In order for the pattern to be considered rhyth-
mic, the duration of one cycle should vary by less than 50 % from the duration of the
subsequent cycle for the majority of the cycle pairs. In addition, the rhythmic activ-
ity must be less than or equal to 4 Hz [9]. There are two basic patterns of RDA,
namely, lateralized and generalized.

Lateralized Rhythmic Delta Activity

Lateralized rhythmic delta activity (LRDA) is a rhythmic delta pattern lateralized to
one hemisphere (Fig. 8). A recent study described the largest cohort of patients with
LRDA to date [4]. Using the same definition of LRDA as described above, they found
27 subjects with LRDA out of 558 individuals older than 1 month of age who had
cEEG or an urgent EEG over the course of 1 year (i.e., 4.7 %). Typically, the duration
of LRDA was brief or very brief (less than 1 min and less than 10 s, respectively),
made up of runs of monomorphic, 50-200 pV sinusoidal or sharply contoured delta
activity. Most often, the frequency was 1-2 Hz or 2-3 Hz. Most commonly, the foci
of LRDA are anterior (typically frontal or ttemporal). When the morphology of LRDA
was compared to LPDs, LPDs were typically slower (less than or equal to 1 Hz) and
occurred in longer runs (greater than 1 min, often between 5 min and 1 h).

In terms of associated pathology, similar to LPDs, LRDA is most commonly
associated with an acute or remote cerebral injury, frequently involving the cortex,
juxtacortical white matter, and/or deep gray structures. If a patient has a single focal
lesion, LRDA is typically localized in the same region as the lesion [4, 52]. In the
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Fig.8 Lateralized rhythmic delta activity (LRDA), maximal in the left frontal region, in a 61-year-
old man with history of focal epilepsy and a left frontotemporal glioblastoma multiforme s/p resec-
tion who presented with intermittent aphasia

aforementioned study, almost one quarter of patients had a history of epilepsy [4].
The authors found that approximately 60 % of the patients with LRDA were found
to be stuporous or comatose; otherwise, LRDA was not associated with obvious
clinical manifestations.

Over half of patients (63 %) with LRDA were found to have acute seizures dur-
ing their hospital stay. This is similar to patients with LPDs, although is signifi-
cantly higher than in patients with focal nonrhythmic slowing and controls. Of note,
if patients have both LRDA and LPDs, the incidence of seizures has been found to
be 84 % [4].

Given the shared implications of LPDs and LRDA, it is reasonable to approach
LRDA in a fashion similar to LPDs. As discussed, there is a high incidence of sei-
zures seen in association with LRDA; starting an AED to prevent further seizures is
reasonable. In the case of frequent or continuous LRDA, more aggressive treatment
may be merited in specific clinical situations where the pattern may represent an
ictal pattern even in the absence of clear evolution.

Generalized Rhythmic Delta Activity

RDA seen diffusely is classified as generalized rhythmic delta activity (GRDA).
GRDA is a relatively new term, and as such, there is limited data in the literature.
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Fig. 9 Generalized rhythmic delta pattern (GRDA) seen in a 26-year-old woman with NMDA
receptor antibody limbic encephalitis

Intermittent GRDA is associated with a broad range of neurologic abnormalities,
both diffuse and focal processes, including inflammatory, vascular, neoplastic,
degenerative, or traumatic disorders [53-56]. As such, its significance is typically
considered relatively non-specific. This pattern is more frequently seen in older
patients and inpatients, and it has a higher rate of comorbidity compared to controls
[56]. Interestingly, in one series evaluating EEG features seen in anti-N-methyl-D-
aspartate (NMDA) encephalitis, almost one half of patients (47.8 %) had GRDA
(Fig. 9) [57].

The majority of the literature addressing rhythmic delta patterns focuses on fron-
tal intermittent rhythmic delta activity (FIRDA). FIRDA was first described by
Cobb in 1945 and, over time, has been thought to be a possible indicator of deep
midline lesions and increased intracranial pressure [55]. This pattern can be consid-
ered bilateral independent lateralized rhythmic delta activity (BILRDA) or GRDA,
depending on the maximal location and field involved in the rhythmic activity.

FIRDA can be seen as a normal response to hyperventilation, although should be
limited to hyperventilation alone. In other contexts, this pattern is rarely seen
on EEG; FIRDA has been reported in less than 1% up to 6 % of EEG recordings
[56, 58]. There is a reportedly low incidence of seizures in patients with FIRDA
(i.e., 9 % of all patients with this pattern in one study) [4].

When GRDA is seen on EEG, treatment should usually be guided by the under-
lying etiology and comorbid conditions.
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Spike-and-Wave and Sharp-and-Wave

This pattern was a new addition to the 2012 version of the ACNS nomenclature. It
is defined as a polyspike, spike, or sharp wave with an after-going slow wave
that occurs in a regular alternating pattern with no interval between the dis-
charges. Given the recent addition of this terminology, there is limited research on
this pattern. Therefore, incidence and treatment implications have not yet been
established.

Conclusions

While there remains much to be understood about rhythmic and periodic patterns on
cEEG, understanding the common means of characterizing them allows for better
communication of difficult to describe findings. In doing so, it is important to
acknowledge both what is and is not known about the meaning and treatment impli-
cations of these patterns. Future prospective studies will hopefully help clinicians
gain an understanding of the pathophysiology underlying these patterns, the impact
on neuronal injury, and their effect on functional outcome and, ultimately, use them
as a tool to guide treatment decisions to improve prognosis and outcome.
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Introduction

Continuous EEG (cEEG) monitoring is used increasingly to assess brain function in
critically ill patients. One of the main indications for CEEG is to detect electro-
graphic seizures. Seizures are frequently detected by continuous EEG monitoring in
the intensive care unit (ICU) setting, particularly in the neurological ICU. Most of
these seizures are nonconvulsive and clinically subtle [1]. The reported risk of
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seizures as a complication or as the principal reason for ICU admission is only
3.3% [2]. But the frequency of seizures in ICU patients is considerably higher. The
frequency of seizures detected by EEG monitoring in adult ICU patients is in the
range of 8-34 % [3-5], depending on which patient population is studied.

Causes of Seizures

Causes of seizures and status epilepticus (SE) in the ICU include antiepileptic drug
(AED) withdrawal or noncompliance, alcohol withdrawal, hypoxia/anoxia, stroke,
infection, head trauma, metabolic disorders, subarachnoid hemorrhage, and tumors
[4]. In the medical ICU, the most common etiology for seizures is sepsis [1].

Cerebrovascular Disease

Subarachnoid Hemorrhage

Seizures are a well-recognized complication of subarachnoid hemorrhage (SAH)
with studies demonstrating clinical seizures in 4-9 % of patients during hospitaliza-
tion based on EEG monitoring [5]. In comatose patients with SAH, electrographic
seizures are more common. In a series of 108 comatose patients with SAH, 19 %
were found to have electrographic seizures, most of which were purely subclinical
[4]. Additionally, when intracranial EEG and other modalities are monitored, sei-
zures were found to occur in 38 % of patients with SAH [6]. Therefore, clinicians
should have a high degree of suspicion for seizures in patients with SAH.

Intracerebral Hemorrhage

Similar to SAH, intracerebral hemorrhage (ICH) has also been associated with a
high rate of clinical seizures ranging from 3 to 19 % of patients [5]. Two studies
found a high incidence of seizures in patients with ICH undergoing EEG monitor-
ing. In one of these studies, 28 % (18/63) of patients with ICH experienced noncon-
vulsive seizures (NCS), which were associated with an increase in midline shift,
higher NIH stroke scale scores, and a trend toward worse outcome compared with
ICH patients without seizures [7]. Seizures occurred after both cortical and subcor-
tical ICH, although they were more common after cortical ICH, which makes sense
because seizures are generated by the gray matter. A similar rate of seizures was
found in a series of 102 patients with ICH, in which seizures were detected in 31 %
and over half were purely electrographic [8]. Perhaps more importantly, seizures
were associated with an increase in the volume of hemorrhage and a trend toward
Wworse outcomes.

Ischemic Stroke

Ischemic stroke is a common cause of seizures and the leading cause of epilepsy in
the elderly population. In ICU ischemic stroke patients, the rate of clinical seizures
is less than in patients with SAH or ICH, but still high in the range of 6-26 % [7].
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As with SAH and ICH, cEEG monitoring uncovers more seizures than would be
found by clinical monitoring alone.

Anoxic Brain Injury

Seizures are a common complication following hypoxic/anoxic brain injury due to
cardiac arrest and can have a variety of clinical presentations from myoclonus to
generalized convulsions. Many studies have shown a very poor prognosis for
patients with myoclonic status epilepticus (MSE) within the first day of cardiac
arrest, although this may not be the case if patients are treated with therapeutic
hypothermia [9]. The frequency of NCS during treatment with therapeutic hypo-
thermia has been found to be 9-33 %, and seizures are associated with a poor prog-
nosis for recovery. These seizures can occur at during normothermia, hypothermia,
or rewarming.

Traumatic Brain Injury

Many studies have evaluated the incidence of clinical seizures (both acute and
chronic) following traumatic brain injury (TBI). Approximately 20-30 % of patients
have acute seizures in the ICU after TBI. More than half of these seizures are non-
convulsive. Seizures following TBI have also been associated with increased intra-
cranial pressure and abnormal neuronal metabolism (transient elevation in lactate/
pyruvate ratio on cerebral microdialysis). A recent study showed that TBI patients
who have seizures are at greater risk for hippocampal atrophy 6 months after the
head trauma, suggesting that the seizures themselves may lead to greater brain
injury [10].

Infection

Brain Infection

Clinical seizures are commonly associated with acute central nervous system (CNS)
infections, both bacterial and viral. Clinical seizures complicate 17 % of bacterial
meningitis cases, particularly pneumococcal meningitis, and patients with seizures
have a much higher mortality. Seizures are frequent in patients with viral meningitis
as well and prior studies have shown that approximately half of all patients with
confirmed herpes encephalitis experience clinical seizures. A study of cEEG moni-
toring in 42 ICU patients demonstrated electrographic seizures in 14 (33 %) with
only 5 (36 %) associated with a clinical correlate. Electrographic seizures were also
independently associated with poor outcome, such as severe disability, vegetative
state, or death [11].

Sepsis
Sepsis is associated with several serious systemic complications, which include
effects on the nervous system. The presence of encephalopathy as well as
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polyneuropathy is quite prevalent in this patient population, and seizures are a cause
of encephalopathy [12]. Several studies have shown that 10-16 % of patients with
sepsis undergoing cEEG monitoring have seizures [13]. A lower number seizures
are found in septic patients if only a routine EEG is recorded. Although sepsis-
related seizures are still poorly understood, these findings underscore the impor-
tance of monitoring for seizures in septic patients.

Brain Tumor

Brain tumors are also a common cause of seizures, and patients often undergo
neurosurgical procedures that leave them at even higher risk for seizures. The
postoperative period is a particularly vulnerable time when seizure risk is high.
Electrographic seizures can go completely undetected during this period and
contribute to prolonged encephalopathy and increased mortality. There have been
few studies evaluating the incidence of subclinical seizures in patients with brain
tumors with or without recent surgical resection. A recent study of all EEG studies
recorded on a large group of brain tumor patients showed that 24 out of 259 patients
(9%) were in nonconvulsive status epilepticus (NCSE) [14]. CEEG monitoring
should be strongly considered for brain tumor patients with unexplained or pro-
longed encephalopathy, especially following any neurosurgical procedure.

Uncommon Causes

Autoimmune/Inflammatory

Paraneoplastic and autoimmune limbic encephalitis is characterized by acute or
subacute mood and behavioral changes, short-term memory problems, complex
partial seizures, and cognitive dysfunction [15]. Antineuronal antibodies are invalu-
able in directing the search for occult malignancy and guiding treatment, although
up to 30-36 % of patients with limbic encephalitis have negative antibody studies
[15]. Seizures often precede the onset of other symptoms, and therefore maintaining
a high index of suspicion provides for the opportunity for early diagnosis and treat-
ment. Clinical seizures are seen in approximately two-thirds of patients, which are
usually complex partial seizures of temporal lobe onset [15]. However, patients may
have very brief, subtle seizures that can be difficult to distinguish from concomitant
encephalopathy and often go unrecognized. The most common cancers associated
with paraneoplastic limbic encephalitis include lung (usually small cell lung can-
cer), seminoma and other testicular tumors, thymoma, breast cancer, and Hodgkin
lymphoma. Neurologic symptoms typically precede discovery of the tumor by
weeks or months.

Limbic encephalitis with antibodies against N-methyl-D-aspartate (NMDA)
receptor causes a predictable set of symptoms that combine to make up a character-
istic syndrome. Patients often have a prodromal headache, fever, or a viral-like pro-
cess, followed in a few days by a multistage progression of symptoms that include
(1) prominent psychiatric manifestations including anxiety, agitation, bizarre
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Fig.1 Extreme delta brush pattern (arrow) and seizure onset in a patient with NMDA encephalitis

behaviors, hallucinations, and disorganized thinking, (2) insomnia, (3) memory
deficits, (4) seizures, (5) decreased level of consciousness, (6) dyskinesias, (7) auto-
nomic dysfunction, and (8) language dysfunction. This is a paraneoplastic syn-
drome seen most commonly in young women. In a series of 100 patients, 76 % had
clinical seizures and 60 % were found to have an underlying tumor, most commonly
an ovarian teratoma [16]. Early recognition is important, as many patients respond
to immunomodulation with corticosteroids or intravenous immunoglobulin (IVIg)
in addition to tumor resection. The interictal EEG of patients with NMDA receptor
encephalitis often shows an extreme delta brush pattern with delta activity with
superimposed beta activity. Figure 1 is a page of EEG with an extreme delta brush
pattern and showing ongoing seizure activity in the right posterior frontal parietal
region.

Patients with antibodies to the leucine-rich glioma-inactivated 1 (LGI1) protein
component of the voltage-gated potassium channel (VGKC) have typical limbic
encephalitis symptoms and develop memory disturbances, confusion, and seizures.
Memory and cognitive deficits may be preceded by short faciobrachial dystonic
seizures. These seizures often do not respond to AED therapy. Patients may develop
hyponatremia or rapid eye movement sleep behavior disorders. Only 20 % of cases
are paraneoplastic; the most common associated tumors are thymoma or lung can-
cer. Early diagnosis is important to prevent progression from seizures to other
symptoms of encephalitis and because these patients have a dramatic response to
corticosteroid treatment [17].

There are several other causes of autoimmune encephalopathy in which seizures
play a significant role that are not associated with underlying malignancy or limbic
encephalitis. One type of presentation of Hashimoto’s encephalopathy includes sei-
zures, acute deterioration of consciousness, and stroke-like episodes with the
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presence of antithyroid antibodies but with normal or slightly abnormal thyroid
function. The most common seizure pattern includes generalized tonic-clonic sei-
zures followed by complex partial seizures, with or without secondary generaliza-
tion [18]. Other systemic autoimmune diseases associated with seizures that usually
respond to steroid therapy include systemic lupus erythematosus, Sjogren’s syn-
drome, Wegener’s granulomatosis, and neurosarcoidosis [12].

Posterior Reversible Encephalopathy Syndrome

Posterior reversible encephalopathy syndrome (PRES) is characterized by altered
mental status, seizures, and visual changes accompanied by characteristic neuroim-
aging changes in a posterior symmetrical distribution, interpreted as edema. Altered
mental status, headache, and visual disturbances are the classic clinical findings and
seizures are frequently reported. Most seizures are single short grand mal seizures
but multiple grand mal seizure and focal seizures can sometimes occur [19]. It is
associated with a variety of underlying clinical conditions that may cause seizures
and encephalopathy such as electrolyte disturbances. Treatment of the underlying
cause is paramount and rapid initiation of AEDs may help to prevent further neuro-
nal injury from seizures.

Subacute Encephalopathy with Seizures in Chronic Alcoholism

Subacute encephalopathy with seizures in chronic alcoholism (SESA) is a rare clin-
ical syndrome which describes alcoholic patients presenting with confusion, sei-
zures, and focal neurologic deficits. The occurrence of SESA may be underestimated,
as many patients may be misdiagnosed with alcohol withdrawal seizures. It has
recently been proposed that this syndrome may be a type of NCSE because these
patients have focal seizures between which they have PEDs and do not return to
baseline mental status [20]. Therefore, cEEG monitoring is recommended for alco-
holic patients with encephalopathy and focal neurologic deficits. An accurate diag-
nosis is critical because these patients require long-term treatment with antiepileptic
medications to prevent recurrence [12].

Other Rare Causes

There are a variety of other systemic diseases that can contribute to both encepha-
lopathy and seizures, including hepatic failure, uremia, human immunodeficiency
virus (HIV) infection, and drug intoxication (both prescription as well as recre-
ational) [12].

Clinical Significance of Seizures

The detection of seizures in ICU patients is associated with poor prognosis as
defined by death or severe disability at hospital discharge [1]. It is unclear if the
seizures themselves worsen prognosis or if seizures are simply found more often in
patients who are more seriously ill. Therefore, it is unclear if the treatment of inter-
mittent seizures improves prognosis. Generalized convulsive status epilepticus
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(GCSE), on the other hand, if not controlled almost certainly leads to irreversible
neuronal injury, and therefore treatment of GCSE almost certainly improves
prognosis.

If we are not sure that treatment of seizures changes prognosis, why should we
monitor patients? At this point, most monitoring is done with the assumption that
the treatment of seizures improves patient care. The detection of seizures in
patients in the ICU certainly affects their medication management. A study of 300
consecutive monitoring studies of 287 adult and pediatric inpatients demonstrated
that cEEG monitoring led to a change in AED prescribing in 52 % of cases. There
was initiation of an AED in 14 %, modification of an AED regimen in 33 %, and
discontinuation of AED therapy in 5 % [3]. Many of these changes were due to the
detection of seizures. A similar study in children reported the CEEG monitoring
affected the care of children of 59 % of cases, again mostly by affecting AED
management [21].

It is important to accurately recognize electrographic seizures. There are many
non-epileptic events, either clinical or electrographic, which can be difficult to dis-
tinguish from epileptic seizures on EEG or video. Treatment of non-epileptic events
with AEDs can cause harm to patients by increasing sedation in an already suscep-
tible patient population. Lorazepam, for instance, is routinely used to abort seizures
and has been shown to be an independent risk factor for delirium in ICU patients.
Increased risk of delirium may translate to increased morbidity and mortality, pro-
longed hospital stay, and increased health-care costs [22].

Electrographic Criteria for Labeling Seizures
Definition of Electrographic Seizure

Although there is reasonable general acceptance of what constitutes a clinical sei-
zure, the variety of electrographic and clinical events observed during the care of
critically ill patients make it difficult to define a specific electrographic criterion
for seizures. For non-seizure periodic and paroxysmal activity, a committee of the
American Clinical Neurophysiology Society (ACNS) has recently established
research terminology for some of the more frequently encountered electrographic
patterns for ICU monitoring based on whether they are generalized or localized
and their periodicity, persistence, duration, frequency, inducibility by external
stimuli, and evolution [23]. Although there is no equivalent established terminol-
ogy for electrographic seizures, the EEG terminology developed for NCSE may be
adapted to cover most types of seizures seen in the ICU. In this terminology [24],
an event would meet criteria for a seizure if it consisted of epileptiform discharges
at a frequency of greater than 2.5 Hz or if it contained epileptiform discharges or
rhythmic delta/theta activity at less than 2.5 Hz accompanied by one of the follow-
ing three criteria: (1) EEG and clinical improvement after an IV AED, (2) subtle
clinical ictal phenomena during the EEG patterns, or (3) typical spatiotemporal
evolution. Spatiotemporal evolution refers to a characteristic of most seizures
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whereby the EEG pattern “evolves” or changes over time in either its frequency or
in its spatial distribution. In the case of a typical seizure, this usually involves a
gradual increase or decrease in the frequency of the EEG rhythm accompanied by
spread of the EEG activity to a greater number of EEG electrodes. The 2012 ACNS
Standardized Critical Care EEG Terminology lists definite seizure activity to be
generalized spike and wave patterns of a frequency greater than 3/s and evolving
discharges that are of a frequency equal or greater than 4/s. Patterns that do not
meet this criteria are not ruled out as seizure activity, only deserving of greater
scrutiny [23]. The Pediatric Critical Care Terminology lists the minimum duration
for a seizure to be 10 s, and this is a generally accepted criterion for adult seizures
as well.

Borderline Seizure Patterns

Brief Ictal Rhythmic Discharges

Most electroencephalographers use a definition of seizures that includes a mini-
mal duration of 10 s, which reflects the typical lower limit to the duration of focal
seizures in patients with chronic epilepsy. Rhythmic ictal-appearing patterns
lasting less than 10 s have been described in neonates under multiple different
acronyms including brief ictal rhythmic discharges (BIRDs). In neonates, these
patterns encompass discharges of any frequency, including less than 4 Hz,
because they are common in this age group. Brief bursts of rhythmic delta activ-
ity and periodic discharges with a frequency of less than 4 Hz are common in
critically ill patients but are usually not considered to be ictal. Ictal discharges in
children and adults often have a higher frequency than those in neonates. The
occurrence of BIRDs with a frequency higher than 4 Hz has recently been
reported in 20 out of 1135 CEEG recordings [25]. The typical frequency for
BIRDs was in the theta, alpha, and beta frequency bands in 14 (70 %), 3 (15 %),
and 3 (15 %) cases, respectively. Typical duration was 1-3 s. Most (17 of 20
[85 %]) BIRDs were sharply contoured except in the theta frequency band in two
patients (10 %) and the beta frequency band in one patient (5 %), which were
sinusoidal. None of the BIRDs showed obvious evolution. Most of the patients
with BIRDs had acute brain injuries such as tumor and stroke, and most patients
were comatose or stuporous. BIRDs were present in the first hour of the record-
ing in most patients and recordings with BIRDs were more likely to also contain
seizures than recording without BIRDs. Figure 2 shows an example of two
BIRDs in one page of EEG.

Lateralized Periodic Discharges

Lateralized periodic discharges (LPDs) (previously known as periodic lateralized
epileptiform discharges (PLEDs) in older nomenclature [23]) are associated with
nearly any type of structural abnormality including those due to infection, neo-
plasm, ischemia, hemorrhage, and anoxia. They are associated with poor prognosis,
particularly in patients with neoplasms. They are not generally considered to
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Fig.2 Two brief ictal rhythmic discharges (BIRDs) in the left hemisphere

indicate seizure activity, although this is debated. Evidence indicating that LPDs
may indicate ongoing focal seizure include reports of altered mental status in the
elderly patients associated with LPDs and increased metabolic activity present in
regions with LPDs in positron emission tomography (PET) and single-photon emis-
sion computed tomography (SPECT) scans. But most LPDs are not considered sei-
zures because many patients have LPDs chronically, and in patients with both LPDs
and seizures, the seizures appear distinct from the LPDs and the LPDs stop during
the seizures. Some types of LPDs are considered more likely to indicate focal sei-
zure activity, and these have been termed “PLEDs-plus” [26] in older terminology,
now probably known as “LPDs-plus.” The periodic discharges which make up the
LPDs-plus pattern include brief focal rhythmic activity, and/or the patient has phys-
ical manifestations which correlate with these LPDs such as rhythmic movements
or myoclonus. Figure 3 shows left central LPDs which are accompanied by right
facial twitching, so they are considered LPDs-plus and therefore evidence of focal
seizure activity. Figure 4 shows a LPDs-plus pattern which is not accompanied by
clinical manifestation of seizure but should be considered evidence of focal seizure
activity because the EEG pattern of LPDs is combined with rhythmic alpha and
theta activity.

Stimulus-Induced Rhythmic Periodic or Ictal Discharges

Stimulus-induced rhythmic, periodic, or ictal discharges (SIRPIDs) are found in
approximately 20 % of patients undergoing cEEG monitoring. These are rhythmic
frontally predominant generalized periodic discharges which occur when a patient
is stimulated. They are considered to fall somewhere along the ictal-interictal con-
tinuum. Clinical or subclinical/electrographic seizures are found in about half of
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Fig. 3 Left central LPDs which are accompanied by right facial twitching, consistent with the
LPDs-plus pattern and therefore evidence of focal seizure activity
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Fig. 4 LPDs-plus pattern in the right temporal-parietal region which can be considered to be
evidence of focal ongoing seizure activity

these patients; SE is found more frequently in focal or ictal-appearing SIRPIDs
[27]. As such, treatment with a conventional AED is advisable. But studies have
shown no increase in regional cerebral blood flow to indicate that they may repre-
sent seizure activity, and as a result aggressive treatment is not recommended. After
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Fig.6 EEG of the same patient as pictured in Fig. 5, at a time when SIRPIDs are not present

cardiac arrest, SIRPIDs are associated with poor outcome, especially during hypo-
thermia, but in other instances, outcome is yet to be defined. Figure 5 shows EEG
from a patient during a SIRPID episode, and Fig. 6 shows EEG from the same
patient during a period without SIRPIDs.
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Predictors of Electrographic Seizures

There are multiple elements of the past medical history, neurological exam, and
interictal EEG that predict the presence of electrographic seizures in cEEG record-
ings. Predictors in the past medical history include young age, a history of epilepsy,
and remote risk factors for seizures including brain injury. Elements of the history
of present illness which predict seizures are a report of convulsive seizures before
the EEG recording is begun, sepsis, and recent cardiac or respiratory arrest. Findings
on the neurological exam which predict seizures include oculomotor abnormalities
including nystagmus, hippus, and eye deviation. Electrographic features which pre-
dict seizures include epileptiform discharges including spikes, sharp waves, LPDs,
and generalized periodic discharges (GPDs) [1, 28]. Patients without epileptiform
discharges in the first 30 min of an EEG recording have approximately a 10%
chance of developing seizures in the subsequent cEEG recording. If patients have
epileptiform discharges in the first 30 min, the changes of recording a seizure are
significantly elevated to around 25 %. Patients with no epileptiform discharges in
the first 2 h of the EEG recording have less than a five percent change of developing
subsequent seizures. More than 95 % of seizures are recorded in the first 24 h of
EEG monitoring, so if a patient does not have a seizure in 24 h of monitoring, it is
unlikely (less than 5% chance) that seizures will be recorded with further EEG
monitoring, even if epileptiform discharges are present [29].

Inter-rater Agreement for Labeling Seizures

Because the performance of automated seizure detection programs has not been
verified in sizable studies, it is not consistently used in clinical practice. Therefore,
seizures are usually identified by visual inspection of the unprocessed EEG record-
ings. This is a significant challenge because these recordings can be quite long and
seizure patterns can be subtle. Inter-rater performance for experts in labeling sei-
zures is not perfect. In a recent study of eight board-certified EEG experts who
independently identified seizures and periodic discharges (PDs) in 31-h ICU EEG
segments from three medical centers, the inter-rater correlation between the experts
was only moderate. But the correlation of experts for labeling of seizures was con-
siderably higher than for the labeling of periodic discharges. Improved performance
in labeling seizures and PDs was seen in experts who had received specific training
by the Critical Care EEG Monitoring Research Consortium [30].

Automated Detection of Seizures

The first general-purpose seizure detection methods were introduced in the 1980s.
However, none of the seizure detection software currently available on the market
has been shown to be as accurate as a human for reviewing long-term cEEG record-
ings. For example, Reveal (by Persyst Development Corporation), one of the most
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advanced seizure detection products, offers an average sensitivity of 85% with a
false detection rate of about 14 per day for adult epilepsy monitoring unit (EMU)
patients [31]. Reveal’s false detection rate often becomes extremely high (>40/day)
when an EEG recording contains high number of recording artifacts, a problem
common in EMU scalp EEG monitoring and more frequently seen in ICU studies.
Due to this high false detection rate, most centers do not utilize or rely on seizure
detection software in the long-term EEG study review process. In addition to insuf-
ficient detection performance, another major problem is that all commercially avail-
able seizure detection software is marketed for use across all patient populations,
but has not been clinically validated for each patient population. These substantially
different patient populations include adult and pediatric EMU patients (with scalp
and intracranial recordings), adult and pediatric in home (ambulatory) EEG patients,
and neonatal, pediatric, and adult ICU patients. It has been well documented that,
despite of some underlying similarities, there exist significant differences in both
ictal and background EEG patterns among these patient populations. Therefore, it is
very difficult, if not impossible, for one algorithm to perform well enough in all
cEEG patient populations to be clinically useful. An ideal seizure detection system
must include different modules for use in different patient populations, and the per-
formance of each must be clinically validated using patient data collected from the
respective patient population. In the recent US Food and Drug Administration
(FDA) Workshop on Seizure Detection, the agency instructed that, in “Indication
for Use,” it has to include “In whom the device is intended to be used — specify
intended population (age, patient group, seizure type).” Hopefully, advances in
commercial seizure detection software over the next few years will improve perfor-
mance and provide algorithms specific to different patient populations.

Examples of Seizures

A typical electrographic seizure has an amplitude greater than the baseline EEG
amplitude, shows evolution in both frequency and spatial distribution, and lasts
greater than 10 s. Figures 7, 8, and 9 illustrate a typical seizure which begins in
the left temporal region with a sharply contoured 8 Hz rhythm which slows in
frequency down to around 3 Hz and spreads to involve also the left posterior tem-
poral and occipital region. Unfortunately, not all electrographic seizures demon-
strate this typical appearance. Some seizures are obscured by electromyographic
(EMGQ) artifact and cannot be easily recognized. EMG is a common contaminate
of ICU EEG recordings and many seizures go unrecognized because of it. The
Persyst automated EEG analysis software recently added an EMG artifact removal
feature which makes it easier to see seizures like this and improves the perfor-
mance of the Persyst seizure detector. Figures 10, 11, and 12 show a right tempo-
ral seizure which is similar in morphology to the typical seizure in Figs. 7, 8, and
9, but it is obscured by EMG artifact. Figures 13, 14, and 15 show the same EEG
recording with the high-frequency (low-pass) filter set at 30 Hz which allows the
seizure to be seen.
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Fig. 7 Figures 7, 8, and 9 picture consecutive 10-s epochs of a typical electrographic seizure
which begins in the left temporal region
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Fig. 8 Figures 7, 8, and 9 picture consecutive 10-s epochs of a typical electrographic seizure
which begins in the left temporal region
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Fig. 9 Figures 7, 8, and 9 picture consecutive 10-s epochs of a typical electrographic seizure
which begins in the left temporal region
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Fig. 10 Figures 10, 11, and 12 picture consecutive 10-s epochs of a right temporal seizure but it
is obscured by EMG artifact
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Fig. 11 Figures 10, 11, and 12 picture consecutive 10-s epochs of a right temporal seizure but it
is obscured by EMG artifact
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Fig.12 Figures 10, 11, and 12 picture consecutive 10-s epochs of a right temporal seizure but it
is obscured by EMG artifact
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Fig.13 Figures 13, 14, and 15 picture consecutive 10-s epochs of the same EEG recording as in
Figs. 10, 11, and 12 but with the high-frequency (low-pass) filter set at 30 Hz which allows the
seizure to be seen
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Fig.14 Figures 13, 14, and 15 picture consecutive 10-s epochs of the same EEG recording as in
Figs. 10, 11, and 12 but with the high-frequency (low-pass) filter set at 30 Hz which allows the
seizure to be seen
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Fig.15 Figures 13, 14, and 15 picture consecutive 10-s epochs of the same EEG recording as in
Figs. 10, 11, and 12 but with the high-frequency (low-pass) filter set at 30 Hz which allows the
seizure to be seen

Some seizures may be difficult to recognize because they involve delta activity
that is of a frequency less than 2.5 Hz. Figures 16 and 17 show an EEG recording
with a right central 2 Hz sharply contoured delta activity that is an electrographic
seizure because the spatial extent of the seizure increases between Fig. 16 and
approximately 1 min later in Fig. 1 Some seizures are of relatively low amplitude
and do not stand out well from the background EEG activity. The right temporal
seizure in Figs. 18, 19, and 20 has an amplitude which is equivalent or slightly
above the background activity and begins at a frequency around 2 Hz. Later in the
seizure, the frequency increases to around 4-5 Hz (Fig. 19) but the amplitude does
not increase significantly.

Seizures often occur in patients with periodic discharges. Sometimes the transi-
tion from a periodic discharge to a seizure can be subtle. In Figs. 21 and 22, left
central LPDs stop and a subtle left central seizure begins in the middle of the page
in Fig. 21. Figure 22 demonstrates how approximately 30 s later the seizure involves
both hemispheres. Figures 23, 24, and 25 demonstrate left parietal LPDs which stop
and are replaced with a very subtle low-amplitude high-frequency (beta-range) sei-
zure in the left parietal region. It is more obvious that it is an electrographic seizure
toward the end (Fig. 25) when it has spread to involve both hemispheres and the
amplitude has increased. GPDs can also transition into seizures. Figures 26, 27, and
28 show GPDs at approximately 1 Hz which transition into being a seizure at the
end of Fig. 26 as the amplitude increases and the frequency increases. On the EEG
page of Fig. 28, the seizure ends and the GPDs return.
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Fig. 16 Figures 16 and 17 picture consecutive 10-s epochs which show a subtle right central
electrographic seizure
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Fig. 17 Figures 16 and 17 picture consecutive 10-s epochs which show a subtle right central
electrographic seizure
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Fig. 18 Figures 18, 19, and 20 picture consecutive 10-s epochs of a subtle low-amplitude right
temporal seizure which begins at a 2 Hz and evolves to a higher frequency of 4-5 Hz
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Fig. 19 Figures 18, 19, and 20 picture consecutive 10-s epochs of a subtle low-amplitude right
temporal seizure which begins at a 2 Hz and evolves to a higher frequency of 4-5 Hz
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Fig.20 Figures 18, 19, and 20 picture consecutive 10-s epochs of a subtle low-amplitude right
temporal seizure which begins at a 2 Hz and evolves to a higher frequency of 4-5 Hz
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Fig.21 The transition from left central LPDs to a subtle left central seizure
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Fig. 23 Figures 23, 24, and 25 picture consecutive 10-s epochs which show left parietal LPDs
which stop and are replaced with a very subtle seizure in the left parietal region
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Fig. 24 Figures 23, 24, and 25 picture consecutive 10-s epochs which show left parietal LPDs
which stop and are replaced with a very subtle seizure in the left parietal region
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Fig. 25 Figures 23, 24, and 25 picture consecutive 10-s epochs which show left parietal LPDs
which stop and are replaced with a very subtle seizure in the left parietal region
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Fig.26 Figures 26, 27, and 28 picture consecutive 10-s epochs which show GPDs which transi-
tion into being a seizure at the end of Fig. 26 and then by Fig. 28 back to GPDs

Fig.27 Figures 26, 27, and 28 picture consecutive 10-s epochs which show GPDs which transi-
tion into being a seizure at the end of Fig. 26 and then by Fig. 28 back to GPDs
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Fig.28 Figures 26, 27, and 28 picture consecutive 10-s epochs which show GPDs which transi-
tion into being a seizure at the end of Fig. 26 and then by Fig. 28 back to GPDs

Conclusion

The detection of seizures is the most important function of cEEG monitoring.
Seizures can be seen in many different neurological and medical conditions in a
large fraction of critically ill patients. Many of these seizures are subclinical and
electrographically subtle. It is important to recognize the risk factors for seizures
in critically ill patients including interictal EEG signs such as epileptiform dis-
charges, which can help in the decision of which patients to monitor. There are
no automated detection systems that perform well enough to reliably do the work
of searching for seizures in cEEG monitoring studies. When reviewing long EEG
recordings, human experts also sometimes miss electrographic seizures. Further
research is needed to improve automated seizure detection systems and to deter-
mine whether the cEEG monitoring improves patient outcomes.
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Introduction

Increased use of continuous EEG (cEEG) monitoring over the last decade has led to
recognition of a relatively high prevalence of electrographic seizures in neonates
and children with critical illness. Definitions of seizures and status epilepticus (SE)
have evolved along with the increased availability of monitoring. While there are
some differences in the frequency of seizures and seizure types in neonates and
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children, both benefit from cEEG. Rates of electrographic-only seizures in these
populations are high, and recent studies suggest that electrographic seizures have a
negative impact on outcome. This chapter will discuss current definitions of electro-
graphic seizures and SE, as well as indications for cEEG monitoring. The timing
and duration of monitoring necessary to obtain the highest yield for seizure detec-
tion will also be presented. Examples of electrographic seizures encountered in the
intensive care unit are also featured with discussion of strategies to facilitate accu-
rate identification.

Definitions
Seizures

In neonates and older children, seizures can be classified as electroclinical, electro-
graphic only, or clinical only.

* Electroclinical seizures are seizures with definite clinical signs coupled with a
simultaneous EEG correlate.

e Electrographic-only (nonconvulsive) seizures are abnormal, paroxysmal,
encephalographic events that differ from background activity and evolve in fre-
quency, morphology, voltage, or spatial distribution on EEG with duration of at
least 10 s [1, 2]. Seizures can consist of evolving epileptiform activity (Fig. 1) or
rhythmic theta or delta activity (Fig. 2). There are additional criteria for electro-
graphic seizures in the neonate. Neonatal seizures must have a minimum voltage
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zure without clinical correlate
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Fig.2 Full-term (FT) neonate with HIE, hypothermia, asleep. Seizure consists of evolving RDA
rather than spike wave over 3 min. (a) first part of seizure, (b) towards end of seizure

of 2uV [3]. Additionally there must be 10 s or more between each seizure to
characterize them as two separate seizures.

¢ Clinical-only seizures are abnormal, paroxysmal movements with no EEG cor-
relate. These have historically only been described in neonates. Neonatal litera-
ture historically has determined outcomes after clinical seizures. Since mortality,
epilepsy, and neurodevelopmental outcomes are worse for electrographic
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Fig. 3 (a) Atypical initial morphology of intermittent left occipital sharply contoured rhythmic
alpha activity in a patient with FIRES. (b) Later seizure in the same patient with atypical morphol-
ogy of rhythmic right temporal alpha activity

compared to clinical seizures, current studies focus primarily on neonates with
electrographic and electroclinical seizures [3].

Both neonates and children can have unusual seizure morphology [4] (Fig. 3a, b).
To enhance detection of electrographic seizures, it can be useful to display 20-30 s
per page (Fig. 4a, b) rather than the typical 10-15 s per page (Fig. 4c—e). If the par-
oxysmal activity still does not meet full criteria for a seizure (Fig. 5a) or there are
unusual features (Fig. Sb—c), review of more cEEG is needed. Either no further
concerning paroxysmal activity will occur or features more typical for a seizure will
occur (Fig. 5d, e). Since neonates typically have many seizures [5, 22, 32], it is not
necessary to make a treatment decision based on a few seizures.
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Fig.4 A 3-week-old FT neonate with apnea, cyanosis after feeding, and 2-3 min behavior arrest.
Initial cEEG no seizure with apnea. Eye flutter, upper body shake 6 days later and put back on
cEEG. (a, b) 30 sec/page. (c, d, e) Seizure looks more like periodic discharges at 15 sec/page
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Fig.4 (continued)

After administration of medications such as sedatives, paralytics, and antiepilep-
tic drugs (AEDs), patients with initially electroclinical seizures may no longer have
clinical correlations to their electrographic seizures. When present, clinical changes
can be infrequent and/or subtle, such as paroxysmal changes in heart rate, blood
pressure, and/or oxygen saturation [5—7]. Subtle motor movements can be difficult
to distinguish from normal movements related to circumstance and age (e.g., intu-
bated infant sucking on an endotracheal tube) and/or abnormal movements not ictal
in etiology (e.g., clonus or gaze palsy). CEEG monitoring provides the highest yield
when there is video and audio accompaniment. Family members and bedside care-
givers should be encouraged to document clinical events of concern, and feedback
should be provided when events are or are not correlated with an electrographic
seizure.
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Fig.5 (a) FT neonate with slightly evolving right posterior quadrant rhythmic delta activity that does
not fully meet criteria for seizure. (b—c) Same neonate later has a seizure with unusual morphology.
Initial left centrotemporal rhythmic delta activity (b) evolving to left central sharply contoured rhyth-
mic delta activity and left frontal notched rhythmic delta activity (c). (d, €) Same neonate has a seizure
with evolving left centrotemporal sharply contoured rhythmic delta activity (d) followed by left frontal
sharply contoured rhythmic delta activity (d) evolving to left frontal spike and wave discharges (e)
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Fig.5 (continued)

Status Epilepticus

SE was classically defined as a clinical event of 30 min duration or multiple events
without return to baseline between over 30 min. In 2012, the Neurocritical Care
Society (NCS) proposed modifying the above definition by reducing the duration to
5 min [8]. Clinical manifestations of SE are varied but typically include alteration
of consciousness, focal motor movements, generalized convulsions, or some com-
bination thereof. The variability of clinical manifestations often makes it difficult to
determine the duration of a seizure. Increased availability of EEG monitoring has
led to the recognition of subclinical seizures in many patients previously thought to
have resolution of their seizure with cessation of motor movements [9—11].
Electrographic SE is defined by EEG characteristics alone. In neonates SE can
be classified when the electrographic seizure lasts at least 30 min or when recurrent
seizures last more than 50 % of total summed duration of an arbitrary 1-h epoch. In
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infants and older children, SE is diagnosed if electrographic seizure activity lasts at
least 5 min or if recurrent seizures last at least the same duration without return to
clinical baseline in between [8].

Indications for Continuous EEG

Increased use of cEEG over the last decade has led to recognition of a relatively high
prevalence of electrographic seizures in neonates and children with critical illness.
Multiple single-center studies and one large multicenter study report similar rates of
electrographic seizures in critically ill neonates and children (~30%) of which, up to a
third are electrographic only [9-12, 14, 15]. Seizures often occur in the setting of an
acute encephalopathy with and without a known central nervous system pathology [11].
Several risk factors for electrographic seizures have been identified and can be used as
a guide to determine whom to monitor with EEG and for how long (Table 1). Neonates
and infants seem to be at higher risk than older children [9, 11]. Following major neo-
natal cardiac surgery, the majority of seizures are electrographic only [17]. Neonates
with acute encephalopathy and inborn errors of metabolism such as hyperammonemia
or glycine encephalopathy or extensive dysgenesis also are at high risk of seizures [12].

The risk of electrographic seizures in those with convulsive SE is greater than
30 %, and up to a third of the patients with electrographic seizures have electrographic-
only seizures [9, 12, 19]. Once a seizure medication is started, the majority of seizures
are electrographic. Some types of neonatal clinical seizures are more likely to be asso-
ciated with electrographic seizures: focal or multifocal clonic, focal tonic, generalized
myoclonic or subtle seizure with gaze deviation in term infants, and subtle seizures
like sustained eye opening with visual fixation in preterm infants [20]. There is a less
consistent association between electrographic seizures and clinical subtle seizures
such as blinking, behavior arrest, nystagmus, and motor automatisms.

There are EEG patterns that suggest a higher risk for seizure. These include
interictal epileptiform discharges, periodic discharges and rhythmic patterns in
children, and runs of spike and wave discharges in neonates (Fig. 6) [9, 12, 21].
Seizures are less likely with a normal EEG background but can still occur in

Table 1 Populations at increased risk for electrographic seizures

Age less than 24 months [11]
Acquired brain injury
Stroke [14, 15]
Intracranial hemorrhage [16]
Traumatic brain injury [13]
Hypoxic-ischemic injury
Meningitis/encephalitis
Cardiopulmonary bypass/ECMO [18, 19]
Epilepsy [9]
Clinical seizures/status epilepticus [9, 19]

Acute encephalopathy [10, 11]
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15 sec/page) prior to seizure (last 2 panels)



8 Electrographic Seizures in Pediatrics: Recognition and Examples 125

| 1o WMWM““WW“M e Pttt vk e e e o e At e

| amaea L Nawt g .._rww-—‘.,...v\.:\.)\ P R | Afepomin il «'\J T e W _T\ W ) Wt _;-'r\

La ko) bL k| (1A} b |
s ,'L—‘,L-..J‘A‘le"\ﬂ) (f"":‘w.f"\“” "’"J“‘"JII }w‘l’ \ M‘p"\ll\‘-vr-ww'kw“dyﬁ A rJL/""LJm /\'!L-"‘“f\"v A'.V\l,/\f"v'u"\ .d\| WL
[ 3503 Kol B AAAG o A  t gl ‘- | s AL s e A St At A SO pit i
| 5 WMWWWMWMWMMMMW

Fone A, A A sy MWM:J[J\;J\ [ M\ l.l ! At A I-”\\x"\._fm\_.:’v w"‘\ o) o Mremmy Sl
1 T L 1 | B
e La'\..- Ll \_Wh\f/\)\/-\.b-&-vv «.l .m‘l'»_ i,,..,‘ m.l‘\«,-ri‘_;" ‘\JI -"I .v-J",.- P LA ‘;/‘\‘Er—d‘/w‘ /v‘,fwl..»v‘ﬂw\,.,w Al

B e, = <IN Wit Sl W =4 S N G- WSS S K I O FR N il [ R = S [

- . A REHCR e N o B e e I o, SR Wl 3 G Ll s il oY
| et st e ANt Attt P ey o ANt sl I P At NP P T
wen "HWMM’.WE‘Mfw;WWWVJW*\QAMﬁ/H e e AN
s 19, i gt A i sl et | ,IF\W"‘\' A\ Jﬁm—vw.»’%w\fﬂﬂ ,J‘MW L gl
[utmaes Lo, AN Nt i Moot il \-{m o "‘\ T A N P S D W 2 w/' S\ e

B TV U PRV OU IV U IV VPV INIVIVIU VYUV IV PUVIVL NV U VIV AN

Fig.6 (continued)

neonates and children with clinical risk factors for seizures [6, 9, 12]. One study in
children suggests there is a greater likelihood for seizures with initial EEG back-
ground patterns of burst suppression and attenuated/featureless, but seizures are
also more likely to occur with other abnormal patterns such as discontinuous and
slow/disorganized [9]. In neonates, an excessively discontinuous background with-
out state changes, burst suppression, or inactive patterns are more likely to occur in
seizure patients [23].

Until recently, there was little knowledge on how the presence of electro-
graphic seizures impacted the outcome. Early studies revealed an association with
seizures and poor outcome but were not designed to determine if the seizures
themselves negatively impacted the outcome or were a marker of more severe
disease. Several recent studies suggest worse outcomes in children and neonates
with a larger electrographic seizure burden [22, 24-26]. This suggests that using
cEEG for early identification and treatment of electrographic seizures may
improve outcome.

Duration of Continuous EEG

CEEG is readily available in many tertiary care centers but is costly and labor inten-
sive and thus not available at all centers. Nonconvulsive seizures were first described
in several papers using serial routine EEGs, but since then multiple studies have
demonstrated the advantages of cEEG over routine EEGs for seizure detection.
Since seizures can occur more than an hour apart, routine EEGs may not detect all
neonates with seizures [27]. In addition, seizures occur in the first hour of recording
in 60 % or less of neonates and children [11, 12]. Finally, since the majority of sei-
zures are electrographic, especially after starting seizure treatment, more seizures
are detected on cEEG compared to routine EEG [11, 12, 19].
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Optimal duration of cEEG to ensure adequate seizure detection may vary by
clinical scenario. The literature is fairly consistent in reporting more than 85 % of
electrographic seizures are captured in the first 24 h of cEEG [11, 12, 28]. If cEEG
is started at or near the time of a neonatal insult, up to 36 hours of monitoring may
be needed [29-32]. Most clinical guidelines recommend 2448 h of monitoring for
high-risk populations [12].

Duration of cEEG during therapeutic hypothermia for hypoxic-ischemic enceph-
alopathy has not been well established. Neonates may need to be monitored for at
least 78 h, as seizures can occur in neonates during the rewarming period [33, 34].
Children undergoing therapeutic hypothermia should also have cEEG until
rewarmed since electrographic seizures present both during the 24 h of hypothermia
and the rewarming period [35].

There is less consensus on how long patients should be monitored once seizures
are controlled. Neonatal and pediatric consensus guidelines suggest that cEEG
should be continued for 24 h following the cessation of seizures [12]. Decisions
should be tailored to the resources available for EEG recording and the individual
patient’s risk of seizure recurrence based on seizure etiology and EEG features.

In some patients, it may be difficult to tell whether the seizures have resolved
after use of a seizure medication. The appearance of the seizure can change, such
that definitive spike and wave discharges are no longer present (Fig. 7). Sometimes
the seizures are replaced by low-voltage poorly evolving runs of spike and wave
discharges. When they are at the same location as the prior seizures, additional sei-
zure treatment may be considered. In other children, a seizure (Fig. 8a) may be
replaced by periodic discharges that wax and wane but do not clearly evolve (Fig. 8b,
¢). Unless there is also clinical accompaniment, this pattern would not typically
prompt escalation of seizure management.
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Fig.7 Same neonate in Fig. 4a, b. After Keppra 30/kg, seizure consists of evolving rhythmic delta
activity rather than spike wave. Left arm clonic jerking in last 10 sec of seizure
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Fig.8 (a) A 7-year-old female with superrefractory status epilepticus treated with pentobarbital
infusion. Right frontal seizure with clinical correlate prior to treatment with anesthetics. (b) After
initiation of pentobarbital, electroclinical seizure consisting of right frontal periodic discharges. (¢)
Electroclinical seizure consisting of generalized discharges after initiation of pentobarbital
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Accurate Identification of Electrographic Seizures

CEEG can be used to characterize clinical events not associated with an electro-
graphic seizure, thus minimizing the unnecessary use of AEDs. In one pediatric
study, 21 % of children with events concerning for seizure did not have confirmed
electrographic seizures on cEEG [36]. Neonates whose seizures are not causing
hemodynamic instability and are not in SE should have cEEG to confirm the pres-
ence of seizures prior to treating with an AED. Multiple studies indicate that neo-
nates thought to have seizures can later be found to have abnormal movements and
no seizures on EEG [20, 37, 38]. In one study, 73 % (129/177) of behaviors thought
to be seizures were actually generalized muscle clonus, jitteriness, or subtle move-
ments (mouthing, fisting) [37]. In another study, utilizing 11 seizures and nine non-
seizure video EEG clips, physicians (n=91) and nurses (n=46) identified seizures
correctly 54 % and 48 % of the time. Behaviors incorrectly identified as seizure
included nonspecific movements (44 % of reviewers), sleep myoclonus (44 %), and
clonus (70 %) [38].

Artifacts Mimicking Epileptiform Activity and Seizures

The intensive care unit (ICU) setting there are many different sources of artifact that
can mimic rhythmic activity, epileptiform activity, and seizures. Artifacts from the
environment include patting, ventilators, sequential compression devices (SCD),
and oscillating beds (Fig. 9a—c). Patient-generated artifacts include ECG and body
movements such as sucking and respirations that are seen at all ages. Patting artifact
mimicking rhythmic or epileptiform activity is common in neonates and infants
(Fig. 10) and usually can be distinguished from an electrographic seizure by lack of
evolution. In addition, activity due to artifact will often appear in a single electrode
(in non-neonates) or lack a physiologic field. Neonate sucking and chewing move-
ments can create artifact at the temporal electrodes that look like muscle artifact or
spikes. Pulse artifact can be seen at the vertex in neonates and young infants due to
the open fontanelle. Synchronous video is always helpful to determine whether the
abnormal activity is artifact, epileptiform, or seizure and should be reviewed if there
are atypical features such as no physiologic field, unusual morphology, and/or atyp-
ical evolution.

CEEG and Seizure Etiology

The cEEG background pattern in isolation is not diagnostic of a particular seizure
etiology. However, the cEEG combined with clinical risk factors and seizure semi-
ology can be helpful. Localization of seizures may suggest a particular etiology
such as posterior reversible encephalopathy syndrome (PRES) in children with
hypertension, encephalopathy, and posterior seizures. In neonates, a normal or
mildly abnormal background suggests benign familial neonatal convulsions in
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Fig. 10 A 11-day FT neonate from Fig. 6 after seizure treatment. Pat artifact rather than seizure
identifiable on EEG due to lack of evolution and physiologic field

contrast to high-amplitude, slow, and multifocal spike wave and random suppres-
sion that can have a burst suppression appearance in KCNQ2 encephalopathy. In
contrast, CDKLS5 and migrating partial seizures of infancy can have an interictal
EEG background pattern that is normal or slow when the infant or child is having
daily multifocal or generalized seizures.

A burst suppression pattern that is sustained and not due to a neuroactive medica-
tion has a limited number of neonatal etiologies including severe hypoxic ischemic
encephalopathy (HIE), pyridoxine dependency, and the syndromes of early myo-
clonic epileptic encephalopathy and early infantile epileptic encephalopathy, also
called Ohtahara syndrome [39]. Evolution of the burst suppression pattern can be
helpful since the burst suppression pattern resolves within weeks to a month after
HIE. In contrast, the burst suppression pattern is sustained for infants with epileptic
encephalopathies.

The presence of electrographic seizures in critically ill neonates and children
without a history of epilepsy should prompt an evaluation for acute brain injury [40,
41]. When multifocal seizures are present there could be to a diffuse process such
as meningitis/encephalitis. When unifocal seizures occur, a focal process such as
intracranial hemorrhage or ischemic arterial stroke is more likely [42].

CEEG and Changes in Cerebral Physiology

Neonates and older children with seizures can benefit from cEEG in ways other
than seizure detection and management. Other chapters in this book discuss EEG
background patterns that are useful for predicting mortality and neurologic mor-
bidity. While this can be done with a short segment of EEG, cEEG is needed to
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detect dynamic changes in cerebral activity. As with adults, the cEEG can be used
for titrating pentobarbital to induce pharmacologic burst suppression for intracra-
nial pressure management. Changes in cEEG background patterns over time can
indicate changes in brain physiology that prompt new diagnostic evaluations and/
or treatments. A new asymmetry in cEEG background activity can indicate an
acute focal injury. A significant change in the background pattern, such as chang-
ing from excessively discontinuous to inactive over a few hours, may indicate
acute severe cerebral injury [40]. Increasing interburst interval duration in an EEG
showing burst suppression in neonates with citrullinemia is a sign of increasing
ammonia levels [43]. Both neonates and children have increased discontinuous
activity with decreasing blood flow [44, 45]. The ability of cEEG to indicate
changes in cerebral activity makes it a useful adjunct for clinical management of
neonates and children in the ICU.

Conclusion

There are minor differences in the definition of seizures and SE in neonates as
compared to children. The most commonly used ICU EEG definition of SE is
shared by neonates and children, and there are similarities in seizure detection
and management in these patients. EEG at all ages is useful for both management
of seizures and other conditions that commonly occur in the ICU setting.
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Introduction

With increasing use of continuous EEG (cEEG), patterns of uncertain significance
are being recognized, and they can complicate treatment decision making. In this
chapter, several of these patterns of uncertain significance are discussed. Some (but
not all) are defined by the formal American Clinical Neurophysiology Society
(ACNS) nomenclature, readily available at www.acns.org, including a self-teaching
training module.

Specifically, this chapter will discuss the following patterns: stimulus-induced
rhythmic, periodic, or ictal discharges (SIRPIDs), lateralized rhythmic delta activity
(LRDA), brief potentially ictal rhythmic discharges (B(I)RDs), the concept of the ictal-
interictal continuum (IIC), and generalized rhythmic delta activity (GRDA). These pat-
terns will be identified and discussed, prevalence and clinical associations will be
described, and a reasonable approach to patient management will be presented.

Stimulus-Induced Rhythmic, Periodic, or Ictal Discharges
Description and Definition

Stimulus-induced epileptiform patterns or seizures have been noted for some time
in the field of epilepsy. From a critical care standpoint, it was initially described in
the postanoxic population as it pertains to stimulus-induced or exacerbated myoclo-
nus, usually with a burst-suppression pattern on EEG. Traditionally, it has been
thought that periodic or rhythmic patterns induced by alerting stimuli were similar
to arousal patterns and therefore not considered worrisome or potentially ictal. With
the increasing use of video with cEEG monitoring, it was recognized that seizures
and other highly epileptiform patterns were commonly induced by a variety of alert-
ing stimuli. In 2004, these patterns were formally described (by one of the authors)
as “periodic, rhythmic, or ictal appearing discharges that were consistently induced
by alerting stimuli such as auditory stimuli, sternal rub, examination, suctioning,
turning and other patient-care activities” [1]. Ictal-appearing was defined as “any
rhythmic discharge or spike and wave pattern with definite evolution in frequency,
location or morphology; evolution in amplitude alone was not considered evidence
of ictal appearing” [1]. In the formal ACNS nomenclature, any pattern that is
induced by alerting stimuli receives an “SI-” prefix for “stimulus induced.”

Patients with SIRPIDs of any type may also have the same pattern at times with-
out obvious stimulation, due to internal stimuli, unrecognized stimuli, or other rea-
sons for sudden alerting. As long as the pattern can be reproducibly caused by
alerting stimulation, it qualifies as SIRPIDs or can receive the “SI-” prefix. Similarly,
a pattern that is present but becomes much more prominent with stimulation (often
higher amplitude and frequency, sometimes developing a clinical correlate) falls
under the umbrella of SIRPIDs or the “SI-” prefix. See Figs. 1 and 2 for example of
SIRPIDs.


http://www.acns.org/
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Fig. 1 SI-LRDA+S: A 64-year-old female with subarachnoid hemorrhage, status post clipping
and placement of right frontal external ventricular drain. EEG shows stimulus-induced lateralized
rhythmic delta with embedded sharps (SI-LRDA+S) after nurse touches patient; there was no vis-
ible clinical response. Sensitivity 7 uV/mm, low frequency filter 1 Hz, high frequency filter 70 Hz,
notch 60 Hz, 15 mm/s
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Fig. 2 SI seizure. A 52-year-old man status post pulseless electrical activity cardiac arrest and
history of alcoholism. EEG shows a stimulus-induced seizure with clinically associated jerking of
trunk more than limbs. Sensitivity 7 uV/mm, low frequency filter 1 Hz, high frequency filter 70 Hz,
notch 60 Hz, 30 mm/s

Stimulus-induced seizures or periodic discharges likely arise from activation of
arousal pathways, including thalamocortical projections, in conjunction with hyper-
excitable cortex. Stimulation acts upon normal arousal circuitry, initiated in the
upper brainstem reticular activating system and projecting through the reticular
nucleus of the thalamus and widespread thalamocortical connections. A highly
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epileptiform or ictal pattern is thought to occur when hyperexcitable cortex is acti-
vated through normal arousal circuitry.

Clinical manifestations are rare with SIRPIDs but may be present, partially
depending on the location of the area of cortical hyperexcitability. In a case series
from 2008, slightly more than half of the patients with clinical seizures induced by
alerting stimuli had lesions in the primary motor region, which may explain the
stimulus-induced focal motor seizures [2]. Clinical seizures imply a well-organized
propagation of ictal discharges through the cerebrum and brainstem generating clin-
ical motor activity. In some cases, patients’ brains are probably too impaired to
generate this type of synchronous, organized, and propagating electrical activity,
even if motor pathways are involved.

Prevalence and Clinical Context

The prevalence of SIRPIDs in the intensive care unit (ICU) population was found
to be approximately 22 % of patients placed on cEEG [1]. Although most com-
monly seen with intracerebral hemorrhage (ICH), SIRPIDs were seen with a vari-
ety of acute brain injuries such as subarachnoid hemorrhage (SAH) and cerebral
infarction. Clinical status epilepticus (SE) was more common in patients with
focal or “ictal-appearing” SIRPIDs than non-ictal-appearing SIRPIDs. In addi-
tion, patients often had more than one type of SIRPID. The type of SIRPID, ictal
versus non-ictal, did not correlate with clinical outcome. Most patients were
found to be comatose on the days they showed SIRPIDs. Rarely (probably less
than 5 %), SIRPIDs are associated with a clinical manifestation as shown in the
case series mentioned above [2]. In this series, nine comatose or encephalopathic
patients had clear stimulus-induced focal clinical seizures typically involving
clonic hand, face, or upper arm movements. These focal clinical motor seizures
were consistently seen after a stimulus, removing any doubt about the ictal nature
of these events [2].

Treatment and Management

There are no guidelines on treatment of SIRPIDs. At this time the authors advocate
treatment of a pattern that is stimulus-induced in the same manner as spontaneous
patterns. There is no inherent reason and no experimental data to suggest that sei-
zures or other patterns are more or less harmful or important due to the fact that they
are stimulus induced. For example, a photic-induced convulsive seizure has the
same pathophysiology and adverse effects as a spontaneous convulsion. Minimizing
patient stimulation by bundling clinical care (i.e., nursing, exams, and procedures)
and possibly even premedicating bundled clinical care with short-acting benzodiaz-
epines (or other similar agents) remain unstudied but could be helpful. If there was
a reliable measure of acute seizure-related neuronal injury, the value of this inter-
vention could be determined.
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Stimulus-induced periodic discharges can be treated (as we recommend with most
periodic discharges) with the use of a prophylactic antiepileptic drug (AED) in hopes
of preventing seizures and monitoring with cEEG to identify and treat electrographic
seizures as quickly as possible. The authors do not advocate attempting to eliminate
the periodic discharges, especially if 1 Hz or slower, except in rare circumstances.

Imaging studies have been used to look at SIRPIDs to determine if there are
metabolic or blood flow effects that may help decide whether or not to treat
SIRPIDs. The authors, however, do not find single-photon emission computed
tomography (SPECT) to be useful for this purpose. For example, in 2011, SPECT
imaging was used to study a patient who had both stimulus-induced periodic dis-
charges and stimulus-induced evolving LRDA [3]. There was no evidence of
increased cerebral blood flow (CBF) over the left hemisphere when the patient was
injected 5 s after SI-LRDA at 2-3 Hz over the left temporal lobe, which the authors
considered a possible ictal pattern. The authors concluded that this finding implied
that the pattern was not ictal, and they did not initiate further treatment with AEDs.
However, lack of visible increased cerebral blood flow (a subtraction study com-
paring a time when the pattern was not present may show a relative increase that is
not apparent on a single study) does not necessarily imply a pattern is not ictal or
that it is not causing harm. In an acutely injured brain, seizures may not generate
the necessary increase in CBF needed to match the energy requirement resulting in
neuronal injury without any increased CBF. Of note, in the above case study, the
patient had a further decline and was treated with additional AEDs. Subsequent to
AED treatment, the patient had a stuttering course of recovery.

This case brings to light an ongoing conundrum relating to patterns of uncertain
significance. The EEG may demonstrate a pattern that can now be defined; however,
itis not clear what to do with this information and further neuroimaging may or may
not aid in determining management [3]. SIRPIDs remain poorly understood and
require additional research to determine when they cause neuronal damage, when
they contribute to the patient’s poor mental status, when they require treatment, and
if they have independent prognostic significance.

Lateralized Rhythmic Delta Activity
Description and Definition

LRDA is defined by the ACNS guidelines as unilateral, or bilateral asymmetric,
rhythmic delta activity. Per the guidelines for any pattern to be defined as rhythmic,
it must recur regularly for at least 6 cycles in duration, e.g., 1/s for 6 s or 2/s for 3 s.
Typically, lateralized rhythmic delta activity (LRDA) is 1-3 Hz in frequency and
very brief (more than half were less than 10 s in the only study of LRDA, and almost
all were less than 1 min in duration). In contrast, lateralized periodic discharges
(LPDs) are typically slower (~1 Hz) and longer in duration (several minutes to
hours); however, LRDA seems to carry similar clinical implications as LPDs [4].
See Fig. 3a,b for an example of LRDA and seizures arising from LRDA.
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Fig.3 (a) LRDA: A 60-year-old man with epilepsy, hypertension, and traumatic subdural hema-
toma, presents with epilepsia partialis continua with continuous jerking of his left side, including
during this EEG clip. EEG shows lateralized rhythmic delta (in boxes) with superimposed sharp
waves (examples highlighted with arrows) (LRDA+S), which suggests a highly epileptogenic
focus and high chance of seizures in the near future or past. Sensitivity 7 uV/mm, low frequency
filter 1 Hz, high frequency filter 70 Hz, notch off 30 mm/s. (b) Seizure in same patient: Above
patient with electroclinical seizure arising from LRDA, now spreading to the left and associated
with head and arm jerking seen on video, Sensitivity 7 uV/mm, low frequency filter 1 Hz, high
frequency filter 70 Hz, notch off, 30 mm/s. (¢) Evolution of seizure. Sensitivity 7 uV/mm, low
frequency filter 1 Hz, high frequency filter 70 Hz, notch off, 30 mm/s. (d) Seizure ends (note
return of nearly normal EEG activity on the left, in box) and LRDA+S continues over the right

(ellipse). Sensitivity 7 uV/mm, low frequency filter 1 Hz, high frequency filter 70 Hz, notch off,
30 mm/s
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Fig.3 (continued)

Prevalence and Clinical Context

There is only one manuscript published on LRDA in the critically ill [4]. LRDA was
uncommon, but, when present, was highly associated with seizures: 63 % of patients
with LRDA had seizure(s) during the acute illness. Seizures were most often non-
convulsive in nature (90 %), and all but one arose from the same region as the
LRDA. LRDA was associated with seizures just as often as LPDs (63 % vs. 57 %).
If both LPDs and LRDA were seen, seizures were even more likely (84 %). This is
in contrast to clinically matched control patients with only nonrhythmic slowing, in
whom only 20 % had seizures. LRDA is commonly seen in conjunction with other
patterns such as LPDs.

LRDA developed within the first 24 h in 80 % of cases, but 10 % emerged after
48 h of recording. This was a bit more delayed in appearance than LPDs, which
were noted within the first 24 h in 91 % of patients and always within 48 h. There
was a trend toward even higher association with seizures if the LRDA had embed-
ded sharp waves (LRDA +S) or lasted greater than 10 s, but sample sizes were small
and further confirmation is needed.
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Treatment and Management

Based on the above study, the authors treat LRDA as a highly epileptogenic pattern,
identical to LPDs in its association with seizures. The goal of treatment is to prevent
definite seizures with AED prophylaxis and not to abolish the pattern, as LRDA is
likely to persist despite treatment with AEDs. In addition, it is recommended that cEEG
(at least 24-48 h) be performed to identify seizures whether AEDs are given or not.
LRDA typically involved a lesion of the cortex or juxtacortical white matter and/or
deep gray structures; therefore, its presence should warrant neuroimaging, as with any
prominent focal EEG finding [4]. There is some evidence from simultaneous intracra-
nial recordings of LRDA seen on scalp EEG that intracranially there are periodic epi-
leptiform discharges or bursts while LRDA is seen on the overlying scalp EEG [5].

Temporal intermittent rhythmic delta activity (TIRDA) has been described previ-
ously in ambulatory patients and is highly associated with temporal lobe epilepsy.
TIRDA is a temporal lobe subtype of LRDA that is seen in awake and alert patients
with temporal lobe epilepsy.

Brief Potentially Ictal Rhythmic Discharges
Description and Definition

In the neonatal literature, brief discharges were described referring to potentially
ictal patterns that were shorter than the arbitrary standard of 10 s required to qualify
as an electrographic seizure [6, 7]. These patterns have been termed brief rhythmic
discharges (BRDs) or brief electroencephalographic rhythmic discharges (BERDs).
These rhythmic patterns are controversial as to whether they are seizures them-
selves or represent an interictal phenomenon in patients with similar seizure pat-
terns. A similar pattern in the adult population has been described and referred to
them as B(I)RDs [8]. The term is left intentionally ambiguous (“potentially ictal”)
to demonstrate the difficulty in knowing if the pattern is representative of seizure
activity or an interictal phenomenon. Although this may seem like semantics, the
terminology may have treatment implications for the clinical team.

One study evaluated neonates with brief (less than 10 s) rhythmic discharges
(BRDs) and longer rhythmic discharges (LRDs) and compared them to patients
without any rhythmic discharges [7]. They found that any rhythmic discharge was
more often seen in healthy “preterm” (less than 38 weeks) newborns and “high-
risk” newborns. In addition, in long-term follow-up, BRDs and LRDs both conferred
a risk for abnormal neurological development; however, this risk was greater with
LRDs than BRDs. In this study, “high-risk” newborns were not clearly defined but
predominantly had prematurity, hypoxic-ischemic encephalopathy, neonatal infec-
tion, intra- and periventricular hemorrhage, respiratory distress syndrome, CNS
malformation, hypoglycemia, leukomalacia, congenital infection, or metabolic
defects.
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B(I)RDs in adults were described as “very brief (<10 s) lateralized runs of rhyth-
mic activity with a frequency greater than 4 Hz with or without evolution” [8].
These discharges were typically within the theta range, sharply contoured, and 1-3
s in duration. See Fig. 4a,b for typical examples of B(I)RDs and seizures arising
from B(I)RDs.
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Fig. 4 (a) B(DRDs: A 45-year-old man with hypertension and diabetes presenting with 2
generalized tonic-clonic seizures, previously found to be in subclinical focal electrographic status
epilepticus with 10-12 seizures/hour. Above EEG shows runs of rhythmic alpha/beta for about 2-3
s (brief potentially ictal rhythmic discharges, or B(I)RDs). Sensitivity 7 uV/mm, low frequency
filter 1 Hz, high frequency filter 70 Hz, notch off 30 mm/s. (b) Seizure in same patient: Above
patient with nonconvulsive seizures over the left frontal region, maximal at Fp1 (same location as
the B(I) RDs). Sensitivity 7uV/mm, low frequency filter 1 Hz, high frequency filter 70 Hz, notch
60 Hz 30 mm/s. (¢) Evolution of seizure. Sensitivity 7 uV/mm, low frequency filter 1 Hz, high
frequency filter 70 Hz, notch off 30 mm/s. (d) Evolution of seizure and offset. Sensitivity 7 uV/
mm, low frequency filter 1 Hz, high frequency filter 70 Hz, notch 60 Hz 30 mm/s
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Fig.4 (continued)

Prevalence and Clinical Context

In the only study of B(I)RDs in a large cohort of critically ill patients, B(I)RDs
were only seen in 20/1135 (2 %) patients [8]. Similar to other patterns of uncer-
tain significance, these patients often had acute or chronic cerebral injury, more
commonly acute. Of those with acute brain injury, stroke and tumor were the
most common etiologies of B(I)RDs; about 2/3 of these patients were comatose
or stuporous. B(I)RDs were usually (but not always) localized in the same
region as the focal injury on imaging. Patients with B()RDs were more likely
to have seizures (75 %) than patients without B(I)RDs (25 %). Typical of criti-
cally ill patients with seizures, these were predominantly nonconvulsive sei-
zures (NCS). B(I)RDs usually occurred within the first hour of recording (in
75 % of cases).
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Treatment and Management

There are no guidelines for the treatment of B(I)RDs. Although in the study dis-
cussed above patients with B(I)RDs tended to have worse outcome, this finding was
not statistically significant. Due to their high association with NCS, the authors
advocate initiation of AED treatment when B(I)RDs are seen and continue monitor-
ing with cEEG to ensure there is no progression to definite electrographic seizures.

Interictal-Ictal Continuum
Description and Definition

The IIC has no standard definition and is not part of the ACNS nomenclature.
The first mention of this phrase was in 1996 in reference to periodic lateralized
epileptiform discharges (PLEDs; now referred to as LPD), stating that there is a
“dynamic pathophysiological state in which unstable neurobiological processes
create an ictal-interictal continuum” [9]. Over time, the concept of this contin-
uum has evolved to include other highly epileptiform and potentially ictal pat-
terns. This pathophysiological concept is reflected through dynamic patterns on
EEG that are not clearly defined. One of the authors has previously noted “[A]
clear division of EEG patterns as either ictal or interictal is elusive or nonexis-
tent, and interpretation varies considerably among different electroencephalogra-
phers” [10]. Typically the EEG shows fluctuating activity that is rhythmic or
periodic as defined in the ACNS nomenclature. This activity can be a combina-
tion of both or fluctuating between the two. Frequency is usually between 1 and
2.5 Hz, and there is often no discrete onset or offset. See Fig. 5 for an example of
the ictal-interictal continuum.

Prevalence and Clinical Context

There is sparse literature looking at the prevalence of the IIC in the acute brain
injury population. The pattern can be interpreted as ictal by some and interictal by
others. This pattern may be seen after treating generalized convulsive status epilep-
ticus or in the setting of acute brain injury such as intracerebral hemorrhage, CNS
infections, brain tumors, severe head trauma, and SAH or in the setting of exacerba-
tion of preexisting epilepsy [10, 11].

Treatment and Management
There are no guidelines on how to treat EEGs with patterns that lie on the IIC. The

authors believe that these patterns usually warrant a diagnostic treatment trial to
attempt to determine whether or not it is ictal; this is often equivocal (see Table 1
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Fig.5 (a) This is the same EEG from same patient on a compressed time scale. Looks more ictal
on 15 mm/s display, but still no definite evolution. Sensitivity 7 uV/mm, low frequency filter 1 Hz,
high frequency filter 70 Hz, notch 60 Hz. 15 mm/s. (b) Ictal-interictal continuum (IIC): A 70-year-
old woman with chronic lymphocytic leukemia presents with altered mental status and GI bleed.
EEG shows fluctuating rhythmic delta maximal in the left parasagittal region, sometimes sharply
contoured (most prominent in the box). Sensitivity 7 uV/mm, low frequency filter 1 Hz, high fre-
quency filter 70 Hz, notch 60 Hz 30 mm/s. (¢) No definite evolution and usually slower than 3 Hz,
but highly epileptiform, fluctuating, and potentially ictal. Sensitivity 7 uV/mm, low frequency fil-
ter 1 Hz, high frequency filter 70 Hz, notch 60 Hz, 30 mm/s
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Fig.5 (continued)

Table 1 AED drug trial for the diagnosis of nonconvulsive status epilepticus

Indication

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

Contradiction

Patients who are heavily sedated/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
or nonsedating I'V antiepileptic drug such as levetiracetam, valproate, fosphenytoin, or lacosamide

Between doses, repeated clinical and EEG assessment

Trial is stopped after any of the following:

Persistent resolution of the EEG pattern (and examination repeated)

Definite clinical improvement

Respiratory depression, hypotension, or other adverse effect

A maximum dose is reached (such as 0.2 mg/kg midazolam, although higher may be needed
if on chronic benzodiazepines)

Interpretation

The test is considered positive 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 pattern (e.g.,
posterior-dominant “alpha” rhythm). If EEG improves but patient does not, the result is equivocal

Non-ictal patterns may disappear after administration of benzodiazepine (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

A negative or equivocal result does not rule out nonconvulsive status epilepticus

Copied from Table 12.6 of Hirsch and Gaspard [12] ©2013 with permission from Wolters Kluwer
Health, Inc.
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as an example of a diagnostic treatment trial protocol) [12]. When equivocal, we
usually recommend treatment with an AED, partly to prevent development of
more definitive seizures and partly to attempt to treat the pattern itself. In part,
this is related to the belief that subclinical ictal activity, if present, is associated
with adverse physiologic effects, especially in the acutely injured brain.
Furthermore, it is quite possible that more definitively ictal activity would be
seen with simultaneous intracranial recordings [5]. On the other hand, we attempt
to avoid the use of anesthetic doses or high doses of multiple AEDs for equivocal
patterns to minimize the chance of doing more harm than good. This can be a
difficult balance.

Other authors describe a three-step approach to managing EEG patterns in
the IIC [11]. These three steps are (1) comparing clear electrographic seizures
of the patient to the IIC pattern seen in the same patient, (2) characterizing
physiologic measures during the IIC (e.g., changes in cerebral blood flow) as
well as AED response trials to see if the pattern behaves like seizures, and (3)
attempting to quantify ongoing neuronal injury during the IIC using measures
such as serial neuron-specific enolase (NSE) and invasive multimodality moni-
toring when available (e.g., brain tissue oxygen, intracranial pressure, and cere-
bral microdialysis for measurement of lactate, pyruvate, glucose, glycerol, and
glutamate).

Neuroimaging such as positron emission tomography (PET), SPECT, and
magnetic resonance imaging (MRI) may help to determine escalation of treat-
ment. When PET studies can be obtained, an area of increased metabolism com-
parable to that seen during established seizures may encourage more aggressive
treatment. SPECT scans may show hyperperfusion during these periods, suggest-
ing they are similar to seizures in that regard. However, as discussed above, hyper-
perfusion does not necessarily mean the pattern is ictal or causing neuronal injury
and therefore may not clarify if more aggressive treatment is warranted. In addi-
tion, a negative SPECT image may not have any utility (see prior SPECT discus-
sion in Sect. 2.3 above). PET and SPECT imaging must also be interpreted in
terms of the overall clinical context of the patient. The interpretation can change
based on the overall clinical picture in patients with brain injury, i.e., increased
blood flow in a patient with LPDs, and brain injury may signify that the underly-
ing tissue is healthier than in a patient with LPDs and decreased blood flow. In
addition, although these metabolic studies have been used to evaluate findings in
patients with chronic epilepsy, not much is known about the changes in metabo-
lism and perfusion during patterns on the IIC. There are some data to suggest that
nonconvulsive seizures in the critically ill population may be associated with a
drop in tissue oxygenation rather than an increase in tissue oxygenation that is
typically seen in healthy patients with seizures [13]. MRI showing restricted dif-
fusion in the gray matter (especially the cortical ribbon or hippocampus) corre-
sponding to the area of the abnormal pattern, especially without other explanation,
tends to make the authors be more aggressive with treating equivocal patterns
(and definite NCS) since this may be a sign of ongoing potentially irreversible
neuronal injury.
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Generalized Rhythmic Delta Activity
Description and Definition

GRDA is often seen in critically ill patients and patients with altered mental status.
In most of the literature regarding EEG and coma, higher voltages and slower fre-
quencies are associated with coma. One study found that the “variety and complex-
ity of possible rhythms is inversely related to the severity of the dysfunction” [14].
The typical features of GRDA are 1-1.5 Hz, monomorphic, and medium to high
voltage. See Fig. 6 for an example.

Prevalence and Clinical Context

Many series have discussed that intermittent rhythmic delta activity ranging from 1
to 2 Hz is often nonspecific and is seen most commonly in metabolic and toxic
encephalopathies and less commonly in hemispheric lesions, increased pressure on
the third ventricle, and conditions affecting cortical and subcortical regions dif-
fusely [15, 16].

A common subset of GRDA is known as frontal intermittent rhythmic delta activ-
ity (FIRDA); in the ACNS nomenclature, this is more cumbersomely described as
“very brief, frontally predominant GRDA.” FIRDA has been described as a nonspe-
cific finding associated with bi-frontal predominance in adults and most often seen in
encephalopathies and less commonly associated with lesions. FIRDA is not predic-
tive of seizures or epilepsy. In 2011, a group looked prospectively at all EEGs
recorded at a tertiary care facility over 3 months to determine the clinical correlations

Fig. 6 GRDA: A 48-year-old male with Stage IV chronic kidney disease, cerebral palsy, spina-
bifida admitted with sepsis. EEG shows generalized rhythmic delta activity (GRDA). No definite
electrographic or clinical seizures occurred. Sensitivity 7 uV/mm, low frequency filter 1 Hz, high
frequency filter 70 Hz, notch 60 Hz, 30 mm/s
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of FIRDA. They found that FIRDA was more common than previously reported,
noting it was present in about 6 % of all EEGs recorded and was most associated with
an encephalopathy (63 %), followed by a structural brain lesion (55 %) [17].

A rare subset of GRDA in the ICU population is the “extreme delta brush” pat-
tern, which is associated with anti-N-methyl-D-aspartate (NMDA) receptor enceph-
alitis. A case series from 2012 looked at the typical characteristics of anti-NMDA
receptor encephalitis. They found that 17 % had GRDA as defined above without
extreme delta brush. Another 30 % demonstrated the extreme delta brush pattern:
medium- to high-voltage GRDA pattern with overriding beta activity, often with a
burst of beta with each delta wave, which bears a resemblance to the delta brush
pattern seen in neonates [18]. Patients with the extreme delta brush pattern tended
to be more severely affected than those without.

Treatment and Management

At the authors’ institution, GRDA is believed to be a representation of an ongoing
encephalopathy or coma and almost always non-ictal in nature. Correction of the
underlying process is encouraged without the use of AEDs unless a pattern more
closely tied to seizures is also present. That being said, GRDA that is sustained at a
frequency greater than 2.5 Hz is occasionally seen in the setting of nonconvulsive
status epilepticus (NCSE) [12]. Thus, a diagnostic treatment trial is reasonable in
selected cases.

Conclusions

Patterns of uncertain significance lie along a spectrum from underlying encepha-
lopathy to frank seizures. Clinically, this means that not all patterns of uncertain
significance warrant the same level of AED therapy. In fact, the authors often
advocate for prophylactic use of AEDs for patients with these patterns, without
trying to ablate the patterns themselves. When the ictal nature of a pattern of
uncertain significance is in question, a trial of a loading dose of an AED and
monitoring the clinical response in order to help answer this question is recom-
mended (see Table 1) [12]. Unfortunately, there are many clinical questions left
unanswered at this time. Due to a lack of reliable biomarkers, it is not known
when or if these patterns are causing acute neuronal injury or if there are long-
term effects of these patterns. Further studies are needed to help clinicians man-
age patients with these controversial patterns more effectively.
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Introduction

One of the greatest challenges in the evaluation and interpretation of EEG data is
distinguishing between signals generated from the cerebral cortex and signals gener-
ated from extracerebral sources. In EEG, the term “artifact” can refer to any electrical
potential that is recorded on an EEG but which does not originate in the brain. Artifacts
can be both physiologic (i.e., originating within the patient’s body but not within the
brain) and nonphysiologic (i.e., originating from areas outside the patient’s body).
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EEG recordings from the intensive care unit (ICU) are particularly prone to arti-
facts. This is even more so the case with continuous EEG (cEEG) monitoring that
can last hours to days. Ideally, EEG should be recorded in a room with little or no
electrical equipment outside of the EEG machine and in an environment with mini-
mal patient, staff, or personnel movement. Unfortunately, in the ICU, movement
from visitors, staff, and patients within rooms is commonplace, and most patient
rooms include a wide variety of electrical devices, many of which can create arti-
facts on EEG recording. Many artifacts are sharply contoured or rhythmic, which
can lead to the misinterpretation of these artifacts as periodic discharges, seizures,
or epileptiform activity. Some artifacts can obscure underlying EEG activity so
markedly that actual seizure activity cannot be reliably detected. Although research
algorthims have been developed to minimize some physiologic artifacts, these algo-
rithms are not commonly in use outside of the research setting. Learning to appro-
priately identify artifacts is one of the cornerstones of accurate EEG interpretation
in the ICU environment. This chapter will review the common artifacts seen during
cEEG monitoring that have the potential to be mistaken for seizures and other
abnormal brain rhythms.

General Principles

Several steps can be taken by the EEG technologist and ICU team to aid in the
appropriate evaluation of artifacts. EEG technologists should perform an impedance
check in order to ensure that electrode impedance is less than 10,000 Ohms, and
efforts should be made at EEG onset to identify and eliminate any potential sources
of artifact [1, 2]. Unfortunately, many individuals in the ICU will have disruptions
of their underlying scalp or skull as a consequence of surgery, trauma, drain, or
device placement. This may limit the ability to secure an electrode to the scalp,
which may result in high-impedance electrodes [3]. High-impedance electrodes can
generate their own artifacts but can also result in increased artifact recording from
extracerebral sources, such as 60 Hz artifact, device-related artifacts, or movement
artifacts.

Concurrent synchronized video should be recorded with EEG whenever possible
to aid in the identification of artifacts. In order to allow appropriate visualization of
the patient, cameras should be adjusted to allow a full view of the patient’s body;
this can often be assisted by mounting the camera on a tall pole or wall [2]. Finally,
efforts should be made to document abnormal movements or other potential sources
of artifact, particularly when these events are concerning for seizure activity.

Proper analysis of EEG artifacts also relies on the understanding of the expected
electrical field of waveforms originating from the cerebral cortex. Analysis of the
temporal and spatial distribution of any unexpected or unexplained waveforms may
help to determine whether or not those waveforms are cerebral in origin; in addition,
many artifacts have a characteristic appearance on EEG that may aid in their
identification.
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Physiologic Artifacts
Cardiac Artifacts

Many naturally occurring electrical dipoles exist within the body, which can lead to
a variety of EEG artifacts. The heart is one of the more common sources of artifact;
several different types of artifacts can arise as a consequence of electrocardiographic
(ECG) activity. The most common is ECG artifact, in which the cardiac QRS com-
plex is detected on scalp EEG. Although the regular QRS complexes of healthy
individuals are generally easy to distinguish from cerebral activity, many critically
ill patients will have irregular cardiac rhythms including atrial fibrillation, atrial
flutter, and premature ventricular contractions (PVCs) or other abnormalities that
may make it more challenging to distinguish between ECG artifact and cerebral
activity. This issue becomes particularly noticeable in patients with low-voltage
EEGs (Fig. 1). Comparison with the ECG lead is crucial in identification of this
artifact. Pacemakers can also generate low-voltage, spiky artifacts in the
EEG. Comparison with the ECG can aid in the identification of this artifact. In some
patients, repositioning the head can aid in elimination of ECG artifact, but in cEEG
recording this is usually only a temporary solution to the problem, as patient’s
movement and routine nursing care will likely lead to repositioning of the patient’s
head over time.

Pulse artifact is another common EEG finding in the intensive care unit; it occurs
when an electrode is placed over a pulsating artery on the head. This creates a rhyth-
mic, rounded artifact in the affected electrode; pulse artifact can easily be mistaken
for rhythmic delta activity (Fig. 2). However, it can be distinguished from rhythmic
delta activity originating in the cortex by its restriction to one electrode, the pres-
ence of more normal activity overlying the artifact, and the time-locked appearance
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Fig. 1 ECG artifact. In this low-voltage EEG, the artifact generated by a brief run of ventricular
tachycardia can easily be mistaken for generalized periodic discharges
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Fig. 2 Pulse artifact. Here, a typical pulse artifact (black arrow) at the T5 electrode resembles
1 Hz rhythmic delta activity

of the artifact in association with the ECG. Pulse artifact can often be reduced or
eliminated by moving the electrode off the offending artery.

Another cardiac artifact that can be seen is ballistocardiographic artifact; this
artifact results from low-amplitude movements of the patient’s head or body in
response to the pulsatile movements of the heart. It generally appears as rhythmic
delta activity at the same frequency as the patient’s heart rate. It may be widespread
or confined to a relatively small number of electrodes (Fig. 3). In critically ill
patients, who are almost always supine, the artifact tends to be maximal in the pos-
terior electrodes. Repositioning the patient or using a rolled towel beneath the head
and neck should minimize the appearance of the artifact but may not eliminate it
entirely. In general, ballistocardiographic artifact is more challenging to correct
than pulse artifact.

Eye Movement and Ocular Artifacts

The cornea is positively charged relative to the retina, with a voltage difference
between 50 and 100 microvolts. This can result in a detectable electrical field with
eye movements, including blinking. The electrical artifacts created by eye move-
ments are generally better seen on anterior electrodes, due to the proximity of those
electrodes to the eye. Blinking is associated with a brief upward movement of the
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Fig. 3 Ballistocardiographic artifact. The artifact appears as rhythmic delta activity time locked
to the ECG; although it is maximal in the O2 electrode, it can also be seen at times in several other
electrodes

cornea (known as Bell’s phenomenon.) This movement creates a positive (down-
ward) symmetric deflection on the EEG that is most prominent in the frontal polar
electrodes. Rapid blinking (often referred to as “eyelid fluttering”) can produce
rhythmic activity in the anterior electrodes. The frequency of the artifact depends
largely on the frequency of eyelid flutter. Slower 2-3 Hz eyelid flutter can resemble
frontally predominant rhythmic delta activity, although it tends to be less uniform in
size and appearance than most frontally predominant cerebral rhythmic delta activ-
ity (Fig. 4). Faster 6—13 Hz eyelid flutter can produce rhythmic activity that resem-
bles an ictal pattern. If there is a clinical concern for eyelid flutter artifact, the use of
electrooculogram recordings from the left and right outer canthus can aid in the
identification of this artifact. Additionally, artifacts related to eyelid flutter can be
distinguished from electrocerebral activity by close observation of the patient’s eye-
lids. If eyelid flutter or blinking artifacts are extremely disruptive to interpretation
of the underlying EEG, the patient’s eyelids can be taped closed, but this is rarely
necessary.

Both horizontal and vertical eye movements can also give rise to artifacts on the
EEG. Lateral eye movements are often preceded by a less than 50 millisecond “lat-
eral rectus spike” related to activation of the lateral rectus muscle with eye abduc-
tion. These low-voltage waveforms are typically more prominent in F7 and F8.
They are typically followed by a slow potential related to eye movement.
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Fig. 4 Eyelid flutter at a rate of 2-3 Hz can be confused for frontally predominant rhythmic delta
activity. Note the irregular frequency and morphology of the waveforms

Dysconjugate gaze, brainstem injury, and cranial nerve palsies, which may be seen
in ICU patients with neurologic injuries, can result in either unilateral or asymmet-
ric artifacts from eye movement.

In addition, many ICU patients receive medications or have brainstem or cerebellar
injuries that give rise to nystagmus. This artifact often has a “sawtooth” appearance
related to the fast and slow components of the nystagmoid eye movements. In patients
with horizontal nystagmus, the artifact is typically more prominent on the side of the fast
movement, and a phase reversal may be seen at F7 or F8. In patients with vertical nys-
tagmus, the artifact is usually most prominent in the frontal polar electrodes (Fig. 5).

The electroretinogram (ERG) potential is a potential seen at the frontal polar
electrodes in response to sudden, flashing light stimulus. In the outpatient setting,
this is commonly seen with photic stimulation. However, in the ICU setting, this can
occasionally be seen on low-voltage EEGs when a flashlight is used to assess pupil
reactivity. In patients who are being evaluated for electrocerebral inactivity (ECI),
the presence of an ERG potential should not exclude the diagnosis of ECI.

Movement-Related Artifacts
Patients in the ICU are prone to a wide variety of abnormal movements including

tremors, clonus, myoclonus, rigors, shivering, posturing, and other types of hyper-
motor activity. Many of these movements have a relatively stereotyped appearance
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Fig. 5 Nystagmus artifact. Sharply contoured, sawtooth waveforms are seen at a rate of 2-3 Hz,
due to vertical nystagmus in this patient with a pontine infarct

on EEG. Tremors can produce a rhythmic, spiky appearing artifact that corresponds
to the frequency of the tremor (commonly between 4 and 12 Hz for conditions such
as essential tremor, cerebellar tremor, or Parkinsonian tremor). Artifacts related to
tremor typically generate nonphysiologic phase reversals; tremor artifacts are often
more prominent in ECG leads than they are in EEG leads (Fig. 6).

Myoclonus also produces an extremely brief, spiky appearing potential. This can
be challenging to distinguish from epileptic spikes at a normal paper speed of 30
mm/s. However, by changing the paper speed to 60 or 120 mm/s, it becomes easier
to see that these seemingly epileptic spikes demonstrate nonphysiologic phase
reversals (Fig. 7). In some instances, myoclonic artifact can be caused by epileptic
activity, which can make it particularly challenging to distinguish between electro-
cerebral activity and artifacts. Under those circumstances, it may be necessary to
use neuromuscular blocking agents to better assess the underlying EEG activity.

In addition to patient movements, movements by nursing staff, EEG technolo-
gists, and physicians can generate artifacts. Suctioning the patient can create a
rhythmic low-voltage artifact in the delta range; the artifact is often frontally pre-
dominant (Fig. 8). Rubbing a patient’s sternum can create a slightly faster 3—7 Hz,
high-voltage artifact with irregular waveforms (Fig. 9). The waveforms can be dif-
fuse or focal, depending on patient positioning.

Cardiopulmonary resuscitation (CPR) may create an artifact that is unfortunately
all too common in the ICU. The chest compressions performed during CPR create
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Fig. 6 A 6 Hz essential tremor produces an asymmetric artifact most prominent at T3 and T5 in
this example. The resulting artifact is better seen in the ECG

a pattern of rhythmic delta activity at approximately 2-3 Hz (Fig. 10). The pattern
is generally high voltage, although the frequency, voltage, and morphology of the
waveforms may wax and wane over the course of resuscitation efforts. Because of
these fluctuations, CPR artifact can easily be mistaken for seizure activity. However,
careful attention to the electrical field of the activity shows phase reversals consis-
tent with an extracerebral source. Attention to the ECG lead typically shows a rapid,
rounded waveform that is time locked with the activity on the EEG.

Many other patient movements and nursing movements can also result in arti-
facts. Chewing and biting an endotracheal tube can produce a stereotyped high-
voltage linear, rhythmic artifact related to muscle activation. Shivering produces a
high-frequency, sharply contoured, diffuse pattern of activity. Artifacts commonly
result from oral care, clonus, repetitive movements, or agonal breathing. Even ordi-
nary respirations can produce an artifact whose frequency is equivalent to the
patient’s breathing rate. In neonatal ICUs, artifacts related to sucking on a pacifier
or bottle or to patting the baby’s back are common. If movements are rhythmic, it is
easy for them to be mistaken for seizure activity. Under such circumstances, video
recordings should be utilized to better assess whether or not an unusual appearing
waveform or series of waveforms is due to artifact.

Electromyographic Artifact

One of the most commonly encountered and troublesome artifacts seen in the ICU
is electromyographic (EMG) artifact. This occurs as a consequence of muscle
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appears spiky and is easily mistaken for epileptiform activity. (b) At a paper speed of 60 mm/s, the
noncerebral morphology of the artifact can be better appreciated
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Fig. 8 Suctioning artifact. Suctioning typically creates diffuse, low-voltage waveforms that
resemble either polymorphic or rhythmic delta activity
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Fig.9 Sternal rub artifact. Note the high-voltage, irregular waveforms

activation, especially with activation of muscles in the face, head, and neck. EMG
artifact is typically associated with a rapid, spiky artifact that can obscure the under-
lying EEG. When isolated motor units are activated, they can occasionally appear
spiky or epileptiform. Similarly, twitching of the facial muscles can produce a spiky
artifact that resembles epileptiform activity. In both cases, however, the field is not
consistent with electrocerebral activity.

Because EMG artifact is typically composed of high-frequency activity (greater
than 20 Hz), it has a relatively stereotyped appearance on quantitative EEG (QEEG).
On a typical color spectrogram, which analyzes the relative power at different EEG
frequencies over time, EMG artifact shows increased power at the top of a color
spectrogram, whereas a normal EEG has more activity in the middle or lower por-
tion of the color spectrogram (Fig. 11).

Other Physiologic Artifacts

Less common artifacts can arise from physiologic processes. Glossokinetic artifact
is produced by tongue movement. The tip of the tongue has a negative polarity rela-
tive to the base of the tongue. Consequently, tongue movements, including the
movements that take place with swallowing and phonation, can generate an artifact
on EEG. This artifact is most commonly seen as a burst of frontally predominant
rhythmic delta activity; it can be unilateral or bilateral, and it may be positive or
negative. In alert patients, this artifact can often be reproduced by asking the patient
to repeat a word or phrase with frequent tongue movements (e.g., “la la 1a” or “da
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Fig. 10 Cardiopulmonary resuscitation artifact. This artifact results in a high-amplitude, some-
times sharply contoured pattern of rhythmic 2-3 Hz delta activity. Morphology, amplitude, and
frequency of the waveform can vary with time

da da”). In a comatose patient, this artifact can be assessed by placing an electrode
over the submental muscle.

Sweat can also create a stereotyped artifact. In the ICU, this artifact is most com-
monly seen in febrile individuals. It is typically seen in multiple electrodes and is
generally associated with very slow (less than 0.5 Hz) delta activity. Although short-
ening the time constant (increasing the low-frequency filter setting) can reduce this
artifact, caution must be used when employing this technique to ensure that impor-
tant EEG features such as rhythmic or evolving delta activity are not overlooked.
When sweat artifact is identified, the EEG technologist should make an effort to dry
the scalp prior to applying electrodes. When possible, efforts should also be made
to cool the patient (e.g., lowering the room temperature, using a cooling blanket,
using a fan).

Skull defects create another common artifact in the ICU. Because the skull is a
powerful filter of EEG signals (particularly high-frequency signals), defects in the
skull can result in a higher-amplitude, more sharply contoured EEG with more
prominent faster frequency activity (Fig. 12). The resultant EEG pattern, known as
a breach artifact, can easily be confused with epileptiform or ictal activity. Breach
artifacts are commonly more prominent in the central and temporal regions. Caution
should be exercised when evaluating possibly epileptiform activity within a breach
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Fig. 11 Color spectrogram. The left-hand side of the spectrogram shows a typical distribution of
EEG power, with the highest powers in the 1-10 Hz range (white arrow). The right hand of the
spectrogram shows a typical spectrogram when the EEG is heavily contaminated by EMG artifact;
under these circumstances, the majority of the power is in the higher (>10 Hz) frequency band
(black arrow). The lack of any change in power or frequency over time on the spectrogram can
help to distinguish the appearance of EMG from seizure activity on QEEG. However, because
many seizures are associated with motor activity, these determinations should always be made in

conjunction with the raw EEG
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Fig. 12 Breach artifact. A right frontotemporal breach artifact leads to higher-amplitude, sharply
contoured activity maximal at F8. This activity could easily be confused for seizure activity, but is
actually just due to a breach artifact

artifact; only waveforms with a convincing electrical field that stands out from
background activity should be considered epileptiform.

Nonphysiologic Artifacts
Alternating Current Artifact

Alternating current artifact — commonly known as “60 Hz artifact” — is seen when
EEG electrodes are placed in close proximity to an electrical device running on an
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alternating current (AC). This creates a 60 or 50 Hz (depending on location) sinu-
soidal artifact on the EEG. This is typically more prominent in high-impedance
electrodes. In the ICU, the abundance of electrical devices (including electrically
powered beds, continuous venovenous hemofiltration devices (CVVH), electrocar-
diograms, intravenous (IV) infusion devices, chest percussion devices, and other
electrical devices) increases the likelihood of encountering 60 Hz artifact. This arti-
fact can be reduced by reapplying high-impendence electrodes and by moving
offending electrical appliances away from the patient’s head (or unplugging them,
if appropriate). If 60 Hz artifact persists despite these efforts, a 60 Hz notch filter
can be employed to selectively reduce EEG signals at 60 Hz (Fig. 13). However,
caution should be employed in the use of the 60 Hz notch filter, because its use may
diminish the detection of high-impedance electrodes.

Electrode and Amplifier Artifacts

Electrode artifacts can result from numerous different processes. They can also
result from damaged wires, electrode or wire movement, or oxidative changes on
metal electrodes. However, the most common source of electrode artifact is high
impedance (typically due to an inadequate seal between the electrode and the scalp).
A high-impedance electrode may lead to rapid, sharp-appearing activity or slow
waves of varying amplitude, morphology, and sharpness. Electrodes in which the
impedance suddenly changes frequently have a sharp appearance on EEG (a phe-
nomenon often referred to as “electrode pop”). Recurrent electrode pops can easily
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Fig. 13 (a) This recording shows abundant 60 Hz artifact. (b) The same tracing after application
of a notch filter
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Fig. 14 Electrode artifact. Here, irregularly squarely shaped waveforms are seen at P4 due to a

high-impedance electrode. These waveforms later become increasingly sharply contoured and
could easily be mistaken for periodic discharges

be mistaken for periodic discharges or epileptiform activity (Fig. 14). This activity
can be identified by the extremely sharp appearance associated with the waveform
(which may also be square or irregular in morphology). Oftentimes, observing the
electrical activity at the electrode over an extended period of time will clarify the
artifactual nature of the waveforms in question. Whenever a concerning waveform
is confined exclusively to one electrode, there should be a high index of suspicion
that the activity is artifactual. Electrode artifact can be corrected by fixing or replac-
ing the offending electrode.

If a patient is unplugged or disconnected from the EEG amplifier, waveforms
may continue to be recorded. It will appear as if the EEG is severely attenuated and
may be concerning for very suppressed electrocerebral activity. If the amplifier is
moved or jostled, an interference pattern may be created that resembles rhythmic
theta or delta activity (Fig. 15). A review of the video, if available, or discussion
with the technologist will easily confirm that the EEG amplifier is disconnected.

Mechanical- and Device-Related Artifacts

The abundance of external electrical devices in most ICU rooms creates frequent
artifacts that are device specific. One of the more commonly encountered arti-
facts results from the use of chest percussion devices. This artifact is related to
the physical movement of the patient’s head and electrodes with chest percus-
sion. The artifact typically results in widespread, approximately 5 Hz rhythmic
theta activity; the activity can be bilateral or unilateral (Fig. 16). Although
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Fig. 15 After the EEG was disconnected, this interference pattern was recorded from the EEG
amplifier

posterior electrodes are more commonly affected, any electrode can potentially
be affected by chest percussion. Because the frequency of chest percussion ther-
apy can change over time, chest percussion artifact can easily be confused for
evolving seizure activity. The rhythmic, moderate- to high-amplitude activity
associated with chest percussion therapy can also create detectable signals on
QEEG (Fig. 17). Review of concurrent video, as well as recognition of the char-
acteristic EEG pattern of this artifact on raw EEG, can minimize the risk of
misclassification of this finding.

Hemodialysis machines and continuous venovenous hemofiltration devices
(CVVH) can also create a rhythmic 5-7 Hz artifact. This artifact is often more
sharply contoured than the artifact created by chest percussion; it can be fron-
tally predominant or widely distributed. Mechanical movements associated
with ventricular assist devices also create a stereotyped high-amplitude artifact
associated with rhythmic, 1-2 Hz widely distributed delta activity (Fig. 18).
The frequency of this artifact should be identical to the heart rate. It is other-
wise challenging to reduce or eliminate this artifact. Extracorporeal membrane
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Fig. 16 Chest percussion artifact. Chest percussion results in widespread ~5 Hz rhythmic theta
activity, which typically affects multiple electrodes
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Fig. 17 Chest percussion on QEEG. Here, the increase in power and rhythmic activity during
chest percussion (open arrows) can easily be confused with the increase in power seen during
seizures (black arrows)

oxygenation devices (ECMO) can create an irregular, square-wave artifact
when the ECMO device is placed close to the EEG electrodes (Fig. 19). This
artifact can often be reduced by moving or repositioning the ECMO device
away from the patient’s head.

One of the most common device-related artifacts in the ICU results from mechan-
ical ventilation. This artifact occurs every 2—6 s in time with ventilation. The ampli-
tude, morphology, polarity, and localization of the artifact resulting from mechanical
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Fig. 18 Ventricular assist device artifact. Widespread 1-2 Hz rhythmic delta activity is created by
a left ventricular assist device in a patient with severe heart failure

ventilation often vary considerably (Fig. 20). If identification of this artifact proves
challenging, then monitoring respiration in a separate channel can aid in identifica-
tion of the artifact. A related artifact often occurs from vibration and oscillation of
water within ventilator tubing. This artifact is usually frontally predominant and
may produce episodic theta or delta activity with each respiration (Fig. 21). The
artifact typically improves with suctioning.

Other Nonphysiologic Artifacts

Other artifacts can result from the variety of electrical signals present within most
ICU rooms. Bending, compressing, or twisting an electrical cable can result in a
capacitative artifact with a nonphysiologic field. Discharges of static electricity
(from the patient or from staff who come into contact with the patient or the patient’s
bed) can also produce an irregular high-amplitude electrostatic artifact. Although
uncommon, intravenous (I'V) infusions in close proximity with the EEG electrodes
can occasionally create an artifact related to the movement of electrically charged
drops of solution. The artifact is generally spiky and seen diffusely over several
electrode channels. Once identified, the artifact can often be eliminated by moving
the IV infusion machine away from the patient’s head.
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Fig. 19 Extracorporeal membrane oxygenation device artifact. An irregular, square-wave artifact
results from proximity of the ECMO device to the head
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Fig. 20 Artifact from mechanical ventilation. A high-amplitude, posteriorly predominant artifact
occurs every 3—4 s in time with each respiration
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Fig. 21 Artifact from water in ventilator tubing. Oscillation of water in ventilator tubing creates
a characteristic, anteriorly predominant rhythmic theta-range artifact with each respiration. This
artifact resolves with suctioning

Conclusions

Artifacts remain a significant barrier in the interpretation of ICU EEG. Both
EEG technologists and electroencephalographers should maintain a high index
of suspicion for identification of artifacts in order to prevent potentially critical
EEG misinterpretation.
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Introduction

Continuous EEG (cEEG) recording in the ICU generates a large volume of data on
a daily basis. A 24 h recording, when viewed at 15 s/page, contains 5760 pages of
data. Even if reviewed at 5 s/page, it would require approximately 20 min to screen
every page. The actual time required is substantially higher when one includes the
need to take a closer look at abnormal/changing patterns, artifacts, clinical events,
etc. Unlike long-term or epilepsy monitoring, where selective review of a subset of
the EEG is reasonable (based on clinical events and screening for abnormal pat-
terns), the entire cEEG record must be reviewed due to the presence of frequent
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subclinical or nonconvulsive seizures superimposed on an abnormal background.
For a busy cEEG service, review of data can become a daunting task.

Another issue with cEEG analysis is the lack of immediate interpretation. Unlike
many other types of monitoring that occur in the ICU setting (e.g., cardiac telemetry
or intracranial pressure monitoring), interpretation of cEEG requires a level of sub-
specialty training in neurophysiology that makes bedside interpretation by ICU staff
difficult. Thus, in most settings, the cEEG record is only interpreted/reviewed inter-
mittently even though the data is being recorded, and usually displayed at the bed-
side, continuously. This can lead to delays of hours in the recognition of seizures
and other clinical changes.

Quantitative EEG (qEEG) analysis is one option for reducing the burden of
cEEG analysis for the reviewer and potentially allowing for a preliminary, real-
time interpretation of cEEG at the bedside by non-neurophysiologists. Quantitative
EEG analysis refers to any mathematical processing of the EEG and includes a
vast array of tools and techniques. As applied to cEEG, quantitative EEG usually
refers to parameters calculated for a brief epoch of EEG data and then plotted
versus time. A plot of a calculated parameter versus time is referred to as a qEEG
trend.

The application of quantitative EEG analysis to ICU monitoring dates back to its
earliest days, initially mainly as a necessity to reduce the amount of data and paper
that were generated and as a means of providing continuous monitoring of EEG
data [1]. American Academy of Neurology and American Clinical Neurophysiology
Society Guidelines from 1997 recommend their use in ICU and OR monitoring to
detect physiological changes and seizures [2], although actual use of qEEG was
fairly limited at that time, partially due to availability. gEEG is now commonly used
as part of cEEG review, with 52 % of neurophysiologists reporting its use in a sur-
vey of practice [3], although most (75 %) still reviewed every page of the raw
EEG. Using qEEG trends to guide review of the raw EEG can substantially reduce
the time required to review cEEG data [4]. qEEG trends have been demonstrated to
be potentially useful for seizure detection at bedside by EEG technologists and ICU
nurses [5, 6]. Some larger institutions are using quantitative EEG trends for real-
time monitoring of cEEG by EEG technologists and other trained personnel.
Quantitative EEG also has the potential to more objectively measure EEG features
such as reactivity [7] and to potentially detect seizures automatically [8], although
the sensitivity and utility remain to be established.

Time-Domain qEEG Tools

Time-domain analysis refers to analysis of how the EEG signal amplitude varies
over time. This is in contrast to frequency-domain analysis which is based on the
contribution made by different frequencies to the EEG signal in a given time win-
dow. In practice, most of the qEEG tools used today incorporate features of both and
are better thought of as time-frequency analysis.
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Amplitude-Integrated EEG (AEEG)

Amplitude-integrated EEG (AEEG) is one of the earliest JEEG trends and has been
in clinical use, especially in neonates [9], for decades. In stand-alone systems,
especially in neonates, only 2—4 electrodes are sometimes used (P3-P4 for single-
channel systems, C3-P3 and C4-P4 for dual channel systems) for AEEG. However,
when used as part of an EEG recording system, any channel or combination of
channels can be used for the AEEG to provide additional spatial information. The
raw EEG is filtered to a frequency range of interest (e.g., 2—15 Hz), rectified (all
points made positive), smoothed (by averaging surrounding time points), and dis-
played on a compressed time scale. For each epoch (typically 1-2 s), both the maxi-
mum and minimum amplitudes (alternatively 75th and 25th percentiles or another
range) are plotted, connected by a vertical line (Fig. 1).

AEEG has been extensively used for evaluating cerebral function in critically ill
neonates, including commercially available “cerebral function monitors” that pro-
vide AEEG for a limited number of channels. AEEG may be a reliable means to
detect background EEG patterns and seizures [10], although, used in isolation with-
out raw EEG, a significant proportion of seizures may be missed (sensitivities of

Fig. 1 Algorithm for calculation of
AEEG. The raw EEG is filtered, rectified, Raw EEG
smoothed, and the amplitude displayed as
arange on a combined linear/logarithmic
compressed time scale N
Bandpass Filter
(e.g., 2-15 Hz)
Y
Rectify
Y
Smooth
\J

Display amplitude range
(minmum to maximum or 25%ile to 75%ile)
on linear (0-5 pV)/logarithmic (>5 uV) scale

and compressed time scale




176 S.R. Sinha

AEEG(Left) ' .
AEEG (Right) Y100 pv
|
; 10 uv

0 uv

5 min

Fig. 2 Example of focal seizures on AEEG. AEEG for the left hemisphere and right hemisphere
electrode derivation is displayed at the fop (note the combined linear and logarithmic scale for
amplitude). Three seizures predominantly involving the left hemisphere are shown in this 1 h
sample. The bottom panel shows the raw EEG near seizure onset at the time point indicated by the
arrowhead

38-55 % sensitivity for neonatologist trained in interpretation of cerebral function
monitors) [11]. Sensitivity of AEEG for seizure detection in cEEG in adult patients
has been reported as >80 % [12] (Fig. 2).

Envelope Trend Analysis

The envelope trend is similar to the AEEG. The raw EEG is filtered to a specified
frequency range (commonly 2—6 Hz), and the median amplitude of the waveforms
within the frequency range is plotted for a given epoch (e.g., 10-20 s) (Fig. 3).
In neonates, envelope trends have been shown to be fairly sensitive for longer sei-
zures, but performed much more poorly for brief seizures and slowly evolving
seizures [13].
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Fig. 3 Example of focal seizures on envelope trend. Envelope trend for the left and right hemi-
sphere electrode derivations is displayed at the fop, showing two seizures predominantly involving
the left hemisphere. The bottom panel shows the raw EEG near seizure onset at the time point
indicated by the arrowhead

Burst Suppression Ratio

The burst suppression ratio (BSR) is an algorithm designed to follow the depth of
sedation during management of status epilepticus or other condition (like elevated
intracranial pressure) with anesthetics, where the goal is to place the EEG in a
burst suppression pattern. Traditionally, burst suppression is often described by
the duration of the periods of suppression and, sometimes, the duration of the
intervening bursts. The BSR is simply the percentage of time in a given epoch that
the EEG is suppressed (Fig. 4). Thus, an EEG consisting of on average 3 s periods
of suppression with 1 s bursts would have a BSR of 75 %. For the purpose of cal-
culating the BSR, suppression is defined as an EEG amplitude below a certain
value (e.g., <5 pV) for a minimum duration (e.g., >0.5 s). As with other qEEG
tools/trends, the actual mathematical algorithms used for implementation are
more complex [14].
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Fig. 4 Example of burst suppression ratio. A 1 h sample of the calculated BSR for the left and
right hemisphere is displayed at the fop. Raw EEG samples from time points A and B (arrows) are
shown at the bottom. In (a), the BSR is approximately 70 % indicating fairly large fraction of the
sample is suppressed. With reduction in sedation, the BSR drops to around 10-15 % at point B, and
the periods of suppression are much briefer. Raw EEG corresponding to time points A and B are
shown in panels (a) and (b), respectively
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Frequency-Domain qEEG Tools

Rudimentary frequency-domain qEEG tools have been available for decades,
including in analog machines. With the advent of digital EEG recordings and the
availability of more powerful computers, they have become much more common.

Filtering

Although not commonly thought of as a qEEG tool, filtering of the raw EEG using
analog or digital filters to reduce/remove certain frequencies is a form of frequency-
domain analysis. This allows for the removal of noise (e.g., 60 Hz interference,
high-frequency artifact from muscle activity, and low-frequency artifact from
sweat). In addition, the EEG can be filtered to highlight the contribution made by
certain frequencies, for example, a band-pass filter from 8 to 13 Hz to look at alpha
frequencies or from 12 to 16 Hz to look for spindle activity.

Spectral Analysis

Most frequency-domain analysis relies on Fourier analysis (or spectral analysis).
Fourier analysis refers to decomposing a signal (any quantity that varies with time
or some other dimension) into simpler pieces — a weighted sum of trigonometric
functions, like sine waves, with different frequencies and starting points (phase
shifts), referred to as the Fourier series. For periodic signals (those that repeat at
some regular interval), this can be done as a series of sine waves that are harmoni-
cally related (have frequencies that are integer multiples of the main frequency). For
aperiodic signals, the sine waves required to decompose the signal theoretically
involve all frequencies. For each frequency, the Fourier series is actually a complex
number (having a real and imaginary component, written as a+ib). Rather than
talking about the real and imaginary components, the Fourier series is usually
expressed in terms of an amplitude (7, size of the sine wave) and a phase (6, the
point in the cycle of the sine wave at which it starts):

r=va’+b*

0 =tan™" é
a

For most signals, calculating the Fourier series is mathematically complicated.
The computation of the Fourier series was significantly simplified by an algorithm
known as the fast Fourier transform (FFT), which is used to calculate the Fourier
series for a discrete (digital) signal. The signal is first broken up into smaller pieces
(epochs), and the FFT is calculated by assuming that the epoch repeats itself over
and over. Because the signal will not necessarily start and stop at the same voltage,
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the repeated epochs would not necessarily create a continuous signal. In order to
avoid this discontinuity, the signal is “windowed” — multiplied by a function which
minimally impacts most of the epoch but rapidly tapers the edges to a value of 0.
This avoids discontinuities. Some examples of commonly used window functions
are Hamming and Hann windows. Discussion of specific properties of windows is
beyond the scope of this chapter and not relevant for most uses of qEEG; however,
it can be relevant when interested in very low frequencies.

Technical aspects of the FFT that can be relevant are the limitations on frequency
resolution and maximum frequency. If the digital signal has a temporal resolution of
At (time in seconds between adjacent points in the signal), the maximum frequency
in the FFT, F,,,, (in Hz), is

F_ = 1 .
2X At

This is directly related to the Nyquist sampling theorem. If the length of the
epoch used to calculate the FFT is 7 (in seconds), then the frequency resolution, Af
(resolution in Hz between adjacent points in the Fourier series), is

1
A = —
4 T

Thus, if a digital EEG signal was recorded with a temporal resolution of 200 Hz
(i.e., Atis 0.005 s), then F,,, is 100 Hz. If the FFT is calculated for 2 s epochs (i.e.,
Tis 1 s), then the frequency resolution of the Fourier series is 0.5 Hz. Longer epochs
will provide better frequency resolution but at the expense of diluting out rapid or
short-lived changes in the frequency content of the signal.

Power

As mentioned above the Fourier series consists of both an amplitude and a phase for
each frequency. For most routine qEEG calculations, the phase is ignored. The
amplitude squared (#%) of the Fourier series is referred to as the power (units of
V2/Hz). A plot of power versus frequency is the power spectrum (Fig. 5). The power
within a given frequency band refers to the area under the power spectrum curve for
that frequency range; the relative power is the ratio of the power within a frequency
band to the total power. Plots of power with a given EEG frequency band versus
time can show the variability of power in that band; more commonly the relative
power is used. A decline in relative alpha variability (ratio of alpha frequency power
to total power) has been used to detect delayed cerebral ischemia in patients with
subarachnoid hemorrhage [15, 16]. Power in a broader frequency band (3.5-20.7
Hz) can also be used to detect changes in cerebral perfusion pressure in patients
with strokes [17].

Compressed Spectral Array
If the EEG was a stationary signal, i.e., one whose frequency content does not vary
with time, its power spectrum would be constant. However, the EEG power
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Fig. 5 Fourier spectrum example. Fourier power spectrum (fop) and raw EEG (bottom) for a
patient showing diffuse slowing and focal slowing over the right hemisphere. The most prominent
frequency over both hemispheres is ~2 Hz, much more pronounced over the right. There is a sec-
ondary peak at about 8.5 Hz

spectrum does vary with time, and this variation may be displayed in one of several
ways. Prior to the widespread availability of high-resolution color displays, the
power spectra over time were often displayed as a series of line graphs, referred to
as a compressed spectral array (CSA). More commonly now, the power spectrum is
displayed as a density spectral array (DSA) or color density spectral array (CDSA).
Time is plotted on the horizontal axis, frequency on the vertical axis. The power is
then coded as an intensity (DSA) or color (CDSA). Variations in the frequency
content of the EEG signal over time are easily visualized in such a display (Figs. 6
and 7). Sensitivity for detection of seizures has been reported to be as high as 81.5%
[12]-89.0 % [18]. The latter study also reported 94—100 % sensitivity for detecting
background patterns of interest such as epileptiform discharges, rhythmic delta
activity, and focal/generalized slowing. Using CDSA as a screening tool to select
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Fig. 6 Density spectral array example. Spectrograms for the left and right hemisphere electrode
derivations are shown at the fop. At time point, the spectrogram and raw EEG (middle panel) show
predominantly delta frequencies, slightly higher amplitude over the right. The asymmetry is much
more prominent at time point B (raw EEG in bottom panel)

portions of the raw EEG to review in detail provides a significant reduction in the
time required to review a study (from approximately 38 min for 24 h of data down
to 8 min) without a significant loss of sensitivity (87.3 % of for seizures and 88.5—
100 % for background patterns of interest) [4].
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Fig. 7 Density spectral array example with periodic discharges. The spectrograms for the left and
right hemisphere electrode derivations show a diffusely slow background, with more profound
slowing over the left hemisphere. However, the spectrogram does not provide adequate detail to
discern that the left hemisphere shows periodic discharges over the fronto-central region at approx-
imately 1 Hz

Power Ratios

More specific information about the power spectrum can be obtained by plotting the
power in specific frequency bands such as the alpha (8—13 Hz) or delta (<4 Hz)
frequency bands. The power in a frequency band is simply the area under the power
spectrum curve in that frequency band.

The ratio of powers in certain frequency bands has physiological/clinical impli-
cations. The most commonly used is the alpha/delta ratio, which is the ratio of
power in alpha band to that in delta frequency band. This is potentially a good indi-
cator of changes in cerebral perfusion as progressive declines in perfusion are usu-
ally associated with a reduction in faster frequencies and an increase in slower
frequencies. Thus, the alpha/delta ratio will show a progressive decline during cere-
bral hypoperfusion and ischemia (Fig. 8). With respect to continuous EEG monitor-
ing, this ratio measure immediately after stimulation of the patient (reactivity) has
been demonstrated to be potentially useful for detecting delayed cerebral ischemia
after subarachnoid hemorrhage [16].
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Asymmetry Index

Measures of asymmetry compare the power in a given frequency band in the right
versus left hemisphere. This may be expressed as an absolute number (absolute
asymmetry index), where the higher the number, the greater the overall asymmetry
in a given frequency band. It may also be expressed as a relative value (relative
asymmetry index), where positive and negative values differentiate between higher
power on the left and right hemisphere (Fig. 9). A more detailed view can be
obtained in a relative spectrogram, where the frequency range is displayed on the
vertical axis, the color indicates the side that has more power at a given frequency,
and the intensity of the color indicates the level of asymmetry. The asymmetry indi-
ces give information about differences in background activity in one hemisphere
compared to the other; they are well suited for detection of focal seizures, which are
often seen as an increase/change in asymmetry.

Rhythmic Run Detection and Display

Increased rhythmicity is a hallmark of many electrographic seizures. Rhythmic run
detection and display is a proprietary quantitative EEG tool that highlights frequen-
cies with high levels of rhythmicity. Frequency is plotted on the vertical axis and
time on the horizontal axis. The intensity at a given frequency indicates the level of
rhythmicity. Seizures are often seen as an increase in intensity that moves from one
frequency to another (correlating with evolution of discharge frequency on the raw
EEG) (Fig. 10).

Seizure Detection

The qEEG tools and trends described above generally rely on visual inspection by a
neurophysiologist or other trained personnel for interpretation. However, there is
potential for algorithms employing qEEG tools/trends to automatically detect

<
<

Fig. 8 Cerebral ischemia with alpha/delta ratio. Patient who developed cerebral hypoperfusion
while being monitored on EEG. The density spectral array for the left and right hemisphere elec-
trode derivations is shown at the top. The power in the 6-14 Hz frequency band and 1-4 Hz fre-
quency bands is shown below, again for the left and right hemispheres. The ratio of power in the
6-14 Hz to 1-4 Hz frequency band is plotted below. Arrow A (and associated raw EEG) shows a
point before hypoperfusion, and arrow B indicates the time point where hypoperfusion was clini-
cally indicated. Arrow C, in retrospect, shows a time point when hypoperfusion was apparent on
the power ratio. Raw EEG corresponding to time points A, B and C are shown in panels (a), (b) and
(c), respectively.
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Fig.9 Focal seizures on density spectral array and asymmetry index/spectrograms. Data is shown
from a patient with frequent focal seizures from the right hemisphere. The density spectral array for
the left and right hemisphere electrode derivations is shown at the fop. The seizures are apparent as
increase in power seen at low frequencies on the right. The relative asymmetry index (showing more
power on the right as an upward deflection and on the left as a downward deflection). The seizures
are apparent as upward deflections; in between seizures, there is relative suppression of activity on
the right, leading to a downward deflection. The asymmetry spectrogram shows the asymmetry in
power between the left and right hemispheres by frequency (vertical axis; with darker shades indi-
cating more power on the right and lighter shades indicating more power on the left). A sample of
raw EEG is shown at the bottom from the time point indicated by the arrow
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Fig. 10 Focal seizures on rhythmicity spectrogram. Data is from the same EEG as in Fig. 9 show-
ing recurrent focal seizures from the right hemisphere. The rhythmicity spectrogram from the left
and right hemisphere electrode derivations is shown. The seizures consist of increase rhythmicity
on the right (darker shades). Also, note the change in the frequency with highest rhythmicity dur-
ing each seizure (showing evolution of frequencies during individual seizures)

seizures. This would allow for nearly instantaneous detection of seizure activity and
immediate notification of the clinical team. Most such algorithms are proprietary
and full details are not available. However, they generally seem to combine multiple
frequency- and time-domain qEEG measures with artifact rejection algorithms to
calculate a probability or statistic; when this quantity reaches a certain threshold, a
seizure is detected. Little data is available regarding the performance of such tools,
especially on cEEG data. In one study [8], a novel algorithm reported a sensitivity
of 90.4 % for seizure detection with a false detection rate of 0.066/h. On the same
data set, two commercially available algorithms performed poorly (Persyst Reveal
with sensitivity of 12.9 % and false detection rate of 1.036/h and Optima IdentEvent
with sensitivity of 10.1 % and false detection rate of 0.013/h). Additional data/test-
ing of this novel algorithm has not been reported.

A step beyond automated seizure detection is an automated interpretation of the
EEG. Some preliminary attempts at doing so with cEEG have been reported. As
with automated seizure detection algorithms, these employ combination of various
qEEG tool/trends. In one study, such an algorithm was able to classify >80 % of test
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EEGs correctly as isoelectric, low voltage, artifact, burst suppression, generalized
periodic discharges, seizures, slowing, or normal [19]. Similar efforts in routine
EEG have been disappointing; however, the relatively stationary composition of
cEEG in comatose/critically ill patients compared to awake/behaving patients pro-
vides some hope that such algorithms may be more successful in this population.

Conclusion

Quantitative EEG analysis and trends offer a set of tools that can be used to make
review/analysis of cEEG data more efficient and potentially more effective.
Efficiency is produced by allowing for faster review by neurophysiologists and
preliminary review at the bedside by non-neurophysiologists. Furthermore,
qEEG has the potential for making cEEG review more effective by enhancing the
ability to recognize events like ischemia. More complex algorithms have the
potential for automated seizure detection and other uses in the future. However,
the actual implementation of qEEG for review/analysis of cEEG remains quiet
variable, both with respect to utilization and the specific tools/trends or combina-
tions of tool/trends that are used. Further research is needed to optimize and
standardize qEEG procedure, to determine their true utility, and to encourage
broader adoption of these techniques.
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Introduction

Quantitative EEG (QEEG) refers to a computational method that utilizes mathemat-
ical and analytical algorithms to transform and compress raw electroencephalogra-
phy (EEG) signals into a graphical data representation (Fig. 1). The most common
clinical use of QEEG is for seizure detection. However, QEEG applications are
widespread and range from applications in psychiatric diseases (such as biomarkers
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Fig. 1 Sample 30 min QEEG panel and corresponding raw EEG. (a) QEEG panel consisting of
the following QEEG tools: rhythmicity spectrogram (displayed for the left and right hemispheres),
CDSA (displayed for the left and right hemispheres), aEEG (displayed for the left and right hemi-
spheres), and asymmetry index (displayed as both absolute and relative values). Vertical black
arrows denote electrographic seizures. (b—d) Consecutive ictal EEGs (10 s each) corresponding to
the first seizure marked on the QEEG panel demonstrating a left central electrographic seizure

and biofeedback) to applications in other neurological diseases (such as dementia
and stroke). This chapter will focus on the use of QEEG for seizure identification in
critically ill patients. When QEEG is applied in the intensive care unit (ICU) setting,
it is sometimes referred to as digital trend analysis (DTA) or digital trending. This
chapter will describe the trends used for QEEG seizure identification, summarize
the literature, and provide examples of seizures, artifacts, and interictal patterns on
QEEG trends.

Basic Principles

QEEG was initially developed in the 1960s with the development of compressed
spectral array (CSA). There are now several types of QEEG trends available for
clinical use as part of commercial QEEG software packages. The primary advan-
tage of QEEG is that it allows for a large amount of data to be displayed on a single
screen in contrast to only 10-20 s of data with raw EEG. QEEG also simplifies the



12 QEEG in Seizure Detection 193

information that is displayed, in such a way that it may be amenable for interpreta-
tion by non-neurophysiologists. One study found that there was no significant dif-
ference in the ability of neurophysiologists, EEG technologists, and neuro ICU
nurses to detect seizures on QEEG panels alone [1]. This makes QEEG particularly
attractive as a potential bedside patient monitor as a component of ICU multimodal-
ity monitoring.

QEEG has several putative advantages over raw EEG review. First, it may reduce
the time required for data review. Indeed, raw EEG review is quite labor intensive.
One study found that QEEG-guided review of the raw EEG was able to shorten the
review process time by 78 % [2]. A survey showed that approximately half of neu-
rophysiologists utilize QEEG as part of their ICU continuous EEG (cEEG) protocol
[3]. The usage of QEEG will vary between institutions and readers (various trends
used, derivations of trends, frequency of review, and amount of data that is reviewed
only by QEEG).

Another potential advantage of QEEG in the ICU setting is that it could allow
for real-time data transmission to the treatment team. EEG data obtained by con-
ventional raw EEG review by neurophysiologists is always relayed to the ICU
team in a post hoc fashion. Real-time review of the raw EEG is very difficult. In a
2014 survey, the majority of neurophysiologists review each record two or more
times a day [3]. Therefore, with conventional EEG-only review, up to 12 h may
pass with seizures being undetected. This could lead to delays in treatment of sei-
zures in critically ill patients and potentially adverse outcomes. To date, no clinical
studies assessing the role of QEEG on outcomes in the ICU environment are
available.

Trends Used for QEEG Seizure Detection

Although many QEEG trends are available for use, this chapter will discuss the
trends that have been studied for seizure detection in critically ill patients. These
include envelope trend (ET), color density spectral array (CDSA), rhythmicity spec-
trogram, asymmetry index, amplitude-integrated EEG (aEEG), and automated sei-
zure detectors. This section will describe these trends and provide examples of
seizure appearance for each trend. The QEEG samples in this chapter for CDSA,
rhythmicity spectrogram, and aEEG will be displayed for the left and right hemi-
spheres, as this is the preference at the author’s institution and was also recently
validated in a retrospective trial [1]. It is important to note that other QEEG trends
and other derivations may be used. Instead of displaying the left and right hemi-
spheres for each trend, the QEEG trend display may be modified to display indi-
vidual channels separately or by quadrant. Furthermore, the asymmetry index and
aEEG examples in this chapter will be displayed as separate trends, but other insti-
tutions may choose to display these as overlapping trends. All QEEG panels dis-
played in this chapter were created from Persyst (Persyst Development Corporation,
Prescott, AZ).
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Automated Seizure Detection

Automated seizure detectors are typically part of QEEG software packages and will
vary between manufacturers. The algorithms recognize rhythmic patterns based on
waveform morphology, distribution, and evolution over time [4]. Once a certain
threshold is reached, the software program assigns a pattern as a seizure. The Persyst
12 automated seizure detector has two types of outputs: a binary output of yes/no
based on the detection of discrete electrographic seizure events lasting >11 s and a
seizure probability curve that displays the probability of each 1 s epoch as being
categorized as a seizure (Fig. 2). Of note, most automated seizure detection algo-
rithms (ASDA) are trained on a sample of seizures obtained from various EEGs
pooled from the epilepsy monitoring unit (EMU), ICU, and ambulatory EEGs. The
complex interictal patterns and sometimes subtle nature of seizures in critically ill
patients combined with numerous sources of ICU artifact lead to challenges in suc-
cessful identification by automated seizure detectors (Fig. 2).

Frequency-Based Trends

Color Density Spectral Array
CDSA is known by several other names: Color spectral array (CSA), fast Fourier
transform (FFT) spectrogram, and density spectral array (DSA). CDSA displays a
three-dimensional, frequency-based graphical display of the EEG data over time.
Time is shown on the x-axis, and the EEG frequency is shown on the y-axis. The vari-
ous colors represent the power of various frequency bands. The power is the area
under the Fourier spectrum curve within a given frequency range (i.e., delta power).
In other words, the power is the amplitude (or voltage) of the EEG within a specific
frequency range. The power is represented by color. The colors used in the graphical
display of the power in the CDSA trend will vary between QEEG software programs.
Each program will display a color scale with the CDSA trend. The CDSA trends
shown in this chapter were created from Persyst with cooler colors (blue and green)
indicating lower power and warmer colors (red, yellow, pink) indicating higher power.
Seizures often consist of an increase in frequency and amplitude and therefore
will appear on CDSA trend as a paroxysmal event with increased power. Warmer
colors will take the place where cooler colors previously were seen. Additionally,
the characteristic seizure evolution in terms of amplitude and frequency can be
appreciated on CDSA as an upward arch shape (Fig. 3). Some seizures in critically
ill patients consist of little or no increase in amplitude and/or frequency and there-
fore might be missed on CDSA.

Rhythmicity Spectrogram

The rhythmicity spectrogram, rhythmic run detection and display, is a proprietary tool
developed by Persyst, Inc. An example of a rhythmicity spectrogram is shown in
Fig. 4. Like CDSA, the rhythmicity spectrogram is a three-dimensional display. Time
is on the x-axis and frequency is on the y-axis (but on a logarithmic scale to accentuate
lower frequencies). Although the power is displayed by color-coding (darker blue
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Fig. 2 Seizure identification on seizure probability trend and corresponding EEG. (a) Seizure
probability trend containing one electrographic seizure (approximate onset marked by the vertical
black arrow). The seizure probability trend does identify the seizure, but is not able to discriminate
it from numerous non-seizure events. (b) Corresponding rhythmicity spectrogram (displayed for
the left and right hemispheres). (¢) Ictal EEG corresponding to the time point on the QEEG trends
as marked by the vertical blue line. This EEG sample contained abundant artifact (most notably in
the T6 electrode), rhythmic delta activity (RDA), and brief rhythmic discharges (BRDs) resulting
in poor seizure identification on QEEG

color indicating more power), it differs from CDSA by only displaying the power in
components that have a high degree of rhythmicity, instead of displaying all the power.
Seizures will present as areas that are darker in color. The rhythmicity spectrogram is
particularly helpful in displaying the evolution of seizures (Fig. 4).
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Fig. 3 Seizure appearance on the CDSA trend, 0-20 Hz (displayed for the left and right hemi-
spheres) for two different patients. Vertical black arrows denote the approximate onset of electro-
graphic seizures. The upward arch shape of seizures can be appreciated on both patients. (a)
Recurrent right hemispheric seizures seen as an increase in power (represented by warmer col-
ors). Note the evolution of power increase (shown by the red and yellow colors). Soon after the
onset of the seizure, there is a gradual decrease in frequency, then increase, and then decrease
again before cessation. This is superimposed on a diffuse mild increase in power (shown by green
and feal colors during seizure activity). (b) A single right hemispheric seizure on the CDSA trend.
Aside from a brief increase in high power (denoted by diagonal black arrow) in mid-frequency
range, the majority of the seizure consists of highest power (red, pink, and white) in the delta
frequency range. This is superimposed on a diffuse mild increase in power (shown by green
color)

Subtle seizures can often be seen only on the rhythmicity spectrogram while not
appearing on other trends. However, the rhythmicity spectrogram is prone to high-
lighting interictal periods and artifact that are easily mistaken for seizures. Examples
of these will be discussed later in the chapter.
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Fig.4 Seizure appearance on the rhythmicity spectrogram, 0-25 Hz (displayed for the left and right
hemispheres) for two different patients. Vertical black arrows denote the approximate onset of elec-
trographic seizures. The evolution of the seizure can be appreciated on both patients. (a) Recurrent
right hemispheric seizures beginning with an increased power (darker blue coloration) in alpha activ-
ity. As the seizure progresses (shown by the red arrow), there is gradual evolution of increased power
into lower frequency ranges before cessation. (b) Three generalized seizures (with left hemisphere
predominance) beginning with a subtle, increased power in the delta frequency range that gradually
increases in power (light blue becoming darker blue). As the seizure progresses, an increase in power
is seen in the alpha and beta frequency ranges as well followed by abrupt cessation

Asymmetry Index

The asymmetry index compares the difference in power between homologous elec-
trodes (i.e., the difference in power between F3 vs. F4 and Ol vs. O2, etc.). The
difference is represented in a graphical display. Typically, there are two graphs that
are separate or overlapping: the absolute asymmetry index and the relative asym-
metry index (Fig. 5). The absolute asymmetry index (yellow trace) calculates the
absolute difference, always displaying a positive score. There is an upward deflec-
tion with increasing asymmetry and a downward deflection with decreasing
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Fig. 5 Example of three left hemispheric seizures on asymmetry index and asymmetry spectro-
gram (approximate onset marked by vertical black arrows). There is a subtle, upward deflection of
the absolute asymmetry index (yellow trace) indicating a period of increased asymmetry. There is
a corresponding downward deflection of the relative asymmetry index (green trace) indicating
increased power in the left hemisphere. Interictally, there is equal power in the left and right hemi-
spheres, as seen by equal red and blue coloration on the asymmetry spectrogram. The seizures
appear on the asymmetry spectrogram as a period of dark blue indicating higher power in the left
hemisphere. There is increased power in the right hemisphere after each seizure due to postictal
left hemispheric suppression

asymmetry. The relative asymmetry index (green trace) is able to show lateraliza-
tion for the asymmetry. An upward deflection represents more power in the right
hemisphere, and a downward deflection represents more power in the left hemi-
sphere. This trend is particularly helpful for focal or lateralized seizures. However,
a bilateral or generalized seizure with similar power in both hemispheres will likely
not show up well on the asymmetry index.

The asymmetry spectrogram (Fig. 5) also displays similar information regarding
the power in homologous electrodes. Colors indicate where more power is present
(red=more power in the right hemisphere and blue =more power in the left hemi-
sphere). The degree of asymmetry is represented by the darkness of the color. In
addition to seizure detection, the asymmetry index and asymmetry spectrogram are
also particularly helpful for ischemia detection.

Amplitude-Based Trends

Envelope Trend

The envelope trend (ET) is a QEEG trend that is based only on amplitude. The raw
EEG is divided into 10-20 s epochs. For each epoch, the median amplitude is calcu-
lated and plotted over time, creating the ET display. This trend is often displayed
separately for the left and right hemispheres, but can be customized to separately
display the ET for a specific set of electrodes. By plotting only the median amplitude,
the ET has the advantage of being able to filter out short-duration artifacts. Conversely,
it may miss very brief seizures due to the fact that the ET is calculated in 10-20 s
epochs. Seizures on ET are visualized as an upward deflection in the trace (Fig. 6).
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Fig.6 Example of three generalized seizures on envelope trend. The blue trace corresponds to the
left hemisphere and the red trace corresponds to the right hemisphere. Vertical black arrows mark
seizures. For each seizure, there is a clear, upward deflection in both the red and blue traces.
Seizure duration is approximately 5 min
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Fig. 7 Example of seizures on the aEEG trend (displayed for the left and right hemispheres) for
two different patients. Approximate seizure onset is marked by vertical black arrows. (a) Bilateral
seizures are represented by a large, upward deflection in the minimum and maximum amplitudes of
the baseline of both traces. The gradual increase in amplitude (evolution) can be appreciated well.
(b) Right hemispheric seizures are represented by an increase in the minimum amplitude of the red
trace, without a notable change in the maximum amplitude. This subtle seizure appearance on aEEG
is more common in critically ill patients than the seizures shown in panel (a)

Amplitude-Integrated EEG

The amplitude-integrated EEG (aEEG) trend is another trend calculated only by
amplitude. For each data point, the raw EEG is filtered and rectified (all values made
positive). The amplitude-integrated EEG (aEEG) trend is displays the minimum and
maximum amplitude of the raw EEG signal in a predefined time frame (typically
1-2 s) on a semilogarithmic scale. Seizures appear as an increase in the minimum
amplitude, creating an upward arch shape (Fig. 7). There is often a corresponding
increase in the maximum amplitude. This trend is also known as a cerebral function
monitor (CFM) and has been utilized extensively for seizure detection in neonates.
The original CFM display represented EEG data from one raw EEG channel placed
over the parietal regions (P3 and P4). To have the ability to detect lateralized abnor-
malities, it is now common for CFM machines to display two channels of data
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(C3-P3 and C4-P4). Commercial QEEG software, such as Persyst, has the ability to
display aEEG trends by any group of electrodes and is often displayed separately
for the left and right hemispheres, incorporating all lateralized electrodes from the
standard 10-20 montage.

Data for Quantitative EEG Utilization in Seizure Detection

Sensitivity of Quantitative EEG Used in Isolation for Seizure
Detection

The majority of studies on QEEG for seizure detection have been in the pediatric
and neonatal population, although there are an increasing number of studies evalu-
ating QEEG in critically ill adults. Beyond just patient’s age, there is significant
heterogeneity in these studies. Some utilize QEEG trends obtained from full-mon-
tage cEEGs, while others are obtained from limited channel cEEGs. Furthermore,
even when a full cEEG montage is used, the QEEG trend studied may be derived
from all channels or from a limited number of channels. Although certain QEEG
trends are studied more often than others, the type of QEEG trend studied (com-
mercially available vs. a novel QEEG algorithm) often differs between studies.
Some studies may employ only one trend while others use more than one. Another
potentially confounding variable in QEEG studies is the variability in expertise of
QEEG readers and the extent of QEEG training provided. Studies may use neuro-
physiologists as readers, but they may not be considered “experienced readers” as
many neurophysiologists have not had training/experience with QEEG trends.
Conversely, many of the studies in the neonatal population utilize neonatologists as
readers since they are more likely to be the ones interpreting the bedside
CFM. Neonatologists may not have experience in reading raw EEGs, but they might
be considered “experienced readers” since some have had several years experience
in interpreting CFMs. Furthermore, the manner in which sensitivity and specificity
are calculated (scoring based on capturing individual seizures or scoring based on
the presence/absence of seizures in patients or epochs) vary between studies.
However, in actual clinical practice, knowing the exact number of seizures present
may not be necessary, and simply knowing if seizures are present or not may be
sufficient to guide therapy.

There are numerous other variables to consider when comparing QEEG studies:
if the readers have access to the raw EEG, the overall QEEG record duration, the
display timescale of the QEEG, the QEEG dataset (all patients with seizures vs.
some with seizures and some without), and the role of the QEEG reader (mark sei-
zures vs. mark area of concern).

Overall, studies in the adult and pediatric population evaluating individual QEEG
trends (ET, aEEG, or CDSA) report sensitivities for seizure detection of 44-83 %
when interpreted by neurophysiologists [5—10]. Studies evaluating the ability of
non-neurophysiologists (pediatric or neurology residents, general neurologists,
intensivists, and neonatologists) to interpret single QEEG trends (ET, aEEG, or
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CDSA) for seizure detection report sensitivities of 41-89 % [5, 6, 11-14]. As men-
tioned previously, there is a significant variability between studies, making direct
comparisons very difficult. This heterogeneity contributes to the wide range in
reported sensitivities. Therefore, it remains unclear if one QEEG trend is superior to
another for seizure detection.

In clinical practice, the bedside QEEG display often shows more than one QEEG
trend, which may improve seizure detection. To address this question, there have
been two studies evaluating the combination of two QEEG trends [6, 15] and one
study evaluating the combination of a panel of QEEG trends [1]. There was an
improved sensitivity (66 %) for neurophysiologists when ET and CDSA trends were
combined as compared to individually (sensitivity of 50 % for both ET and CDSA).
However, non-experienced readers, neurologists, did not reveal an improvement in
sensitivity when ET and CDSA were presented as a combination (50 % sensitivity
for ET+CDSA and 50 % for individual trends) [6]. Another study reported a very
high sensitivity (93 %) for the detection of the presence of seizures by non-
neurophysiologists (one fellow, one neurology resident, and two neuro ICU nurses)
when readers evaluated a combination of aEEG and CDSA (two channels each).
However, this was not compared to their performance on individual trends. Of note,
the derivation of the two-channel aEEG and CDSA trends varied between records
as the authors preselected the channels that would best display ictal activity [15].

As mentioned previously, it is common for bedside QEEG displays to be custom-
ized to show numerous QEEG trends at once. The sensitivity of a panel of QEEG
trends (rhythmicity spectrogram (Persyst Development Corporation, Prescott, AZ),
CDSA, asymmetry index, and aEEG) was found to be 87 % for five neurophysiolo-
gists, 80 % for seven EEG technologists, and 87 % for five neuro ICU nurses for the
detection of the presence of seizures on randomized 1 h epochs [1]. However, this
was not compared to the reader’s performance using individual QEEG trends. There
was no significant difference between the three groups with regard to sensitivity.
This study utilized QEEG trends derived from all lateralized electrodes in a stan-
dard 10-20 montage, while most all other QEEG studies for seizure detection (with
the exception of one [14]) employed QEEG trends derived from a limited number
of electrodes, even if a full 10-20 montage is performed for the cEEG recording.
Seizures in critically ill patients have significant variability in appearance ranging
from subtle, low-amplitude, focal seizures to obvious, generalized, high-amplitude
seizures. This variability in seizure appearance highlights the importance of a panel
of QEEG trends. For example, seizures in one patient may appear best on rhythmic-
ity spectrogram, while another patient’s seizures may be best observed on
aEEG. Furthermore, a panel of QEEG trends makes it easier to discriminate sei-
zures from artifact.

False-Positive Rate

One important concern regarding the use of QEEG for seizure detection is the rate
of false positives. Previous studies utilizing both single and multiple QEEG trends
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for seizure detection by neurophysiologists and non-neurophysiologists have found
the false-positive rate to be between 5 and 39% [1, 7, 8, 11, 12, 15]. One of these
studies found that the most common reason for false-positive seizure diagnosis
(18 %) by aEEG was movement artifact [7]. However, it is common for various
types of artifact to be mistaken for seizures on QEEG in addition to various interic-
tal patterns (to be further discussed later in the chapter). If QEEG trends were used
alone without confirmation of events by interpretation of raw EEG by a neurophysi-
ologist, the result would be unnecessary treatment. Therefore, QEEG should not be
used in isolation.

Utility of Combination Raw EEG and QEEG

Although several studies, discussed above, have been performed to evaluate the
sensitivity and specificity of isolated review of QEEG trends, many neurophysiolo-
gists use QEEG in combination with raw EEG review to assist the review process.
A 2014 survey found that 52 % of neurophysiologists utilized QEEG as part of their
cEEG protocol [3]. The addition of CDSA linked to raw EEG was found to speed
the review process by 78 % with little loss in sensitivity when compared to tradi-
tional EEG review without QEEG [2]. In the study group, the reviewer’s primary
mode of assessment was CDSA interpretation, but reviewers were able to evaluate
short periods of the raw EEG. To review 24 h of data, traditional raw EEG review
took an average of 38 min compared with an average of 8 min for CDSA-guided
review. The sensitivity for CDSA-guided review was 78 % [2].

Automated Seizure Detection

Automated EEG detection systems were developed 40 years ago. Commercial
QEEG software packages often include an automated seizure detection algorithm.
Currently, automated seizure detectors are more frequently used to assist with sei-
zure detection in EMUs than in the ICU.

The currently available software for automated seizure detection has either a low
sensitivity or a high false-positive rate. Studies have found the sensitivity of these
algorithms to range from 33 to 93 % [16], with variability in the algorithms and in
the datasets as the likely explanation for the wide range. A recent and very promis-
ing study of a novel automated seizure detection algorithm (ICU-ASDA) had a
mean sensitivity of 90 % with a false-positive rate of 1.6/24 h when applied to ICU
EEG recordings [16]. This was compared against two commercially available auto-
mated seizure detection products that resulted in much lower sensitivity (sensitivity
of 13 and 10 % with false-positive rates of 1.036/h and 0.013/h).

In a separate study, the Persyst 12 automated seizure detection algorithm
(described earlier) was used on ICU EEG samples that contained EEG patterns that
typically make identification of seizures problematic (periodic patterns, ictal-
appearing artifacts, and normal variants that appear epileptiform). The software



12 QEEG in Seizure Detection 203

detected 76 % of all seizures with a false-positive rate of 0.9/h [4]. As automated
seizure detection algorithms continue to improve the discrimination between sei-
zures and artifacts and interictal events, it is likely that these will begin to enter
regular clinical practice in the ICU.

Seizure Characteristics and QEEG

Several studies have attempted to identify certain EEG characteristics that affect
seizure identification on QEEG. These EEG characteristics fall into two categories:
intrinsic seizure characteristics and interictal EEG patterns or artifacts. All studies
that have evaluated the relationship between seizure duration and identification on
QEEG have found that shorter seizures (typically less than 1-2 min) are more likely
to be missed by experienced and non-experienced QEEG readers alike [1, 2, 8, 10,
12, 15]. Additionally, there appears to be a consistent finding that low-amplitude
seizures (typically less than 75 pV) are more likely to be missed by QEEG readers
[10, 12, 15]. The relationship between other seizure characteristics and seizure iden-
tification on QEEG has been inconsistent. Focal or bilateral independent seizures
may be missed more often by QEEG readers [1, 12, 15], although others have not
found a relationship between seizure spatial extent and seizure identification [8].

It is not entirely clear how the interictal EEG pattern affects seizure identification
on QEEG. Two studies have correlated lower QEEG interpretation performance
with EEGs that either contain abundant interictal discharges [10] or periodic pat-
terns [4]. However, another report found that neurophysiologists were more likely
to correctly identify seizures in the presence of a periodic EEG background [1].

Recognizing Seizures on QEEG

The most challenging aspect of QEEG in critically ill patients is discriminating
artifact and interictal patterns from seizures and being able to recognize subtle sei-
zures. The most common reason for false-positive seizure diagnosis by aEEG was
movement artifact [7]. As discussed previously, short- and low-amplitude seizures
tend to be missed by QEEG readers [1, 2, 8, 10, 12, 15]. Furthermore, various inter-
ictal patterns may hinder correct seizure identification. This section will give several
examples of QEEGs highlighting these issues.

Artifact Recognition

Many sources of artifact are present in the ICU and are unavoidable. Some sources
of artifact (such as bed percussion) are easily differentiated from seizures due to the
long duration and invariable appearance of bed percussion artifact on
QEEG. Conversely, other artifacts may easily be mistaken for seizures due to a
shorter time course and appearing to show evolution (sternal rub and
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Fig. 8 Appearance of EMG artifact compared with seizures on QEEG. (a) QEEG panel (rhyth-
micity spectrogram, CDSA, aEEG, and asymmetry index) displaying a period of EMG artifact
(marked by horizontal black arrow). (b) QEEG panel containing one seizure (approximate onset
marked by vertical black arrow) occurring later in the recording for the same patient. Note the
difference in appearance of artifact and seizure on the rhythmicity spectrogram and CDSA. The
appearance on aEEG is strikingly similar. If aEEG were used in isolation, there would be a high
likelihood of a false positive. (¢) Raw EEG consisting of EMG artifact corresponding to the time
point on panel a marked by the vertical blue line. (d) Ictal EEG corresponding to the time point on
panel (b) marked by the vertical blue line

electromyographic (EMG) artifact) (Figs. 8 and 9). Other common sources of QEEG
artifact in the ICU include chewing (Fig. 10), alternating current (AC) artifact from
various ICU devices, patient disconnection (Fig. 11), and electrode artifact from
high-impedance electrodes. These artifacts result in paroxysmal changes on raw
EEG and QEEG, and it can be extremely difficult to distinguish seizures from artifact
on QEEG. Review of the raw EEG is critical to avoid false-positive results.
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Fig. 9 Appearance of EMG artifact compared with seizures on a QEEG panel (rhythmicity spec-
trogram and CDSA, displayed for the left and right hemispheres). The rhythmicity spectrogram
and CDSA trends display a period of EMG artifact (marked by horizontal black arrow) and an
electrographic seizure (approximate onset marked by vertical black arrow). The appearance of
EMG artifact in the alpha and beta frequency ranges on the rhythmicity spectrogram is very
common
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Fig. 10 Appearance of chewing artifact compared with seizures on QEEG. (a) QEEG panel
(rhythmicity spectrogram, CDSA, and aEEG for the left and right hemispheres) displaying recur-
rent periods of chewing artifact (marked by horizontal black arrow). (b) QEEG panel containing
one seizure (approximate onset marked by vertical black arrow) occurring later in the recording
for the same patient. (¢) Raw EEG consisting of chewing artifact corresponding to the time point
on panel (a) marked by the vertical blue line. (d) Ictal EEG corresponding to the time point on
panel (b) marked by the vertical blue line

Figures 8, 9, and 10 show examples of QEEG panels that contain both discrete
seizures and periods of artifact. Although it may initially be difficult to distinguish
artifact from seizures on QEEG, the skill of pattern recognition will improve with
continued experience. As with raw EEG, seizure evolution can often be appreciated,
especially on rhythmicity spectrogram (Fig. 4). In contrast, artifact often has a sud-
den onset and offset without displaying evolution. Artifacts in the ICU (especially
EMG artifact) tend to appear in the higher-frequency ranges, while it is common for
seizures in critically ill patients to be limited to the delta and theta range (Fig. 9).
Furthermore, seizure morphology on QEEG tends to be stereotyped, making subse-
quent seizure identification easier over time. Due to inter-patient seizure variability,
it is common for seizures not to be well defined on all QEEG trends. Seizure charac-
teristics will determine varying appearance on different QEEG trends. The author’s
institution utilizes a panel of QEEG trends for this reason.
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Fig. 11 Appearance of EEG disconnection on QEEG. (a) QEEG panel (rhythmicity spectrogram,
CDSA, aEEG, and asymmetry index). Disconnection is marked by the vertical white arrow. (b)
Raw EEG corresponding to the time point on panel (a) marked by the vertical blue line showing
the patient’s background EEG pattern. (¢) Raw EEG corresponding to the time point on panel (a)
marked by the vertical red line after the patient was disconnected from EEG. After disconnection,
the QEEG is picking up a large amount of artifact from the environment and from movement as
seen by the large deflections on all QEEG trends. After the artifact subsides, the EEG appearance
looks similar to electrocerebral inactivity (ECI)

Interictal Patterns

There are numerous rhythmic and periodic EEG patterns encountered in critically
ill patients that pose difficulties when interpreting QEEG.

Periodic Patterns

Periodic EEG patterns, such as burst suppression, burst attenuation, lateralized peri-
odic discharges (LPDs), and generalized periodic discharges (GPDs), can appear as
paroxysmal events on QEEG under certain circumstances. Short-duration,
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low-frequency, monotonous periodic patterns will likely not change the QEEG
background appearance. However, if the duration of bursts in burst suppression/
attenuation patterns is of sufficient duration, a paroxysmal change on QEEG may
appear. Similarly, a change in the frequency of LPDs and GPDs to higher-frequency
runs of LPDs and GPDs can appear as a paroxysmal event on QEEG especially if
this change is rather abrupt. Figure 12 displays an example of a discrete (but subtle)
seizure on QEEG contrasted with interictal activity of consisting of LPDs.
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Fig. 12 Appearance of lateralized periodic discharges (LPDs) compared with seizures on QEEG.
(a) QEEG panel (rhythmicity spectrogram, CDSA, aEEG, and asymmetry index). (b) Interictal
raw EEG demonstrating continuous left hemispheric LPDs corresponding to the time point on
panel (a) marked by the vertical blue line. Although the LPDs occur continuously throughout the
patient’s record, there are some periods when the LPDs become more prominent and spread to the
right posterior quadrant and result in a very subtle change in the rhythmicity spectrogram (marked
by diagonal black arrows). (¢) Ictal EEG corresponding to the time point on panel (a) marked by
the vertical red line. Although this seizure is subtle, its appearance on QEEG (panel a) can be
visualized on the left hemisphere rhythmicity spectrogram as darker blue coloration in the alpha
frequency range and by a thinned, arch-like shape on left hemisphere aEEG
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Nonperiodic Interictal Patterns

There are certain nonperiodic, episodic, interictal EEG patterns that may make
QEEG interpretation difficult. These include brief rhythmic discharges (BRDs), lat-
eralized or generalized rhythmic delta activity (LRDA or GRDA), stimulus-induced
rhythmic periodic or ictal discharges (SIRPIDs), and state changes. BRDs, LRDA,
GRDA, and SIRPIDs may appear as discrete events on QEEG, depending on char-
acteristics such as duration, amplitude, frequency, and deviation from baseline.
Figures 13, 14, and 15 show examples of the appearance of BRDs, RDA, and state
changes on QEEG, respectively.

Subtle Seizures

Similar to raw EEG interpretation, subtle seizures can be difficult to identify on
QEEG. These include seizures that are short duration, low amplitude, low fre-
quency, slowly evolving, and of limited spatial extent. These seizures are especially
difficult to identify on QEEG when the appearance of artifact is more prominent
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Fig. 13 Appearance of a brief rhythmic discharge (BRD) on QEEG. (a) QEEG panel (rthythmicity
spectrogram and CDSA, for the left and right hemispheres). Asymmetry index and aEEG are not
shown as there was no change in these trends during the BRDs for this patient. During each BRD,
there is an increase in power in the lower frequency ranges that appears on rhythmicity spectro-
gram as intermittent darker blue coloration and on CDSA as intermittent episodes of white/red/
yellow coloration. (b) Raw EEG displaying a 5 s long BRD consisting of rhythmic 3 Hz spike and
wave discharges corresponding to the time point on panel (a) marked by the vertical blue line
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Fig. 14 Appearance of frontally predominant generalized rhythmic delta activity (GRDA) on
QEEG. (a) QEEG panel (rhythmicity spectrogram and CDSA, for the left and right hemispheres).
During each episode of RDA, there is a subtle increase in power in the delta (and to a lesser extent
theta) frequency range that appears on rhythmicity spectrogram as intermittent darker blue color-
ation and on CDSA as intermittent occurrences of white/red/yellow coloration. The periods of
RDA are more prominent in the first half of the QEEG panel. (b) Raw EEG demonstrating an
example episode of frontally predominant GRDA corresponding to the time point on panel a
marked by the vertical blue line

than the seizures themselves (Fig. 16). Furthermore, even though an individual
patient’s seizures initially appear easy to detect, treatment with antiepileptic drugs
may cause them to become subtle in appearance on QEEG by reducing the spatial
extent, duration, frequency, and/or amplitude (Fig. 17).
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Fig.15 Appearance of patient’s state change and EMG artifact on QEEG. (a) QEEG panel (rhyth-
micity spectrogram, CDSA, aEEG, and asymmetry index). (b) Raw EEG corresponding to the
time point on panel a marked by the vertical blue line while the patient is sleeping. (¢) Raw EEG
corresponding to the time point on panel a marked by the vertical red line after the patient awakens
and is moving. During this period, there is a diffuse change in power bilaterally that is seen on
rhythmicity spectrogram and CDSA. On aEEG, there is an increase in the maximum and minimum
amplitude. Little difference is seen on asymmetry index
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Fig. 16 Appearance of episodic EMG artifact compared with very subtle seizures on QEEG. (a)
QEEG panel (rhythmicity spectrogram, CDSA, aEEG, and asymmetry index) displaying intermit-
tent periods of EMG artifact (marked vertical white arrows) and three extremely subtle seizures
(marked by blue circles). Due to the periodic, prominent EMG artifact and very subtle nature of
seizures, it would be easy to overlook the seizures and mistake the artifact for seizures. (b) Ictal
EEG demonstrating the seizure corresponding to the time point on panel (a) marked by the vertical
blue line. This seizure is only seen slightly on left hemisphere rhythmicity spectrogram. The sei-
zures do not appear on the other QEEG trends. (¢) Raw EEG consisting of EMG artifact corre-
sponding to the time point on panel (a) marked by the vertical red line. This artifact appears
prominent on CDSA and aEEG
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Fig. 17 Appearance of obvious vs. subtle seizures on QEEG. (a) QEEG panel (rhythmicity spec-
trogram, CDSA, aEEG, and asymmetry index) displaying two seizures in the same patient, sepa-
rated by approximately 15 min. (b) Ictal EEG demonstrating a focal left central seizure
corresponding to the time point on panel (a) marked by the vertical blue line. This seizure is seen
predominantly on left hemisphere rhythmicity spectrogram and left hemisphere CDSA. It is diffi-
cult to visualize this seizure on aEEG and asymmetry index. (c¢) Ictal EEG demonstrating a focal
left central seizure corresponding to the time point on panel (a) marked by the vertical red line.
This seizure, in the same patient, consists of rhythmic sharp waves in the same distribution and
frequency, but of lower amplitude. Due to the reduced amplitude, this seizure is less noticeable on
left hemisphere rhythmicity spectrogram than the seizure in panel (b) and even less noticeable on
the other QEEG trends

Conclusion

There has been an increased clinical utilization of QEEG for detection of sei-
zures in critically ill adult and pediatric patients. The goals of QEEG for seizure
detection are to assist in interpretation of large volumes of cEEG data and pos-
sibly expedite seizure identification and treatment. Ongoing research efforts are
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attempting to answer various questions such as which QEEG trends should be
used; which personnel can serve as QEEG readers, if automated seizure detec-
tors can be used; and which is the best electrode derivations for QEEG trends.

Although QEEG trends can be used to assist cEEG data interpretation, it can-
not be used in isolation. Patient treatment decisions must be made on the basis of
raw EEG interpretation by neurophysiologists. As QEEG software continues to
improve, it is likely that QEEG will continue to have a growing presence in the
ICU for seizure detection.
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Introduction

While continuous EEG (cEEG) remains the ideal method of monitoring for seizures
in neonates, quantitative EEG (QEEG) trends are often used. In particular, amplitude-
integrated EEG (aEEGQ) is increasingly popular and can be a helpful complementary
tool to cEEG monitoring. In situations in which cEEG is not practical, aEEG may
be used as a stand-alone method of neuromonitoring. Alternately, aEEG may be
used in conjunction with cEEG to allow bedside caregivers in the neonatal unit to
monitor EEG trends in real time or to facilitate rapid review of neonatal cEEG by a
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neurophysiologist. Understanding the fundamentals of how aEEG is recorded and
displayed helps clinicians accurately interpret background patterns and identify sei-
zures. Specific factors can impact accuracy of aEEG for seizure detection; modifica-
tion of these factors can improve sensitivity and specificity. Awareness of limitations
of aBEG facilitates appropriate clinical use.

The use of aEEG for seizure detection has advantages as well as pitfalls; cEEG
remains the gold standard, but aEEG can be a very useful extension of cEEG moni-
toring. This chapter will focus on features of aEEG relevant to neonates and, in
particular, the use of aEEG in detection of neonatal seizures. Other forms of quan-
titative EEG are much less often used in infants, though they have potential for
seizure detection. Likewise, while aEEG has additional applications, such as back-
ground assessment for prognostication, this chapter focuses on its use for neonatal
seizure detection.

Background

For the last half century, advances in intensive care, with an emphasis on neuroprotec-
tion, have led to the need for increased monitoring of brain function. Yet several fea-
tures of cEEG monitoring were, and continue to be, an obstacle to universal use. These
include cost, bulky equipment, and the need for technologist and neurophysiologist
expertise. Such obstacles prompted the need for a simplified method. In the 1960s,
Douglas Maynard and Pamela Prior described the use of a continuous “cerebral func-
tion monitor” (CFM) using just two electrodes placed in the parietal region to monitor
brain activity in critically ill patients [9]. This CFM, the precursor of today’s aEEG,
processed the raw, single-channel EEG recording into a simplified, compressed dis-
play. The goals of this monitoring strategy were to create a simple, less costly, nonin-
vasive, reliable measure of brain function at the bedside. Initially, the CFM was used
mainly in the settings of adult anesthesia, cardiac surgery, cardiac arrest, and status
epilepticus (SE) [3]. CEMs were first applied in neonatal intensive care units (ICUs) in
the 1980s in the Netherlands, and they were found to be particularly useful in prognos-
tication for neonates with hypoxic ischemic encephalopathy [3]. With advances in digi-
tal technology, the use of aEEG increased dramatically. There is now an extensive
literature describing the interpretation of aEEG and normative values for term and pre-
term infants. Indeed, recent surveys suggest that at least 55 % of neonatologists use
aEEG, with a higher number in academic centers [14]. aEEG is by far the most com-
monly used type of quantitative EEG used in the neonatal ICU.

The rise of aEEG has been largely driven by the neonatology community. In
contrast to conventional EEG, aEEG is typically applied by neonatal ICU staff and
interpreted by neonatologists, without extensive neurophysiologic training. The
advent of therapeutic hypothermia for hypoxic ischemic encephalopathy (HIE) and
the discovery that aEEG was useful for prognostication in HIE have also fueled
interest in the use of aEEG by neonatologists [2, 3].

Given the increasing impact aEEG has on clinical decision-making, neurologists
should be knowledgeable regarding indications for, interpretation of, and pitfalls
inherent to aEEG. There is a large evidence base consistently showing that aEEG
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background patterns are prognostically accurate for term neonates with HIE [6, 8];
this is one major indication for the use of aEEG in the neonatal ICU. Even more
popular is the use of aEEG as a screening tool for neonatal seizure detection. While
clinical neurophysiologists caution that aEEG is not a suitable replacement for con-
ventional EEG monitoring [16], neonatal ICUs increasingly turn to aEEG for sei-
zure detection. About one half of neonatologists in the United States, the United
Kingdom, Europe, and Canada indicate they are equally likely to use aEEG as con-
ventional EEG to diagnose seizures, while neurologists more often rely on EEG [5].
These two technologies are not mutually exclusive; the proper combination of
aEEG and EEG can be powerful in seizure diagnosis and management.

Clinical Indications

Neonates with critical illness are at high risk for seizures; this particularly includes
infants with HIE, stroke, hemorrhage, inborn errors of metabolism, congenital heart
disease, and those infants on extracorporeal membrane oxygenation (ECMO) [1].
Yet seizure detection can be quite difficult in neonates, because the vast majority of
seizures (80-90 %) are electrographic only [1]. When seizures are clinically evident,
their semiology is different from older patients and can be quite subtle. Clonic move-
ments, gaze deviation, and apnea are the most common signs when outward man-
ifestations are present. When clinically evident seizures are correctly recognized,
treatment with medication can lead to electroclinical dissociation in as many as 58 %
of cases, meaning previously evident seizures become electrographic only [16]. Thus,
when suspected clinical seizures are observed, EEG monitoring may be employed to
assess ongoing seizure burden, especially after medication is administered.

At the same time, there is not only the risk of missed diagnosis but also a risk of
overdiagnosis of neonatal seizures. Some events which are clinically suspicious for
seizures are actually not seizures; EEG monitoring can be useful in ruling out sei-
zures in these cases and for the differential diagnosis of funny spells. In one study
using cEEG to monitor neonates at risk for seizures, 73 % of the clinically docu-
mented suspected seizures actually had no corresponding EEG evidence of seizure
[10]. Heightened vigilance for clinical seizures in ill neonates may lead to erroneous
diagnosis of seizure in the absence of EEG corroboration.

Given these challenges in diagnosis, the American Clinical Neurophysiology
Society (ACNS) recommends conventional cEEG monitoring whenever neonatal
seizures are suspected, whether because of clinical signs or because a patient’s con-
dition confers a high risk of subclinical seizures [16]. While cEEG remains the gold
standard for diagnosis of neonatal seizures, aEEG is used in a variety of situations.

Few neonatal ICUs have around-the-clock cEEG access; stand-alone aEEG can
be a useful temporary measure when cEEG is limited. When cEEG availability is
delayed (such as nights or when there is not enough equipment available), aEEG
may be used until cEEG becomes possible. In these cases, aEEG electrodes can be
applied by nursing staff, neonatologists, or respiratory therapists. A beside aEEG
machine can be started within minutes, allowing early monitoring to begin while
cEEG is awaited. Similarly, some centers may have no access to cEEG monitoring



218 J.K.Knowles and C.J. Wusthoff

and may use aEEG as a screening tool for neonates with suspected seizures while
awaiting transfer to a referral neonatal ICU for cEEG. In these situations, the neu-
rologist at the receiving hospital may need to review initial aEEG tracings obtained
prior to transfer as part of their evaluation. Even when cEEG is available, aEEG
may be used in place of cEEG in those occasional cases when there are logistic bar-
riers to cEEG, such as physical space limitations at the bedside or a need for the
patient to frequently have electrodes removed (as in some neurosurgical cases).
While stand-alone aEEG does not have the accuracy of cEEG (as below), it can be
a useful stopgap when cEEG is not immediately possible.

Increasingly, aEEG is also being used in conjunction with cEEG to facilitate
more rapid identification of seizures. Many commercially available cEEG systems
have the ability to record conventional cEEG for neurophysiologist to review
remotely and also display the same recording at the bedside as aEEG, for real-time
review by the neonatal ICU team (Fig. 1). This combination of methods has numer-
ous strengths. First, display of aEEG at the bedside empowers neonatal ICU care-
givers to participate in the neuromonitoring of their patients even without formal
training in neurophysiology. With relatively straightforward training, neonatal ICU
nurses and providers can learn to identify features on aEEG that might suggest sei-
zures. Because aEEG is displayed in real time for constant review, the bedside team
becomes a set of eyes for early identification of subclinical seizures. This is particu-
larly helpful in settings where cEEG is recorded continuously, but only reviewed by
neurophysiologists intermittently. Ideally, the neonatal ICU continuously monitors
the aEEG display, and if an event concerning for seizure is identified, a neurophysi-
ologist can be contacted to review the corresponding cEEG for confirmation as to
whether or not that event was a seizure.

Similar to the use of qEEG in older patients, aEEG display may also be used by
neurophysiologists to screen large quantities of cEEG recording to quickly identify
presence or absence of seizures before a more detailed review is undertaken. This
allows for more targeted review of long periods of cEEG recording and expedited
intervention in many cases. Typical aEEG settings allow display of 3—6 h of EEG on
a single screen; an overview of a day of recording can be viewed in minutes.

For all of these reasons, even if neurophysiologists typically rely on cEEG for
neonatal seizure detection, aEEG is often indicated either to supplement or in con-
junction with cEEG for seizure detection.

Recording and Display

As mentioned previously, cEEG is widely considered to be the gold standard method
for seizure detection. Full array cEEG uses 9 to 16 electrodes placed according to
the international 10-20 system, modified for the smaller neonatal head (Fig. 2). Up
to 16 channels result. This is generally thought to capture all but exceptionally rare
spatially restricted seizures [3]. cEEG provides detailed information about back-
ground activity as well as the location, form, evolution, and migration of ictal pat-
terns. The addition of video allows rapid identification of artifacts and correlation of
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Fig. 1 Example of simultaneous aEEG and cEEG recorded from a single patient. The aEEG with
select source channels (fop) is displayed at the bedside for the neonatal team to review in real time,
while the full cEEG (bottom) is available for remote review by a neurophysiologist

electrographic seizures with clinically apparent phenomena. In contrast, aEEG
records less information, typically from just two to four electrodes, which is then
simplified and compressed, allowing for more rapid but more limited assessment of
cerebral function, including by those without formal neurophysiology training.



220 J.K.Knowles and C.J. Wusthoff

A key feature is that aEEG uses a reduced array, with a minimum of three elec-
trodes — two placed in the biparietal location (P3-P4) and one to serve as a ground
to record ‘“single-channel” EEG. Various types of electrodes are available.
Subdermal needle electrodes have the advantage of being easily secured for long-
term monitoring and having reduced impedance. However, concerns for needle-
sticks may make disk or sticker electrodes preferred by some users [7]. Hydrogel
electrodes can be used in extremely preterm infants, though scalp preparation with
abrasive cream is still typically required to achieve acceptable impedances [3, 7].

The reduced array of electrodes records limited channels of EEG, just as in con-
ventional EEG. Originally, aEEG systems recorded only at P3-P4 to generate
“single-channel” EEG. Increasingly, aEEG systems use four electrodes (placed at
C3, P3, C4, and P4) with a ground [15] (Fig. 2). This “dual-channel” configuration
provides information about laterality (using C3-P3 and C4-P4 as hemispheric
channels) in addition to a cross cerebral channel (P3-P4). The use of dual-channel
aEEG increases sensitivity for seizure detection as compared to single-channel
aEEG, as discussed further below [13]. More electrodes can be used, though not all
commercial systems have this ability. Some aEEG systems allow a machine to start
recording limited array EEG for aEEG from a reduced number of channels (such as
when a recording is started by a nurse in the middle of the night) and then “flex up”
to a full array of EEG channels later in the recording (such as when a technologist
becomes available).

Electrodes should be placed in the centroparietal region to maximize sensitivity
for seizure diagnosis. This vascular “watershed” area is particularly susceptible to
injury; most neonatal seizures arise from this region [7]. This area is also less

Fig. 2 Illustration of electrode placement in cEEG vs aEEG. Open circles represent typical elec-
trode placement for neonatal EEG. Shaded circles (C3, C4, P3, P4) represent typical electrode
placement for dual-channel aEEG
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affected by eye movements or scalp muscle artifact, which can be problematic with
frontal or temporal electrode placement [7]. Furthermore, while electrode place-
ment in the frontal area may be more convenient (given no hair interferes with the
application), frontal electrodes show more artifact and have reduced sensitivity for
seizures. Over half of seizures are missed with single-channel EEG using frontal
electrodes [20].

This reduced array of electrodes records channels of EEG, just as in conventional
recordings. Voltage differences between electrical potentials at two different scalp
areas are recorded. The aEEG machine or software then processes the raw EEG
tracing to facilitate its interpretation. The raw recording is filtered, removing signal
with frequencies below 2 Hz and above 60 Hz. The filter parameters are designed to
eliminate artifact, but the high pass 2 Hz filter can also eliminate normal and patho-
logic features, including low-frequency seizures. Recorded electrical potentials are
rectified, with negative voltages converted to positive values [3, 7]. Amplitudes are
then plotted on a time-compressed display, with the x-axis representing time and the
y-axis a semilogarithmic representation of amplitude (linear from O to 10 pV and
logarithmic above 10 pV) (Fig. 3). Amplitude data is plotted in consecutive, thin,
vertical lines, with each line representing 15 s of recording. For each line, the top
point on the y-axis represents the maximum amplitude recorded during the interval,
while the bottom point on the y-axis represents the minimum amplitude during that
interval. In neonates with impaired brain function, the majority of amplitudes will
be between 0 and 20 pV, and the display emphasizes a finer degree of detail within
this range. As the display progresses, the side-by-side vertical lines form the activity
band [15], which serves as a graphical representation of amplitude of brain activity
on a compressed time scale. While many systems allow adjustment of the time
scale, typical aEEG displays 1 h of recording over 6 cm or 1 min of recording per
millimeter. Of note, aEEG displays only the amplitude of the EEG signal over time.
There is no information regarding frequency, power, or other features that may be
included in other qEEG techniques.

Newer machines can display the raw EEG tracing corresponding to a particular
area of the processed data, which is critical for identification of artifacts or subtle
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Fig. 3 Example of dual-channel aEEG tracing, with time displayed on the x-axis and amplitude
in uV semi-logarithmically displayed on the y-axis
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Fig. 4 aEEG (bottom two panels) displayed along with source EEG (upper two panels). Line at
left of aEEG panels indicates area of interest selected for review, with arrow pointing up to corre-
sponding segment of source EEG, in this case, confirming presence of seizure

seizures (Fig. 4). Some machines can also display other metrics, such as impedance,
with alarms for excessively high impedance during recording. There is commer-
cially available software for automated seizure detection based on aEEG, though
this has not been approved for use in all countries. As above, some cEEG acquisi-
tion systems allow display of aEEG at the bedside during cEEG recording, with
cEEG displayed for a neurophysiologist at a review station [3].

Interpretation
Background

Accurate detection of neonatal seizures on aEEG recordings requires a basic under-
standing of overall aEEG interpretation. As with conventional EEG, critical ele-
ments of neonatal aEEG interpretation include background assessment, detection of
seizures, and identification of artifacts. In general, there is good consistency between
aEEG background patterns and their correlates on cEEG [6]. There is not one uni-
versally accepted method for describing or classifying aEEG patterns; the approach
described here has been adapted in various forms.

One approach to aEEG background interpretation focuses on quantitative assess-
ment of the aEEG activity band, with some pattern recognition (Table 1) (reviewed
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Table 1 Assessment of aEEG background

Background Upper margin of | Lower margin of | Variability: Variability:
category activity band (pV) | activity band (pV) | upper margin lower margin
Continuous 10-50 >5 Present Present
Discontinuous >10 <5 Present Present

Low voltage <10 <5 Present Present
Burst suppression | Bursts >25 0-2 Widely variable | Absent

(bursts)
Inactive <5 0-2 Absent Absent

Fig.5 Example of continuous aEEG. The lower margin of the activity band is above 5 uV, while
the upper margin is above 10 uV

Fig. 6 Example of discontinuous aEEG. The lower margin of the activity band is below 5 uV,
while the upper margin is above 10 uV

in detail elsewhere [8]). This system classifies aEEG into five categories: continu-
ous, discontinuous, low voltage, burst suppression, or inactive. In a term neonate,
only a continuous background is normal. In preterms, depending on gestational age,
a discontinuous background pattern may also be normal. Low-voltage, burst-sup-
pression, and inactive patterns are always abnormal. In normal aEEG recording
from a term newborn, the lower margin of the activity band is greater than 5 pV, and
the upper margin is greater than 10 pV and often greater than 25 pV (Fig. 5). This
reflects a raw EEG pattern with consistently normal amplitudes. In contrast, a dis-
continuous EEG pattern will have some periods of higher amplitude alternating
with very low amplitude; this wider range of amplitudes is reflected in a wider activ-
ity band, with the lower margin sometimes below 5 pV (Fig. 6). In these patterns,
normal variability in amplitudes is reflected in variability in the margins of the
activity band. This is in contrast with abnormal patterns such as burst suppression.
In burst suppression, the lower margin is also below 5 pV and the upper margin
greater than 25 pV, but the lower margin has no variability — it is a near flat line,
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reflecting the true suppression of the background between bursts on the correspond-
ing EEG. This suppression alternating with short, high-amplitude bursts results in a
“comb-like” pattern. A severely abnormal aEEG background pattern may be
described as low voltage when the upper margin is below 10 pV or inactive when
the upper margin is below 5 pV and the lower margin below 2 pV and invariant
(Fig. 7).

Additionally, aEEG background is often assessed for the presence of sleep-wake
cycling, which has been found to carry prognostic importance in HIE. Sleep-wake
cycling is expected in term neonates and may begin to emerge in preterm neonates as
early as 32 weeks. Quiet sleep is reflected on aEEG by a widening of the activity band,
reflecting the wider range of amplitudes present in quiet sleep. This contrasts with the
narrower band of active sleep and while awake, during which amplitudes are more
consistent. Overall, the alternation between quiet sleep, active sleep, and awake results
in a widening and narrowing of the activity band in a sinusoidal pattern (Fig. 8).

As with conventional EEG, gestational age and medication can affect the back-
ground aEEG pattern. In preterm infants, normative values for aEEG have been pub-
lished describing expected amplitudes for different degrees of prematurity [8].
Medications such as morphine, phenobarbital, and midazolam can affect the aEEG
background (typically, by decreasing amplitude) [8]. In some reports, surfactant admin-
istration has been associated with decreased amplitudes and increased bursting [18].

Seizure Identification
On conventional EEG, neonatal seizures are defined as a sudden, repetitive,

evolving EEG patterns, with a clear beginning, middle, and end. Waveforms
may include spikes, sharp waves, spike wave complexes, or rhythmic slow waves
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Fig. 7 Example of severely abnormal aEEG. The trace is predominantly inactive with absent
lower margin variability and upper margin typically <5 uV

Fig. 8 Sleep-wake cycling. The sinusoidal pattern of the activity band, which widens and nar-
rows, reflects cycling through sleep and awake states
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[7]. Many neurophysiologists define a neonatal seizure as lasting at least 10 s
[19]. Seizures that are characterized by an increase in amplitude are most evi-
dent on aEEG. When occurring amidst a continuous, normal voltage background,
seizures often appear as an abrupt “jump” in the activity band, with a sudden rise
in the minimum and maximum voltage reflecting the higher amplitude of the sei-
zure (Fig. 9). This sudden abrupt elevation in amplitude may be seen more easily
in the lower border than the top border, particularly if there is wide variability
in the upper margin of the background. Some seizures are followed by a period
of postictal suppression, during which the activity band is lowered transiently.

Not all neonatal seizures are apparent on aEEG. Some neonatal seizures are rec-
ognizable on EEG as distinct, repetitive patterns, but have amplitudes similar to
background activity. These are very difficult to identify on aEEG. Similarly, most
neonatal seizures are brief, lasting less than 2 min. On aEEG at typical display
speeds, this corresponds to just 2 mm of the display, making individual, brief sei-
zures difficult to identify [7]. Indeed, direct comparison of aEEG and continuous,
conventional EEG demonstrated that aEEG missed seizures up to 30 s long [12].
Prolonged seizures and repetitive seizures may be more easily seen. Frequent sei-
zures or SE may be evident as a “sawtooth” pattern on aEEG.

Artifacts and Seizure Mimics

There are numerous sources of potential artifact in aEEG recordings, particularly in
the neonatal ICU. These are often related to the quality of electrodes and proper
electrode placement, interference due to other devices, and various patient move-
ments. Excessively high electrode impedance can be due to poor contact with the
skin or sweating. This may result in falsely elevated amplitudes. Alternatively, there
may be intermittent periods where electrode loses contact with the skin, resulting in
intermittently elevated impedance and falsely elevated amplitudes. Typically, these
findings will be unilateral, on the side of the affected electrode. However, electrode
impedance can be easily checked either as directly displayed by the monitor or by
inspection of the raw EEG signal, which reveals a nonphysiologic pattern. If not
recognized, the falsely elevated activity band will mask any underlying seizure
activity. In contrast, when there is significant scalp edema present, amplitudes may
be diminished, resulting in a falsely lowered activity band and again obscuring
lower-amplitude seizures.

The most common artifacts mistaken for seizures on aEEG are movement or pat-
ting artifacts. Patting typically results in a rhythmic artifact in the EEG that has a

Fig. 9 Example of seizures on aEEG. Arrow indicates one of several seizures in this aEEG. Each
is characterized by an abrupt elevation of the lower margin of the activity band
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frequency of 1-4/sec, evolves in intensity, and slowly stops over a period of seconds
to minutes. Spontaneous movements, including movement of the limbs, respiration,
or even sucking, can cause an artificial increase in the background amplitudes, mim-
icking seizures. Infants undergoing therapeutic hypothermia may shiver, with
resulting artifact on aEEG. Similarly, movements due to manipulation of the patient
by caregiver can be mistaken for seizures. In each case, artifact is also present and
may be more easily recognized on the corresponding raw EEG. Whenever possible,
concurrent video monitoring is extremely helpful for identifying these artifacts.
Unfortunately, video recording is typically not available if aEEG is from an aEEG
machine rather than in conjunction with cEEG [6, 15]. When video is not available,
meticulous annotation of events such as movement and patting by bedside caregiv-
ers is essential for proper distinction between artifact and seizure.

Continuous electrocardiographic (ECG) recording can contaminate the aEEG
record, particularly in patients with low-voltage backgrounds or burst suppression.
This can cause the upper margin of the activity band to appear higher than it actually
is, masking a low-voltage background (Fig. 10). This is also true of artifact from
mechanical ventilation, particularly high-frequency oscillation ventilation causing
rapid, repetitive movements. When such artifact comes and goes or the raw EEG
trace is examined in isolation, these artifacts may be misinterpreted as frequent
seizures or SE. As with other forms of artifact, consideration of both the aEEG in
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Fig. 10 Example of aEEG with falsely elevated activity band due to ECG artifact. In this patient,
the aEEG appears to show a background that is only discontinuous (upper panel). However, review
of the corresponding cEEG reveals diffuse ECG artifact as the only source of increased amplitude
beyond a very suppressed background (lower panel)
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conjunction with EEG, annotation of the circumstances of recording, and user expe-
rience are needed to avoid misinterpretation.

Accuracy and Limitations

A number of studies have now examined the utility of aEEG for seizure detection
(Table 2). Taken together, various investigators evaluating the sensitivity of single- or
dual-channel aEEG for individual seizures in neonates have determined that anywhere
between 25 and 84 % of seizures are correctly identified with aEEG [6]. Some studies
have made a distinction between detection of individual seizures and detection of any
seizure in a record containing seizures; this is to simulate the clinical scenario in
which quantification of seizure burden is not sought, but rather when aEEG is used to
identify whether a neonate is having any seizures (and thus would need treatment or
initiation of cEEG). The sensitivity of aEEG to identify whether there are any seizures
within a record is somewhat better, 40-85 %. There is less data regarding the specific-
ity of aEEG for seizure detection, though this appears to also be imperfect [6].

Much of the variability in reported accuracy of aEEG relates to the methodology
used in individual studies. One study provided aEEG from near-term infants (38-50
weeks) to neonatologists with at least a year of experience with aEEG and asked
them to identify seizures using just aEEG, without the raw EEG available [17]. With
this approach, sensitivity for identifying individual seizures was only 25.5+10.6 %.

Table 2 Sensitivity of aEEG for seizure detection

Subjects, Sensitivity for | Sensitivity for
First conceptional individual a seizure-
author ages (CA) aEEG aBEG readers seizures positive record
Shellhaas | Mixed group | Single 6 neonatologists, | 25.5% 40.3 %
of near-term | channel all with >1 year
neonates, experience
38-50 weeks
Rennie At-risk Single 4 neonatologists, |38 % 4/19 correctly
neonates, channel newly trained identified by
24-42 weeks with no prior all 4
experience neonatologists
Frankel At-risk Single Neonatologist, 71-84 % 68-84 %
neonates, channel and | neonatology
24-43 weeks | dual fellow, and
channel medical student
Shah Neonates Single 2 neonatologists, | 76 % with dual | 85%
with channel, each with channel +raw
seizures, dual >3 years EEG
term channel, experience 27-56 % with
and dual single- or
channel dual-channel
with source EEG without
cEEG raw EEG
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Sensitivity for identifying at least one seizure in a record containing seizures (i.e..
sensitivity for a seizure-positive record) was 40.3+16.8 %. This contrasts with the
method used by another study [13] to address a similar question. In that study, two
neonatologists with 3 years of experience interpreting aEEG reviewed various
forms of aBEG. Using single-channel aEEG without the raw EEG, they correctly
identified 41-56 % of seizures. Allowing access to dual-channel aEEG without raw
EEG did not improve sensitivity, but when the neonatologists were allowed to
review dual-channel aEEG plus raw EEG, sensitivity increased to 76 % with
improved inter-rater variability. The specificity using this method was 78 %.

As expected, nonexperts are less successful in identifying seizures on aEEG. One
study assessed sensitivity of aEEG when used by nonexperts [11]. The authors
examined the accuracy of aEEG for seizure detection in a broader population of
newborns, ranging from very preterm to term (24-42 weeks), including those with
HIE, meningitis, clinically suspected seizures, or intraventricular hemorrhage. Four
neonatologists with no prior aEEG experience were newly trained for aEEG inter-
pretation. When they examined aEEG records derived from cEEG traces in this
population, the sensitivity for individual seizures was found to be 38 %. Inter-rater
agreement was poor, with only 4 out of 19 records being correctly identified as
containing seizures by all four neonatologists. Similarly, in another study compar-
ing aEEG to routine EEG, the specificity was significantly higher when aEEG was
read by a fellow or neonatologist (8697 %) as compared to when it was read by a
student (39-66 %) [4]. Of note, these studies used aEEG recorded primarily from
term born neonates; there have not yet been studies demonstrating the accuracy of
aEEG for seizure detection specifically in preterm infants. The presence of specific
graphoelements in preterm EEG, such as delta brushes, may make interpretation of
aEEG more challenging in this population; further research is needed in this area.

Translating these findings to clinical practice, new users may struggle with aEEG,
and even experienced users cannot identify all seizures using aEEG. When aEEG is
used alone, over half of seizures may be missed. However, if aEEG is interpreted by
experienced users, including dual-channel aEEG and raw EEG for confirmation, sen-
sitivity is much improved [4, 17]. aEEG can most reliably detect longer seizures and
identify patients who have multiple seizures [12, 17]. The location of seizures may
also affect sensitivity: because of electrode location, seizures are more often missed
if originating in the occipital or frontal lobes [4, 13]. Frontal or forehead electrode
placement should be avoided, as this tends to introduce more artifacts (e.g., myo-
genic), and few seizures originate in or propagate to the frontal lobes of neonates [6,
15]. Use of frontal electrodes can decrease sensitivity of seizure detection in single-
channel EEG from 73 to 46 % as compared to centrally placed electrodes [20].

Conclusions

While cEEG remains the preferred method of monitoring for seizures in neonates,
aFEG is increasingly popular and can be a helpful complementary tool.
Understanding the fundamentals of how aEEG is recorded and displayed helps the
clinician accurately interpret patterns and distinguish normal features from artifact.
The benefits of aEEG are maximized when it is used in combination with cEEG to
allow easy, bedside monitoring as well as rapid review of neonatal cEEG trends.
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Introduction

Detection of pathological changes in the brain’s “background” activity plays a key
role in optimal management of several common conditions in the neurological inten-
sive care unit (neuro ICU). Important applications include monitoring for delayed
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Fig. 1 Diffuse subarachnoid hemorrhage in the interpeduncular cistern and ambient cistern (a),
extending to the suprasellar cistern and Sylvian fissures (b), with associated intraventricular hem-
orrhage and left frontal intraparenchymal clot (c¢)

ischemia in patients with subarachnoid hemorrhage (SAH), monitoring for recovery
following anoxic brain injury, monitoring for signs of secondary injury following
traumatic brain injury (TBI), monitoring the depth of pharmacologically induced
coma in patients undergoing treatment for refractory status epilepticus (SE), and
evaluating cerebral metabolism with deep hypothermia during surgery. Quantitative
EEG (qEEG) plays a key role in each of these applications, as a technology that
enables more effective visualization of the relevant EEG features than is possible
with conventional visual analysis used in isolation. In this chapter, each of these
applications will be reviewed.

Aneurysmal Subarachnoid Hemorrhage
Background

Aneurysmal SAH is a neurological emergency with an incidence of 2-22 per
100,000 per year [1]. Aneurysmal SAH may present in many different ways, with
the “classical” presenting symptom being sudden onset of severe headache [2].
Other clinical manifestations include transient loss of consciousness, seizures, and
vomiting prior to headache [2]. The neurological exam may be normal, or more
commonly patients may have a decrease in the level of consciousness. Patients may
also present with focal neurological deficits. Diagnosis is usually made using non-
contrast computed tomography (CT) scans (Fig. 1), CT angiography (Fig. 2), con-
ventional catheter angiography, and in some cases lumbar puncture. Multiple SAH
grading scales that use clinical and radiographic data are utilized in clinical practice
(Tables 1, 2, and 3) [3-5] to help stratify the severity of the SAH and to assist with
prognostication.

Delayed cerebral ischemia (DCI) is one of the most significant complications that
occurs after aneurysmal SAH and can be seen in up to 50 % of patients [6, 7]. DCI is
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Fig.2 CT angiography
demonstrating an ACA
aneurysm

Table 1 Hunt and Hess Scale [3]

Grade | Clinical exam

1 Asymptomatic, mild headache, slight nuchal rigidity

2 Moderate to severe headache, nuchal rigidity, no neurologic deficit other than cranial
nerve palsy

3 Drowsiness, confusion, mild focal neurologic deficit

Stupor, moderate-severe hemiparesis
5 Coma, decerebrate posturing

Table 2 Fisher Scale [4]
Grade | CT imaging findings

1 No detectable subarachnoid blood

2 Subarachnoid hemorrhage less than 1 mm thick

3 Subarachnoid hemorrhage more than 1 mm thick

4 Subarachnoid hemorrhage of any thickness with intraventricular hemorrhage (IVH) or

parenchymal extension

often associated with radiographic vasospasm (Fig. 3) and has traditionally been
considered the most probable cause of DCI. However, DCI can occur in the absence
of vasospasm; hence, the two need to be distinguished [8]. The various pathophysi-
ological mechanisms that have been proposed for delayed ischemia include vaso-
spasm, cortical spreading depression, and loss of cerebral autoregulation [6].
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Table3 World Federation Grade | Glasgow coma scale score | Motor deficit
of Neurological Surgeons
. 1 15 Absent

Grading system [5]
2 13-14 Absent
3 13-14 Present
4 7-12 Present or absent
5 3-6 Present or absent

Fig.3 Right Al
vasospasm before (a) and
after (b) treatment with
intra-arterial nicardipine

Operationally, the diagnosis of delayed neurological decline due to ischemia
usually distinguishes between imaging-confirmed cerebral infarction, and deficits
attributable to ischemia in the absence of imaging confirmation, usually called
“delayed ischemic neurologic decline” (DIND). More detailed definitions adapted
from consensus definitions [9] are provided in Table 4.

DCI/DIND is typically seen 4-12 days after the initial hemorrhage and is a
major cause of morbidity and death [7, 10]. Risk factors for DCI/DIND include
high clot burden in the basal cistern and thick ventricular clots, along with poor
grade SAH [6]. Treatment is centered on ensuring adequate perfusion to the brain.
This is accomplished by achieving euvolemia with fluid resuscitation. If symp-
toms of delayed ischemia persist despite euvolemia, the next step is inducing a
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Table 4 Consensus definitions of DCI and DIND

Delayed ischemic neurologic decline (DIND)

One of these:

A. New focal neurological impairment (i.e., hemiparesis, aphasia, apraxia, hemianopia)
B. Decrease of at least 2 points on the Glasgow Coma Scale

And all of these:

Must last at least 1 h

Must not be apparent immediately after aneurysm occlusion

Not attributable to other causes based on CT, MRI, or other laboratory studies

Delayed cerebral infarction (DCI)

One of these:

Cerebral infarction on CT or MR scan of the brain within 6 weeks after SAH

Cerebral infarction on the latest CT or MR scan made before death within 6 weeks
Cerebral infarction proven at autopsy

All of these must be true:

Not present on the CT/MRI within 48 h after early aneurysm occlusion

Not attributable to other causes such as surgical clipping or endovascular treatment.
Hypodensities on CT attributable to ventricular catheter placement or intraparenchymal
hematoma should not be counted as DCI

Adapted from Vergouwen et al. [9]

state of hypertension using intravenous pressors and mineralocorticoids. The
final step in managing DCI involves angiography, with intra-arterial injection of
vasodilators, typically calcium channel blockers such as nicardipine, and angio-
plasty [11].

Given the morbidity and mortality associated with DCI, several screening modal-
ities are used in neuro ICU to identify early signs of DCI. Transcranial Doppler
(TCD) ultrasonography is one of the most commonly used screening modalities.
TCD is used to measure blood flow velocity in the major cerebral arteries. For the
anterior circulation, a mean blood flow velocity less than 120 cm/s is consistent with
the absence of vasospasm, and a mean blood flow velocity greater than 200 cm/s is
suggestive of cerebral vasospasm. Studies have shown TCD to have a sensitivity of
38-91 %, and a specificity of 83—100 % for detecting vasospasm [12—-14]. However,
TCD is operator dependent, and typically is only done once a day. Other diagnostic
techniques used to screen for DCI and vasospasm include CT angiography, CT per-
fusion, xenon CT, and magnetic resonance imaging (MRI). CT angiography has
been shown to have a sensitivity of 80 % and specificity of 93 % for the detection of
vasospasm [15].

Continuous EEG Monitoring

Continuous EEG (cEEG) monitoring can be utilized for ischemia detection and is
particularly attractive for detecting DCI. EEG has the advantage of providing con-
tinuous data, as opposed to TCD or radiographic data, and can serve as an important
tool to detect ischemia prior to development of irreversible injury.
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Fig. 4 Changes in EEG with decreasing cerebral blood flow [16] (Reprinted from [16] and
BioMed Central is the publisher. RightsLink/Springer license no: 3562491446946)

The impact of cerebral blood flow (CBF) on the EEG is shown in Fig. 4 [16].
CBF of 12-18 ml/100 g/min is effectively an ischemic threshold, and as CBF
approaches this threshold, predominantly slower frequencies are seen on the
EEG. As the CBF approaches the ischemic threshold, there is reversible cellular
injury caused by decreasing adenosine triphosphate (ATP) and loss of the trans-
membrane potential [16]. As CBF decreases to less than 10—12 ml/100 mg/min,
there is irreversible cellular damage and cell death, and the EEG reveals a sup-
pressed pattern. Early detection of decreasing CBF creates an opportunity to treat
ischemia prior to the development of irreversible injury or infarction, and hence
makes cEEG a useful tool for early detection of DCI in SAH patients.

SAH can produce several systematic changes in the EEG background, includ-
ing slowing, periodic discharges, seizures, and impaired reactivity to external
stimulation [16, 17]. cEEG patterns that have demonstrated predictive value for
DCI include focal delta slowing corresponding with the area of injury, bursts of
frontal biphasic delta waves, continuous rhythmic delta activity, and continuous
polymorphic or unreactive delta [18]. In a retrospective study of high grade SAH
patients, EEG changes suggestive of early ischemia were present before 78 % of
DCI events [19].

Quantitative EEG Monitoring

The primary challenge in using cEEG to identify ischemia in real time is the time-
consuming and subjective nature of raw EEG interpretation. gEEG monitoring
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Fig.5 Spectrogram changes in a patient with cardiac arrest. There is an initial loss of alpha frequen-
cies (a), followed by loss of slower frequencies (b, ¢), and eventual suppression of the EEG (d)

provides an essential complementary set of tools to facilitate effective, sensitive,
and timely detection of ischemia.

The key qEEG changes that signal the onset of ischemia are well illustrated in a
spectrogram from an elderly medical ICU patient with sepsis who unexpectedly
suffered a cardiac arrest while undergoing cEEG monitoring (Fig. 5). As evidenced
in the figure, as cerebral ischemia ensues, there is early drop out of alpha frequen-
cies followed by loss of delta frequencies and eventual suppression. The same
changes are characteristic of ischemia in SAH patients with impending DCI, albeit
with a progression that is typically much more gradual.

Most clinical practice of qEEG for the early detection of ischemia is based on the
observation that ischemia produces trends of decreased fast and increased slow
oscillations in the EEG. Both studies are based on ratios of power within specific
bands within the EEG spectrogram [15, 16].
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ADR

15 minutes

Fig.6 Alpha-to-delta ratio (ADR). The ADR is defined as the ratio of the sum of the power within
two bands, the “alpha” band (8—13 Hz) and delta band (1-4 Hz)

Alpha-to-Delta Ratio

One method of detecting DCI with qEEG is based on the alpha-to-delta ratio (ADR)
[16, 19]. The ADR is defined as the ratio of the sum of the power within two bands,
an alpha band (8-13 Hz) and delta band (14 Hz), illustrated in Fig. 6. The ADR is
often displayed either as a smooth curve, derived by applying a moving average to
repeated sequential ADR measurements, or as a histogram showing sequential mea-
surements from non-overlapping windows (Fig. 7). Significant or sustained
decreases in ADR are considered “alarms” signaling impending DCI. In a study of
qEEG in 34 high grade (Hunt and Hess (HH) 4 and 5) SAH patients, the ADR had
the strongest association with DCI [16, 19]. Nine of 34 patients developed DCI and
had a median decrease of ADR of 24 %. Among several possible rules for triggering
an “alarm,” the study suggested two as having particular clinical utility. First, six
consecutive recordings with a 10 % decrease in ADR from baseline had a sensitivity
of 100 % and specificity of 76 % for subsequent DCI. Second, any single measure-
ment with a 50 % ADR decrease had a sensitivity of 89 % and specificity of 84 % for
subsequent DCI. Figure 7 shows an example of how the ADR ratio varies in relation
to changes in GCS, neurological exam, imaging findings, and treatment [16, 19].

Relative Alpha Variability

Another common method used to assess DCI is relative alpha variability (RAV) as
an early predictor of ischemia, operationally defined as vasospasm evidenced by
TCD mean velocities of greater than 120 m/s in the middle cerebral artery (MCA)
distribution and a Lindegaard ratio (MCA/internal carotid artery (ICA) velocity) of
greater than 3, or evidence of vasospasm on conventional angiogram. This method
was investigated in 32 SAH patients with HH1-HH3 grade hemorrhages [20]. This
method assigns a score to histograms derived from 8- to 12-h segments of EEG. Bars
in the histogram represent sequential measurements, derived from 2-min epochs, of
the “alpha” to “total” power ratio, defined as the power within the 6-14-Hz (“alpha”)
band expressed as a percentage of power within the 1-20-Hz band [16]. Periods
with high variability are assigned a score of 4 (“excellent” RAV), whereas periods
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Fig.7 Alpha-to-delta ratio calculated every 15 min and GCS score [19] (Reprinted from [19] with
permission from Elsevier, License no: 3940350912437)

with nearly absent variability are assigned a score of 1 (“poor” RAV). Periods with
intermediate degrees of variability are assigned a value of 2 (“fair” RAV) or 3 (“‘good”
RAV) (Fig. 8). A deterioration of RAV by 1 visual grade in one or more monitored
channels was considered to be an “alarm” signaling impending DCI. Inter-rater
agreement using this visual scale was reported to be high, with 100 % agreement for
cases with “excellent” and “poor” RAV, and 90 % agreement for cases with “good”
and “fair” RAV [16].

Of 19 patients with angiographic vasospasm, the RAV decreased by a mean of 2
grades, and improved as vasospasm improved. In ten of these patients, the RAV
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Fair RA Variability 2

Excellent RA Variability 4

Fig. 8 Visual grading scale for relative alpha variability (RAV) [20]. Each histogram is a time
series of serially computed alpha-to-total power ratios (power in the 8—14-Hz band expressed as a
percentage in the 8-20-Hz band). The time window shown is 8 h (Reprinted from [20] with
permission from Elsevier, License no: 3940290199754 )

reduction was observed prior to the detection of angiographic vasospasm by a mean
of 2.9 days (SD 1.73). Reduction in RAV had a positive predictive value of 76 % and
negative predictive value of 100 % for vasospasm.

Limitations

A major historical limitation of qEEG is the effect of artifacts on its parameters. In
current practice frequent manual inspection is required when using the ADR and
RAV indices to avoid being misled. However, commercially available qEEG
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Table 5 Protocol for continuous EEG monitoring in patients with SAH

Inclusion criteria for patients:

Nontraumatic aneurysmal SAH

Poor mental status (HH Grade IV,V) or IVH or thick cisternal blood (Fisher 3)
Purpose of EEG monitoring:

Ischemia detection

Seizure detection

Timing of monitoring:
Start within 2 days of admission, or STAT if indicated, and stop after 10 days of monitoring

EEG monitoring and reporting:

Continuous EEG monitoring; bedside raw EEG and quantitative EEG displayed

EEG service evaluates for changes q8h and generate twice daily reports

Reports contain the raw EEG (+ spectrogram) finding, RAV, ADR

Patient nurse scores PAV/ADR trends q4h and documents them in the flow sheet and reports
significant changes to the ICU team

ICU team response: evaluate patient and EEG, decide on further clinical testing or potential
interventions if indicated, and follow up response and reevaluate EEG

software has made steady improvements in automated artifact removal. Future stud-
ies should investigate whether these improvements allow more accurate and/or
more efficient use of qEEG data for ischemia detection. Development of automated
statistical trend detection algorithms currently under development are expected to
further improve upon the present state of the art.

Practical Protocol

A practical protocol for using EEG/qEEG to monitor patients with SAH for early
signs of ischemia is shown in Table 5. Clinical reporting of EEG for ischemia detec-
tion is generally more labor intensive than monitoring solely to detect seizures, as
the findings of interest (new slowing, alpha attenuation, and asymmetry) are often
subtle and develop gradually. Consequently, the authors recommend a disciplined,
4-step approach to reading and reporting cEEG in SAH, using the data layout shown
in Figs. 9, 10, and 11: first, evaluate the raw EEG and accompanying spectrogram;
second, inspect the ADR for any systematic downward trends; third, assign a visual
RAV score to each vascular territory; and last, formulate an overall impression of
the data, stating whether or not the findings suggest the development of ischemia.
The recommended approach is illustrated using data from the case shown in
Figs. 9, 10, and 11. On day two following SAH, the raw EEG data showed diffuse
irregular delta/theta slowing without any significant asymmetry. The asymmetry spec-
trogram (difference between the average spectrogram over the left and right hemi-
spheres) confirmed that a pattern was stable over longer epochs, as evidenced by the
largely pastel red and blue colors, indicating that EEG spectral power differences
between corresponding sites on the right and left head regions were largely near zero.
The red (right) and blue (left) ADR lines fluctuated with state changes but consistently
stayed nearly superimposed and did not show any progressive separation or
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Fig. 9 EEG data from a patient at day 2 after SAH. (a) Standard 15-s view of primary EEG data,
shown in bipolar montage. (b—d) Show qEEG measures used to aid ischemia detection, within a
4-h time window. (b) Difference between the average spectrogram over the left and right hemi-
sphere. Shades of red colors indicate higher relative power over the right hemisphere. Shades of
blue indicate higher relative power over the left hemisphere. Pastel colors (center of the color
scale) indicate mild asymmetry. Darker shades of red or blue indicate more pronounced asymme-
try. (¢) Alpha-to-delta ratio (ADR) trends for the left (blue line) and right (red line) hemisphere. (d)
Relative alpha variability (RAV) trends. Abbreviations: note: LF/RF left/right frontal, LT/RT left/
right temporal, LP/RP left/right posterior

downward trends. RAV scores for the left and right frontal, temporal, and occipital
regions were symmetric, and all were assigned a score of 3, indicating “good” vari-
ability. A concise sample report of these findings is given in Fig. 12a.

On day four following SAH, the EEG demonstrated mild intermittent irregular
delta slowing, best appreciated on the asymmetry spectrogram. The right hemi-
sphere (red) ADR trace showed slight but persistent downward separation relative
to the left (blue) curve. The regional RAV panels still showed some periods of
“good” variability, but overall showed less variability in the right frontal and tempo-
ral regions compared with the preceding two days, and were thus given a score of 2,
indicating “fair” variability. Overall, these changes are concordant in suggesting the



14 Quantitative EEG for Non-seizure Indications 243

2
nos

T U N U, W NI S o N PR R N e U iy

mon

"ok

LT A

ol - R, e

s P S NP

CH- DIt e

% BT B
(TR

G4 Paey
LR SN

LW

- P,

oot - pogn-L- s = 4 e T, x iy € A (Y

w‘*’“f 10 RV 00 1 I i

{ 'lj‘hl o L LI it g 4 _m'-,.’\“,_.

Fig. 10 Fifteen-second view of raw EEG (a) and 4-h panel of gEEG measures (b—d) from ischemia
monitoring on post-bleed day 4. The format of the data is the same as in the previous figure

development of ischemia. A report of these findings and impression is given in
Fig. 12b. At this stage, the clinical team had not detected any focal deficits. However,
on day 6 following SAH, the patient developed clinically apparent focal weakness
in the left leg. Figure 13 shows side-by-side head CT scans from days 3 and 6, dem-
onstrating a new right greater than left anterior cerebral artery (ACA) territory
infarct.

Anoxic Brain Injury
Background

CEEG monitoring can assist with prognostication after cardiac arrest and therapeu-
tic hypothermia. Patterns associated with higher probability of poor outcome
include burst suppression, generalized periodic discharges, generalized epilepti-
form discharges, and generalized background suppression [21]. These findings have
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Fig. 11 Fifteen-second view of raw EEG (a) and 4-h panel of qEEG measures (b—d) from isch-
emia monitoring on post-bleed day 6. The format of the data is the same as in the previous two
figures

been shown to be associated with poor outcome regardless of treatment with thera-
peutic hypothermia (TH). The false-positive rate for predicting poor outcome is
higher in patients with TH, and no single finding is 100 % predictive of a poor out-
come [21]. More recently, the absence of background reactivity both during and
after therapeutic hypothermia has been shown to be a predictor of poor prognosis
[21, 22]. Understanding of features predictive of favorable neurological outcomes is
much more limited.

Temporal changes in the EEG patterns have been studied on a small scale and
may serve as additional useful prognostic indicators. EEG changes with time
include transitions, fluctuations, and responses to external stimuli [23]. Transient
fluctuations are spontaneous transient changes in the EEG pattern that can be seen
during 30-min recordings. Examples include intermittent suppressions, episodic
transients, blocking of generalized periodic discharges (GPD), and trains of poly-
spikes in GPDs [23].
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a.Report for EEG Monitoring on post-bleed day #: 2

EEG: Diffuse irregular delta/theta slowing, without focality.
QEEG trends:

-ADR: Stable, no concerning trends. Fluctuated between 0.25-0.5
-RAV: F/T/0O: R: 3/3/3, L3/3/3

IMPRESSION: No changes concerning for ischemia.

b.Report for EEG Monitoring on post-bleed day #: 4

EEG: Frequent intermittent right frontal delta slowing

QEEG trends:

-ADR: concerning trend, decreased on R frequently (anteriorly)

-RAV: F/T/O:R: 2/2/3,L3/3/3

IMPRESSION: New persistent focal slowing of the background in the setting of
SAH. In the absence of an alternative explanation, these findings suggest
ischemia.

Fig. 12 Reports describing (a) the EEG and qEEG data in Fig. 9 from day 2, and (b) the EEG and
qEEG data in Fig. 10 from day 4, at the time when evidence for ischemia/impending DCI was first
detected

Fig. 13 CT scans of the
head for the patient whose
EEG data was shown and
reported in Figs. 9, 10, 11,
and 12. The scan done on
day 6 was done following
the development of new
left leg weakness. It shows
a new hypodensity,
consistent with an ACA
territory infarction,
diagnostic of radiographic
DCI

\ /
Post bleed day 3

Post bleed day 6

Another form of fluctuation in the EEG pattern with time is the response to exter-
nal stimuli. These changes are usually reproducible, and as mentioned previously,
the presence of EEG reactivity is probably an indicator of better prognosis. An
exception is the presence of stimulus-induced rhythmic, periodic, or ictal discharges
(SIRPIDS), which are equivalent to the absence of reactivity from a prognostic
standpoint [24].

Transitions are more long-lasting changes in the EEG pattern. Examples include
transition to GPDs from alpha or theta coma, and an evolving pattern from slow activ-
ity to GPDs into low-voltage EEG [23]. Studies in rodents have demonstrated a char-
acteristic sequence of transitions after return of spontaneous circulation following
anoxia, beginning with generalized suppression, then the emergence of intermittent
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Fig. 14 (a) Schematic illustration of the typical sequence of transitions following anoxic brain
injury. (b) Spectrogram showing evolution of the EEG over 48 h following rewarming from thera-
peutic hypothermia in a patient who ultimately had a full recovery neurologic following postan-
oxic coma. The background initially shows diffuse suppression. A burst-suppression pattern then
emerges (not well seen in this spectrogram). This is followed by a return of continuous background
activity, beginning with low amplitude slow oscillations, then gradual normalization of back-
ground amplitude and the filling in of higher frequency activity. This patient remained comatose
without clinically evident improvement during the first 36 h of this EEG recording. (¢) Spectrogram
showing evolution of the EEG in a comatose post-cardiac arrest patient who ultimately had a poor
neurologic outcome. The EEG initially shows diffuse continuous irregular delta slowing, but there
is a progressive loss of background voltage amplitude, culminating in an isoelectric EEG

bursts of activity (burst-suppression pattern), and finally the return of cEEG activity
[25]. In rodents, the duration of each stage (i.e., generalized suppression, burst sup-
pression) predicts eventual functional neurologic outcome. A similar progression of
transitions is often seen in humans following anoxia, as illustrated in Fig. 14. The
prognostic value of these dynamic changes in the human EEG over time has only
recently come under careful investigation.
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Quantitative EEG

As with ischemia detection in patients with SAH, qEEG analysis in patients with
anoxic brain injury has the potential advantages of being more objective and less
time-consuming to interpret, enabling evaluation of EEG trends and transitions over
time.

qEEG parameters that have been studied in anoxic brain injury include the
burst-suppression ratio, response entropy, state entropy, and wavelet subband
entropy [26]. In one study, these measures were investigated at 24 h and at 24-48 h
after cardiac arrest in patients who were treated with TH [26]. Spectral entropy is
calculated from a range of 0.8-32 Hz and is designed to reflect cortical activity,
while response entropy is calculated from a range of 0.8—47 Hz and is designed to
reflect “responsiveness,” including electromyographic responses [26]. Wavelet
subband entropy can be used to detect some forms of epileptiform activity in the
setting of postanoxic coma, with decreasing values indicative of epileptiform activ-
ity on the EEG. The investigators found that the burst-suppression ratio was sig-
nificantly lower during the first 24 h and at 24-48 h after cardiac arrest in patients
who had better outcomes. The response entropy and state entropy were higher
among patients with good outcomes only in the first 24 h after cardiac arrest. The
wavelet subband entropy was higher in patients with good outcome only at 24-48 h
after cardiac arrest and not during the first 24 h. They also found that at 24 h, a
response entropy of less than or equal to 12.53 and a subband entropy of less than
or equal to 11.84 had a 78 % sensitivity and an 81 % specificity for predicting poor
outcome [26].

More recently, the cerebral recovery index (CRI) [27] using combined qEEG
parameters has been studied as a prognostic index for patients with anoxic brain
injury [27]; see Fig. 15. The index combines five parameters, including the power,
Shannon entropy, alpha-to-delta ratio, “regularity,” and coherence in the delta band.
The power of the EEG is calculated from the standard deviation of the EEG within
the sliding window. The entropy quantifies the degree of irregularity or unpredict-
ability of a signal. Regularity is an index designed to distinguish between burst
suppression and cEEG. The authors started by selecting 5-min-long EEG epochs
every hour for the first 48 h after arrest, and every 2 h thereafter. These 5 min epochs
were selected after application of an artifact detection algorithm. The power,
Shannon entropy, alpha-to-delta ratio, and coherence in the delta band amplitude
were calculated per EEG channel and per 10-s segments and then were averaged
over all channels and over time. The “regularity” was calculated per channel for the
entire 5 min at a time and then averaged. Each parameter value was normalized to
lie within a range from 0 (pathological) to 1 (normal/physiological), and then all
values were combined to create the CRI.

Patients with higher CRI scores had better outcomes. In particular, a CRI score
of less than 0.29 24 h after cardiac arrest was always associated with poor neuro-
logic outcome and had a sensitivity of 55 %. Twenty-four hours after a cardiac
arrest, a CRI score of greater than 0.69 was associated with better neurological
outcome and had a sensitivity of 0.25.
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Fig.15 Cerebral recovery index (CRI) [27]. Values of the cerebral recovery index (CRI) for train-
ing (a) and testing (b) data sets. Green and red dots: median values for patients achieving good and
poor neurologic outcome at each time point. Areas shaded in green and red represent the ranges.
The gray area shows where the regions overlap. The solid curves show the fits of a “recovery
model.” The CRI are maximally separated between 12 and 24 following cardiac arrest (Reproduced
from [27] an open access article, published by BioMed Central, and distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0))
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Recently, there has also been data to show that an addition of a mismatch
negativity-based auditory discrimination paradigm to the EEG increases its prog-
nostic value in patients with anoxic brain injury and coma [28]. In one study, this
was investigated by using a mismatch negativity paradigm with a series of standard
sounds that were mixed with deviant sounds of varying duration and pitch. EEG was
recorded immediately after the clinical exam, for the auditory discrimination para-
digm both during therapeutic hypothermia and after rewarming. The auditory dis-
crimination paradigm was found to have a 100 % positive predictive value (95 %
confidence interval of 0.69-1.0) for awakening in comatose patients with anoxic
brain injury. Patients that had a reactive hypothermic EEG with concomitant
improvement in the auditory discrimination paradigm were more likely to survive
and have better outcomes. The studies combining mismatch negativity paradigm
and EEG findings have been small in size, and larger scale studies are needed to
improve the clinical applicability of these findings.

Traumatic Brain Injury

RAV can be used as a prognostic indicator in patients with TBI [29]. RAV was
described above in the setting of gEEG monitoring for ischemia detection in patients
with SAH. In the TBI literature, RAV is usually referred to as percent alpha vari-
ability (PAV). An average PAV value of less than 0.1 has been shown to be associ-
ated with poorer outcomes and higher mortality rate in TBI patients. The PAV
during the first three days post TBI has an 86 % positive predictive value and 63 %
specificity for predicting poor outcomes. A PAV score of 0.2 or higher has been
shown to be associated with favorable outcomes. PAV can therefore be combined
with clinical parameters, such as GCS score, pupillary reaction, and neuroimaging
to predict outcomes after TBI [29].

Burst Suppression

Pharmacologically induced burst suppression can be used to treat elevated intracra-
nial pressure, refractory SE, and for cerebral protection during cardiac surgery.
Burst suppression offers cerebral protection by decreasing cerebral metabolic rate
and decreasing cerebral blood volume [30].

The decreased cerebral metabolic rate results in decreased ATP production in
cortical neurons. One model of burst suppression proposes that the end of each burst
occurs when ATP consumption drives the metabolic rate below a critical point,
while suppressions periods end when regeneration of ATP raises the metabolic rate
above a threshold critical for initiation of background neuronal activity [31].

The degree of burst suppression is often quantified using the burst-suppression
ratio (BSR), which is the percentage of time within an arbitrarily chosen epoch of
EEG spent in the suppressed state [32]. This ratio can help guide the intensity of
pharmacologically induced burst suppression. However, manually evaluating cEEG
data for assessment of the BSR can be cumbersome and is time-consuming.
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Fig. 16 Automated detection of bursts and suppressions. Tracings (a) through (f) show six single-
channel EEG examples of bursts suppression from different patients with pharmacologically
induced burst suppression. Pink rectangles show automatically detected bursts; the unmarked por-
tions are detected as suppression periods. In all cases the automated real-time segmentation results
are comparable to segmentations performed by human experts. Tracings (g) and (h) illustrate how
the automated segmentation procedure works. A local mean is first computed and subtracted from
the EEG, yielding a baseline-corrected signal (g). A running estimate of the local amplitude of the
signal is then calculated (h). This amplitude signal is then subjected to a threshold. Segments with
amplitude above threshold are counted as bursts. The remaining portions are counted as
suppressions

An automated real-time method for monitoring the depth of burst suppression in
critically ill patients using automated segmentation of the EEG has recently been
described and validated [32]. This method involves two components. The first is an
algorithm for detecting periods of background suppression (Fig. 16). The authors
validated their results against manual segmentations of the EEG into burst and sup-
pression periods performed by two human experts. Automated segmentation was
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Fig. 17 Monitoring the burst-suppression probability (BSP) in two patients (a, b) receiving con-
tinuous infusions of propofol as treatment for refractory SE. The top trace in each example shows
a single channel of EEG; the middle panel with a bar-code-like signal shows automatic detections
of bursts (black) and suppression (white); the bottom panel shows the BSP. The EEG in (a) begins
with a low level of burst suppression around BSP=0.2, which gradually increases to around
BSP=0.9 as the rate of propofol infusion is increased. The EEG in (b) shows a relatively stable
pattern of burst suppression with BSP near 0.5

demonstrated to be comparable to manual segmentation. The second component is
a real-time statistical estimation algorithm for tracking the instantaneous probabil-
ity of suppression, the “burst-suppression probability” (BSP), illustrated in Fig. 17
[32, 33].
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Deep Hypothermia

Hypothermia-induced burst suppression is routinely used for neuroprotection dur-
ing surgical procedures that require complete circulatory arrest (Figs. 18 and 19).
The rate of cooling and rewarming and the optimum temperature for circulatory
arrest continue to be subjects of investigation. Typically, the temperature targeted
during deep hypothermia range from 14 to 20° centigrade, and deep hypothermia
may be combined with inhalational anesthetics to achieve burst suppression [34].

The effect of temperature on burst suppression and the pattern of burst suppression
during cooling, deep hypothermia and rewarming was investigated recently [34]. The
investigators found that the BSP systematically increases with decreasing tempera-
ture. They also found that bursts shorten and decrease in amplitude, and the periods of
suppression increase in length with decreasing temperature. With a temperature
decrease from 30 to 20 °C, the suppressions nearly doubled in duration and bursts
decreased by half. At lower temperatures (17-22 °C), the median burst amplitude was
12.6 microvolts, and at higher temperatures (27-32 °C), the medial burst amplitude
was 76.9 microvolts. Finally, the spectral morphology of bursts was essentially pre-
served after normalizing for total spectral power. This suggests that there is relative
preservation of the underlying neuronal dynamics, albeit with recruitment of a smaller
fraction of the cortical activity that underlies bursts at normal temperatures.
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Fig. 18 Example of qEEG changes during deep hypothermia. From zop to bortom: single lead of
EEG (Fpl); segmentation of the EEG into periods of suppression (white), non-suppression (“‘burst”
state) in black, and periods of artifact (red); spectrogram; burst-suppression probability (BSP),
with overbars in red indicating periods of isoelectricity (two or more minutes with EEG voltage
continuously less than 2 microvolts); temperature
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Fig.19 Representative examples of bursts and their corresponding spectrograms at three different
temperatures. Burst amplitudes and durations tend to decrease with temperatures

These findings, reported in patients who emerged neurologically intact from
deep hypothermia, suggest a possible new role for qEEG for monitoring during
complete circulatory arrest for cardiac surgery. Monitoring the spectral morphology
of bursts as hypothermia deepens may be useful for tracking integrity of the under-
lying neuronal circuitry. So long as there is no neuronal damage, the bursts are
expected to have preserved spectral morphology. A change in the spectral morphol-
ogy within bursts would suggest ischemic or anoxic injury and could be used to
guide intervention [34].

Conclusions

QEEG monitoring can serve as a vital tool in detection of ischemia and prognos-
tication in the neuro ICU. Numerous small studies have been done on its use in
non-seizure indications. In order to improve the application of QEEG, a better
developed method for artifact detection is needed, and improved training of phy-
sicians and nurses is indicated.
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Introduction

The goal of this chapter is to provide a training module for residents, neurophysiol-
ogy fellows, neurocritical care fellows, nurses, EEG technologists, and any other
non-neurophysiologists interested in evaluating bedside quantitative EEG (QEEG).
Due to the increasing utilization of continuous EEG (cEEG) monitoring in intensive
care units (ICUs), large volumes of EEG data are being generated. To assist with
evaluation of large amounts of cEEG data, QEEG software programs are frequently
employed. While raw EEG interpretation is performed by neurophysiologists,
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QEEG software provides a compressed and simplified view of the raw EEG signals,
potentially allowing for evaluation by non-neurophysiologists. QEEG software can
be seen running at the bedside in many ICUs. This chapter will be limited to the
basics of QEEG trends for seizure recognition and artifact recognition. While there
is ongoing research evaluating the performance of QEEG for other purposes (isch-
emia detection, evaluation of depth of burst suppression, prognosis in hypoxic-
ischemic encephalopathy, etc.), the majority of current clinical QEEG utilization is
for seizure detection.

Why Non-neurophysiologists Should Be Trained in Evaluating
Quantitative EEG

Neurophysiologists often use QEEG in conjunction with raw cEEG review. In a
2014 survey of neurointensivists and neurophysiologists responsible for ICU EEG
monitoring, 52 % of respondents utilized QEEG as part of their cEEG protocol [1].
Neurophysiologists typically perform cEEG and QEEG review intermittently
throughout the day and/or night at predefined intervals and at additional times when
alerted to an event of concern by the ICU staff. Because cEEGs are read intermit-
tently throughout the day, data is relayed to the primary team in a post hoc fashion.
Non-neurophysiologists (such as neurology and neurosurgery residents, neurocriti-
cal care fellows, nurses, and EEG technologists) are often physically present at the
patient’s bedside and have the advantage of being able to incorporate current clini-
cal information with the data that is being shown on the bedside QEEG display.
Therefore, non-neurophysiologists are in a unique position to evaluate QEEG trends
in real time.

To determine if QEEG should be part of routine practice, studies have evaluated
the performance of non-neurophysiologists for seizure detection on QEEG. Neuro
ICU nurses and EEG technologists were able to detect seizures on QEEG panels
(containing 4 QEEG trends) with a similar sensitivity than neurophysiologists.
Neuro ICU nurses had a sensitivity of 87 %, EEG technologists 80 %, and neuro-
physiologists 87 % for the presence or absence of seizures on QEEG without having
access to the raw EEG [2]. Although all groups displayed a poorer performance
when asked to identify the number of seizures, the clinical relevance of the precise
number of seizures is uncertain. In practice, it may only be necessary to know if
seizures are present or absent to determine the patient’s response to therapy.

Other studies evaluating only 1 or 2 QEEG trends found that the sensitivity for
non-experienced readers (neurology residents, general neurologists, neonatologists,
or intensivists) to be lower at 41-60 % [3—7]. One study showed a very high sensi-
tivity for inexperienced users (93 %); however, the study authors preselected QEEG
trend displays created from electrode pairs that would best reflect ictal activity for
each individual patient [8]. To simulate a real-life scenario, one study evaluated the
ability of inexperienced QEEG users to identify periods of concern, rather than
discrete seizures. Although the false-positive rate was high (14 segments marked for
every seizure identified), the sensitivity was also high at 89 % [9].
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Goals of Non-neurophysiologist QEEG Interpretation

A non-neurophysiologist should not interpret the QEEG data in isolation without a
neurophysiologist who is able to review the raw cEEG data. A study reported a
false-positive rate of 31 % from all readers (neurophysiologists, neuro ICU nurses,
and EEG technologists) when QEEG is used in isolation on retrospective review
[2]. Actual, real-time QEEG interpretation may have a lower false-positive rate due
to better artifact recognition. If QEEG readers are present in the patient’s room, it
might be clear when certain forms of artifact are being generated (i.e., sternal rub,
bed percussion, etc.). Nevertheless, if QEEG trends were used without raw EEG
review by a neurophysiologist, unnecessary treatment would occur. The goal of
non-neurophysiologist interpretation of QEEG should be to identify periods of con-
cern during live recording. This should then be followed by a discussion with the
interpreting neurophysiologist who is able to correlate the QEEG findings with the
raw cEEG. It is particularly important for the neurophysiologist to review the raw
cEEG and determine if events seen on QEEG are true seizures or not.

Understanding the Basics of Quantitative EEG

QEEG is the application of mathematical and analytical techniques to process raw
EEG signals, resulting in graphical displays of the data that are referred to as
“trends.” There are numerous types of QEEG trends that have been created, and
they all have the advantage of displaying data on a compressed time scale. This
allows for the user to visualize extended periods of data on one screen. One screen
of raw EEG contains 10-20 s of data. One page of QEEG typically displays 1 h of
data, but this can be modified to be shorter or longer. In addition, the user can select
a single trend to be displayed or a customized panel of various trends can be dis-
played (Fig. 1). This chapter will often display a panel of QEEG trends, as this is the
preference at the author’s institution.

Often, the QEEG trends are broken down into separate graphical displays of the
left and right hemispheres; however, this can be modified to have greater spatial
resolution of various areas of the brain. Many QEEG trends display a color-coded
graphical representation of various EEG parameters (with the colors varying
between software programs). Some QEEG trends report numerical information in a
bar-graph format over time, such as the alpha-delta ratio or burst-suppression ratio.
This highlights another advantage of QEEG; unlike raw EEG, QEEG is able to
provide a method of converting the subjective data of raw EEG signals into objec-
tive QEEG data.

QEEG software is sold separately from EEG software. Persyst (Persyst
Development Corporation, Prescott, AZ) is a commonly used QEEG software and
is compatible with clinical EEG software. The QEEG trends in this chapter were
created from Persyst. This software can often be seen running at the bedside in
neuro ICUs on a split screen shared with the continuously running conventional
EEG.
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One-hour QEEG panel and corresponding raw EEG. (a) Example of a QEEG panel consist-

ing of the following QEEG tools: rhythmicity spectrogram (displayed for the left and right hemi-
spheres), CDSA (displayed for the left and right hemispheres), asymmetry index (displayed as
both absolute and relative values), and aEEG (displayed for the left and right hemispheres). Black
arrows denote electrographic seizures. (b) The corresponding raw EEG (16 s) for one of the sei-
zures is shown displaying a left hemispheric seizure
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Quantitative EEG Trends

There are numerous QEEG trends available. Typically, neurophysiologists at an
individual institution will select the trends that are displayed on the real-time QEEG
display that is running at the bedside. Therefore, the QEEG display may vary in
appearance from institution to institution. The basics of some of the most com-
monly used trends for seizure detection will be discussed, since this chapter is
directed at non-neurophysiologists, but more detail and information about other
QEEG trends can be found elsewhere in this text.

Frequency-Based Trends

Before individual frequency-based QEEG trends are explained, it is first important
to understand the concept of Fourier domain analysis, as this is the basis for many
of the frequency-based QEEG trends. Fourier domain analysis refers to the contri-
bution of different frequencies to the EEG signal. The EEG signal is represented as
a weighted sum of sine waves of different frequencies. For each frequency, there is
an amplitude. A Fourier spectrum displays a plot of amplitude vs. frequency. From
this, a specific parameter called power can be calculated (Fig. 2). The power is the
area under the Fourier spectrum curve within a given frequency range (i.e., delta
power). In other words, the power is the amplitude (or voltage) of the EEG within a
specific frequency range. This may be expressed as an absolute power (delta power,
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Fig.2 A diagrammatic representation of the creation of a Fourier spectrum plot. (a) The raw EEG
signal is represented as a weighted sum of sine waves of different frequencies. For each frequency
band (delta, theta, alpha, and beta), the amplitude is calculated. The amplitude is then plotted
against frequency. (b) A sample Fourier spectrum curve is shown. The power of each frequency
band (color-coded) is calculated as the area under the curve at specific frequency intervals
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theta power, alpha power, and beta power) or as a relative power compared with the
total power of all the frequency ranges (i.e., alpha-delta ratio). The Fourier spectrum
changes over time as the EEG signals change due to medication effect, state changes,
seizures, ischemia, etc. Frequency-based QEEG trends are able to show these
changes in a graphical display over time.

Color Density Spectral Array

An example color density spectral array (CDSA) trend is shown in Fig. 3. Often, the
CDSA trend is displayed separately for the left and right hemispheres. Time is
shown on the x-axis and the EEG frequency is shown on the y-axis. The various
colors represent the power (described above) of various frequency bands. Cooler
colors (blue and green) indicate lower power and warmer colors (red and yellow)
indicate higher power. Seizures appear on the CDSA trend as increased power, and
can be visualized as an episode of an increased amount of warmer colors (Fig. 3).
Seizures tend to appear as an arch-like shape on the CDSA trend.

Rhythmicity Spectrogram

The rhythmicity spectrogram, rhythmic run detection and display, is a proprietary
tool developed by Persyst, Inc. An example rhythmicity spectrogram is shown in
Fig. 4. This trend is often displayed separately for the left and right hemispheres, but
may be modified to display individual channels (Fig. 5) or groups of channels. It is
very similar to the CDSA trend, because time is on the x-axis and frequency is on
the y-axis (but on a logarithmic scale to accentuate lower frequencies). Although the
power is displayed by color-coding (darker blue color indicating more power), it
differs from CDSA by only displaying the power in components that have a high
degree of rhythmicity, instead of displaying all the power. Seizures will appear as
areas that are darker in color (i.e., more power). Since seizures often consist of a

Fig. 3 Recurrent left hemispheric seizures displayed on the CDSA trend (displayed for the left
and right hemispheres). Black arrows denote electrographic seizures. An increase in power is seen
during seizure activity resulting in warmer colors (pink and red) replacing areas previously occu-
pied by areas of lower power (represented by cooler colors, blue, teal, and green). With each sei-
zure, there is an initial abrupt increase in power in the alpha and theta frequency ranges. This
quickly decreases, and the seizure evolves into having more power in the lower-frequency ranges
before cessation
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Fig. 4 Example of two right hemispheric seizures on the rhythmicity spectrogram trend (dis-
played for the left and right hemispheres). Black arrows denote electrographic seizures. The sei-
zure begins with an increased power (darker blue coloration) in alpha activity. As the seizure
progresses (shown by the red arrow), there is gradual evolution of increased power into lower-
frequency ranges (theta and delta)

gradual increase (evolution) in frequency, amplitude, and/or rhythmicity, the pro-
gression of the seizure can often be appreciated on the rhythmicity spectrogram
more so than other trends (Fig. 4). Seizures on rhythmicity spectrogram will show a
gradual incline when the frequency is increasing or decline when the frequency is
decreasing.

The stereotyped nature of seizures can be appreciated on the rhythmicity spectro-
gram. The appearance of seizures on the rhythmicity spectrogram can differ greatly
between patients, especially in the ICU setting. However, an individual patient tends
to have a stereotyped appearance of recurrent seizures on QEEG trends, facilitating
easier recognition over time (Fig. 6).

Asymmetry Index

In this trend there are two graphs that are separate or overlapping: the absolute
asymmetry index and the relative asymmetry index (Fig. 7). Both trends compare
the difference in power between homologous electrodes (i.e., the difference in
power between F3 vs. F4, O1 vs. O2, etc.). The absolute asymmetry index (yellow
trace) calculates the absolute difference, displaying a positive score always. There
is an upward deflection with increasing asymmetry and a downward deflection with
decreasing asymmetry. The relative asymmetry index (green trace) is able to show
lateralization for the asymmetry. An upward deflection represents more power in the
right hemisphere and a downward deflection represents more power in the left
hemisphere. A seizure would be seen as an upward deflection in the yellow trace
and a corresponding upward or downward deflection in the green trace if the seizure
was in the right hemisphere or left hemisphere, respectively.

The asymmetry index is most helpful for detecting unilateral seizures. If a bilat-
eral or generalized seizure resulted in similar power in each hemisphere, the differ-
ence in power between homologous electrodes would be small or none. Therefore,
generalized or bilateral seizures will likely not result in deflections of the asymme-
try indices. Furthermore, if there was a large amount of diffuse muscle artifact
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Fig. 5 A QEEG panel consisting of rhythmicity spectrograms derived from individual electrode

pairs. Seizures are marked by vertical black arrows

occurring during a seizure, it is unlikely that the asymmetry index will show the
seizure well given that the total power would likely be similar in homologous
electrodes.
The CDSA and rhythmicity spectrogram trends perform better in this scenario,
since the power is calculated separately for the various frequency bands as opposed
to displaying the total power. In other words, the muscle artifact (typically in the
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Fig. 6 Example of seizure appearance variability on the rhythmicity spectrogram trend from
four different critically ill patients. Despite the varying appearance between patients, the sei-
zures tend to be stereotyped for each patient. (a) Brief right hemispheric seizures with
increased power at various frequency bands and some spread to the left hemisphere. (b) Left
hemispheric seizures with some spread to the right hemisphere. These are much longer in
duration when compared to seizures in panel a. There is increased power at all frequency
bands. (c¢) Left hemispheric seizures without spread to the right hemisphere. The increase in
power is limited primarily to the theta and delta frequency ranges. (d) Right hemispheric sei-
zures without spread to the left hemisphere. The increase in power is seen primarily in the
delta frequency band

Absolute asymmetry index l

Relative asymmetry index * BE
L:m,ma. n/\f"lM MM " .
Lk WVWUWW\JW“

time ——

Fig. 7 Example of a right hemispheric seizure on the asymmetry index trend. There is a subtle,
upward deflection of the absolute asymmetry index (yellow trace) indicating a period of increased
asymmetry. There is a corresponding upward deflection of the relative asymmetry index (green
trace) indicating increased power in the right hemisphere. After seizure cessation (marked by the
*), there is a downward deflection of the relative asymmetry index (green trace) that corresponds
to postictal right-sided suppression (i.e., more power in the left hemisphere)
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beta frequency range) on CDSA and rhythmicity spectrogram trends would be rep-
resented in the higher-frequency ranges while not affecting the lower-frequency
ranges (where seizures tend to occur). This allows the power increase of lower-
frequency seizures to be visually separated from the power increase of higher-
frequency muscle artifact on CDSA and rhythmicity spectrogram trends. The
asymmetry index would not be able to discriminate between the two types of
increased power.

Amplitude-Integrated EEG

Amplitude-integrated EEG (aEEG) is a type of QEEG trend that is not frequency
based, rather it is based on amplitude of the EEG. An example aEEG trend is
shown in Fig. 8. This trend has also been referred to as a cerebral function monitor
(CFM) and has been utilized extensively for seizure detection in neonates. For
each data point, the raw EEG is filtered and rectified (all values made positive)
and then the aEEG trend displays the minimum and maximum amplitude of the
raw EEG signal in a predefined time frame (typically 1-2 s). Despite the fact that
most seizures display a progressive increase in amplitude, the hallmark of sei-
zures on the aEEG trend is not an increase in the maximum amplitude, but rather
an increase in the minimum amplitude. The increase in the minimum amplitude
during a seizure is seen on aEEG, because the mixed-frequency, low-amplitude
background EEG activity is no longer present during a seizure. This loss of low-
amplitude activity is often greater than the overall increase in amplitude of the
seizure.

aEEG, left hemisphere

aEEG, right hemisphere :
100U

Fig.8 Example of three recurrent left hemispheric seizures on the aEEG trend (displayed for the
left and right hemispheres). Seizures are represented by an upward deflection in the minimum and
maximum amplitudes of the baseline of the blue trace. During the seizure, the increase in the mini-
mum amplitude is greater than the increase in the maximum amplitude compared with the baseline
activity. There is spread to the right hemisphere as can be seen by a similar, but less robust, upward
deflection in the red trace
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Fig. 9 Seizure identification on the seizure probability trend. This figure shows an example of a
seizure probability trend containing two electrographic seizures (marked by vertical black arrows).
The seizure probability trend is able to identify both seizures

Automated Seizure Detectors

QEEG software typically contains a seizure probability trend that is an automated
seizure detection algorithm. The output is a binary value (yes/no) or a seizure prob-
ability curve (Fig. 9). Given the various and sometimes subtle seizure morphologies
seen in the ICU, the performance of automated seizure detection algorithms has
been disappointing. There are various rhythmic artifacts seen in the ICU (such as
sternal rub and chewing) that can be mistaken for seizures, which is another reason
why automated seizure detectors have not been implemented into regular clinical
practice.

Artifact

There are numerous sources of artifact present in the ICU, which result in a parox-
ysmal change seen on QEEG trends. These artifacts may appear to even show evolu-
tion (such as a sternal rub that is gradually getting faster). Other common sources of
QEEQG artifact in the ICU include chewing, bed percussion (Fig. 10), muscle arti-
fact, alternating current (AC) (60 Hz) artifact from various ICU devices, and elec-
trode artifact from high-impedance electrodes. It can be extremely difficult to
distinguish seizures from artifact on QEEG. The Persyst software program can help
identify periods of artifact by highlighting areas where a significant amount of arti-
fact is detected by the software algorithms. These are highlighted on the QEEG
trends by areas that have overlying cross-hatching (Fig. 11). These periods of arti-
fact should not be completely disregarded, since seizures can still occur during
these periods, but extra caution should be made when this is seen (Fig. 12). The
newest version of Persyst (P12) contains an artifact reduction function that auto-
matically removes artifact from the QEEG as well as the raw EEG. However, the
gold standard remains the neurophysiologist review of the raw EEG corresponding
to a period of concern on QEEG. The goal of this section is to help non-
neurophysiologists recognize artifact on QEEG trends and differentiate those from
seizures.
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Fig. 10 Appearance of bed percussion artifact on a QEEG panel (rhythmicity spectrogram (left
and right hemispheres), CDSA (left and right hemispheres), asymmetry index (absolute and rela-
tive), and aEEG (left and right hemispheres)). The bed percussion (marked by double-headed hori-
zontal arrow) results in a long-duration, constant, monotonous artifact that is visualized on all
trends except the asymmetry index

Differentiating Seizures from Artifact on Quantitative EEG

Figures 13, 14, and 15 show examples of QEEG panels that contain both discrete
seizures and periods of artifact. A main component of interpretation of QEEG is
pattern recognition, and the user’s skill will improve with continued practice.
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Fig. 11 Periods of excessive artifact as detected by the QEEG software program, Persyst (Persyst
Development Corporation, Prescott, AZ). The software represents artifact by overlying
cross-hatching

However, there are a few generalizations that can help one begin to differentiate
seizures from artifact on QEEG. As stated previously, the evolution of the seizure
frequency can be visualized well on the rhythmicity spectrogram and can also be
appreciated on CDSA. In contrast, artifact often has a sudden onset and offset with-
out displaying evolution. Seizures in critically ill patients tend to appear in the
lower-frequency ranges, while periods of artifact tend to appear in the higher-
frequency ranges.

Once a period of concern is identified on QEEG, other QEEG trends in the panel
should be closely examined. Often there is a corresponding change in the other
trends, and this pattern will likely be repeated with subsequent seizures. However,
some seizures are not represented well on all QEEG trends, highlighting the impor-
tance of utilizing a panel of trends. For example, the seizures in Fig. 14 are visual-
ized well on the rhythmicity spectrogram and aEEG trends, but not visualized well
on the CDSA and asymmetry index trends. Conversely, the seizures in Fig. 15 are
seen easily on all QEEG trends in the panel. Lastly, although it is possible for an
individual patient to have two independent sources for seizures creating two concur-
rent seizure morphologies/locations, the vast majority of critically ill patients have
only one single seizure type. The result is a stereotyped appearance of recurrent
seizures. If a paroxysmal change is seen on QEEG that is quite different in
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Fig.12 Example of concurrent seizures and artifact on a QEEG panel (thythmicity spectrogram (left
and right hemispheres), CDSA (left and right hemispheres), asymmetry index (absolute and relative),
and aEEG (left and right hemispheres)). Despite the significant amount of artifact detected by the
QEEG software program (indicated by cross-hatching throughout the record), frequent seizures are
seen on the rhythmicity spectrogram, and CDSA and aEEG trends. The seizures in this sample are not
detected by the asymmetry index. Vertical black arrows mark the seizures. Episodic artifact can be
seen best on the right hemisphere rhythmicity spectrogram (red circle). Note that the seizures occur in
the delta frequency band, while the artifact occurs in the alpha and beta frequency bands
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Fig. 13 Appearance of a seizure vs. artifact vs. brief rhythmic discharges (BRDs) on a QEEG
panel. (a) QEEG panel consisting of the following QEEG trends: rhythmicity spectrogram (left
and right hemispheres), CDSA (left and right hemispheres), asymmetry index (absolute and rela-
tive), and aEEG (left and right hemispheres). (b) The interictal activity in this sample contains left
hemispheric BRDs, lasting 5-6 s with each occurrence. There is a corresponding, but very subtle,
change in the left hemispheric rhythmicity spectrogram in the lower-frequency ranges. This activ-
ity is not visualized on the CDSA, asymmetry index, or aEEG trends. (¢) Period of muscle artifact
resulting in changes in the rhythmicity spectrogram and CDSA trends. Note that the change in the
rhythmicity spectrogram occurs in the higher-frequency ranges. (d) Right hemispheric seizure
activity corresponding to changes in all QEEG trends displayed

appearance from previously identified seizures, these are likely to be related to arti-
fact, but still should be investigated by raw EEG inspection if suspicious.

Interictal Patterns

Periodic EEG patterns, such as burst suppression or burst attenuation, can appear
as paroxysmal events on QEEG if the burst duration is of sufficient length. In
these situations, it can be difficult to discriminate seizures from interictal activity
on QEEG alone. Figure 16 displays an example of a discrete seizure on QEEG
contrasted with interictal activity consisting of burst attenuation. Lateralized peri-
odic discharges (LPDs) and generalized periodic discharges (GPDs) may poten-
tially show up on QEEG as discrete events, particularly if runs of LPDs or GPDs
occur suddenly at a faster frequency (but less than 3 Hz and without evolution,
therefore not qualifying as a seizure). Stimulus-induced rhythmic periodic or ictal
discharges (SIRPID) can certainly show up as a discrete event on QEEG. Brief
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Fig. 14 Appearance of episodic muscle artifact compared with seizures on a QEEG panel (rhyth-
micity spectrogram (left and right hemispheres), CDSA (left and right hemispheres), asymmetry
index (absolute and relative), and aEEG (left and right hemispheres)). Vertical black arrows denote
seizures. Right hemispheric seizures are visualized clearly on the right hemisphere rhythmicity
spectrogram (in the lower-frequency range) trend and the right hemisphere aEEG trend. There is a
very subtle change in the right hemisphere CDSA trend during the seizures. No clear change is
seen in the asymmetry index trend during the seizures. Periods of left hemisphere artifact are
marked by horizontal double-headed arrows. Note that the periods of artifact are appreciated on
the rhythmicity spectrogram and the CDSA trends only. As opposed to the seizures seen in this
sample (that occur in the lower-frequency ranges), the artifact results in an apparent increased
power in the beta frequency range, which is a common finding for muscle artifact

rhythmic discharges (BRDs) may also appear as discrete events on QEEG. BRDs
are events that appear to have characteristics consistent with seizures, but are not
of sufficient duration (less than 10 s) to qualify as a seizure. Figure 13 shows an
example of the appearance of a BRD on QEEG, contrasting it to the appearance
of a seizure.
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Fig. 15 Appearance of episodic artifact compared with seizures on a QEEG panel (rthythmicity
spectrogram (left and right hemispheres), CDSA (left and right hemispheres), asymmetry index
(absolute and relative), and aEEG (left and right hemispheres)). Black single-headed arrows
denote seizures. Left hemispheric seizures (with some spread to the right hemisphere) are visual-
ized clearly on all QEEG trends shown. Periods of short-duration artifact are denoted by an aster-
isk (*). The periods of artifact are appreciated primarily on the rhythmicity spectrogram and the
CDSA trends and occur primarily in the higher-frequency ranges without resulting in a change in
the lower-frequency ranges. The difference in seizure and artifact appearance can be seen particu-
larly well in the delta frequency range in the rhythmicity spectrogram

Subtle Events

Seizures that are easy to identify on QEEG tend to have longer duration, high ampli-
tude, and generalized spatial extent. However, there are many seizure morphologies
seen in critically ill patients. Seizures that are limited in spatial extent, of low ampli-
tude, and of short duration are not visualized as well on QEEG. Figure 17 shows an
example of subtle seizures on QEEG. In comparison to the seizures in Fig. 1, the
seizures in Fig. 17 are much more difficult to detect. Furthermore, even though an
individual patient’s seizures initially appear fairly easy to detect, treatment with
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Fig. 16 Appearance of burst attenuation compared with a seizure. (a) Rhythmicity spectrogram
(displayed for the left and right hemispheres). (b) The interictal activity in this sample contains a
burst attenuation pattern, with the bursts being more prominent in the right hemisphere (burst dura-
tion 0.5 s). This activity does not correspond to any particular changes in the rhythmicity spectro-
gram trend. (¢) The interictal activity in this sample also contains periods of longer bursts. Given
the sufficient duration of these bursts, there is a corresponding change in the right hemisphere
rhythmicity spectrogram trend. (d) Right hemisphere electrographic seizure activity. The seizure
is differentiated from the interictal activity on the rhythmicity spectrogram most notably by the
increased power seen in the delta range in the right hemisphere during the seizure. This feature is
absent from the rhythmicity spectrogram trend when the longer bursts occur. However, without
raw EEG analysis, it would be difficult to differentiate interictal activity from ictal activity in this
sample

antiepileptic drugs may cause them to become subtle in appearance on QEEG by
reducing the spatial extent, duration, and/or amplitude (Fig. 18).

Conclusions

Initially, the complicated appearance of QEEG trends may be intimidating to the
untrained reader. However, with training and continued practice, it is feasible for
non-neurophysiologists to be comfortable with interpreting bedside QEEG. Providers
that are at the bedside in the ICU have a distinct advantage of being able to incorpo-
rate the real-time QEEG data with ongoing clinical information. However, sole
QEEQG interpretation by neurophysiologists or non-neurophysiologists should not
be performed in isolation without raw cEEG review by neurophysiologists. An anal-
ogy can be made with bedside telemetry. It is important for nurses, residents, and
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Fig. 17 An example of subtle seizures on a QEEG panel (rthythmicity spectrogram (left and right
hemispheres), CDSA (left and right hemispheres), asymmetry index (absolute and relative), and
aBEG (left and right hemispheres)). Three right hemispheric electrographic seizures are marked by
vertical black arrows. These are visualized on all the QEEG trends displayed on the panel; how-
ever, these seizures may be difficult to detect given their subtle appearance

fellows to continuously evaluate a patient’s bedside telemetry. However, when there
is concern for an abnormality, a 12-lead electrocardiogram (ECG) is obtained and
evaluated by an attending intensivist or cardiologist. Yet it is critical to have ongoing
evaluation of the telemetry by nurses, residents, and fellows, since they are a critical
first line to identify periods of concern.
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Fig. 18 Example of seizure appearance change over time. (a) A QEEG panel consisting of the
following QEEG trends: rhythmicity spectrogram (left and right hemispheres), CDSA (left and
right hemispheres), asymmetry index (absolute and relative), and aEEG (left and right hemi-
spheres). There are two right hemispheric electrographic seizures (marked by the vertical black
arrows) visualized well on the rhythmicity spectrogram, CDSA, and asymmetry index trends.
There is a subtle corresponding change in the aEEG trend during the seizures. (b) A second QEEG
panel (consisting of the same trends) three hours later after antiepileptic drug treatment was initi-
ated. One right hemispheric seizure is marked by the vertical black arrow. Although the morphol-
ogy on the rhythmicity spectrogram trend appears similar to the initial seizures in panel a, the
overall appearance of the seizure is much more subtle on the rhythmicity spectrogram and CDSA
trends, and no longer is seen on the asymmetry index and aEEG trends

It is likely that QEEG will continue to have a growing presence in the ICU as
additional applications beyond seizure detection become established. Thorough
QEEG training for non-neurophysiologists is necessary to reduce the number of
false-positive and false-negative alarms.
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Introduction

Radiographic descriptions of findings related to status epilepticus (SE) have been
described for over 50 years. The initial description of changes on radiographic
imaging was using pneumoencephalograms on children with seizures [1].
Eventually, neuroanatomic correlations to seizure foci were published as seen on
computed tomography (CT) scan [2]. Now with the advent of magnetic resonance
imaging (MRI), our ability to detect pathology related to the causes and sequelae of
SE has dramatically increased.

The primary role of neuroimaging in SE is to identify the etiology and to help
establish the safety in doing a lumbar puncture in de novo cases of seizures and then
to detect early changes resulting from the SE, which can be of assistance in manage-
ment and prognosis.
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Neuroimaging and the Etiology of Status Epilepticus

When patients present with SE as their initial seizure, neuroimaging is indicated
after initial stabilization of the patient. CT is usually the most expedient imaging
modality and can help exclude intracranial hemorrhage, venous sinus or cortical
vein thrombosis, ischemic stroke, advanced encephalitis, tumors, traumatic lesions,
brain abscess, and major malformations. CT to exclude threatening mass effect and
screening for coagulopathy are essential steps before a lumbar puncture is per-
formed. Many clinicians will initiate acyclovir therapy if there is any suspicion of
herpes simplex encephalitis and MRI is going to be delayed. Other subtle lesions
must await more elective MRI.

In investigating the etiology of SE, MRI is usually needed. Overall, the most
common etiology of convulsive SE is lesional, with stroke being the leading cause
of SE in adults (Fig. 1). Other lesional causes of SE include infection and tumor [3]
(Fig. 2). In nonconvulsive SE (NCSE), the most common cause is unknown (cryp-
togenic) [4]; however, “remote symptomatic” (remote lesional) is also almost as
likely. Focal NCSE and epilepsia partialis continua (EPC) are usually due to struc-
tural cerebral abnormalities (acute or remote symptomatic); however, EPC can also
be due to diffuse inflammatory and/or metabolic causes (i.e., mitochondrial disease,
prion disease, multiple sclerosis, etc.).

Anoxic ischemic encephalopathy (AIE) is an uncommon cause of SE. Most
cases of myoclonic seizures in AIE have a brainstem reticular formation origin and
usually, but not invariably, a poor prognosis. AIE can also present with NCSE. A
trial of antiepileptic drugs (AEDs) is usually warranted. Abnormal MRI findings in
AIE include areas of restricted diffusion in the periventricular white matter, corpus
callosum, internal capsule, and subcortically. These findings occur early after AIE
[5]. Initial evidence suggested that cerebral gray matter is more vulnerable to global
anoxia and ischemia due to its unique metabolic rate [6, 7]; however, white matter
involvement has been found to occur early after the insult [5, 8]. The term “acute

Fig.1 Coronal
T1-weighted magnetic
resonance imaging (MRI)
with gadolinium revealing
a clot in the superior
sagittal sinus (yellow
arrow) and infarct in the
left frontoparietal region
(white arrow). This
50-year-old woman
presented in focal status
epilepticus
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Fig.2 Axial T2-weighted
MR image of a 42-year-old
woman with ongoing
complex partial seizures,
etiology was herpes
simplex encephalitis. There
are increased T2 signal and
swelling of the right mesial
temporal lobe (star)

myelinopathy” caused by cerebral anoxia has been used and can be manifested as
restricted diffusion with low ADC values on MRI. The usefulness of MRI in AIE
with has been mainly for prognostic purposes. When diffusion-weighted imaging
(DWI) or fluid attenuation inversion recovery (FLAIR) imaging reveals extensive
cortical and subcortical damage, the prognosis for recovery is very poor.

Complications of SE and Subsequent MRI Changes

Often seizure-induced MRI abnormalities are left as a diagnosis of exclusion, and
repeat imaging is necessary in order to exclude inflammatory or infectious etiolo-
gies as the cause of the MRI abnormalities. Examples of MRI abnormalities result-
ing from SE include areas of increased signal intensity on FLAIR, T2, or
diffusion-weighted images, patchy cerebral contrast enhancement, leptomeningeal
enhancement, and even cerebral swelling. Changes can be reversible or irreversible
[9, 10]; even if the initial MRI findings disappear, often they will leave sequelae of
mesial temporal sclerosis, focal and/or global atrophy [9, 11].

The most well-described changes are those that occur in the hippocampi [12, 13].
Other less well-described changes include involvement of the extratemporal cortex,
subcortical structures, thalamus, and cerebellum and more widespread hemispheric
atrophy [9, 10].
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Hippocampal Changes

The magnetic resonance (MR) signal changes that can occur during SE most often
involve the hippocampus, the most vulnerable region for SE-induced damage [14].
Histologically, the CA1, CA3, and hilus are the most affected regions. Hippocampal
changes can often be pronounced. T2-weighted sequences will often demonstrate

Fig.3 A 40-year-old woman with a history of untreated complex partial seizures who presented
in convulsive in status epilepticus. (a) Axial weighted T2 sequence reveals marked increased
T2-weighted signal bilaterally in the hippocampal heads and bodies (yellow arrows). The hippo-
campi appear mildly swollen. (b) There is some mild associated restricted diffusion of the hippo-
campus on axial diffusion-weighted imaging (DWI) (yellow arrows)
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Fig.4 Follow-up of same
patient (Fig. 3) several
months after initial
presentation. The
hippocampi are
hyperintense on coronal
fluid attenuation inversion
recovery (FLAIR) imaging
and are now smaller than
seen previously (white
arrows)

abnormally increased signal in the hippocampus, which can be followed by swell-
ing and gliosis [12] (Figs. 3 and 4).

Extratemporal Changes

Reversible and irreversible abnormalities have been described in the extratemporal
cortex, basal ganglia, insula [9], and thalamic pulvinar [15]. Hemispheric atrophy is
sometimes a consequence of prolonged focal status epilepticus (Fig. 5). Cerebellar
changes as a consequence of a supratentorial epileptic focus have also been reported
and are explained by crossed cerebellar diaschisis (Fig. 6a, b) [16]. The frequency
with which various regions of the brain are involved during SE is shown in Table 1.

Pathophysiology

The pathological explanation for MRI changes following SE is due to neuronal
injury or necrosis [17]. Attributed mechanisms include: adenosine triphosphate
(ATP) deficiency due to failure of the Na/K ATPase pump, lactic acidosis, release of
excitatory neurotransmitters and inflammatory mediators, increased membrane per-
meability, and possible activation of caspase pathways leading to apoptosis [18].
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Fig.5 A 28-year-old male
with temporal lobe seizures
and remote status
epilepticus. The patient
continues to have temporal
lobe seizures. On coronal
fluid attenuation inversion
recovery (FLAIR) imaging,
there is atrophy of the right
hippocampus, as
demonstrated with an
enlarged temporal horn
(white arrow). There are
also increased signal within
the right hippocampus
(yellow star) and global
right hemispheric volume
loss compared to the left

Fig. 6 A 59-year-old woman with a history of steroid-responsive encephalopathy and seizures
was admitted to the intensive care with nonconvulsive status epilepticus (NCSE) manifested by an
acute confusional state. (a) MRI revealed increased T2-weighted hyperintensity over the right
parietal, posterior frontal, and posterior temporal lobes in a gyriform distribution (yellow arrows).
(b) A small focus of increased T2 signal is seen in the left cerebellum (red arrow). These changes
were resolved after treatment with corticosteroids and antiepileptic drugs
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Table 1 Stru.ctures‘involved Hippocampus 0.60

in SE and their relative Subcortical (white matter) 0.57

frequency
Cortical (gray) 0.45
Leptomeningeal (enhancement) 0.28
Thalamus 0.23
Basal ganglia 0.16
Corpus callosum 0.14
Cerebellum 0.08

These factors can ultimately lead to tissue injury, swelling, and irreversible neuronal
death.

Imaging in the Critically Ill Patient

In the intensive care unit (ICU), serial MR imaging can be a challenge due to the
critically ill patient requiring life support. Initial imaging with cranial CT may be
the only option due to time and mobility constraints. If cranial CT is the only appro-
priate modality, contrast enhancement should be considered in order to assess the
integrity of the blood-brain barrier. Once the patient has been stabilized, serial MR
imaging is recommended.

Conclusions

The initial role of neuroimaging in cases of SE is to establish the etiology and
then to look for the effects of SE on the brain.

Transient cerebral abnormalities in patients with SE can easily be misdiag-
nosed as inflammatory or infectious conditions, demyelinating diseases, or
tumors and as a consequence result in unnecessary and invasive investigations.
Knowledge regarding well-described MRI brain changes is key in appropriately
managing the critically ill patient.

References

1. Aicardi J, Amsili J, Chevri JJ. Acute hemiplegia in infancy and childhood. Dev Med Child
Neurol. 1969;11:162-73.

2. Kramer RE, Luders H, Lesser RP, Weinstein MR, et al. Transient focal abnormalities of neu-
roimaging studies during focal status epilepticus. Epilepsia. 1987;28:528-32.

3. DeLorenzo RJ, Pellock JM, Towne AR, Boggs JG. Epidemiology of status epilepticus. J Clin
Neurophysiol. 1995;12:316-25.

4. Trinka E, Hofler J, Zerbs A. Causes of status epilepticus. Epilepsia. 2012;53 Suppl 4:127-38.

5. Chelala JA, Wolf RL, Maldjian JA, Kasner SE. MRI identification of early white matter injury
in anoxic-ischemic encephalopathy. Neurology. 2001;56:481-5.

6. White BC, Grossman LI, Krause CS. Brain injury by global ischemia and reperfusion: a theo-
retical perspective on membrane damage and repair. Neurology. 1993;43:1656-65.

7. Arbalaez A, Castillo M, Mukherji SK. Diffusion-weighted imaging of global cerebral anoxia.
AJNR Am J Neuroradiol. 1999;20:999-1007.



286 A.M. Cartagena and G.B. Young

8. Pantoni L, Garcia JH, Gutierrez JA. Cerebral white matter is highly vulnerable to ischemia.
Stroke. 1999;27:1641-7.

9. Cartagena AM, Young GB, Lee DH, Mirsattari SM. Reversible and irreversible cranial MRI
findings associated with status epilepticus. Epilepsy Behav. 2014;33:24-30.

10. Cianfoni A, Caulo M, Cerase A, Della Marca G, et al. Seizure-induced brain lesions: a wide
spectrum of variably reversible MRI abnormalities. Eur J Radiol. 2013;82:1964-72.

11. Korngut L, Young GB, Lee DH, Hayman-Abello BA, Mirsattari SM. Irreversible brain injury
following status epilepticus. Epilepsy Behav. 2007;11:235-40.

12. Tien RD, Fellsberg GJ. The hippocampus in status epilepticus: demonstration of signal inten-
sity and morphologic changes with sequential fast spin echo MR imaging. Radiology.
1995;194:249-56.

13. Kim J, Chung JI, Yoon PH, Kim DI, Chung T, Kim E, Jeong E. Transient MR signal changes
in patients with generalized tonicoclonic seizures or status epilepticus: periictal diffusion-
weighted imaging. AJNR Am J Neuroradiol. 2001;22:1149-60.

14. Chen J, Guo H, Aheng G, et al. Region-specific vulnerability to endoplasmic reticulum-
induced neuronal death in rat brain after status epilepticus. J Biosci. 2013;38:877-86.

15. Boyd JG, Taylor S, Rossiter JP, Islam O, et al. New-onset refractory status epilepticus with
restricted DWI and neuronophagia in the pulvinar. Neurology. 2010;74:1003.

16. Samaniego EA, Stuckert E, Fischbein N, Wijman CA. Crossed cerebellar diaschisis in status
epilepticus. Neurocrit Care. 2010;12:88-90.

17. Wasterlain CG, Fujikawa DG, Penix L, Sankar R. Pathophysiological mechanisms of brain
damage from status epilepticus. Epilepsia. 1993;34 Suppl 1:S37-53.

18. Bruehl C, Hagemann G, Witte OW. Uncoupling of blood flow and metabolism in focal epi-
lepsy. Epilepsia. 1998;39:1235-42.



Partll

Special Situations



Acute Anoxic Injury and Therapeutic
Hypothermia in Adults

17

Amy Z. Crepeau
Contents
TNEFOAUCTION ...ttt ettt ettt 289
Background 290
Anoxia and Neuronal INJUI ..o 290
Therapeutic HYPOthermia ..........ociiiriiiieieieieeseseeee ettt 291
Early Descriptions of EEG After Circulatory Arrest and During Hypothermia 292
EEG After Acute Anoxic Injury .. 292
Variability and Reactivity... e 292
Alpha and Theta COMA .......ccueiuiiiiiiiieieee et 293
Burst SUPPIeSSION ......cccuiiiiiiiiiiiiiiiiiicisc e 293
Episodic Low-Amplitude Events. 294
Generalized Periodic Discharges . 295
Seizures and Status Epilepticus.... e 295
Low-Voltage Output RECOTA .....c..ciiiiiiiiiiiiiiiiiieiecteee e 297
Classification SYSIEIMS ........cooiiuiiiiiiiiiiiiiiiie e 298
Conclusions................ 299
References.... 300
Introduction

Acute anoxic injury is common in the adult population, occurring most commonly
due to sudden cardiac arrest. In patients that remain comatose after resuscitation,
there is a period of uncertainty, accompanied by high morbidity and mortality.
Therapeutic hypothermia (TH) has been used for neuroprotection during this time
period, though its true benefit remains uncertain. As a result, the focus shifts to
determining prognosis, with EEG being one of the most widely used, well-studied
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resources available. From the time EEG became available, specific findings after
acute anoxic injury have been detailed and correlated with outcomes. Multiple grad-
ing scales have been proposed to simplify clinical decision-making. As clinical pro-
tocols have evolved, and TH has become the standard of care, specific EEG patterns,
including nonreactivity, low-voltage output pattern, and nonconvulsive seizures
(NCS) and nonconvulsive status epilepticus (NCSE) remain worrisome. When com-
bined with complementary clinical data, EEG remains a powerful tool for predict-
ing prognosis after acute anoxic injury. In this chapter, the pathophysiology of
anoxic brain injury and value of TH will be presented. Various EEG features that are
associated with anoxia and TH and their prognostic value will also be discussed.

Background

Acute anoxic injury results in cerebral damage, and the extent of damage is not
always immediately evident. Causes for acute anoxic injury include respiratory fail-
ure, drowning, strangulation, and medication overdose. The most common cause is
sudden cardiac arrest, with an incidence between 0.04 and 0.13 % of the population
in industrialized countries [1]. Mortality, as estimated by EMS response, is approxi-
mately 94 % [2], and despite advances in acute hospital care, in-hospital mortality
remains high at 60 % [3]. Overall, acute anoxic injury is associated with an extremely
high morbidity and mortality. For this reason, there has long been a focus on deter-
mining how to mitigate the damage once the injury occurs and accurately prognos-
ticate as to who is likely to do well, and who will have a poor outcome.

From the time electroencephalography became clinically available in the 1930s,
practitioners have been interested in describing findings after anoxic injury and
determining how these patterns relate to prognosis. As much as clinical algorithms,
diagnostic ability, and technology have evolved since that time, EEG remains an
important part of clinical care after anoxic injury. As an example, in Fig. 1 is an
EEG of a patient obtained 12 hours after cardiac arrest who was undergoing TH
during the time of EEG.

Anoxia and Neuronal Injury

Cerebral anoxia results in disruption of adenosine triphosphate (ATP) production,
which then leads to glutamate release and activation of N-methyl-D-aspartate
(NMDA) receptors. This increase in excitotoxicity results in cell death. Neurons in
the cerebral cortex, cerebellar Purkinje cells, and the CA-1 region in the hippocam-
pus are most vulnerable to neuronal death from anoxic injury due to their increased
metabolic demands. The severity of injury depends upon the duration of anoxia and
ability to restore cerebral blood flow [4]. Attempts have been made to identify neuro-
protective agents that may ameliorate neuronal injury after anoxic injury. Barbiturates,
glucocorticoids [5], sodium channel blockers [6], magnesium [7], and benzodiaze-
pines [8] have all been proposed, but compelling clinical data are lacking.



17 Acute Anoxic Injury and Therapeutic Hypothermia in Adults 291

= 3 —
N i
snmm A WA e R — S e e————]
S s e Mgy
_..Jv’\.fuv\,w-— " W ll',r\--_‘vr\-.______
: e P e
wu—\ﬂ pA—r———
e —
— A s A S f——]
ANAAS—— A AN ~——
""“"‘-"‘v\"v"’\/\"“—"-'—"“‘-—-"" Tt le:_—‘“"wﬁ\f\\"‘/"\w"—"—-'—

Fig.1 Burst suppression pattern seen 12 h after cardiac arrest. The patient is on TH protocol, with
a core temperature of 33 °C

Therapeutic Hypothermia

Approaches to neuroprotection after anoxic injury from cardiac arrest changed in
2002, with the publication of two pivotal trials. Both trials demonstrated a positive
outcome when using mild TH for neuroprotection after cardiac arrest. In both trials,
patients were cooled to between 32 and 34 °C for 12-24 h after cardiac arrest. Those
patients that were cooled showed improved neurologic outcomes [9, 10]. As a result
of these two trials, TH after cardiac arrest became standard of care. The protocols
for TH often include sedation and paralytics, which confound the physical exam in
this critical period.

Despite these initial large trials demonstrating improved neurologic outcomes
after cardiac arrest, additional trials have shown that there may not be a significant
benefit to TH. A 2013 randomized trial of 939 patients compared TH of 33 °C ver-
sus targeted temperature control at 36 °C and found no significant difference in
regard to mortality or neurologic outcomes at 180 days [11]. A second randomized
trial, published in 2014, compared prehospital cooling versus no prehospital cooling
in 1539 patients, and found no difference in mortality or neurologic outcome at
hospital discharge [12]. These data suggest that it may actually be the controlled
avoidance of fever, rather than mild TH, which confers benefit in regard to neuro-
logic outcomes after cardiac arrest.

The use of TH must be taken into account when considering the significance of
EEG patterns, and data in the literature. As practice parameters change in regard to
TH, published data regarding EEG findings may not be applicable across all clinical
situations.
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Early Descriptions of EEG After Circulatory Arrest and During
Hypothermia

Experimental animal studies looking at the relationship between anoxia and EEG
changes emerged in the 1930s, though human data were not published until the
1950s. Pampiglione made observations based upon intraoperative cardioplegia
and restoration of cerebral blood flow with carotid massage. He described pro-
gressive diffuse slowing, followed by attenuation of cerebral activity, and return
of cerebral activity after carotid massage [13]. Pampiglione expanded on his
observations outside of the operating room (OR), correlating EEG findings after
anoxic injury with outcomes. His descriptions of early EEG findings after cardio-
pulmonary arrest and clinical outcomes foreshadowed what would be repeatedly
confirmed later [14].

Many of the early reports regarding EEG findings with anoxia did occur in the
OR, where hypothermia was used in conjunction with circulatory arrest. These
observations allowed for the determination that hypothermia had an effect on
cerebral activity and EEG. In 1966, Harden published a series of OR cases, con-
cluding that mild hypothermia alone had little effect on EEG, but that tempera-
ture affected EEG activity with circulatory arrest. EEG persisted longer after
circulatory arrest with a temperature between 18.5 and 24.5 °C, versus between
28 and 32 °C. The postulation was cerebral function in moderate hypothermia
had lower metabolic demands and was neuroprotective [15]. These early series
provided a basis for expansion of data regarding EEG findings and prognosis
after anoxic injury.

EEG After Acute Anoxic Injury

In patients who suffer an acute anoxic injury, the time period after successful resus-
citation is fraught with uncertainty and waiting. EEG has been shown to provide
important prognostic information in this critical situation.

Variability and Reactivity

The EEG background, in regard to variability and reactivity, can be a strong corre-
late of outcome. A well-modulated background contains a mix of frequencies and
amplitudes, and varies in response in internal and external stimulation. In general,
spontaneous variability is a positive sign, while an invariant background portends a
poor prognosis. Nonreactivity as an indicator of poor prognosis has validity after
TH as well (Fig. 2). After induced mild TH (33 °C), the false-positive rate of a non-
reactive background and a poor outcome is 0.07 [16]. Caution needs to be taken to
ensure that appropriately noxious stimulation, including deep painful stimulation, is
deployed.
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Fig.2 No reactivity is seen in response to deep painful stimulation

Alpha and Theta Coma

Alpha and theta coma are specific nonreactive patterns that traditionally were cor-
related with poor outcome after anoxic injury. The alpha coma pattern was first
described in 1975 [17]. The pattern was described as being similar to an awake pat-
tern, with 8—13 Hz alpha activity, which was broadly distributed with slight sponta-
neous variability and was nonreactive (Fig. 3). All of the patients with anoxic injury
in the initial study died [17]. Theta coma has been considered a variant of alpha
coma. This pattern is characterized by broadly distributed 5—6 Hz theta activity with
minimal spontaneous variability and reactivity. The initial patient in whom this was
described after anoxic injury did not survive [18].

Though alpha and theta coma were initially described as being associated with
poor prognosis, further studies have shown that this is not the case, and outcomes can
be more variable [19, 20]. In some instances, better outcomes may be predictable
based upon features of the EEG. There are gradations of alpha or theta coma, some
of which may not be as highly correlated with poor outcomes after anoxic injury.
Features consistent with “incomplete” alpha or theta coma, and less likely to be asso-
ciated with poor outcomes, include a pattern which is not entirely monotonous and
hyporeactive (compared to nonreactive) and has a posterior, rather than anterior, dis-
tribution [21]. It is inadvisable to make determinations regarding prognosis when
alpha or theta coma is seen at a single time point after acute anoxic injury. These
coma patterns may evolve over time, and serial EEGs or continuous EEG (cEEG)
monitoring are required to determine the true significance in an individual.

Burst Suppression

Burst suppression is defined as alternating bursts of cerebral activity with periods of
background attenuation that comprises at least 50% of the record [22]. Burst
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Fig.3 Alpha coma. This pattern, consisting invariant diffuse alpha activity in a comatose patient,
may be associated with poor outcomes if no reactivity is seen. Serial or cEEG is required to deter-
mine if the pattern resolves over time

suppression can occur as a physiologic pattern, in response to certain medications,
such as anesthetic agents, or moderate to severe hypothermia. It can also be patho-
logic, occurring after acute anoxic injury and is associated with the degree of injury.
Bursts may occur in response to stimulation, variably include epileptiform activity,
and may be time locked with myoclonus. Grading scales regarding EEG patterns
and clinical outcomes have consistently regarded burst suppression as a malignant
pattern [23-25], and electrographic seizures may arise out of this background [26].
When confounding variables, including medications and hypothermia, are absent,
bursts suppression after cardiac arrest is correlated with a poor prognosis. A reactive
burst suppression pattern does not portend a better outcome [27].

The specifics of the composition of the bursts may provide more refined prog-
nostic data. The concept of “identical bursts” has been advocated as being more
specific for poor outcomes [28]. On visual analysis, bursts are considered identical
if the initial 500 ms of each burst are consistent in morphology. Quantitative analy-
sis provides objective evidence of identical bursts. This specific pattern was not seen
in burst suppression due to etiologies other than anoxia, including with anesthesia.

Episodic Low-Amplitude Events

Episodic low-amplitude events are characterized by brief periods of diffuse back-
ground attenuation. Compared to burst suppression, this is a relative minor feature
of the record, occurring intermittently (Fig. 4). Initial descriptions of this pattern
after anoxic injury associated the finding with poor outcomes [29, 30]. However,
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Fig.4 Episodic low-amplitude events. These are periods of background attenuation, which occur
intermittently and compromise a minority of the record. They may occur with or without TH and
in some instances may be related to medication, hypothermia, or alerting

later studies have found that this pattern is common after anoxic injury and has no
association with poor outcomes. In the setting of TH, this pattern may be an alerting
pattern or related with hypothermia or medications commonly used as part of clini-
cal protocols [31].

Generalized Periodic Discharges

Generalized periodic discharges (GPD), previously referred to as generalized peri-
odic epileptiform discharges (GPED), may occur as part of a burst suppression pat-
tern or over a continuous background (Fig. 5). Most commonly in acute anoxic
injury, GPDs are superimposed on an isoelectric background and are a feature of a
burst suppression pattern. In this instance, GPDs are associated with poor outcomes.
GPDs can also occur with myoclonic seizures, which is consistent with a poor out-
come. It is not well understood if GPDs superimposed on a continuous background
with spontaneous variability correlates with a better prognosis.

Seizures and Status Epilepticus

Postanoxic seizures and status epilepticus (SE) are common after cardiac arrest and
have significance in regard to outcomes. The majority of seizures in this population
are subclinical, requiring cEEG monitoring to detect them [26, 32, 33]. NCS occur
in 9-30% of patients treated with TH. NCSE occurs in 10-12 % of these patients
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Fig.5 GPEDs superimposed on an otherwise isoelectric background

[31, 34-36]. After cardiac arrest, the mean time for onset of NCS and NCSE is 15
h, occurring during TH [26]. Those patients at risk for NCS can often be identified
by EEG, as NCS are likely to be preceded by interictal epileptiform discharges [35]
(Fig. 6).

NCS and NCSE are nearly universally associated with poor outcomes, even with
attempts at treatment. In multiple studies using cEEG monitoring, the presence of
NCS or NCSE were associated with mortality rates from 80 to 100 %. When poor
neurologic outcomes and mortality are combined, the mortality rate approaches
100 % [16, 26, 31, 34, 36, 37]. There have been reports of exceptional recovery after
anoxic injury and SE. In these cases, however, other encouraging findings were
present, including a reactive EEG, preserved brainstem reflexes, and preserved cor-
tical responses to somatosensory-evoked potentials [38]. There has been some sug-
gestion that focal seizures after anoxic injury may be more readily controlled with
antiepileptic drugs (AED) and portend a slightly better outcome, but this has not
been borne out well in subsequent literature [39].

Myoclonic status epilepticus (MSE) is often grouped with NCS and NCSE,
and many studies do not make definite separations between the three. MSE
occurs in the first 24 h after acute anoxic injury while the patient remains coma-
tose. Myoclonus can often be triggered by stimulation, and correlates with
GPDs or the bursts in a burst suppression pattern. Occasionally, myoclonus can
be seen without EEG correlate in a comatose patient. In these instances, it is
thought that the myoclonus arises from the brainstem. In either case, MSE is
strongly associated with a poor outcome after anoxic injury, even with attempts
at treatment [40].
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voltage pattern. This pattern consists of background activity less than 10 pV and is

not due to sedation or hypothermia. There is no reactivity to stimulation (Fig. 7). In
the absence of confounding factors, this pattern correlates with poor outcomes with

A low-voltage output record after acute anoxic injury may also be referred to a low-
reported specificities as high as 100 % [41].

Fig.6 Evolving electrographic seizure arising from an otherwise isoelectric background

Low-Voltage Output Record

HR Bl by
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Fig.7 Low-voltage output pattern. Note the flat and featureless background, even sensitivity at
1.5 uV/mm

Tablg 1 EEG patterns and Good outcomes Poor outcomes
associated outcomes

Continuous background | Nonreactive background
Spontaneous variability | Burst suppression
Reactivity GPEDs

Low-voltage output pattern
Seizures/status epilepticus

Classification Systems

Multiple classifications have been proposed to correlate EEG findings with clinical
outcomes. These scales vary in regard to the timing and duration of EEG, patient
diagnosis included, and number of grades in each scale but remain remarkably con-
sistent regarding the identified “malignant” patterns and outcomes (Table 1).

The earliest scale proposed in 1965 classified background alpha activity or occa-
sional theta activity as normal [23]. Burst suppression and low-amplitude output
records were associated with poor outcomes.

In 1973, criteria based upon 52 EEGs in 31 patients were published [42]. The
classification consisted of two categories with a total of six subcategories. Category
2 was comprised of diffuse theta and delta slowing, low voltage with occasional
low-amplitude fast activity, burst suppression, and low-voltage background with
epileptiform activity. All patients (ten) in this category died.

In 1990, a five-grade system based upon EEGs performed 24-36 h after anoxic
injury was described [24]. Malignant patterns were low-amplitude slowing with
brief periods of attenuation, burst suppression, an isoelectric background, and alpha/
theta coma patterns. All patients with malignant patterns died [24].
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Finally, a 2005 classification described five categories and six subcategories.
Burst suppression, alpha and theta coma, and isoelectric backgrounds were consid-
ered malignant patterns. These patterns correlated with poor outcomes with 89 %
sensitivity and 84 % specificity [25].

These classification systems were developed prior to the routine use of TH, and
EEGs were performed at variable times after cardiac arrest. A classification system
proposed in 2013 was based upon EEGs performed during TH, through rewarming
and normothermia. Similar to earlier schemes, burst suppression patterns, GPDs,
nonreactive backgrounds, and low-voltage output patterns all correlated with poor
outcomes [31]. Application of these classification systems requires attention to the
timing of the EEG and factors which may affect EEG background, including TH
and sedative medications. Even taking these factors into account, there remain com-
monalities across the classification systems. Despite significant changes in clinical
care and protocols in obtaining EEGs, patterns which were identified as malignant
early on still raise concerns for poor prognosis.

Conclusions
After acute anoxic injury, EEG provides valuable data regarding prognosis.
Though the standards of care have evolved in regard to critical care and imple-
mentation of TH, specific EEG patterns continue to be associated with poor out-
comes despite these changes. However, caution must be taken in assigning
prognosis based upon EEG. Patterns can evolve over 48—72 h, and the effects of
TH and sedatives must not be ignored. In addition, it is essential to consider
additional clinical testing to determine concurrent data before any statement
regarding prognosis is concluded (Table 2). Physical exam findings, somatosen-
sory-evoked potentials, serum neuron-specific enolase, and neuroimaging all
provide important information regarding extent of neuronal injury.

In a patient who remains comatose after acute anoxic injury, there is uncer-
tainty regarding prognosis. EEG, along with additional clinical data, can provide
well-established guidance as to the likely outcome.

Table 2 Additional testing for prognosis [43]

Test Timing Results associated with poor outcomes
Physical examination Day 1-3* | Lack of brainstem reflexes
Pupil
Cornea
Oculocephalic
Cough
Extensor or absent motor response
Myoclonus
Somatosensory-evoked potentials Day 1-3* | Absent N20 response
Neuron-specific enolase Day 1-3* | Serum level >33 pg/L
Neuroimaging Day 1-3 Indeterminate

“In the absence of hypothermia, paralytics and sedatives
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Introduction

The role of autoimmune etiologies in the genesis of epilepsy and encephalitis has
been recently discovered. Historically, infectious and to a lesser degree metabolic
etiologies have also been implicated in convulsive and nonconvulsive seizures
(NCS) and status epilepticus (SE). With the recent advances in and recommenda-
tions for continuous EEG (cEEG) monitoring, NCS and nonconvulsive SE (NCSE)
are being increasingly detected in these conditions. It is imperative to diagnose
abnormal movements that are associated with such disease states and to differenti-
ate between epileptic and nonepileptic events. Hence, cEEG monitoring serves a
vital role in spell characterization and identification of seizures and SE.

A recent study of the incidence of electrographic seizures in the pediatric inten-
sive care unit (ICU) found that 30 % of children monitored with cEEG had seizures,
of which 36 % were subclinical or nonconvulsive [1]. Electrographic seizures were
found in 33 % of patients with diagnosis of central nervous system (CNS) inflam-
mation or autoimmune disorder, in 29 % of patients with a CNS infection, and in
29 % of patients with a metabolic disorder. Similar findings have also been docu-
mented in the adult ICUs.

In the following sections, the presentation of patients with autoimmune, infec-
tious, and metabolic encephalopathies will be discussed. The occurrence of clinical
and subclinical seizures and/or SE in these patients will be reviewed. Finally, treat-
ment recommendations will be suggested.

Autoimmune Encephalitis

The range of autoimmune disorders presenting to the ICU with seizures or SE
includes the autoimmune encephalitides, CNS vasculitis, demyelinating diseases,
and neurologic involvement of systemic autoimmune disorders (i.e., systemic lupus
erythematosus and Hashimoto encephalopathy). Rarely, other diseases with sus-
pected autoimmune etiology may also be seen including Rasmussen’s encephalitis
and febrile-infection-related epilepsy syndrome (FIRES) [2]. In the following sec-
tions, the focus will be on antibody-mediated autoimmune encephalitides, namely,
limbic encephalitis where the limbic system is almost invariably involved and sei-
zures and SE are a common presentation.

Presentation

The recent discovery of intracellular and cell surface antigens that could be targets
of antibody-mediated limbic encephalitis has led to better identification of the ensu-
ing disorder and allowed for more targeted therapy. Many of these antibodies have
been found to be associated with paraneoplastic diseases, requiring a detailed search
for an underlying oncologic etiology. A list of the common antibodies often associ-
ated with limbic encephalitis is presented in Table 1 [3].
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Table 1 Antibodies causing limbic encephalitis

Seizure Prevalence in the
Antibody predominance epilepsy population | Associated tumors
VGKC (includes LGI1 Major feature 6.5-11.5% Ovarian teratoma,
and CASPR2) (80-90 % of cases) thymoma
NMDA receptor (may Major feature 2.5-7% Ovarian teratoma
have more diffuse (70-80 % of cases)
involvement of the CNS)
AMPA Minor feature (up Small cell lung cancer,
to 40 %) breast cancer, thymoma
GABA-B Major feature Small cell lung cancer
(80-100 %)
mGluRS Minor feature Hodgkin lymphoma
GAD65 Major feature 1.6-8.7% Small cell lung cancer
ANNA-1 (Hu) Minor feature Small cell lung cancer
Ma 1/2 Minor feature Mal: lung, renal, skin,
gastrointestinal
Ma2: germ cell (males)

Modified from Correll [3], Springer publication

Abbreviations: ANNA-1 anti-neuronal nuclear antibodies-1 (ANNA-1), GAD glutamic acid decar-
boxylase (GADG65), VGKC voltage-gated potassium channel, NM DA N-methyl-D-aspartate, AMPA
alpha-amino-3-hydroxy-5-methyl-4-isoxazole-proprionic acid, GABA gamma-aminobutyric acid,
mGIluR5 metabotropic glutamate receptor 5, LGII leucine-rich glioma-inactivated 1 protein,
CASPR?2 contactin-associated protein 2

Often patients with limbic encephalitis present with a combination of seizures,
psychiatric disturbances, abnormal movements, and autonomic disturbances. The
presentation may vary by age with more movement and speech disorders seen in
children and more memory disturbances and autonomic disturbances seen in older
patients. The specific clinical presentations for the specific antibody-mediated
encephalitis are presented in Table 2.

Evaluation

The workup of patients with suspected autoimmune etiology should include a mag-
netic resonance imaging (MRI) scan of the brain, EEG, and lumbar puncture. In
patients with anti-N-methyl-D-aspartate (NMDA) receptor encephalitis, MRI abnor-
malities consisting of nonspecific lesion are seen in 30 % of cases, EEG is abnormal
in 90 %, of cases and CSF may show elevated oligoclonal bands. Blood and cerebro-
spinal fluid (CSF) samples to screen for paraneoplastic and autoimmune antibodies
should be obtained. Several companies offer panels of tests for these antibodies.
Markers of inflammation like erythrocyte sedimentation rate (ESR), C-reactive
protein, and von Willebrand factor antigen may help determine the burden of the
inflammatory process. At times, further testing is needed to exclude other etiolo-
gies that may be considered in the differential diagnosis of limbic encephalitis
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Table 2 Common presentations of the specific antibody-mediated limbic encephalitis

Antibody | Clinical presentation Seizure types®
VGKC Impaired episodic memory, confusion and | Complex partial and generalized
disorientation, behavioral changes such as | tonic—clonic, mesial temporal or
aggression and agitation, psychotic hippocampal foci more common
symptoms such as hallucinations, seizures, | than extratemporal — faciobrachial
and low sodium secondary to STADH dystonic seizures in 90 % of LGI1
cases
NMDAR | Stage 1: psychiatric symptoms including Simple partial, complex partial, and
hallucinations, psychosis, depression, and | generalized tonic—clonic, which can
anxiety; confusion; memory deficits and be localized temporally,
amnesia; aphasia; and seizures extratemporally, or multifocally
Stage 2: reduced consciousness, oro-
lingual-facial dyskinesias and
choreoathetoid movements, dysautonomia
including tachycardia/brachycardia and
labile blood pressure, and central
hypoventilation
AMPA Short-term memory loss, confusion, Temporal seizures
behavioral changes, agitation/aggression,
and hypersomnolence or decreased
consciousness
GABA-B | Memory deficits, behavioral changes, Temporal seizures
sleep disturbances, psychosis, and aphasia
mGlu5R Confusion, short-term memory loss, Temporal seizures
emotional lability, hallucinations, and Myoclonic jerks
delusions
GAD-65 Short-term memory loss, behavioral Temporal lobe seizures
changes such as anxiety, and seizures
ANNA-1 New onset seizures, memory loss, and Temporal and extratemporal seizures
psychiatric disturbance Epilepsia partialis continua
Mal/2 Memory loss, psychiatric disturbances and | Temporal seizures
seizures

From Correll [3]
2All of these antibody-mediated encephalitides may be present with NCS/NCSE

including herpes simplex virus (HSV) and human herpesvirus (HHV)-6 encephali-
tis, systemic lupus erythematosus, Hashimoto thyroiditis, Sjogren syndrome,
antiphospholipid syndrome, and primary angiitis of the CNS [4]. In addition, evalu-
ation for an associated neoplastic entity may require doing a computed tomography
(CT) of the chest, abdomen, and pelvis or a positron emission tomography (PET)
scan and pelvic or scrotal ultrasound.

EEG

The EEG in cases of limbic encephalitis is almost invariably abnormal, as noted above.
There is often diffuse slowing in the theta to delta range. There may be evidence of
epileptiform discharges over one or both temporal lobes. Seizures may be clinical or
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Fig.1 Interictal EEG in a patient with anti-NMDA receptor encephalitis with evidence of diffuse
background delta slowing and extreme delta brush with superimposed beta activity riding on the
delta wave seen at the arrows
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Fig. 2 EEG showing onset of a left anterior quadrant nonconvulsive seizure in a 16-year-old
patient with anti-NMDA receptor encephalitis

subclinical, and in some cases NCSE or epilepsia partialis continua (EPC) may be seen
[5]. An extreme delta-brush pattern may be seen in some cases of anti-NMDA receptor
encephalitis, illustrated in Fig. 1 [6]. The use of cEEG may at times be helpful to iden-
tify recurrent NCS. Samples of EEG changes seen in cases of limbic encephalitis,
namely, in anti-NMDA receptor and anti-voltage-gated potassium channel (VGKC)
complex encephalitides may be found in Figs. 2 and 3. In cases of anti-NMDA receptor
encephalitis, abnormal orofacial dyskinesias may mimic seizures, and cEEG shows no
associated epileptiform correlates with these events.
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Fig.3 EEG showing a convulsive seizure in a patient with anti-VGKC complex encephalitis. The
EEG record in a marks the onset of the seizure and the one in b shows the ictal pattern 2 min into
the seizure

Treatment

In patients with autoimmune limbic encephalitis, it is important to establish whether
there is a tumor associated with the encephalitis. If a tumor is found, removal of the
tumor allows for neurologic improvement. In many cases a tumor may not be pres-
ent and immunotherapy is needed. Often, a course of steroids or intravenous immu-
noglobulin (IVIG) is tried with or without plasma exchange. Many patients also
require additional immunotherapy with rituximab, cyclophosphamide, or other
immunomodulatory agents. It is well known that autoimmune encephalitides related
to cell surface antigens respond to immunotherapy. These patients often recover
over few months, and some may require continued use of immunotherapy.
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| Patient presents with SE of unknown cause |

Diagnostic workup for SE:
cEEG
MRI (or CT)
Lumbar puncture

Convulsive or
losing airway

yes Cause not found

Intubation and sedation no
with propofol,
midazolam, pentobarbital

Concern for ASE:

1) New or explosive

2) Memory and/or behavioral change
3) Cancer history

4) Other neurological features

PHT, VPA or LEV (may
need several AEDS)

Low suspicion
Moderate to

High suspicion

| Trial of IV steroids +IVIG Paraneoplastic and/or
Phenobarbital* or IV steroids + PLEX Neuronal surface antibody
tests (Tables 1&2)
AND

Antibody-positive ASE Primary malignancy workup —
ie CT chest, gonadal
Consider cyclophosphamide, ultrasound etc.
Rituximab as additional therapies, or
additional courses of steroids, IVIG or

Surgical options: VNS, focal or hemispheric NMDAR +
resection depending on etiology

3 For NMDAR ASE,
Oncologic Cyclophosphami

Consider maintenance referral and de, Rituximab

immunomodulation, including treatment of followed by

prednisone, periodic IVIG, any maintenance
mycophenylate mofeteil, malignancy (See Dalmau, et

azathioprine al)

Fig. 4 Diagnosing autoimmune status epilepticus is done in parallel to initiating treatment for
status epilepticus (Adapted from LoPinto-Khoury and Sperling [7], Springer publication).
Abbreviations: PHT phenytoin, VPA valproic acid, LEV levetiracetam, VNS vagal nerve stimula-
tion, PLEX plasma exchange

As for the treatment of convulsive seizures, NCS and NCSE often seen in these
disorders, antiepileptic drugs (AEDs) are used in addition to immunotherapy. In
cases of refractory seizures or SE, alternative strategies may be considered such as
the use of vagal nerve stimulation (VNS) or epilepsy surgery if an epileptic focus
can be identified. A suggested algorithm for identification and treatment of an auto-
immune SE is presented in Fig. 4 [7].

Infectious Encephalitis

Patients in the ICU may present with CNS infections in the form of meningitis,
encephalitis, ventriculitis, and abscesses. Often, mental status changes, elevated
intracranial pressure (ICP), and clinical or subclinical seizures and SE may compli-
cate the patient’s ICU course. The most common CNS infections are usually due to
viral and bacterial agents, and fungal and parasitic agents are less commonly seen.
Tatrogenic CNS infections may be seen following neurosurgical procedures often
caused by staphylococci and gram-negative bacilli.

After the neonatal period, the most common severe form of infectious encephalitis
is that caused by HSV-1. Other infectious agents include varicella zoster virus (VZV),
Epstein—Barr virus (EBV), cytomegalovirus (CMV), HHV 6 and 7, enteroviruses,
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adenovirus, influenza viruses A and B, and Mycoplasma pneumoniae [8]. Arthropod-
borne viruses (e.g., Japanese encephalitis) are a major cause of morbidity and mortal-
ity worldwide.

Bacterial meningitis and encephalitis are usually caused by Streptococcus pneu-
moniae or Neisseria meningitidis in adults and children (less commonly by
Haemophilus influenzae due to widespread vaccination) and by beta-hemolytic
Streptococcus group B and Escherichia coli in neonates [9]. Rarely tuberculous
meningitis may also be seen.

In contrast to the acute infectious encephalitides, subacute sclerosing panen-
cephalitis (SSPE) caused by an altered measles virus in nonimmunized children
often has an insidious onset. In addition, the main human disease caused by prions
affects the CNS causing Creutzfeldt—Jakob disease (CJD).

Presentation

The common presentation of infectious encephalitis includes fever (seen in 90 % of
adults with proven HSV encephalitis) and mental status changes including confu-
sion, stupor, or coma. In addition, headaches with or without nuchal rigidity and
nausea and vomiting may be seen. Mood changes with irritability, poor judgment,
and hallucinations have been described. Commonly, focal neurologic deficits and
seizures and SE may be seen. Extrapyramidal signs may be seen in patients with
Japanese encephalitis due to involvement of the basal ganglia. Brainstem signs may
occur due to tonsillar herniation from cerebral edema or due to organisms with pre-
dilection for the brainstem (Listeria monocytogenes, Brucella, Mycobacterium
tuberculosis, and HSV-2). Flavivirus encephalitides (caused by West Nile virus and
Japanese encephalitis virus) may cause a poliomyelitis-like syndrome and present
with peripheral neurological signs. Radiculitis may be seen in EBV encephalitis.
Rashes may be seen in encephalitis caused by rickettsia or enteroviruses. In SSPE,
initially psychiatric manifestations occur along with mental status changes followed
by myoclonic seizures and a final stage of akinetic mutism. In CJD, the disease
onset is marked by rapidly progressive dementia and myoclonus that may be spon-
taneous and stimulus sensitive.

Evaluation

In a patient with suspected infectious encephalitis, appropriate isolation precautions
must be put in place. Diagnostic evaluation often involves brain imaging (MRI pre-
ferred over CT), lumbar puncture, and EEG to look for evidence of NCS and
NCSE. The CSF analysis with cells, glucose, protein, and cell culture often helps
determine the likely etiologic agent. Testing for serum and CSF-specific antibodies
and agent-specific polymerase chain reactions (PCR) or viral titers can also help
identify the exact cause of the encephalitis.
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Fig.5 Interictal EEG showing the characteristic pattern of lateralized periodic discharges seen in
the left temporal lobe in this patient with HSV encephalitis (Courtesy of Dr. Aatif Husain)

EEG

The EEG patterns that can be seen in CNS infections are varied and include mild to
severe generalized background slowing, focal slowing, focal epileptiform dis-
charges, lateralized periodic discharges (LPDs), generalized periodic discharges
(GPDs), bilateral independent periodic discharges (BIPDs), and frontal intermittent
rhythmic delta (FIRDA).

Often HSV encephalitis may present with characteristic LPDs, which are seen in
about 65 % of cases (Fig. 5). SSPE often has a characteristic finding of periodic
complexes with bilaterally symmetric, synchronous high-voltage bursts of polypha-
sic delta waves occurring every 3—10 s and having a close relationship with myo-
clonic jerks (Fig. 6) [10]. The sporadic form of CJD also has a characteristic pattern
of periodic wave complexes occurring at 0.5-2 Hz (often seen in the mid and late
stages of the disease) (Fig. 7).

Management
The key to initial management of an infectious encephalitis is to suspect an infec-

tious etiology of the encephalitis. Broad-spectrum antibiotics and antiviral agents
are recommended with subsequent targeted therapy once the offending agent has
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Fig.6 EEG in a patient with subacute sclerosing panencephalitis. An awake EEG showing slow-
ing along with high-voltage, generalized, stereotyped periodic complexes occurring synchronously
throughout the recording (Record settings: paper speed =30 mm/s; sensitivity, 7 mm=50 pV; high
filter=70 Hz; low filter=1 Hz)

been identified. The use of steroids, mannitol, and even decompressive hemicrani-
ectomy may be needed when ICP is elevated. Management of seizures or SE,
whether clinical or nonconvulsive, is similar to that of other encephalitides.

The mortality with HSV encephalitis has been markedly reduced due to the use
of antiviral agents such as acyclovir, but morbidity remains in the form of memory
impairment, personality changes, dysphagia, and epilepsy (seen in about 24 % of
cases). The course is often fatal with SSPE and CJD.

Metabolic Encephalopathy

Metabolic encephalopathies due to inborn errors of metabolism can present with
refractory seizures or SE in neonates, infants, and children and should be considered
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Fig.7 EEG in Creutzfeldt-Jakob disease (CJD) showing periodic generalized sharp waves. This
tracing is from a 73-year-old woman with a rapidly progressive dementia. The EEG demonstrates
continuous, high-amplitude, periodic sharp waves at 0.5—1 Hz that are bilateral

in the differential diagnosis of ongoing seizures in this age group. The most widely
known example is that of pyridoxine-dependent epilepsy that is due to a mutation in
the antiquitin gene interrupting the pyridoxine pathway. Other examples include
deficiencies in serine synthesis and biotinidase deficiencies that may present with
severe refractory seizures. Mitochondrial disease due to polymerase gamma
(POLG)-related disease may also present with SE in children. In adults, inborn
errors of metabolism due to energy metabolism disorders, lipid metabolism disor-
ders, lysosomal storage disorders, and acute intermittent porphyrias may also pres-
ent with seizures or SE.

Presentation

In patients presenting with refractory or ongoing clinical or subclinical seizures,
the features listed below may suggest a metabolic etiology [11]. Often the type
of epilepsy does not match any classic epilepsy syndrome or there is a combina-
tion of generalized and partial seizures (e.g., combination of myoclonus and par-
tial seizures). Cases with progressive myoclonic epilepsy warrant investigation
of a metabolic cause. The association of seizure onset with other neurological
impairments (cerebellar, pyramidal, etc.), decline in cognitive skills or unex-
plained intellectual disability, and other organ system involvement also raises
concern for metabolic cause for the seizures. Any case with unexplained SE with
lack of response or worsening with classic AEDs warrants an evaluation for a
metabolic etiology, especially when other more common etiologies have been
ruled out.
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Evaluation

When a metabolic cause for the seizures is suspected, a more detailed workup
should be undertaken to identify the etiology. Testing may include checking plasma
amino acids, urine organic acids, ammonia, lactate, plasma acylcarnitine profile,
CSF amino acids, CSF glucose to serum ratio, and (in case of pyridoxine-dependent
epilepsy) serum pipecolic acid and alpha aminoadipic acid semialdehyde. Genetic
testing targeting specific mutations may also help identify the specific metabolic
disorder. MRI of the brain as well as magnetic resonance spectroscopy may be used,
and cEEG is often needed in case of concern for NCS and NCSE. This workup is
best done in coordination with a metabolic diseases specialist.

EEG

There are no pathognomonic EEG features of most metabolic diseases that present
with refractory seizures and SE. Patients with pyridoxine-dependent epilepsy, how-
ever, may present in NCSE, and vitamin B6 (pyridoxine) administration helps stop
the SE within a few minutes to hours (Fig. 8). Patients with POLG-related disorder
may also present with NCSE that often is refractory to multiple AEDs (Fig. 9).

Management

The management of the metabolic diseases discussed above starts with the identification
of the specific disorder and providing the deficient or needed substrates in order to
bypass the interruption present in the neurometabolic pathway. This can be done in case
of pyridoxine-dependent epilepsy, pyridoxal phosphate-dependent epilepsy, folic acid-
dependent epilepsy, and serine deficiencies. In other cases, there is no specific therapy
and management is mostly supportive. The management of seizures starts with classic
AEDs but may also include VNS or the ketogenic diet when no contraindications exist.

Other Metabolic Derangements

Electrolyte derangements in the form of hyponatremia, hypocalcemia, hypercalce-
mia, and hypomagnesemia may present with an encephalopathy and produce dif-
fuse background slowing on EEG. They have rarely also been associated also with
seizures and NCSE [12].

Hepatic encephalopathy is common in critically ill patients. Typically the EEG
shows diffuse theta background slowing followed by characteristic generalized peri-
odic complexes with triphasic morphology (triphasic waves) (Fig. 10). With increasing
severity of hepatic failure, diffuse delta slowing appears [13]. Clinical seizures, NCS
and NCSE have been described in patients in various stages of hepatic failure.

Uremic encephalopathy may also present with seizures and NCSE, especially
late in the course of renal failure. The EEG is characterized by diffuse theta and
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Fig.8 Pyridoxine-dependent epilepsy in a 7-year-old male child who presented in nonconvul-
sive status epilepticus for few days that was resistant to multiple AEDs and midazolam drip
before he was found to have pyridoxine-dependent epilepsy. Figure (a) and (b) show his ongoing
status epilepticus about 30 min prior to pyridoxine infusion. Figure (¢) shows marked improve-
ment of the EEG with cessation of the NCSE about 2 min after completion of the pyridoxine
infusion and (d) shows the resolution of all epileptiform discharges 5 min after pyridoxine
infusion
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Fig.8 (continued)
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Fig.9 EEG in a child with POLG-related epilepsy who presented with recurrent nonconvulsive
seizures and nonconvulsive status that were resistant to various AEDs and midazolam drip. The
EEG shows a sample nonconvulsive seizure that is best developed over the left posterior quadrant

Fig.10 EEG showing generalized discharges with triphasic morphology typically seen in hepatic
and other metabolic encephalopathies

delta slowing with development of generalized spike-wave discharges at 2-3 Hz
later in the disease course. About 20 % of these cases may show generalized peri-
odic complexes with triphasic morphology.

Conclusions
The presence of NCS and NCSE in critically ill neurologic patients has been

well established necessitating the use of cEEG monitoring in this cohort of
patients. The causes underlying these seizures are varied. Evaluation for an
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autoimmune etiology and starting appropriate immunomodulatory therapy in
combination with AEDs are essential to stop the seizures and hasten recovery.
The identification of an infectious cause of acute seizures also permits timely
treatment with antimicrobials and circumvents the damage caused by recur-
rent ongoing seizures. Finally, keeping in mind early and late-onset inborn
errors of metabolism that may present with seizures in the absence of other
common etiologies may permit initiation of the appropriate therapy when
available and decrease the overall mortality and morbidity associated with
these conditions.
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Introduction

Focal injuries in the intracranial space can lead to abnormal EEG patterns and epi-
leptogenic activity in the brain resulting in convulsive and nonconvulsive seizures
(NCS). Abnormal EEG changes consist of slowing of the physiological rhythms,
reduction of the higher frequencies in the alpha and beta ranges, and increase in the
delta frequency activity. Epileptogenic EEG changes span a range of activities
including focal sharp waves, spikes, polyspikes, and evolving ictal activity, which
occur in the form of rhythmic discharges. Also, in between these patterns frequently
there can be an ictal-interictal continuum (IIC) consisting of periodic discharges
(PDs) or rhythmic delta activity (RDA), which can be lateralized or generalized in
distribution. The epileptiform discharges (spikes, sharp waves) can be either focal
or broad based with unclear localization. As the epileptiform discharges become
more frequent or evolve into seizures, the patients may present with a change in
mental status. The seizures can be either convulsive or nonconvulsive in nature. The
seizures with clinical manifestations, especially obvious features of convulsions,
are usually diagnosed earlier than the nonconvulsive seizures. NCS can present with
subtle clinical features and may be missed early on, and in some situations, the
diagnosis is made only based on EEG monitoring. This is especially relevant in
cases of lesions involving the non-motor cortex, where the clinical features are not
obvious and diagnosis may be missed.

In general, nonconvulsive status epilepticus (NCSE) is generally divided into
two categories: (1) absence status epilepticus, or generalized nonconvulsive status
epilepticus, and (2) lateralization-related or focal nonconvulsive status epilepticus
[1]. The focal lesions that we are going to discuss in this chapter commonly lead to
lateralized EEG changes, and when epilepsy results from focal destructive lesions,
it is usually focal in onset, although secondary generalization is possible.

Acute Focal Neurologic Injury
Acute Ischemic Stroke

Acute ischemic stroke is complicated by seizures in 5 % and status epilepticus (SE)
in 1-10 % of cases. Acute stroke is the third leading cause of symptomatic SE after
low antiepileptic drug (AED) levels and chronic stroke/brain tumor. In the older
stroke literature, there is some variability in the incidence of poststroke seizures due
to different study designs, small sample sizes, and grouping ischemic and hemor-
rhagic stroke cases together. In addition, many of these older studies only counted
convulsive seizures or generalized convulsive SE (GCSE) based on caregiver reports
and did not include NCS or NCSE because continuous electroencephalographic
(cEEG) monitoring was not used. Instead, most EEGs in these older studies were
performed postictally 24-48 h (and sometimes up to 7 days) after the seizures
occurred. Therefore, several cases of NCS and NCSE were likely missed, so the
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incidence of seizures in these older studies was lower than has been reported more
recently. An older study using a cohort of 904 patients with either ischemic or hem-
orrhagic stroke found that seizures within the first 7 days of stroke occurred in 4.1 %
of patients, and SE occurred in 1.1 %. Cortical infarct, cortical intracerebral hemor-
rhage (ICH), deep ICH, and subarachnoid hemorrhage (SAH) were associated with
increased risk compared to deep infarction [2]. In a cohort of 700,000+ hospitaliza-
tions, 0.2 % of the acute ischemic stroke cohort developed GCSE, with female sex,
African American race, renal disease, alcohol abuse, sodium imbalance, and hemor-
rhagic transformation associated with higher rates of GCSE [3]. A recent study
selected patients based on high clinical suspicion for seizures and used cEEG as a
diagnostic tool and monitored patients within the first week of ischemic stroke. In
56 patients with an admission diagnosis of ischemic stroke and clinical suspicion
for seizures, 11 % had seizures (convulsive or nonconvulsive), while 9 % had NCS
and 7 % had NCSE [4]. Variables such as the size of the infarct, mechanism of the
infarct, and degree of clinical deficits on admission can predict the development of
NCSE. In a cohort of 889 patients, NCSE was identified in 3.6 % of patients moni-
tored with cEEG within the first week after stroke onset. Predictors of NCSE were
large infarct size, large vessel infarcts, and relatively high National Institute of
Health Stroke Scale Score (NIHSSS) at admission (mean, 13; range, 9-15) [5].
Early-onset SE after stroke appears to predict mortality. In a study of 180 patients
with poststroke first-time seizure, early onset of SE after stroke (within 7 days) was
associated with a higher mortality than late-onset SE (greater than 7 days) [6].
When compared to large vessel cerebral infarcts, there is little risk of seizures after
lacunar infarcts [7].

Acute Hemorrhagic Stroke/Intracerebral Hemorrhage

Seizures occur more frequently in patients with intracerebral hemorrhage (ICH)
compared to those with acute ischemic stroke and are estimated to occur in
10-30 % of patients, with SE occurring in 1-21 % of patients. A study reported
clinical seizures in 22 % of 65 patients with ICH. Lateralized periodic discharges
(LPDs) were present in 21 % of patients with seizures and were seen on the post-
ictal EEG performed within 24 h after the seizure. The study concluded that sei-
zures were more frequently related to frontal lobar ICH [8]. Another study found
that 4.2 % of 761 patients had seizures within the first 24 h of ICH. Lobar location
and small ICH volume were predictors of seizures within the first 24 h, while
lobar location and rebleeding were associated with seizures occurring within the
first 30 days of ICH [9]. In a cohort of more than 700,000 hospitalizations, 0.3 %
of the ICH cohort developed GCSE, with African American and Hispanic race,
renal disease, coagulopathy, brain tumor, alcohol abuse, and sodium imbalance
associated with higher rates of GCSE [3]. The incidence of NCS and NCSE in
ICH is also higher than in acute ischemic stroke. cEEG monitoring detects more
seizures, and its more widespread use over the last few decades has doubled the
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incidence rate of seizures after ICH. In 45 patients with the admission diagnosis
of ICH who underwent cEEG, 13 % had any type of seizure, while 13 % had NCS
and 9 % had NCSE [4]. In patients with ICH, seizures are associated with progres-
sive midline shift, and detecting them with cEEG and treating them with AEDs
may improve clinical outcome. A study utilizing prospective cEEG reported NCS
in 28 % of 63 patients with ICH (vs. 6 % of 46 patients with ischemic stroke).
Seizures occurred in lobar hemorrhages more often than in subcortical hemor-
rhages. Seizures were associated with progressive midline shift on 48- to 72-h
follow-up head computed tomography (CT) scans. Continuous EEG monitoring
detected four times as many seizures as occurred clinically [10]. The majority of
seizures after ICH are nonconvulsive, and most may be captured with cEEG
within the first 48 h of recording. Seizures are also associated with hematoma
growth. In 102 patients with ICH who underwent cEEG, 31 % had seizures and
over half had NCS. NCS occurred in 18 % of the study population, and NCSE
occurred in 7%. NCS were twice as common in patients with expanding hemor-
rhages (growing by more than 30 % on the 24-h follow-up CT scan). In patients
with NCS, the first seizure was detected within the first hour of recording in 56 %
of patients and within 48 h in 94 %. There was a trend for worse outcome in
patients with electrographic seizures and to a lesser extent with NCSE [11]. Most
patients with acute ICH who have a decline in mental status and require admission
to the neurological ICU should undergo cEEG monitoring for 24-48 h for NCS
detection. An illustrative case is shown in Fig. 1.

Acute Subarachnoid Hemorrhage

Acute subarachnoid hemorrhage (SAH) is complicated by seizures in 4-19 % of
patients, and SE occurs in 10-14 % of patients. One study reported that seizures
occurred in 19 % of 108 patients with an admission diagnosis of SAH undergoing
cEEG. NCS and NCSE were present in 18 % and 13 % of this cohort, respectively
[4]. NCSE has been associated with poor clinical outcome. In one study, NCS were
observed in 15 % of 116 patients with SAH monitored with cEEG. NCSE occurred
in 11 %. The clinical outcome was poor in 92 % of the 12 patients with NCSE. NCSE
within the first 24 h had 100 % specificity and 100 % positive predictive value for
poor outcome at 3 months (defined as a modified Rankin Scale Score>4) [12].
Seizures within the first 24 h after SAH may lead to poor scores on a severity scale
upon initial presentation; however, these can achieve a good outcome. In this study,
seizures were observed in 13 % of 425 patients with SAH. Early-onset seizures
(within the first 24 h) negatively influenced the World Federation of Neurosurgical
Societies grading regarding the severity of the SAH. Early-onset seizures were sig-
nificantly associated with poor grades on this scale [13]. All SAH patients should be
monitored with cEEG for at least the first 24-48 h for the detection of NCS and
NCSE with longer duration monitoring used for the detection of delayed cerebral
ischemia due to vasospasm after SAH.
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Fig.1 (a) Head CT of a 69-year-old male status post left frontal craniotomy for subtotal skull base
meningioma resection with increasing ICH and edema in the left frontal and temporal lobes caus-
ing left-to-right midline shift. (b) The interictal EEG showed preceding continuous LPDs with
spiky morphology independently over the left centrotemporal and left posterior temporal-parietal
regions at a frequency of 0.5—1 Hz. The ictal discharge evolves up to 1.5-2 Hz and changes into a
rhythmic delta frequency discharge plus superimposed fast activity over the left frontocentral
region which slows down to 1 Hz then ends
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Acute Subdural Hemorrhage

Seizures and epileptiform discharges are relatively frequent in patients with acute
subdural hemorrhage (SDH), and seizures can have a negative impact on early func-
tional outcome. One study reported clinical seizures in 22 % of 134 patients with
acute or acute-on-chronic SDH. Epileptiform discharges were present in 21 % of
134 patients. Seizures worsened early functional outcome in these patients [14].
In a smaller series based on the previous study, the EEGs of 24 patients who
underwent evacuation for acute or acute-on-chronic SDH were analyzed.
Eighty-seven percent of these 24 patients had epileptiform discharges on EEG, with
62 % of the discharges originating from the midline regions. Lateralized periodic
discharges (LPDs) were present in 43 % of those patients with epileptiform dis-
charges. NCS were present in 12 % of 24 patients, and the seizures were character-
ized as focal or multifocal in onset. Both LPDs and midline epileptiform discharges
were associated with the degree of midline shift on neuroimaging. Poor early out-
comes were associated with the presence of bilateral, bilateral independent, multifo-
cal, and midline epileptiform discharges [15]. LPDs are known to be highly
associated with focal-onset seizures. In a small case series of five patients with acute
SDH who underwent surgical evacuation, focal motor or sensory seizures were
present in all of these patients. In addition, all five patients had LPDs on EEG that
were ipsilateral to the side of the SDH [16]. An illustrative case is shown in Fig. 2.

Acute Traumatic Brain Injury

Seizures have been reported in 12-50 % of patients with traumatic brain injury (TBI),
and SE occurs in 8-35% of patients. cEEG monitoring is being used more often in
these patients for the detection of subclinical electrographic seizures. One study
reported that any seizure occurred in 18 % of 51 patients with an admission diagnosis
of TBI undergoing cEEG. NCS and NCSE were present in 18 % and 8 % of this cohort,
respectively [4]. Seizures are associated with increased intracranial pressure (ICP) and
metabolic derangements and may cause worsening neuronal damage in patients with
severe TBI. In another study using cEEG, 50 % of 20 patients with severe TBI moni-
tored for seven days after injury had NCS. Thirty-five percent of these patients were in
NCSE. Seizures were focal in onset with secondary generalization in 78 % of cases,
and most were from the frontotemporal regions. There was an early peak seizure period
at 29 h and a later peak seizure period at 140 h after injury.

NCS were associated with increased ICP, especially delayed increases in ICP
beyond 96 h. The mean ICP was higher in the seizure group compared with the non-
seizure group. The ICP nearly doubled with the occurrence of seizures. Metabolic
derangements also occurred in the seizure group. The mean lactate/pyruvate ratio
(LPR) was higher in patients with seizures, which is evidence that posttraumatic elec-
trographic seizures negatively affect brain metabolism and may lead to permanent cel-
lular injury. Animal models have shown that AEDs given to stop posttraumatic seizures
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Fig.2 (a) Head CT of a 73-year-old male who presented with altered mental status and an acute
left hemispheric SDH. (b) The ictal EEG shows ictal LPDs consisting of low-amplitude spikes
with superimposed rhythmic delta activity at a frequency of 1 Hz over the left frontal region. The
ictal LPDs correspond to rhythmic clonic right facial twitching which is seen on the EEG as
muscle artifact over the right hemispheric electrodes, maximally involving the right temporal elec-
trodes, which is time locked with the left frontal LPDs
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improve outcome [17]. In fact, the current standard of care in patients with severe TBI
is to give IV fosphenytoin for the first 7 days after injury to reduce the incidence of
early posttraumatic seizures. In patients with severe TBI, phenytoin was associated
with a 73 % decrease in the risk of seizures in the first week, but there was no protective
effect from day 8 up to the end of the second year of the study. Phenytoin was thought
to have an early suppressive effect but not a true prophylactic effect [18].

Seizures after moderate to severe TBI may be generalized or focal in onset with
characteristic EEG patterns and clinical signs. SE in this population is associated
with a high mortality rate with superimposed early hypoxic injury often present.
Another study reported that 22 % of 94 patients with moderate to severe brain injury
had seizures (clinical or electrographic), and 6 % of patients were in SE. Of patients
with electrographic seizures, 55% were of generalized onset, and 45 % were of
focal onset. The electrographic patterns seen in SE patients consisted of secondarily
generalized polyspike and wave, secondarily generalized repetitive spikes, and
focal status epilepticus with clinical symptoms consisting of rhythmic facial twitch-
ing, eyelid fluttering, and irregular myoclonus. All patients with posttraumatic sta-
tus epilepticus died, but the majority of these patients had early hypoxic injury.
Therefore, status epilepticus in these cases with possible superimposed hypoxic-
ischemic insult may have been a marker of severe injury and portended death. Some
EEG patterns consisting of sudden-onset rhythmic epileptiform discharges that did
not evolve were seen but not considered to be seizures because they did not meet the
criteria [19]. These EEG patterns may now be characterized as on the ictal-interictal
continuum, discussed elsewhere in the book.

Acute Brain Abscess/Subdural Empyema

Brain abscesses may occur in isolation or in association with meningitis. EEG find-
ings in patients with focal abscesses may include focal polymorphic delta frequency
slowing, loss of faster frequency activity, and occasional epileptiform activity con-
sisting of LPDs or focal spikes. Focal seizures may also occur [20]. Subdural empy-
emas may lead to focal seizures in at least 80 % of patients. The seizures are often
related to underlying cortical vein thrombosis [21].

Posterior Reversible Encephalopathy Syndrome

Posterior reversible encephalopathy syndrome (PRES) presents as altered mental
status, headache, and visual disturbances resulting from vasogenic leakage associ-
ated with certain clinical conditions (e.g., eclampsia, hypertensive encephalopathy,
neurotoxic substances, and immunosuppressants). The resulting edema affects the
white matter and cortex usually in a posterior maximum, symmetrical distribution.
Seizures are common in PRES. In a case series of 49 patients diagnosed with PRES,
78 % suffered from seizures. Two patients had epileptiform activity present on their
EEGs, either LPDs or occipital sharp and slow waves. These two patients had a
focal seizure presentation either with focal motor seizures or seizures affecting the
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visual hemifield. The most frequent seizure type however was a single short “grand
mal” seizure, with no seizures present beyond the first day. Focal interictal EEG
abnormalities correlated with focal clinical seizures. Seizures did not recur beyond
24 h, and chronic epilepsy did not develop in these patients [22].

Chronic Focal Injuries and EEG Changes

The major forms of chronic focal lesions that cause epileptiform abnormalities on
EEG are tumors, trauma, old cerebrovascular events, arteriovenous malformations,
and malformations of cortical development. The EEG abnormalities seen in these
pathophysiological states are described below. While there is no clear one-to-one
correspondence between the specific pathology and the abnormalities seen on the
EEG, the propensity to cause different abnormalities varies depending on the under-
lying pathology and the anatomical location of the lesion.

Tumors

Epileptic seizures are known to be a common presenting symptom in patients with
brain neoplasms (between 15 and 100 % of patients with brain tumors). Recently,
NCS or NCSE is increasingly being recognized as a cause of neurological worsen-
ing and less commonly as a presenting symptom of patients with brain tumors. In a
case series involving 147 patients newly diagnosed with brain tumors, 38 % of the
patients with a primary neoplasm and 20 % of patients with metastatic lesions had
seizures as presenting symptom [23]. Oligodendrogliomas and grade 2 astrocyto-
mas are more likely to present with seizures [23], and gliomas are thought to con-
tribute to NCS and NCSE either at the onset or over the course of disease progression
[24]. Patients with gliomas who have NCS can present with confusion, aphasia, and
disorientation [25]. One recent study on patients hospitalized with a diagnosis of
brain tumor demonstrated that 2% of these patients had NCSE and 54 % had
NCS. Treatment resulted in clinical improvement in 75 % of these patients [26]. The
authors concluded that the NCSE may be underdiagnosed in patients with tumors
because of the absence of obvious clinical manifestations. This study suggested that
aggressive treatment of the NCS could improve clinical outcome in patients with
tumors. Illustrative cases are shown in Figs. 3 and 4.

One of the major triggers for NCS noted in patients with intracranial neoplasms
is fluctuation in AED levels. This can occur due to noncompliance or drug interac-
tions. Anticancer drugs, including nitrosoureas, cyclophosphamide, vincristine, and
methotrexate, interact with some older AEDs and can cause sudden changes in the
medication levels. In some cases, patients with seizures related to brain neoplasms
will have seizures triggered by an immediate cause such as systemic infection, brain
tumor edema, acute exacerbation of pre-existing brain disease, alcohol use, or lack
of sleep. Given these risk factors, patients with brain tumors presenting with altera-
tion of mental status should be evaluated with an EEG early in the course of the
workup. The pathophysiology of seizure development in patients with focal lesions
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Fig.3 (a) MRI of a 10-year-old male with complex partial seizures and an epidermoid cyst over the
left anterior temporal region which was resected 3 years ago. (b) The ictal EEG shows a seizure origi-
nating from the left temporal region consisting of a rhythmic theta frequency discharge

like tumors includes peritumoral amino acid disturbances, local metabolic imbal-
ances, edema, disordered neurotransmitter and receptor balances, and pH altera-
tions [27, 28].

As aresult of the abovementioned processes in the brain, abnormal EEG patterns
can be seen in the patients with brain tumors early in the course of the disease.
EEGs performed in the evaluation of new brain tumors commonly show monomor-
phic or polymorphic delta activity with reduced fast activity. The presence of slow
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Fig. 4 (a) Brain MRI (axial and coronal views) of a 72-year-old female with a history of new-
onset epilepsy presenting as status epilepticus 3 months earlier who was readmitted with altered
mental status and left upper-extremity weakness and developed convulsive status epilepticus. The
MRI shows increased signal with mass effect involving the right frontotemporal region. Brain
biopsy of this region confirmed anaplastic astrocytoma. (b) The ictal EEG shows ictal LPDs con-
sisting of low-amplitude sharp waves with superimposed rhythmic delta activity at a frequency of
1 Hz over the right centroparietal region. The ictal LPDs correspond to rhythmic clonic twitching
of the left neck, arm, and trunk which is seen on the EEG as muscle artifact over the left hemi-
spheric electrodes, maximally involving the left parietal-posterior temporal electrodes, which is
time locked to the right centroparietal LPDs

waves on the EEG signifies loss of function or disturbances of the surrounding
region. Periodic discharges can be seen on the EEG as the tumor progresses and
involves more areas of brain tissue. Sometimes focal delta activity or periodic
discharges may be the only initial indication of a focal abnormality that triggers
further workup. In one study, out of 282 patients with LPDs, 18 % had focal tumors.
Depending on the location of the tumors, different types of intermittent rhythmic
delta activity (IRDA) may be noted (frontal, FIRDA; temporal, TIRDA; occipital,
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OIRDA). In addition, occipital tumors will be associated with a depression in the
posterior-dominant rhythm. In the case of temporal gliomas, the delta activity is
more continuous compared to the other locations.

EEG manifestations in patients developing NCS or NCSE depend primarily on
the location of the tumor. The tumor itself may not produce much electrical activity,
but the tissue surrounding it is capable of producing electrical activity. The patterns
of EEG changes range from slow waves and PDs to frank seizures. In addition,
high-grade tumors can cause local tissue necrosis and hemosiderin deposition
(which is a trigger for epileptogenesis) while the tumor is present or sometimes long
after it has been removed. Since the tumor itself may not contain functional neuro-
nal tissue, the brain tissue adjoining the tumor usually produces the epileptiform
discharges or NCS. Depending on the functional role of the cortex involved, this
electrical activity may or may not produce clinical seizures.

An often-noted finding in ICU patients undergoing cEEG, especially with intra-
cranial tumors, is the presence of PDs with or without NCS. In a study done on
patients discharged from the ICU with these findings, it was demonstrated that
among the patients who had PDs without NCS, 25 % of them developed seizures
during the follow-up period (11.9 +6 months), compared to 61 % of the patients with
NCS during the ICU stay [29]. In this population, 100 % of the patients with tumors
had PDs. Also, patients with LPDs were ten times more likely to have focal lesions.

Trauma

The EEG changes after trauma depend on the areas affected by trauma, the severity of
the trauma, and the stage of healing after the trauma. Trauma to the white matter
results mainly in slowing of the EEG rhythms with an increase in delta frequency
activity. The EEG changes related to white mater injury usually persist for longer
periods of time compared to changes seen after gray matter injuries. In the case of
gray mater injuries, because of the significant neuroplasticity, the changes are usually
dynamic with a normal or increase in the persistence of alpha activity in the early
stages. This alpha rhythm is thought to represent the idling rhythms of the cortex and
appears more persistent in the early stages of trauma, as the cortex is not functionally
integrated into the rest of the brain. As the regeneration of the cortex improves and is
better integrated into the rest of the cortex, the rhythm changes into more beta and
theta activities. Previous studies on the EEG changes related to mild traumatic injuries
showed that there will be a slowing of the posterior-dominant rhythm and increase in
the theta rhythm in the early stages [30]. In an earlier study done on 344 patients
admitted with head injury undergoing serial EEGs, up to 51 % of the patients contin-
ued to show the initial EEG abnormalities 3 days after injury, and the majority of EEG
abnormalities resolved in 3 months [31]. Additional EEG changes related to focal
damage to the brain include background slowing as well as PDs. Quantitative EEG
studies have shown reduced power in all frequency bands, increased power in the
delta frequency range, and changes in coherence and phase delays after concussions
[32]. In addition to the milder EEG changes noted above, old trauma and related
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pathophysiological changes, including hemosiderin deposition, can result in convul-
sive and nonconvulsive seizures [33]. As mentioned in the case of tumors, the nature
of the seizures depends on the location of the injury. Regarding the epileptogenicity of
head trauma, it is reported that TBI accounts for up to 20 % of symptomatic epilepsy.
EEG changes and epileptiform discharges related to the specific areas affected may be
expected in patients having posttraumatic epilepsy. Immediate posttraumatic NCS can
result in both episodic and long-lasting increases in intracranial pressure and changes
in the lactate/pyruvate ratio measured with microdialysis [17]. Also over the long
term, NCS are associated with hippocampal atrophy.

Cerebrovascular Accidents

Cerebrovascular events occurring in the form of either ischemic or hemorrhagic
stroke can give rise to EEG abnormalities as well as seizures. In addition, SAH and
chronic SDH can predispose to seizures. Although seizures immediately after stroke
are common, seizures developing later are also frequently noted. Mild EEG changes
including slowing of the background rhythms and increased delta activity are the
most common findings after a cortical stroke. Additional findings such as periodic
patterns in the form of LPDs or rhythmic delta activity (RDA) can be present on the
side of the stroke.

Ischemic Stroke

Prior ischemic strokes and related postischemic changes have been noted in many
cases where patients presented with NCSE. Late-onset seizures, defined as seizures
occurring after 2 weeks of onset of symptoms, peak between 6 and 12 months and
carry a recurrence risk of about 90 % [34]. In a meta-analysis, the incidence of sei-
zures was noted to be high in patients with cortical lesions compared to those with
subcortical lesions [35]. NCS in the form of PDs or RDA is reported to be the cause
of worsening of stroke symptoms in up to 22 % of patients who had recurrence of
their initial stroke symptoms [36, 37]. Some illustrative cases are shown in Figs. 5,
6, and 7.

Regarding the changes in the background rhythm, one of studies done serially in
patients with stroke demonstrated that the power in the alpha-frequency band is
reduced over the affected side. Interestingly, the power improves over time (within
months), but is reported to always be lower over the affected side. No significant
sleep-related EEG changes are reported in patients with stroke. Another quantitative
EEG study on patients who had stroke more than 12 months prior showed an
increase in the power in the 1-9 Hz range over the affected hemisphere. The power
involving the non-affected hemisphere was between 2 and 7 Hz. In addition, the
power in the higher-frequency band (18-20 Hz) was lower over the affected side.
Left hemispheric stroke patients show significantly greater frontal, central, parietal,
and occipital slowing within the alpha and theta bands than controls. The right
hemispheric group showed predominately frontal and parietal slowing in the delta
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Fig.5 (a)Head CT of a 68-year-old female with previous history of ischemic right parietal infarct
who was found down thought to be due to seizures. (b) The interictal EEG shows LPDs over the
right hemisphere maximal over the frontotemporal electrodes

band, as well as global slowing in the theta band, and increased alpha in frontal,
parietal, and occipital regions compared to controls [38].

Hemorrhagic Stroke

Hemorrhagic strokes are thought to have a higher tendency to induce late-onset
seizures compared to ischemic strokes. This is due to the increased epileptogenicity
of hemosiderin deposition resulting from the bleeding. Apart from seizures, poly-
morphic delta wave activity appears ipsilaterally in patients with intracerebral
hematoma and can last for a longer period over the course of recovery of the patient.
The shift of the midline structures is thought to contribute to the slowing as well
[39]. In cases of ICH, it is thought that the theta activity may be more prominent
than seen in the ischemic strokes.
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Fig. 6 (a) Brain MRI of a 76-year-old female with history of an ischemic stroke over the left
parietal region 8 weeks ago, presenting after collapse at home. (b) The ictal EEG shows a seizure
consisting of an evolving theta frequency discharge over the left hemisphere, maximal over the
frontocentrotemporal region

Subarachnoid Hemorrhage and Subdural Hematoma

Both old SAH and chronic SDH are known to cause both convulsive and noncon-
vulsive seizures. The increased tendency of SAH to cause seizures is due to the
epileptogenicity of the blood products. In study done on 876 patients who had SAH,
12 % developed epilepsy in 5 years [40].
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7 (a) Brain MRI of a 70-year-old female who presented with altered mental status and left

upper-extremity weakness. The MRI shows global cerebral atrophy, ventriculomegaly, bilateral hip-
pocampal atrophy, maximal on the right, and an old right mesial occipital stroke. (b) The interictal
EEG showed right posterior temporal-parietal LPDs with sharp and slow wave morphology at a fre-
quency of 1 Hz. The ictal discharge evolves in frequency up to 2 Hz and spreads to the right temporal
region, increases in frequency up to 2.5 Hz and spreads to the rest of the right hemisphere then ends
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Fig. 8 (a) Head CT of a 63-year-old female admitted for a ruptured arteriovenous malformation
over the right frontal region. (b) The EEG after clipping shows theta and delta frequency slowing
bilaterally and intermittent quasi-periodic lateralized discharges over the left frontal region

Vascular Lesions: Arteriovenous Malformations and Cavernomas

Arteriovenous malformations (AVMs) are known to cause epilepsy, and seizures are
frequently the presenting symptom. In one study, 30.7 % of patients with AVMs pre-
sented with seizures as their first clinical presentation. The EEG showed epileptiform
abnormalities in 12.9 %. Another major abnormality noted was focal theta activity,
which was present in around 16 % [41]. An illustrative case is shown in Fig. 8.

Epilepsy is a common presentation in patients with cavernous malformations.
EEG abnormalities include spikes, sharp waves, and rhythmic theta activity.
Intractability of the epilepsy related to the cavernoma is possibly related to the
broad epileptogenic zone around the lesion. One study using stereo EEG suggests
that the epileptogenic zone extends beyond the visible lesion in the case of caverno-
mas [42]. Depending on the location of the cavernoma, the clinical presentation will
be a convulsive or nonconvulsive seizure.
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Table1 Percentages  Eiiology % with NCS % with NCSE
of patients \.mth Acute ischemic stroke 4-9% 1-10%
nonconvulsive
seizures and Acute ICH 10-30 % 1-21%
nonconvulsive status Acute SAH 4-19% 10-14 %
epilepticus based on Acute SDH 12% _
etiology Acute TBI 12-50% 8-35%

Brain tumors 54 % 2%

Chronic ischemic stroke 22 % -

Malformations of Cortical Development and Focal Cortical Dysplasia

Malformations of cortical development (MCDs) are thought to arise from derange-
ments in the cortical developmental process and result in both anatomical and
pathophysiological changes. Focal cortical dysplasias (FCDs) are one of the most
common types of MCDs and are highly associated with epilepsy. The exact reason
why these tissues become epileptogenic is not clear but local interactions of dysma-
ture cells with normal postnatal neurons are thought to play a role in developing
epilepsy [43]. In a series of 20 patients with FCDs, the most common (60 %) pat-
tern of interictal EEG activity was rhythmic 4-10 Hz medium voltage spikes or
sharp waves lasting more than 1 s. In this study, up to 80 % of the patients had
intermittent sharp waves. Among these patients, 70 % had fast activity at the onset
of epileptic seizures [44]. Another study examined the clinical significance of
polyspikes and their relevance in cortical dysplasia. It was noted that the etiology
of epilepsy was more likely to be FCD in patients with regional polyspikes (35 %,
10 of 29 patients), compared to other regional epileptiform activity (5 %, 24 of 484
patients) [45].

Conclusion

EEG and especially cEEG have proven to be useful tools in diagnosing NCS
and NCSE in patients with acute and chronic focal structural lesions. The inci-
dence of NCS and NCSE in acute structural lesions was underestimated before
the widespread use of cEEG. Continuous EEG has allowed clinicians to detect
NCS early in the evaluation of patients with acute or chronic structural brain
lesions, thus determining a cause for altered mental status in these patients.
NCS and NCSE also may be contributing to increases in ICP, increased midline
shift, hematoma expansion, and increased metabolic stress in specific cases.
The treatment of NCS and NCSE with AEDs may prevent secondary neuronal
injury and improve clinical outcomes. Specific EEG findings can also aid clini-
cians in determining the type of chronic structural lesions present (gray vs.
white matter injury, polyspikes in FCDs). It is useful for the electroencephalog-
rapher to be familiar with the incidence of NCS, NCSE, and specific focal find-
ings seen with various structural lesions (Table 1) in order to provide the most
reliable and clinically useful interpretation of the EEG in these challenging
clinical situations.
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