http://informahealthcare.com/bij
ISSN: 0269-9052 (print), 1362-301X (electronic)

BRAIN

INJURY informa

Brain Inj, 2014; 28(9): 1151-1155
healthcare

© 2014 Informa UK Ltd. DOI: 10.3109/02699052.2014.920525
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Abstract Keywords

Primary objective: To assess the current state of the art of epilepsy monitoring in intensive care
unit (ICU).

Research design: Review article.

Methods and procedures: A review of current scientific literature, as well as an illustrative case
report.

Main outcomes and results: Recent continuous electroencephalography (cEEG) monitoring
studies revealed that non-convulsive seizures are very common in ICU. Conventional EEG is
insufficient to detect them. However, very long recordings, of more than 24 hours, are needed
to reach a good sensitivity. Even if cEEG improves monitoring of epileptic patients in the
intensive care unit (ICU), studies using intracranial recordings show that conventional montage
cEEG is, however, insufficient to detect all neurological deterioration in patients in the ICU. This
review discusses the potential interest of dense array scalp EEG recordings to increase the
sensitivity of detection of epileptic events in non-responsive patients in the ICU and to possibly
help improve their prognosis, by allowing an earlier start of their treatment.

Conclusions: Studies using dense array scalp EEG could potentially improve the detection and
management of seizures in non-responsive patients in the ICU. Studies comparing this
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technique to conventional cEEG recordings are warranted.

Introduction

Due to technological advances, it is now feasible to record
continuous digital EEG (cEEG), i.e. an EEG recorded with or
without video for more than 24 hours, instead of the
conventional half an hour in critically ill patients, and to
review these recordings remotely. Recent studies using this
technique showed that a ‘routine’ EEG will miss half to
two-thirds of patients that will go on to have non-convulsive
seizures (NCSz, i.e. seizures evidenced on the EEG without
convulsive symptoms detectable at the bedside) in intensive
care unit (ICU) settings [1]. The current evidence for this
matter of fact is reviewed here then the potential interest of
the use of high density EEG (HDEEG, 64-256 electrodes)
instead of conventional montages is discussed for continuous
recording settings, to allow an earlier and more sensitive
detection of seizure activity in these patients.

Prevalence of epilepsy in ICU non responsive
patients: A review of recent literature

In surveys using cEEG in neuro-ICU [2—4], the incidence of
NCSz was estimated between 18-37%. In addition, the
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incidence of non-convulsive status epilepticus (NCSE, a
state of continuous seizure activity without overt clinical
signs or with recurrent non-convulsive seizures occurring ever
few minutes) was estimated to be between 10-18% [1, 4].
Following aneurysmal subarachnoid haemorrhage (SAH),
11 out of 300 patients (3%) had NCSE on cEEG, 51 of
68 patients (75%) had epileptiform abnormalities (electrical
activity suggestive of an underlying seizing disorder) on
cEEG; 40% had periodic discharges on EEG (spikes and/or
sharp slow waves occurring with an almost regular rate,
typically 0.5-2Hz, in the EEG; strongly suggestive of
underlying active epilepsy) at some point during the course
of the monitoring [5].

Why is this important? NCSz/NCSE increase mortality
and morbidity. Seizures after traumatic brain injury indeed
increase length of stay and are associated with higher
mortality [6]. In cases of convulsive status epilepticus,
mortality rates at 30 days are between 19-27% [7] and
severe neurological sequelae happen in 11-16% of patients
[8]. In the case of NCSE, at 30 days mortality rates are
~60% [9]. Mortality rates, however, vary markedly depending
on diagnosis delay: 36% if NCSE diagnosed in 30 minutes;
and 75% if diagnosis takes 24 hours or longer [10]. Seizures
after SAH are also an independent risk factor for poor
outcome [5]. NCSE is also an independent risk factor for
increased midline shift after intra-parenchymal haemorrhage
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[11] and are associated with prolonged increase in intracranial
pressure [12]. Even in a medical ICU, strictly electrographic
non-convulsive seizures (only seen on the EEG without overt
clinical signs) can be associated with unfavourable outcome
[13]. Thus, the above-mentioned studies highlight the import-
ance of recognizing and treating NCSz among critically ill
patients.

Epileptic seizures have also been reported to be present in
24% of chronic non-communicative brain damaged patients,
such as in the vegetative and minimally conscious state [14].
Prevalence of chronic epileptic seizures was 3-times greater
in patients in a unresponsive wakefulness/vegetative state
(UWS/VS) than in patients in a minimally conscious state
(MCS) [14]. A recent study by the same group reported a
negative result for improvement in outcome after anti-
epileptic drugs administration in chronic VS/UWS and MCS
(studied >50 days after insult) [15]. However, this study was
performed in chronic patient populations and more data are
desirable in acute settings for such patients.

Continuous EEG monitoring allows the early recognition of
NCSz and their rapid treatment. Table I describes common
indications for continuous EEG in ICU settings. The Mayo
Study [1] compared cEEG to conventional EEG in ICU
settings and revealed that routine EEGs could find electro-
graphic seizures in 11% of patients, as opposed to cEEG which
found seizures in 27%. Even clinical seizures were found more
often with cEEG in patients in the ICU compared to routine
bedside EEG (40% vs 20%). Most NCSz will be detected in the
first 24 hours of cEEG in non-comatose patients, but longer
recording periods may be required in comatose patients or in
those with periodic epileptiform discharges. In addition to
detecting seizures, monitoring alpha variability or alpha/delta
ratio has also been shown to be useful for the real-time
detection of ischaemia at a reversible stage and spreading
depression associated to vasospasm [16, 17]. Finally, other
trending paradigms used in cEEG, especially in an ICU setting,
include spectral analysis, trending of inter-burst interval
among those in burst-suppression and frequency trending [18].

Even if this technique increases the sensitivity of traditional
EEG recordings, a standard 10-20 montage (19 electrodes)
cEEG is not sufficient to detect all neurological deterioration
events among patients in the ICU. A recent study using
intracranial recordings [19] showed that, among 14 patients in
the ICU with unexplained deterioration of consciousness, 10
patients had seizures in the intracranial recordings; six of
which never had scalp EEG correlates, two showed non-ictal
appearing rhythmic delta on the scalp and two showed scalp
EEG correlates on occasion only. This study also revealed that
standard scalp cEEG is insufficient to detect EEG slowing due
to vasospasm in every case, as compared to intracranial
recordings. As cEEG is, thus, not yet a gold standard and
intracranial recordings are not widely feasible in patients in the
ICU, additional non-invasive measurements of brain electrical
activity are desirable.

Potential interest of high density EEG (HDEEG)
for early seizure detection in ICU settings

Recent years have witnessed the appearance of new
neuroimaging, now potentially applicable for routine use in
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ICU and non-ICU epileptic patients. One of these techniques,
HDEEG, is ideally suited to be applied to epileptic patient
population, because of its high portability and potentially
widely applicable clinical use. HDEEG is defined by an EEG
system of 64-256 electrodes (see Figure 1), usually arranged
in a pre-formatted net to be more easily adapted to the head of
the patient. An increased number of electrodes allow more
sensitivity in the detection of abnormalities in EEG readings
and their better localization on the scalp. Because of the
increased number of electrodes, some spatial reconstruction
can also be used, to infer from where in the brain originate the
pathological findings on the scalp.

Clinical monitoring studies using HDEEG have the
potential to detect epileptic events and, more generally, focal
deleterious changes in brain activity earlier than the conven-
tional cEEG recordings currently used in non-responsive
patients in the ICU. HDEEG has indeed previously been
shown to help in the non-invasive localization of epileptic
seizures in non-ICU patients and to be ideally designed to
localize focal changes in brain activity in the human brain
[20, 21]. Studies comparing HDEEG to intracranial record-
ings [22] showed that 256 electrodes recordings using
HDEEG increased by 2-3 times the rate of detection of
epileptic spikes on the scalp. In another study on temporal
lobe epilepsy, 90% of spikes detected by HDEEG could
not be found in standard 10-20 EEG montages [21]
(Figure 2). HDEEG was proposed as an alternative to
intracranial electrodes to improve the sensitivity of electro-
graphic activity detection [21].

HDEEG also allows analysing scalp spikes or ictal events
using source modelling in order to provide potentially useful
localizing information about the cortical localization of
seizure origins in individual patients [23]. Studies using
more electrodes and realistic head models were shown to give
better results for this purpose [24]. Dipole models are
typically used in the context of epilepsy source localization,

EEG signal (uV)

time (seconds)

Figure 1. Twenty-seconds epoch of eyes-open 256 electrodes HDEEG
recorded at the University of Wisconsin. Each line represents the EEG
signal in one electrode.
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but distributed source modelling algorithms are also useful
methods. This review will illustrate this matter of fact with an
exemplar patient. This patient (previously described in
Landsness et al. [25], patient VS5) was clinically diagnosed
in UWS/VS after a severe and prolonged hypoglycaemic
episode. She was studied in a collaborative effort between the
University of Liege and the University of Wisconsin,
Madison. The EEG of this patient was characterized by
continuous delta waves, interleaved with epileptic spikes
every few seconds (Figure 3(A)). While the structural MRI of
this patient was normal, a fluoro-deoxyglucose positron
emission tomography (PET) scan showed bilateral frontopar-
ietal hypometabolism (Figure 3(B)). This pattern is com-
monly found in UWS/VS patients [26]. The PET scan of this
patient was, however, atypical by the preservation of metab-
olism in bilateral temporo-frontal regions (Figure 3(C)). In
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Figure 2. HDEEG recordings (in grey) have been shown to detect twice
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more spikes than conventional scalp EEG recordings (in white) in
non-ICU epileptic patients. ch, channels; dEEG; dense array EEG.
Adapted from Yamazaki et al. [22].
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order to better understand the patient’s condition, the aim was
to identify the cortical generators of the patient’s ongoing
spiking activity using HDEEG. This review acquired 12-hour
recordings using a 256 electrodes HDEEG system (Electrical
Geodesics, Eugene, OR) sampled at 500 Hz and selected 44
representative spikes among the ongoing epileptic activity
present on the patient’s spontaneous EEG. Source reconstruc-
tion of average spiking activity was then computed using a
boundary element method [27], a canonical cortical mesh [28]
and a minimum norm and smoothness distributed inverse
solution using Statistical Parametric Mapping software.
Cortical areas generating the maximum electrical activity
during the spikes are displayed in Figure 3(D), and were
concordant with the areas of preserved metabolism in PET
scan, validating source reconstruction.

Another promising application of HDEEG is a fine grained
analysis of epileptic networks dynamics, which can be
extracted from the patient’s scalp recordings. This can be
done by means of various complementary techniques, two
leading ones for this purpose are Granger causality (GC) and
Dynamic Causal Modelling [29]. GC measures how the past
signal of a region improves the prediction of the present signal
of another region. The state-space GC model developed by
the UW Madison team [30] combines in one single step EEG
source reconstruction and cortical GC connectivity estima-
tion, rather than performing them in series. This method has
been shown to lead to more accurate results for seizure focus
detection as compared to standard two-stage GC estimation
technique [31] (Figure 4). Dynamic Causal Modelling is
based on different assumptions; it uses a non-linear generative
neural model [32] to infer directionality of connectivity
between cortical areas. Both methods have been used in the
neuroimaging literature to estimate cortical activity direc-
tionality in healthy volunteers and in a patient population.

B

Figure 3. (A) Sample of the patient EEG, showing continuous slow delta waves superimposed with epileptic spikes. (B) The same patient’s FDG PET
scan, showing bilateral frontoparietal hypometabolism typical of VS. (C) Areas of atypically preserved metabolism in the same VS patient’s FDG PET
scan. (D) Results of epileptic spike source localization in this patient, showing presumed areas of epileptic of similar topography as compared to the

PET scan metabolic preservation.
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Figure 4. Granger causality estimation for (A) 0.25
seizure focus detection, computed over three

seizure datasets in a temporal lobe epilepsy 0.2
patient [31]. (A) Results of the state-based
Granger Causality approach, showing the
highest causality for temporal channels over
parietal channels and consistent with the ‘8

0.15
[&)

2
clinical diagnosis and with the clinical 0.1} | 0.1}
readings of the same recordings. (B) Results
from classical two-stage Granger Causality 0.05 0.05
analysis (source reconstruction, then i
connectivity estimation), led to inaccurate 0 0

ch1-ch2 ch1-ch3 chi-ch4 chi-ch5S

epileptic focus localization, inconsistent
with clinical findings. Error bars denote
the standard error of the mean. ch, channel;
c¢GC, conditional Granger Causality.

Table I. Indications of continuous EEG monitoring.

NeurolCU e Following TBI in the setting of increased ICP

and SAH

e After aneurysmal SAH as a routine for 72 hours
for seizures/NCSE
After SAH for delayed vasospasm
Any neuro ICU patient with unexplained mental
status changes

e Post-neurosurgical patient who remains

encephalopathic

Any patient with unexplained mental status

changes, especially those with renal failure

e Following cardiac arrest during hypothermia/
anoxic myoclonus

e Abnormal movements in an encephalopathic
patient

e During ECMO in paediatric ICUs

Non-NeurolCU °

ICU, intensive care unit; TBI, traumatic brain injury; ICP, intracranial
pressure; SAH, subarachnoid haemorrhage; NCSE, non-convulsive
status epilepticus; ECMO, extracorporeal membrane oxygenation.

Note that these two directional connectivity estimation
techniques could also be applied to intracranial recordings.
Their clinical validation for seizure focus detection in patients
in ICU and in epilepsy monitoring unit, using both scalp level
and intracranial EEG recordings, is warranted.

Conclusion

Future studies should compare HDEEG to intracranial
recordings and conventional cEEG monitoring for early
non-convulsive seizures detection in patients in ICU.
In parallel, other validation studies should continue to
compare HDEEG to conventional EEG and intracranial
recordings in the epilepsy monitoring unit for localizing
interictal spikes and seizure onset zones. Progress in this field
will likely benefit from co-ordinated research efforts using
similar seizure detection techniques applied to both ICU and
epilepsy monitoring unit patients.
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