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Abstract

Background Continuous EEG recordings (cEEGs) are
increasingly used in evaluation of acutely ill adults. Pre-
screening using compressed data formats, such as com-
pressed spectral array (CSA), may accelerate EEG review.
We tested whether screening with CSA can enable detec-
tion of seizures and other relevant patterns.

Methods Two individuals reviewed the CSA displays of
113 cEEGs. While blinded to the raw EEG data, they marked
each visually homogeneous CSA segment. An independent
experienced electroencephalographer reviewed the raw EEG
within 60 s on either side of each mark and recorded any
seizures (and isolated epileptiform discharges, periodic
epileptiform discharges (PEDs), rhythmic delta activity
(RDA), and focal or generalized slowing). Seizures were
considered to have been detected if the CSA mark was within
60 s of the seizure. The electroencephalographer then
determined the total number of seizures (and other critical
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findings) for each record by exhaustive, page-by-page
review of the entire raw EEG.

Results  Within each of the 39 cEEG recordings contain-
ing seizures, one CSA reviewer identified at least one
seizure, while the second CSA reviewer identified 38/39
patients with seizures. The overall detection rate was
89.0 % of 1,190 total seizures. When present, an average of
87.9 % of seizures were detected per individual patient.
Detection rates for other critical findings were as follows:
epileptiform discharges, 94.0 %; PEDs, 100 %; RDA,
97.9 %; focal slowing, 100 %; and generalized slowing,
100 %.

Conclusions CSA-guided review can support sensitive
screening of critical pathological information in cEEG
recordings. However, some patients with seizures may not
be identified.

Keywords Continuous EEG monitoring -
Quantitative EEG - Compressed spectral array -
Seizures

Introduction

Continuous EEG monitoring (cEEG) is an increasingly
integral part of caring for acutely ill hospitalized patients.
The expansion of cEEG has been driven by the growing
recognition that subclinical seizures are common in many
acute neurological conditions, particularly in intensive
care units [1-11]. While direct review by expert enceph-
alographers remains the gold standard for interpretation,
the increased use of cEEG has resulted in dramatic
increases in data volume, leading to the need for com-
pressed data formats to enable efficient pre-screening of
data [12-16].
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Spectrograms, or compressed spectral arrays (CSA)
[17, 18], are the most widely used compressed data
format, consisting of three-dimensional plots with time
on the x-axis, frequency on the y-axis, and EEG power
on the z-axis (Fig. 1). Whereas standard EEG displays no
more than 10-15s of data per screen and requires
simultaneous inspection of numerous channels, CSA
displays may show several hours of data on a single
page. This enables the electroencephalographer to iden-
tify “suspicious” regions of the EEG from their gross
features and then selectively “zoom in” on these regions

Fig. 1 Seizures and artifact in CSA displays. Compressed spectral
array (CSA) displays, demonstrating a seizure (a) and muscle artifact
(c). Each CSA displays 2 h of EEG data. x-axis time, y-axis frequency
(0-20 Hz), z-axis power with black representing lowest and white
highest power. From top-to-bottom, the individual segments repre-
sent: left lateral power (Fpl-F7, F7-T3, T3-T5, T5-Ol), left
parasagittal power (Fpl-F3, F3-C3, C3-P3, P3-Ol), right lateral
power (Fp2-F8, F8-T4, T4-T6, T6-0O2), right parasagittal power
(Fpl1-F4, F3-C4, C4-P4, P4-02) and the relative asymmetry index.

for more detailed review. However, the sensitivity of
CSA to detect clinically significant patterns, as compared
to standard exhaustive visual review, has never been
quantified.

We hypothesized that CSA could be used to screen
cEEG recordings for seizures and other clinically relevant
pathological patterns. This hypothesis was tested on a
collection of 113 cEEG studies, using a CSA review
strategy designed to assess the sensitivity with which CSA
screening can be used to identify seizures, compared
against gold-standard exhaustive visual review.
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For the relative asymmetry index, red represents increased right-sided
power and blue increased left-sided power. a Five seizures are
present, marked by arrows. b Section of the EEG corresponding to the
EEG segment marked by the thick arrow, demonstrating seizure
onset. ¢ CSA display with several segments with muscle artifact, each
marked by an arrow corresponding to where a CSA reviewer placed a
mark. d Section of the EEG corresponding to the CSA segment
marked by the thick arrow, displaying muscle artifact (Color figure
online)
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Methods
Study Population

We identified a convenience sample of 118 adult patients
(age > 18) who underwent cEEG at Massachusetts Gen-
eral Hospital between September 2011 and February 2012.
All patients were admitted for an acute illness and were
hospitalized in an ICU, neurological, or medical/surgical
ward. Patients admitted for elective long-term EEG mon-
itoring were not included. All cEEGs had at least 10 h of
recorded data. In patients who had greater than 24 h of data
per cEEG, only the first 24 h were reviewed. For patients
with multiple cEEGs, only one was reviewed. Clinical
information was obtained from review of the hospital
electronic medical record, as well as the epilepsy service
EEG report database. This retrospective review of EEG
recordings and associated medical records was carried out
with approval of the local institutional review board.

EEG Recording and CSA Display

Continuous EEG data were recorded using 19 silver/silver
chloride electrodes, affixed to the scalp according to the
international 10-20 system. CSA displays were computed
using the standard fast Fourier transform (FFT), imple-
mented in Magic Marker clinical software (Persyst 11, San
Diego, CA). Epoch sizes for FFT calculations were setto 2 s.
The sampling rate was 512 Hz. CSA displays were config-
ured to show the average spectrogram over each region on a
logarithmic colormap scale. During review, a 24-inch
monitor was used to display 2 hours of data from the fol-
lowing spectral arrays from top-to-bottom: left lateral power
(Fpl1-F7, F7-T3, T3-T5, T5-0O1), left parasagittal power
(Fp1-F3,F3-C3, C3-P3, P3-0O1), right lateral power (Fp2-FS8,
F8-T4, T4-T6, T6-0O2), right parasagittal power (Fpl-F4,
F3-C4, C4-P4, P4-0O2), and the relative asymmetry index.
For all CSA displays, the y-axis represented frequency (0—
20 Hz) and the x-axis represented time. For all displays other
than the relative asymmetry index, the z-axis represented
frequency-specific power depicted as a range of colors, with
black representing low power and blue, green, orange, pink,
and white representing successively higher spectral power.
The relative asymmetry index’s z-axis colormap displayed
the power difference between left and right hemispheres at
each frequency, with darker red corresponding to increased
right-sided power and darker blue corresponding to
increased left-sided power.

Review of CSA and EEG Data

Two neurology residents (“CSA reviewers” CAW and SW)
without prior experience using CSA displays received a 2-
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hour tutorial in which the senior authors reviewed the basic
theory of spectral EEG analysis and reviewed several
examples (not included among the cases subsequently ana-
lyzed) of CSA displays of seizures, background slowing,
artifacts, and periodic epileptiform discharges, along with the
corresponding raw EEG tracings. The two CSA reviewers
were then instructed to mark each visually homogenous
segment, rather than only marking segments that they
believed were most likely to represent seizure activity,
ensuring an exhaustive CSA-based review of each EEG.
Marking was accomplished by placing a cursor on the review
screen and making an annotation wherever a significant
change in the spectral array occurred. The CSA reviewers
were blinded to the presence or absence of seizures and not
allowed to view the primary cEEG data. Training of the CSA
reviewers for the study was completed by performing a trial
review of five cEEGs jointly to establish consistent method-
ology. Subsequently, the two CSA reviewers independently
reviewed and exhaustively marked each visually homoge-
nous segment of the remaining 113 cEEGs, making note of
the total time required to review each cEEG.

Ground truth for the number of seizures and presence
versus absence of key pathological patterns in each EEG was
determined by one of the two experienced clinical electro-
encephalographers (MMS or MBW). One of these two
electroencephalographers reviewed every page of each EEG
recording to identify and count electrographic seizures.
Electrographic seizures were defined according to the criteria
of Table 2 in Chong and Hirsch [19] (adapted from Young
etal. [20]). In situations where the presence, onset, or offset of
a seizure was questionable, the two electroencephalographers
jointly reviewed the EEG and arrived at a consensus. For each
seizure identified, the reviewing electroencephalographer
determined the precise beginning and end time of the seizure,
and then looked at the CSA marks placed by the blinded CSA
reviewers to see whether there were any marks within 60 s of
either side of the seizure. If there were no CSA marks within
60 s of the beginning or ending time of the seizure, the seizure
was counted as missed; otherwise, the seizure was considered
to have been detected. In the course of reviewing the raw EEG
data for seizures, the electroencephalographers also noted
whether sporadic epileptiform discharges (EDs), PEDs,
RDA, focal slowing (FS), or generalized slowing (GS) were
present at any time, and then determined whether these pat-
terns were present within any of the 120 s windows (60 s to
either side) centered on any CSA mark. If these patterns were
present within one or more of these windows, they were
counted as “detected” by the CSA reviewers.

Analysis

The primary outcome measure was the percentage of sei-
zures detected (sensitivity) overall and per individual
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reviewer. Secondary outcomes included the sensitivity with
which PEDs, EDs, FS, GS, and RDA were identified, the
number of false-positive segments identified, and the
overall time for cEEG review. The false-positive rate for
seizure detection was calculated by determining the total
number of segments marked divided by the number of
seizure-containing segments and was used to determine the
false-positive rate per hour of cEEG. Because each discrete
cEEG segment was marked, there were no “true nega-
tives,” so a specificity could not be calculated; however,
the false-negative rate was determined by calculating the
rate of missed seizures. Excel (Version 14.2, Microsoft,
Redmond, WA) was used for data storage and determina-
tion of sensitivities, false-positive rates, means, medians,
and standard deviations.

Results

Of the 113 total cEEG recordings that were reviewed
individually, 39 contained from 1 to 151 seizures
(median 20, mean 30.5). As would be expected in a
population of acutely ill neurological and medical
patients, the vast majority of the seizures (87 %) were
partial. Three patients with hypoxic—ischemic injury had
myoclonic status, one patient had a partial seizure with
secondary generalization, and one patient had generalized
status epilepticus. Diagnoses and demographic data for
the entire cohort and subdivided by seizure presence are
listed in Table 1. The average patient age was 59.6, and
approximately half were men. Fifty-eight percentage of
the continuous EEGs were recorded in an ICU and the
remainder on an acute neurological, medical, or surgical
ward.

Table 1 Patient Demographic Data

Data for the rates of seizure detection and the presence
of PEDs, EDs, RDA, FS, and GS are displayed in Table 2.
Of the 39 patients who had seizures, reviewer 1 identified
at least 1 seizure in 38, while reviewer 2 identified at least
one seizure in all 39. The patient who was not identified by
reviewer 1 had a single, brief, right centrotemporal seizure
lasting 16 s. EEG and corresponding CSA for this seizure
are displayed in Fig. 2. Reviewer 1 marked 1,039 of 1,190
total seizures (87.3 %, false-negative rate 12.7 %), and
reviewer 2 marked 1,080 of 1,190 (90.8 %, false-negative
rate 9.2 %). Of the 39 patients with seizures, reviewer 1
identified an average of 85.8 % [median 92.9 %, standard
deviation (SD) 20.8] of each patient’s seizures, while
reviewer 2's CSA markings identified on average 89.8 %
(median 97.0 %, SD 15.8) of the seizures in each record-
ing. The seizure detection rate for each patient with
seizures is displayed in Fig. 3. Combined, a median of
94.2 % and an average of 87.9 % of seizures were identi-
fied per patient by CSA. The time expenditure to review
each CSA was low, with the reviewers spending, on
average, 10.3 min per recording (median 9.1, SD 5.0).

By design, the number of marked segments that did not
contain seizures was high. The current data do not permit
calculation of specificity, but the number of false positives
(i.e., number of marked segments that did not contain
seizures) was determined. Reviewer 1 identified fewer
seizures but had a lower false-positive rate, marking for
review a median of 5.4 and an average of 6.1 (SD 3.4)
segments per hour of cEEG, while correctly detecting an
average of 0.52 seizures per hour (SD 1.39). Consequently,
there was 1 seizure identified for every 11.7 segments
marked. Reviewer 2 marked a median of 7.5 and an
average of 8.6 (SD 5.8) segments per hour, while correctly
identifying 0.54 seizures per hour (SD 1.42), giving a false-

All patients
(n =113)

Patients without seizures
(n=174)

Seizure patients
(n =39)

Age, mean £ SD (range) 59.6 £+ 18.5 (19-95)

Male 58 (51.3 %)
ICU 66 (58.4 %)
Diagnosis

ICH 21 (18.6 %)
Ischemic stroke 7 (6.2 %)
TBI 9 (8.0 %)
CNS tumor 11 (9.7 %)
CNS infection/autoimmunity 11 (9.7 %)
Hypoxic—ischemic injury 8 (7.1 %)
Seizure disorder or spells 29 (25.7 %)
General medical disease 17 (15.0 %)

59.6 £ 18.6 (19-95) 59.6 £ 18.6 (23-88)

38 (51.4 %) 20 (51.3 %)
47 (63.5 %) 19 (48.7 %)
16 (21.6 %) 5(12.8 %)
6 (8.1 %) 1 (2.6 %)
7(9.5 %) 2 (5.1 %)
5 (6.8 %) 6 (154 %)
7 (9.5 %) 4 (10.3 %)
4 (54 %) 4 (10.3 %)
20 (27.0 %) 9 (23.1 %)
9 (12.2 %) 8 (20.5 %)

ICU intensive care unit; /CH intracranial hemorrhage; TBI traumatic brain injury; CNS central nervous system

Values are n (%) unless otherwise indicated
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Table 2 Percentage of seizures and other patterns of interest identified and mean and median CSA review times

Reviewer 1 Reviewer 2 Combined
Sz pts identified (%) 38/39 (97.4) 39/39 (100) 98.7
Total szs identified (%) 1,039/1,190 (87.3) 1,080/1,190 (90.8) 89.0
Szs identified per pt, mean % (SD) 85.8 (20.8) 89.8 (15.8) 87.9 (18.4)
Szs identified per pt, median % 92.9 97.0 94.2
PEDs identified (%) 41/41 (100) 41/41 (100) 100
EDs identified (%) 64/67 (95.5) 62/67 (92.5) 94.0
RDA identified (%) 31/32 (96.9) 31/32 (96.9) 96.9
FS identified (%) 72/72 (100) 72/72 (100) 100
GS identified (%) 96/96 (100) 96/96 (100) 100
CSA review time, mean min (SD) 10.4 (5.0) 10.2 (5.8) 10.3 (5.4)
CSA review time, median min (range) 9.7 (1.5-25.0) 9.1 (1.6-42.2) 9.1 (1.5-42.2)

Data are number identified/total number (percent identified) unless otherwise specified

Sz seizure, pt patient, % percent, SD standard deviation, PEDs periodic epileptiform discharges, EDs epileptiform discharges, RDA rhythmic
delta activity, FS focal slowing, GS generalized slowing, CSA compressed spectral array, min minutes

positive rate of 15.7 segments marked per each seizure
identified. The combined average number of segments
marked per hour was 7.3 (SD 4.9). Across all subjects,
there was an average of 0.53 (SD 1.4) seizures that were
successfully identified per hour. Thus, for every one seizure
identified, there were 13.8 segments that did not contain
seizures.

Discussion

The present study provides novel evidence that compressed
spectral array can be used as a screening tool in adult
cEEGs for detecting seizures and other clinically signifi-
cant pathological patterns. This method has a high
sensitivity, while requiring direct inspection of a smaller
fraction of the total cEEG record. To our knowledge, this is
the first study to rigorously evaluate the performance of
CSA displays for seizure detection in adult patients. A
unique feature of the study design is that we evaluate CSA
in a manner that simulates the way it is typically used in
clinical practice, that is, as a screening tool to select por-
tions of the raw EEG for closer inspection [21].

The most similar study for comparison, by Stewart et al.
[22], evaluated the sensitivity with which seizures were
identified by two quantitative EEG techniques, compressed
spectral array (specifically color density spectral array as
was used in the present study) and amplitude-integrated
EEG (aEEQG), in pediatric ICU patients ranging in age from
1.5 months to 12 years. In that study, three reviewers
identified a median of 83.3 % (range 73.3-86.7 %) of
seizures per recording using compressed spectral array and
a median of 81.5 % (range 80.6-83.9 %) of seizures per
recording using aEEG. All 3 reviewers failed to identify
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seizures in 2 of 17 patients using CSA, whereas at least one
reviewer identified some seizures in all 17 patients using
aEEG. In the present study, a median of 94.2 % of seizures
were identified per recording, while 38 of 39 patients with
seizures were identified by one reviewer and all 39 by the
other. The two reviewers identified 89.0 % of all 1,190
seizures that were present (overall false-negative rate of
11.0 %). Earlier studies of the sensitivity of quantitative
EEG for seizure detection used aEEG or related techniques
were confined to neonatal ICU patients and showed widely
varying sensitivities [23-29].

The present study achieved high seizure detection rates
by deliberately accepting a higher rate of false positives,
i.e., by framing the goal of CSA review as that of screen-
ing, deferring the final determination of whether or not a
suspicious CSA segment contained a seizure to a second
stage of raw-data review. In some cEEGs with a large
amount of artifact resulting in frequent changes in the
frequency spectra, this approach necessarily led to a higher
rate of false positives, but was more likely to ensure that
seizures were not missed.

While designed to simulate the use of CSA in practice as
a screening tool rather than a substitute for direct data
review, the use of CSA in the present study differed from
its use in routine cEEG review in one important respect. In
order to investigate the sensitivity of review with CSA
alone, the reviewers were blinded to the raw EEG data
when selecting which segments to mark. If CSA informa-
tion could be combined with review of EEG data, as occurs
in clinical practice, it is possible that more seizures would
have been identified. It is also likely that the false-positive
rate would have been reduced since review of EEG data
would allow the reviewer to identify which CSA patterns
are due to artifact, and once these patterns are recognized,
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Fig. 2 Examples of seizures missed by CSA screening. Case 1 (a, b)
a very focal right temporal seizure (onset marked by black arrows),
lasting 20 s, with no significant change in the CSA background,
missed by both reviewers. Case 2 (¢, d) A right frontotemporal

they could subsequently be ignored. This process of
adaptation to the individual patient’s pattern by a continual
suspect-and-verify process of feedback likely affords
increased time efficiency.

There are several limitations to the current study which
suggest directions for future research. CSA is only one of
the several methods that can be used to graphically display
compressed EEG data and was used in the current study
because of its intuitive nature and ability to represent subtle
changes in EEG pattern. However, in future studies, it may
be useful to compare its efficacy with other quantitative
techniques, such as amplitude-integrated EEG. Addition-
ally, instead of experienced electroencephalographers, CSA
review was performed by neurology residents without prior
quantitative EEG exposure and limited overall EEG expe-
rience. The approach to simply mark visually homogeneous

seizure lasting 83 s. This seizure was marked by reviewer 2 near the
seizure onset (thick black arrow), but was “missed” by reviewer 2
(thin black arrow) whose nearest CSA mark occurred 90 s after the
end of the seizure

segments is a simple and easily learned technique, which
can be taught to novices in EEG interpretation. Therefore,
our findings suggest that it may be possible to train bedside
nurses or EEG technicians to perform an initial screen to
identify areas for closer review, thereby allowing less
intermittent seizure screening. However, how best to
implement such an approach without placing undue burden
on physician responders due to false positives requires
further investigation. Finally, by enabling electroencepha-
lographers to review a smaller portion of the raw EEG, it is
probable that this method will reduce overall EEG review
time. However, further investigation is needed to determine
whether CSA indeed results in clinically meaningful time-
savings.

Overall, this study suggests that the use of a CSA dis-
play as a screening tool is a reasonable alternative to
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Fig. 3 Sensitivity of CSA screening for seizures. The sensitivity
(% of seizures present which were detected) for each of the two CSA
reviewers is displayed on the y-axis versus the number of seizures
present in each cEEG recording (x-axis). The number of seizures is
displayed on a logarithmic scale in order to provide better visuali-
zation of each data point

reviewing the entirety of raw cEEG data in adult patients,
resulting in a minimal reduction in seizure detection rates
as compared to exhaustive direct visual review. Never-
theless, not all seizures were identified, and one patient
with a single brief focal seizure was missed by one of the
reviewers. Therefore, if this approach is to be implemented
on a larger scale, it should be done with awareness of its
benefits and limitations.
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