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Introduction

Nonconvulsive seizures (NCSzs) and nonconvulsive status
epilepticus (NCSE) are increasingly recognized as a com-
mon occurrence in the ICU, where 6-59% of patients under-
going continuous EEG monitoring (cEEG) may have NCSz,
depending on the study population [1-5] (Fig. 3.1). NCSz, as
the term is used in this chapter, refers to electrographic sei-
zures with little or no overt clinical manifestations. NCSE
occurs when NCSzs are prolonged; a common definition is
continuous or near-continuous electrographic seizures last-
ing at least 30 min [6-8]. Some experts included recurrent
electrographic seizures occupying more than 30 min in any 1
h [9]. The Neurocritical Care Society guidelines on SE
defined NCSE as any continuous electrographic seizure
activity for >5 min [10]. More recently, ILAE taskforce
defined SE as “a condition resulting from either the failure of
mechanisms responsible for termination of seizures or from
the initiation of mechanisms, which lead to abnormally pro-
longed seizures, after time point t;. It is a condition, which
can have long term consequences (after time point t,) includ-
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ing neuronal death, neuronal injury....” [11] For focal SE
with impaired consciousness, the proposed t, (after which
seizures need to be acutely treated) is estimated to be 10 min,
while the proposed t, (after which more aggressive therapy
may be justified) is >60 min [11]. Most patients with NCSz
(about 75% averaging many studies) have purely electro-
graphic seizures [1] (Fig. 3.2), but NCSz can be associated
with other subtle signs such as face and limb twitching, nys-
tagmus, eye deviation, pupillary abnormalities (including
hippus), and autonomic instability [12—14]. None of these
signs are highly specific for NCSz and are often seen under
other circumstances in the critically ill patient; thus, cEEG is
necessary to diagnose NCSz. In this chapter, we will discuss
the implementation of cEEG in the critically ill and how to
review the data, including available quantitative EEG (QEEG)
tools that enable efficient review of the vast amount of raw
EEG generated by prolonged monitoring. We will also
review which patients are appropriate candidates for cEEG
as well and the numerous EEG patterns that may be encoun-
tered. Finally, we will discuss future directions for cEEG and
neurophysiological monitoring in the ICU.

How to Monitor

Obtaining high-quality cEEG recordings in the ICU is a
challenge. Adequate technologist coverage is necessary to
connect patients promptly, including off hours, and maintain
those connections 24 h/day. Critically ill patients are fre-
quently repositioned and transported to tests, which makes
maintaining electrode integrity difficult. In both of our cen-
ters, we often employ collodion to secure disk electrodes and
check the electrodes twice daily, usually supplemented by
keeping the live recordings visible remotely to see which
patients require electrode maintenance. Newer electrodes,
such as subdermal wires, which may be more secure and lead
to less skin breakdown, may be appropriate for comatose

31

P.N. Varelas, J. Claassen (eds.), Seizures in Critical Care, Current Clinical Neurology, DOI 10.1007/978-3-319-49557-6_3


mailto:gamal-eldin.osman@yale.edu
mailto:gamal_osman@med.asu.edu.eg
mailto:gamal_osman@med.asu.edu.eg
mailto:daniel.friedman@nyumc.org
mailto:lawrence.hirsch@yale.edu

32

G.Osman et al.

0.8 4
@® Prospective
@ Retrospective

0.6 -
(%)
o
=
= b *
>
: 0.4
s
=
=4 9
2
o ®

0.2 *

0.0 H

T T T I T T T T I T T T T T T T 1
TBI Anoxia/ CNS Ischemic ICH SAH T8I CNS Tumor  Anoxia/ Toxic/  Sepsis  Epilepsy AMS
kepo Hypoxia Infxn Stroke e £ nLn Infxn e Hypoxia Metabolic A,/ £ 5 €
mpab mpa nLs d g i 5 e

Children (1-18 yrs)

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

patients who are expected to undergo cEEG for many days to
weeks [15]. While these electrodes may take more time to
apply, they require less maintenance and are MRI and CT
compatible (both safe and not affecting image interpreta-
tion), thereby saving substantial technologist time. Concerns
for image artifacts and patient safety make it necessary to
remove and then reapply standard disk electrodes when
patients undergo brain MRIs, but there has been some prog-
ress in creating practical MRI- and CT-compatible electrodes
[16], including conductive plastic electrodes. Figure 3.3
shows CT and MRI images taken with these electrodes in
place displaying minimal image artifact and CT images in a

Adults (18+ yrs)

treated with therapeutic hypothermia. Resuscitation 2012 (83):840—
847. (j) O’connor KL, et al. High risk for seizures following subarach-
noid hemorrhage regardless of referral bias. Neurocrit Care 2014;
21:476-482. (k) O’neill BR, et al. Incidence of seizures on continuous
EEG monitoring following traumatic brain injury in children. J
Neurosurg Pediatr 2015; 16: 167-176. (1) Oddo M, et al. Continuous
Electroencephalography in the medical intensive care unit. Crit Care
Med 2009; 37 (6): 2051-2056. (m) Payne ET, et al. Seizure Burden is
independently associated with short-term outcome in critically ill chil-
dren. Brain 2014; 137: 1429-1438. (n) Ronne-Engstrom E , Winkler
T. Continuous EEG monitoring in patients with traumatic brain injury
reveals high incidence of epileptiform activity. Arch Neurol Scand
2006; 114: 47-53. (0) Schreiber JM, et al. Continuous video EEG mon-
itoring for patients with acute encephalopathy in a pediatric intensive
care unit. Neurocrit Care 2012; 17:31-38. (p) Topjian AA, et al.
Electrographic status epilepticus is associated with mortality and worse
short-term outcome in critically ill children. Crit Care Med 2013; 41
(1):210-213. (q) Vespa PM, et al. Nonconvulsive seizures after trau-
matic brain injury are associated with hippocampal atrophy. Neurology
20105 75 (9):792-798. (r) Vespa PM, et al. Acute seizures after intrace-
rebral hemorrhage: A factor in progressive midline shift and outcome.
Neurology 2003; 60:1441-1446. (s) Westover B, et al. The probability
of seizures during EEG monitoring in critically ill adults. Clinical
Neurophysiology 2015; 126:463—471 (Published with kind permission
from © Lawrence J. Hirsch, MD 2016. All Rights Reserved)

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

There are numerous sources of artifact in the ICU envi-
ronment that make cEEG challenging. Some are easily iden-
tified and filtered out such as 60 Hz (or 50 Hz in Europe) line
noise from nearby electrical equipment. Others, however,
such as pacemaker artifact, chest percussion, vibrating beds,
ventilator activity, and intravenous drips, may be difficult to
distinguish from seizures or other rhythmic or periodic
cerebral activities [18-20] (Fig. 3.4). Simultaneous video
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Fig. 3.2 Nonconvulsive status epilepticus. This is the EEG from a
29-year-old man with a history of liver transplantation and chronic
immunosuppression who presented with convulsive status epilepticus
due to encephalitis. He was treated with intravenous anticonvulsants
and movements ceased, but he remained comatose. His EEG demon-

recording is useful for distinguishing brain signals from arti-
fact, especially rhythmic patterns such as those seen with
chest percussion. In addition, video recording helps correlate
EEG patterns with patient behaviors. In some cases, periodic
EEG patterns can be determined to be ictal if they are time-
locked to subtle patient movements [21]. In addition, some
significant EEG patterns in the critically ill appear after the
patient is stimulated, which is easily determined by review-
ing the video [22, 23] (see below).

The number of electrodes used in cEEG studies varies
considerably. In both our centers, we typically perform “full
electrode” recordings using 16 or more active electrodes in
addition to one or two reference electrodes and cardiac
leads. Other authors have used reduced electrode configura-
tions [24]. The advantage of a reduced electrode system is
that it is faster to apply and easier to maintain. It is also
easier to work around other neuro-monitoring devices, sur-
gical wounds, or ventricular drains common in neuro-ICU
patients. However, a full electrode configuration improves
the ability to distinguish brain signals from artifact, aids in
spatial localization of pathological activity, and provides a
safety factor in case one or more leads fail, including allow-
ing qEEG calculations and alarms to continue to function
adequately [25]. In addition, reduced electrode methods,
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strated electrographic seizure activity without clinical correlate. Low-
frequency filter (LFF) = 1 Hz, high-frequency filter (HFF) = 70 Hz,
notch off (Published with kind permission from © Lawrence J. Hirsch,
MBD 2013. All Rights Reserved)

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

Data Analysis

Several days of cEEG generates gigabytes of data that, in its
raw form, is time consuming for a neurophysiologist to
review, especially if many patients are being monitored
simultaneously. Furthermore, the raw EEG may be difficult
for non-experts, such as ICU physicians and nurses, to inter-
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Fig. 3.3 CT- and MRI-compatible EEG electrodes. (a) A CT “scout”
image demonstrating the placement of a full montage of conductive plas-
tic electrodes (white arrows) on the scalp of a patient undergoing cEEG
monitoring. (b) An axial image from the CT scan from the same patient
demonstrates minimal artifact due to the electrodes (white arrows). Note
there is no evidence of “streaking” common to head CT with conven-

pret at the bedside. Therefore, concerning electrographic
events may not be noticed until several hours later, when the
neurophysiologist reviews the file, unless real-time remote
monitoring is performed continuously (currently available
only in a minority of academic centers). Computing advances
have enabled the use of qEEG algorithms to reduce the data
and provide graphical representation of significant patterns
and trends to speed review. Some of the commonly employed
gEEG methods are discussed below (see [29] for a detailed
review).

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

tional electrodes. (¢) Axial FLAIR MRI performed 3 days later with elec-
trodes in place. Note only minimal image artifact near the scalp (white
arrows). (d) Axial CT in a different patient with multicompartmental
intracranial hemorrhage showing beam hardening CT artifact caused by
intact standard metal electrodes (blue arrows) (Modified with kind per-
mission from © Lawrence J. Hirsch, MD 2013. All Rights Reserved)

quency and duration (Fig. 3.5). Time-frequency transforma-
tion of the cEEG can be further manipulated to provide a
single scalar value for each epoch of time. For instance,
Claassen et al. [30] showed that the ratio of total hemispheric
power in the alpha-frequency band (8—13 Hz) to the total
power in the delta-frequency band (1-4 Hz) after maximal
alerting, or poststimulation alpha-delta ratio (ADR), was the
most useful qEEG parameter for detecting delayed cerebral
ischemia in patients with high-grade subarachnoid hemor-
rhage (SAH) (see later). Hemispheric asymmetries in spec-
tral power, computed as ratio of left and right total power for
all EEG frequencies or as relative differences at each fre-
quency, can be used to quickly identify focal seizures (e.g.,
Fig. 3.5). The greatest utility of reducing the cEEG to single
scalar values is that these values can easily be displayed and
interpreted on bedside monitors like heart rate and blood
pressure. This could allow for early identification of neuro-
physiological events by the ICU staff and alarms to trigger
patient examination and could lead to more responsive treat-
ment. Another measure used as part of quantitative EEG
trending analysis is the rhythmicity spectrogram. This
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Fig.3.4 Common ICU EEG artifacts. (a) Rhythmic bitemporal artifact
due to chest compression in a medical ICU patient (arrow). (b)
Respirator artifact due to fluid collecting in the tubing (arrow). These
patterns are easily recognized on simultaneous video recording as they
are synchronized with respirations. (¢) Left temporal rhythmic wave-
forms (arrow) due to patting in an infant. This pattern is sometimes
easy to confuse with seizures without video as it often shows a physio-
logical field with evolution in frequency and amplitude. (d)

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

Teee |

ment present. The intensity of these artifacts may help determine the
state of the patient. Seizure probability (2nd from top): Red bars display
seizure probability on a scale from O to 1, as determined by Persyst sei-
zure detection algorithm. Rhythmicity spectrogram for left and right
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measure highlights the rhythmic or periodic component of
different frequencies, thus facilitating seizure identification.
A diagonal pattern in particular is characteristic of seizures
as it shows rhythmicity rapidly and consistently changing in
frequency, a typical pattern of ictal evolution [29].

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

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

<

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

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

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

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

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

Who to Monitor

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

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

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

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

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

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

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

4. Periodic discharges on routine or emergent EEG

5. Pharmacological paralysis in patients at high risk for
seizures

6. Paroxysmal events suspected to be seizures to determine
ictal vs. non-ictal nature of these events

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

EEG Patterns Encountered During EEG
Monitoring

The background, interictal, and ictal EEG patterns of the
critically ill patient are significantly different from those
encountered in ambulatory patients [58, 59]. Ictal patterns
may include rhythmic epileptiform discharges or rhythmic
waves at greater than 3 Hz (as with most seizures). However,
in critically ill patients, rhythmic or periodic patterns occur-
ring at a rate of less than three per second can be ictal as well.
One set of criteria for defining NCSz are shown in Table 3.1.
It should be noted that these criteria reflect expert consensus
and there are periodic patterns common in critically ill
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Table 3.1 Criteria for diagnosing nonconvulsive seizures

Patients without known epileptic encephalopathy:
* Epileptiform discharges (EDs) > 2.5 Hz

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

EEG and clinical improvement after IV AEDs

Subtle clinical ictal phenomena during the EEG pattern mentioned
above

Typical spatiotemporal evolution

Patients with known epileptic encephalopathy:

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

e Improvement of clinical and EEG features with IV AEDs

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

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

Main term A (for Main term B (pattern type)

localization)
Generalized (G) Periodic discharge (PD)
Lateralized (L) Rhythmic delta activity (RDA)

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

(SW)

Multifocal (Mf)

For L: Reporter has to specify whether the discharge is unilateral or
bilateral asymmetric and lobe(s) or hemisphere most involved

For G: Reporter has to specify if the discharge is frontally predominant,
occipitally predominant, midline predominant, or truly generalized
(generalized NOS)

Modifiers are to be specified for each category. Modifiers specify preva-
lence, frequency, duration, number of phases, sharpness, amplitude,
polarity, presence of stimulus-induced patterns, presence of evolving or
fluctuating patterns, as well as presence of plus modifiers. Plus modifi-
ers include +S (for sharply contoured waveforms or for rhythmic pat-
terns superimposed by sharp waves), +F (for discharges superimposed
by fast frequency activity), and +R (for superimposed rhythmic or
quasi-rhythmic delta activity) or a combination of these plus modifiers
(+FR or +FS). For more details, refer to [63]

patients where the relationship to seizures is unknown [60].
In practice, it is often difficult to determine whether periodic
or thythmic activity at 1-3 Hz in a comatose patient reflects
seizure activity or a brain at risk for seizures or is merely a
marker of severe brain injury. These patterns have been con-
sidered to lie along the ictal-interictal continuum [61].
Aiming to create common terminology for use by critical
care electroencephalographers worldwide, the ACNS pub-
lished standardized terminology for describing these pat-
terns, initially proposed in 2005 and then revised and
published as an official guideline in late 2012 [62, 63]. The
current terminology is summarized in Table 3.2. In one
recent study, the interrater reliability for ACNS terminology
was near perfect for main terms (1) and (2), which describe

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

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

A common practice used to distinguish ictal from non-
ictal periodic EEG patterns in the critically ill is to see if they
are abolished by a trial of short-acting benzodiazepines
(Table 3.3). However, almost all periodic discharges are
attenuated by benzodiazepines [75]. Thus, unless there is
clinical improvement accompanying the EEG change, the
test is not helpful. Unfortunately, clinical improvement can
take substantial time even if the activity represents NCSE
and is aborted with benzodiazepines. However, a substantial
portion of ICU patients with nonconvulsive seizures or
NCSE will improve neurologically and usually within a day
of treatment. For example, Hopp et al. [76] showed that 35%
of patients with suspected NCSE receiving IV benzodiaze-
pine (BZP) trial achieved positive clinical response.
Moreover, positive clinical response correlated well with
survival, recovery of consciousness, and achieving good
functional outcome [76]. In order to avoid the confounding
effect of sedation, we often use loading doses of nonsedating
IV antiepileptic drugs (AEDs) such as valproate, lacosamide,
levetiracetam, and phenytoin, for these diagnostic trials (see
Table 3.3). One recent retrospective study evaluated clinical
response to antiepileptic drug trial in patients with
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Fig.3.6 Periodic discharges A
in critically ill patients. (a)
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unexplained encephalopathy and triphasic wave pattern on
EEG and found that 42.2% of patients receiving nonsedating
IV AED trial achieved positive clinical response, whereas
only 18.9% of patients receiving IV BZP trial did [77]. Our

150 pV
| 05s

protocol for attempting to prove the presence of NCSE is
shown in Table 3.3. It is important to recognize that lack of
clinical improvement does not exclude NCSE—it simply
does not help determine its presence or absence. This
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Table 3.3 Antiepileptic drug trial for the diagnosis of nonconvulsive
status epilepticus (adapted from Hirsch and Gaspard [73] with permis-
sion from Wolters Kluwer Health, Inc.)

Indication

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

Contraindication

Patients who are heavily sedated or paralyzed

Monitoring

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

Antiepileptic drug trial

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

Between doses, repeated clinical and EEG assessment

Trial is stopped after any of the following:

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

Definite clinical improvement

2

3. Respiratory depression, hypotension, or other adverse effect

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

Interpretation

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

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

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

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

Negative or equivocal response does not rule out nonconvulsive
status epilepticus

situation (EEG improvement without clinical improvement)
has been referred to as “possible NCSE” [74].

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

Another recently described pattern in critically ill patients
is lateralized rhythmic delta activity (LRDA). This pattern
was identified as an independent predictor of increased risk
of acute seizures in critically ill individuals. It has been sug-
gested that it carries similar implication as LPDs as regards
risk of acute seizures [86]. One recent study suggested that
LRDA is more likely to be associated with seizures if it
occurs at a frequency of >1.5 Hz or is associated with a plus
modifier [8§7].0n the other hand, the presence of generalized
rhythmic delta activity (GRDA), even when sharply con-
toured or superimposed by sharp waves or fast frequency
activity (GRDA + S or GRDA + F, respectively), doesn’t
seem to carry a significant increase in risk of electrographic
seizures [87], at least based on the single retrospective study
that has looked at this [87].

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

Lastly, brief potentially ictal rhythmic discharges (B(I)
RDs), a pattern previously described in neonates [92], has
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been recently reported in critically ill patients and shown to
be associated with a high risk (75%) of acute seizures during
continuous electroencephalography [93]. This pattern con-
sists of focal rhythmic discharges that are 5 Hz or faster and
last less than 10 s, whether evolving or not (often too short to
determine); the most common form is sharply contoured
rhythmic theta lasting a few seconds [93]. When seizures are
successfully treated, B(I)RDs usually resolve. More research
is needed to determine the exact prognostic implication and
effect of treatment of these patterns [93].

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

Why Monitor

While NCSzs are common in the critically ill, the evi-
dence that they worsen outcomes and require prompt identi-
fication and treatment is mixed [99, 100]. In several studies,

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

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

How Long to Monitor

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

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

Cost-Effectiveness

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

Future Directions

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

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

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

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

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

Continuous EEG monitoring is just one of the modalities
available to evaluate brain physiology in the ICU. Intracranial
pressure monitoring using intraventricular catheters or intra-
parenchymal probes, brain tissue oxygenation monitors,
CBF monitoring, and brain metabolism monitoring using
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Fig. 3.7 Physiologic changes associated with intracortical seizures.
Increase in HR, RR, MAP, and CPP is seen very early, correlating with
increased spectral power on depth EEG recording. Rise in ICP is seen
later. A transient decline in jugular bulb oxygen saturation is seen
around 2 min after seizure onset, followed by a drop in partial brain
tissue oxygenation. Regional cerebral blood flow increase is seen
around 10 min after seizure onset (Reproduced from Claassen et al.
[150] with permission from Wiley-Blackwell Publishing)

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

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

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

Summary

Nonconvulsive seizures are common in brain-injured patients
with altered mental status and even in critically ill patients
without structural brain injury. Seizures can contribute to
depressed level of consciousness and cause secondary neuro-
nal injury. Therefore, in both of our centers, we recommend
cEEG for all critically ill patients with acute brain injury and
altered mental status and for patients with fluctuating or
unexplained impaired mental status. Patients who are
encephalopathic, but not comatose, are typically monitored
for 24 h to exclude NCSz. However, patients who are coma-
tose, who have PDs, or who are having sedation/AEDs with-
drawn undergo at least 48 h of cEEG. Once NCSz or
equivocal periodic patterns are identified, monitoring can
continue for several days. If NCSzs are identified, cEEG is
necessary to monitor the response to treatment and, more
importantly, correlate improvement in the cEEG findings
with improvement in the patient’s clinical status. If the cEEG
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demonstrates periodic activity that is suspicious for, but not
definitively, seizure activity, further monitoring can help the
neurophysiologist gather additional evidence for or against
the ictal nature of the pattern (e.g., to see if there are unequiv-
ocal seizures). This monitoring requires 24 h technologist
coverage to connect patients and perform maintenance,
appropriate information technology infrastructure, and avail-
able neurophysiologists to review the data and tools (quanti-
tative EEG) to speed data review. While this requires a
substantial amount of resources, it is feasible, and cEEG is
routinely employed in many neuroscience ICUs around the
world. In addition, cEEG has applications outside of NCSz
detection that can expand the number of patients who may
benefit from monitoring. Advances in the use of cEEG for
ischemia detection and general brain function monitoring
can make it a widely applicable tool for dynamic assessment
of neurological function, in combination with other monitor-
ing modalities, with the potential to detect brain injury
moments after it occurs and even to prevent it.
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