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Abstract

Introduction Early identification of delayed cerebral
ischemia (DCI) in patients with aneurysmal subarachnoid
hemorrhage (aSAH) is a major challenge. The aim of this
study was to investigate whether quantitative EEG (qEEG)
features can detect DCI prior to clinical or radiographic
findings.

Methods A prospective cohort study was performed in
aSAH patients in whom continuous EEG (cEEG) was
recorded. We studied 12 qEEG features. We compared the
time point at which qEEG changed with the time point that
clinical deterioration occurred or new ischemia was noted
on CT scan.

Results Twenty aSAH patients were included of whom
11 developed DCI. The alpha/delta ratio (ADR) was the
most promising feature that showed a significant difference
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in change over time in the DCI group (median —62 % with
IQR —87 to —39 %) compared to the control group (me-
dian 427 % with IQR —32 to +-104 %, p = 0.013). Based
on the ROC curve, a threshold was chosen for a combined
measure of ADR and alpha variability (AUC: 91.7, 95 %
CI 74.2-100). The median time that elapsed between
change of qEEG and clinical DCI diagnosis was seven
hours (IQR —11-25). Delay between qEEG and CT scan
changes was 44 h (median, IQR 14-117).

Conclusion In this study, ADR and alpha variability
could detect DCI development before ischemic changes on
CT scan was apparent and before clinical deterioration was
noted. Implementation of cEEG in aSAH patients can
probably improve early detection of DCI.

Keywords Aneurysmal subarachnoid hemorrhage -
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Introduction

Subarachnoid hemorrhage (SAH) has a worldwide inci-
dence of 10.5 per 100.000. Approximately 80 % is caused
by a rupture of an intracranial aneurysm [1]. Delayed
cerebral ischemia (DCI) is the major cause of mortality and
morbidity following aneurysmal SAH (aSAH) [2]. DCI
typically occurs at day 3-14 following aSAH. DCI com-
plicates approximately 30 % of the patients, often resulting
in deterioration of consciousness and/or focal neurological
deficits [3-7]. A major challenge in the management of
aSAH is early identification of DCI, thereby enabling
therapeutic interventions. However, clinical assessment of
DCI is subjective and unreliable in patients who are
comatose, sedated, or paralyzed [8]. A diagnostic tool with
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improved sensitivity to detect DCI is needed. Ideally, such
a tool could detect DCI prior to start of clinical symptoms,
enabling early treatment, to prevent irreversible brain
damage and improve outcome. Electroencephalography
(EEG) provides real-time information about cortical
activity. When neuronal function is compromised due to
insufficient cortical perfusion, various EEG changes occur,
such as depression of fast activity or slowing of rhythms
[9]. This deterioration of neuronal function is potentially
reversible, providing a window of opportunity for thera-
peutic interventions [10-12]. The EEG might be suitable to
detect DCI at an early stage and monitor effects of thera-
peutic interventions.

Compared to imaging techniques as computed tomog-
raphy (CT) or magnetic resonance imaging (MRI), EEG
allows continuous bedside monitoring. Some studies
investigating the relation between DCI and continuous
EEG (cEEG) monitoring have suggested that cEEG can
assist in early detection of DCI [13—17]. Only two studies
elaborated on the possibility to detect compromised neu-
ronal function prior to clinical deterioration [16, 17]. One
study only included patients at high risk for DCI, based on
the modified Fisher scale. It was found that in three out of
eight patients, changes in cEEG occurred prior to clinical
changes [16]. The second study used cEEG monitoring in
six DCI patients and was able to detect DCI prior to
changes in transcranial Doppler (TCD) [17]. In this study,
we explore if cEEG can be used as a diagnostic tool for
detection of DCI prior to onset of clinical symptoms and/or
ischemia development on CT. Furthermore, we investigate
which quantitative EEG features are most sensitive for the
detection of ischemia.

Methods

A prospective cohort study was performed from December
2012 until June 2013 in the mixed medical surgical
intensive care unit (ICU) of two Dutch academic medical
centers (Academic Medical Center Amsterdam and Rad-
boud University Medical Centre, Nijmegen). Adult patients
with aSAH admitted to the ICU were included after
aneurysm treatment (coiling or clipping as decided by the
neurosurgeon). Exclusion criteria were as follows: life
expectancy < 48 h, severe additional traumatic brain
injury, or cardiac arrest or DCI onset prior to start of EEG
recording. When diagnosis of DCI was based solely on
ischemia on CT, EEG data had to be available of > 48 h
prior to ischemia development, otherwise the patient was
excluded as well. The Institutional review board waived the
need for informed consent for both participating centers, as
cEEG monitoring is standard care and no other interven-
tions were performed.
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Clinical Data

Baseline demographics (age, gender), World Federation of
Neurosurgeon (WFNS) classification, Glasgow Coma
Scale (GCS), and focal neurological deficits as described
on admission were recorded [18]. Also listed were severity
of hemorrhage based on the Fisher classification [19], type
of aneurysm, and mode of aneurysm treatment (coiling or
clipping). After inclusion, minimum and maximum GCS,
the absence/presence of focal neurological deficits, and
relevant changes on CT/CT-angiography were reported.
Type and dosage of administered sedatives, anti-epileptics,
and vasopressors were listed daily. At hospital discharge,
the modified Ranking Scale (mRS) was assessed [20]. DCI
was defined as (1) clinical neurological deterioration such
as a decrease in consciousness and/or development of new
focal neurological deficits, otherwise unexplained and/or
(2) new ischemic lesion on cerebral CT scan (not described
on admission CT) [6]. DCI was diagnosed by the treating
physicians (neurosurgeon and intensivist). In both study
centers, DCI was treated by induction of hypertension on
the ICU. The patient had to be normovolemic and the
aneurysm had to be secured. Hypertension was induced by
intravenous administration of norepinephrine, increasing
mean arterial pressure (MAP), guided by clinical perfor-
mance. Baseline MAP, cardiac function and age were taken
into account. Treatment was not changed based on the
results of the cEEG monitoring.

EEG Monitoring

CEEG monitoring was started as soon as possible after
securing of the aneurysm by coiling or clipping, but at least
within 5 days of aSAH. Eight electrodes were used, placed
according to the international 10-20 system: F4, T4, P4,
02, F3, T3, P3, Ol. Additionally, one ground electrode
(Fz) and one reference electrode (Cz) were placed. The
recording lasted as long as the patient was admitted to the
ICU, but was ended whenever the patient developed scalp
irritations, or otherwise did not tolerate the electrodes.
When a patient was sedated, the first EEG epoch recorded
at least 2 h after cessation of sedative drugs was used. After
ICU discharge to the ward, short recordings (30 min) were
made regularly. When a patient was readmitted to the ICU
the cEEG recording was restarted. Results of cEEG regis-
trations were not available to the treating physicians, and
no therapeutic strategies were based on the results.
Recordings were performed with a ViaSys Nicolet system
(Natus Europe GmbH, Planegg, Germany) using a sample
frequency of 1000 Hz. Analog filter settings were set
between 0.053 and 500 Hz. The EEG data were saved as
EDF+ files.
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Data Analysis

Post hoc EEG analysis was performed, as 24-h analysis of
EEG was not available. The EEG data were filtered with
high-pass cut-off frequency of 0.5 Hz and low-pass of
35 Hz and fragmented into epochs of maximum 1 h each.
Of each recording of 1 h of EEG data, five consecutive
minutes containing the least amount of artifacts were
selected. This was performed automatically by calculating
the maximum height of amplitude compared to standard
deviation, and the occurrence of flat lines in the EEG and
the amount of EMG artifacts (>30 Hz) for each epoch
[21]. The resulting epoch was manually inspected for
residual artifacts.

Power spectral densities (PSD) were estimated using
Welch’s method, using MATLAB (MATLAB R2012b, the
MathWorks, inc. MA, USA) from which 12 quantitative
EEG (qEEG) features were calculated (Table 1). The total
power calculated for all individual EEG channels repre-
sents the power of the signal between 1 and 30 Hz. The
frequency bands (delta, theta, alpha, beta) were calculated
as a ratio of the total power. The alpha/delta ratio (ADR)
and the alpha-beta/delta-theta ratio (ABDTR) were cal-
culated from the previously mentioned frequency bands.
The spectral edge frequency x (SEFx) is a measure which
represents the frequency below which x percent of the total
power of a given signal are located. SEF75 and SEF90
were used as quantitative EEG features. Asymmetry of the
EEG was calculated by comparing powers of channels on
the left hemisphere to the channels on the right hemisphere.
The bispectral index (BSI) was calculated in the frequency
range 1-7 Hz (BSI slow) and 7-25 Hz (BSI fast) [22].
Additional details are presented in the Appendix.

Table 1 Quantitative EEG features

Feature Abbreviation  Analyzed

frequency
Total power - 1-30 Hz
Delta power - 1-4 Hz
Theta power - 4-8 Hz
Alpha power - 8-12.5 Hz
Beta power - 12.5-30 Hz
Alpha/delta ratio ADR 8-12.5/1-4 Hz
Alpha-beta/delta—theta ratio ABDTR 8-30/1-8 Hz
Alpha variability Alpha var 8-12.5 Hz
Spectral edge frequency (75 %) SEF75 1-30 Hz
Spectral edge frequency (75 %) SEF90 1-30 Hz
Brain symmetry index—slow BSI slow 1-8 Hz

(left vs. right)
Brain symmetry index—fast BSI fast 8-30 Hz

(left vs. right)

Statistical Analysis

Statistical analyses were performed using R (R 3.0.0, R
Foundation for Statistical Computing, Vienna, Austria).
Differences between individual features were evaluated with
a paired 7 test, if data were normally distributed; otherwise a
Wilcoxon Rank-Sum test for paired analysis was used, and
data were considered significant if p < 0.05.

The percentage of change in qEEG after DCI develop-
ment was compared to the percentage of change in qEEG
of the non-DCI patients (control group). This enabled us to
select the qEEG features that performed best for detection
of DCI. In control patients, the percentage of change
between the first EEG and the last EEG was calculated. In
DCI patients, the first EEG was compared with the first
EEG that was made following diagnosis of DCI based on
clinical or radiographic criteria. In each patient, the elec-
trode pair showing the largest change was selected. The
time that elapsed between the two time moments (Af) was
calculated for all patients. Data from control patients were
used for this analysis when Ar was >6 h. DCI patients
were used when EEG data were available of >48 h prior
to DCI diagnosis to ensure a sufficient window for detec-
tion of early changes. The two groups were compared using
the student’s ¢ test for normally distributed data and the
Mann—-Whitney U for not normally distributed data. The
features that showed a significantly larger change in DCI
patients compared to control patients were selected. A cut-
off value for the selected qEEG features was determined
with a receiver operating curve (ROC) curve. When more
than one qEEG feature for detection of DCI was identified,
a combined measure was used by selecting the feature that
first exceeded the cut-off value per individual patient.

In individual DCI patients, we determined when the
selected qEEG features first became aberrant. This yielded
the interval in time between aSAH and exceeding of the
threshold value based on the ROC curve. This interval was
compared to the time interval that elapsed between aSAH
and diagnosis DCI clinically or radiographically. Subse-
quently, we evaluated the potential of these EEG features
to detect DCI prior clinical or radiographic diagnosis.

Results
Patients

A total of 58 aSAH patients were assessed for eligibility of
whom 21 were included in this study, see Fig. 1. In one
patient, qualitatively sufficient EEG segments were unavail-
able due to severe agitation. Of the 20 remaining patients, 11
developed DCI. Table 2 shows the baseline characteristics
and outcome data in the DCI group and control group.
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Fig. 1 Flow chart of screened
and enrolled patients. In ten
patients, EEG recording was not N =58

possible within 5 days after
aSAH, which was mostly due to Non-aneurysmal SAH

N=1:
severe agitation of the patient or : = 33 Aneurysm untreated
N

delay of aneurysm treatment Discharged from ICU prior to
EEG hook-up

10: EEG monitoring not possible
within 5 days

severe infection

EEG N =21

N = 1: Technical difficulties

No DCI DCl
N=9 N =11

Table 2 Characteristics of patients who developed DCI versus patients without DCI

No DCI (n = 9) DCI (n = 11) P

Demographics

Median age (IQR) 56 (53-66) 55 (51.5-60.5) 0.339

% Female 66 55 0.927
Clinical findings

Median WENS at admission (IQR) 2 (1-4) 4 (2-5) 0.169

Median EMV at admission (IQR) 13 (9-15) 10 (9-14) 0.514
Admission radiographic findings

Median Fisher grade (IQR) 4 (4-4) 4 (3-4) 0.294
cEEG

Start EEG [median number of days after hospital presentation (IQR)] 2.1 (0.8-2.8) 1.8 (1.3-2.3) 0.941
Clinical outcome

Median mRS at hospital discharge (IQR) 2 (1-2) 5 (4-6) 0.003

Median number of days of ICU stay (IQR) 4 (2-5) 13 (7-17) 0.003

Median number of days of hospital stay (IQR) 20 (15-27) 27 (18-39) 0.238

IQR interquartile range, WFNS world federation of neurosurgeons classification (grade I: GCS 15 and no motor deficit, grade II: GCS 13-14 and
no motor deficit, grade III: GCS 12-14 with motor deficit, grade IV: GCS 7-12, grade V: GCS 3-6), Fisher grade: cEEG continuous EEG, mRS
modified Rankin Scale, ICU intensive care unit
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Fig. 2 A schematic overview Pt 20 Start EEG
of the moment that EEG was Pt 19
started compared to the moment Pt 18 B4 DCI diagnosis
of DCI diagnosis with each Pt17
horizontal line representing a Pt 16 —Dcl
patient. Patient 2 had no EEG Pt 15
registration after DCI diagnosis Pt 14 —No DCl
due to severe agitation. EEG Pt 13 5%
registration of patient 5 was Pt 12
started soon after clinical Pt11
deterioration and was therefore Pt 10
also not taken into account for Pt9
further analysis. Patient 14 was Pt 8
continuously sedated with Pt 7
different dosages and was Pt6
therefore also not used for Pt5 K
further analysis Pt4 X

Pt3

Pt2 K

Pt1

0 50 100 150 200 250 300

Selection of EEG Features

Three patients who developed DCI were not included in
this analysis, because EEG data were unavailable (two
patients) or because of continuous sedation (one patient).
Figure 2 schematically shows the moment that EEG
recording was started and the moment that DCI was
diagnosed. The selection of qEEG features for DCI
detection was based on the eight remaining DCI patients
(Table 3). A representative example of the EEG changes
due to DCI development is depicted in Fig. 3.

Table 3 Results of paired analysis of DCI patients: EEG after DCI
compared to EEG before DCI

Feature Max change per electrode pair p value
Total power —44.247 (—123 to 45.0) 0.6545
Delta power 0.19 (0.11-0.38) 0.008
Theta power —0.09 (—0.15 to 0.02) 0.313
Alpha power —0.11 (-0.18 to —0.012) 0.008
Beta power —0.07 (—0.12 to —0.01) 0.016
ADR —0.92 (—1.17 to —0.05) 0.008
ABDR —0.53 (—0.78 to —0.03) 0.008
Alpha var —0.26 (—0.44 to —0.01) 0.078
SEF75 —2.87 (—5.04 to —1.06) 0.008
SEF90 —3.57 (—4.62 to —1.01) 0.008
BSI slow 0.05 (0.01-0.07) 0.016
BSI fast 0.12 (0.05-0.20) 0.008

Data are given as median with interquartile range. The maximum
change is calculated from the electrode pair that showed the largest
change in the direction representing EEG deterioration per individual
patient

Time after hospital admission (hours)

First, a comparison was made between EEG signals in
the DCI group versus the control group. Of the control
group, six patients had two EEG recordings with a minimal
interval of >6 h, the other patients were discharged from
the ICU soon after admission. Delta, alpha, ADR, ABDTR,
and BSI slow all showed a significant difference between
DCT and control patients (p < 0.05), see Fig. 4. Of these,
ADR was selected, as it showed the largest and most sig-
nificant difference over time in the DCI group (median
—62 % with IQR —87 to —39 %) compared to the control
group (median +27 % with IQR —-32 to +104 %,
p = 0.013). As ADR encompasses alpha and delta fre-
quencies and overlaps with ABDTR, the latter were not
selected for further analysis. Alpha variability with a dif-
ference over time in the DCI group of —31 % (IQR —50 to
—1 %) and in the control group of —4 % (IQR —11 to
+6 %, p = 0.181) was also selected for analysis.

Early Detection of DCI

From the ROC curves (Fig. 5) a threshold value of —38 %
(100 % sensitivity and 83.3 % specificity) in either ADR or
alpha variability was chosen. This value was used to des-
ignate the moment at which the cEEG recording showed a
change in cortical activity. All eight DCI patients showed a
decrease of >38 % of either ADR or alpha variability.
DCI was clinically diagnosed in eight patients, seven also
developed ischemic lesions on CT scan. In five patients, the
DCI compatible EEG changes were found prior to clinical
DCI diagnosis. In seven patients, qEEG changes compati-
ble with DCI developed before ischemia was identified on
CT. The median time that elapsed between change of
qEEG and clinical DCI diagnosis was 7 h (IQR —11 to
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Fig. 3 Example of changes that
occurred as a result of DCI
(patient 3). Initially, the patient
showed good recovery after
aSAH with a GCS of E4AM6V5
and no paresis. Panel A shows a
fragment of the unprocessed
EEG data on day 2 after aSAH.
Panel B shows a topoplot that
was made based on the alpha—
delta ratio of the same EEG
epoch. Panel C shows the CT
scan that was made on day 1
after aSAH. On day 10 after
aSAH, the patient showed a
decrease of consciousness
(E2M5V2) and a hemiparesis
left, after which the patient was
readmitted to the ICU and EEG
monitoring was restarted. Panel
D shows a fragment of EEG
data made on day 11 after a
panel E represents the
corresponding topoplot. Panel F
shows the CT scan made on day
12 after aSAH (the CT scan on P3-REF
day 10 did not show any
changes compared to the scans
made earlier)

Prior DCI

F3-REF
F4-REF
P3-REF
P4-REF
O1-REF
02-REF -
T3-REF

T4-REF

200 uv
2 sec

After DCI

F3-REF

F4-REF

P4-REF
O1-REF
02-REF
T3-REF

T4-REF

200 uv
2 sec

—25), and a median of 44 h (IQR 14-117) delay between
qEEG and CT changes. The location of the lesions on CT
scan was compared to topoplots (Fig. 3). In four patients,
widespread hypodensities in both hemispheres were found.
This corresponded to the deterioration of EEG patterns in
all of the EEG channels. In one patient with a focal lesion
on CT scan, the EEG channels that showed the most severe
deterioration corresponded to the area of hypodensity. In a
patient with infarction of the thalamus and internal capsule,
the EEG deterioration was most prominent in the frontal
and temporal electrodes. Finally, a focal ischemic lesion
basofrontally on CT scan yielded EEG deterioration on all
channels, although only marginally in the occipital areas.

Discussion
The aim of this study was to find specific quantitative EEG
features capable of early detection of DCI after aSAH. We

found that the ADR and a combined measure of ADR and
alpha variability allow early detection of DCI, at a time

@ Springer

point when DCI is potentially reversible. EEG was able to
detect ischemia several hours prior to clinical deterioration
and 44 h prior to detection of ischemic lesions on CT scan.

Other small studies have investigated qEEG features for
detection of DCI in 19 [14], 9 [15], and 6 [17] aSAH
patients. The relative alpha variability, the ADR, and alpha
power, respectively, were described as the most useful
qEEG features for detection of DCI. The composite alpha
index (a combined measure of alpha power and alpha
variability) in anterior brain regions was also suggested to
be a useful marker for DCI [16]. The total power did not
differentiate between DCI and control patients in our study,
which is In contrast to a study in 11 aSAH patients that
reported the total EEG power to be the best indicator of
DCI [13]. We investigated all features reported so far
separately and assessed their additional value. ADR, alpha
power and alpha variability were found to be the most
promising.

The ADR is a composite feature of the alpha band and
the delta band power spectra densities. The appearance of
high-voltage delta oscillations and attenuation of alpha
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Fig. 4 Boxplots of EEG features in the DCI (n = 8) and control
group (n = 6). The y-axis represents the percentage of change of the
qEEG feature between T1 (first available EEG epoch) and T2 (first
epoch after DCI development for the DCI group or the last available
epoch for the control group). The two groups were compared for each

100

80
I

Sensitivity (%)

40
1

20

[] Alphavar (AUC = 72.9 %, 95% CI = 43.7-100)
[l ADR (AUC = 89.6 %, 95% CI = 71.4-100)

M Combined (AUC = 91.7 %, 95% CI = 74.2-100)

T T T
100 80 60 40 20 0

Specificity (%)

Fig. 5 ROC curves of ADR, alpha variability, and a combined
measure that encompasses either ADR or alpha variability, which is
selected per patient on the basis of determination of the one showing
the maximum change. These features were selected as the ones that
were best able to distinct the DCI group from the control group based
on the performed statistical tests

activity are the most commonly described phenomena in
cerebral ischemia [9]. It is therefore not surprising that the
ADR performs well in detecting DCI, although the degree
to which alpha and delta are related in their underlying

of the features using the Mann—Whitney U test. Delta, alpha, ADR,
ABDTR, and the BSI slow showed a statistically significant
difference (p < 0.05)

physiological mechanism has not been clarified. Other
features besides ADR, alpha, and delta that showed good
correlation with DCI in this study were ABDTR, SEF75,
SEF90, and alpha variability. The ABDTR considerably
overlaps with the ADR since it is constructed of alpha,
beta, delta, and theta. Beta power is known to decrease as a
result of ischemia, although this effect is less frequently
documented than the change in delta and alpha activity
[28]. Our findings are consistent with these observations as
beta activity diminished in patients developing DCI. In our
study, theta activity did not seem to be affected by DCI
development at all, as was described earlier [29]. Theta
activity alone has shown to be an unreliable measure for
pathophysiological electrical activity of the cortex [29].
Alpha variability and associated qEEG features (such as
the composite alpha index) have been investigated less than
previously mentioned features. Beside the two studies on
DCI detection, alpha variability was studied in traumatic
brain injury patients [14, 16, 30]. A decrease of alpha
variability was indicative for a poor outcome. It has been
suggested that rhythmic fluctuations of alpha activity may
change as a result of reduced brain perfusion through
impairment of thalamic firing thereby affecting the cortico-
thalamic loop [14].

None of the previous studies investigating the diagnostic
ability of EEG compared EEG of aSAH patients that
developed DCI to EEG of patients that did not develop
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DCI. Other reasons for changes in qEEG features can
therefore not be excluded. We compared the percentage of
change that occurred in the DCI group to a control group,
thereby increasing likelihood that the observed change is
related to DCI development. Secondly, in our study, an
algorithm was used to select the EEG epoch that contained
the least amount of artifacts [21]. Previous studies per-
formed this epoch selection manually, except for one
recent study that also used an automatic algorithm for
artifact rejection [17]. Manual selection might impede the
objectivity of the data analysis.

Two recent studies focused on the subset of aSAH
patients with either a poor Hunt-Hess grade or a poor
radiographic grade [16, 23]. This leads to exclusion of a
large group of patients at risk for developing DCI. We
enrolled patients regardless of their initial radiographic or
clinical score. It is known that patients with an initial poor
clinical score are more likely to develop DCI. Our results
expand on this observation, demonstrating the importance
of early detection in DCI patients with a less severe aSAH.
Four out of 11 patients that developed DCI had a WENS
<3. Two other studies limited their analysis to awake
patients which restricts extrapolation of results to all aSAH
patients [13, 14]. One study mainly focused on radio-
graphic vasospasm as a primary outcome. This is known to
have a high false positive rate for diagnosis of DCI [14].
The most recently performed similar study included
patients regardless of their initial clinical state or radio-
graphic findings. They related changes in qEEG features
mainly to DCI detection by TCD and were able to predict
DCI >2 days in advance [17].

The use of cEEG monitoring was recently recommended
for detection of DCI in poor grade aSAH patients [24].
Based on our results, we suggest that further research
should be performed on cEEG monitoring in all aSAH
patients. Especially, patients who primarily improve are at
risk of secondary deterioration. A method that identifies the
onset of DCI early might provide a window for interven-
tions and therefore may improve outcome.

Since EEG is a reflection of synaptic activity in the
cortex, synaptic silencing due to energy depletion can
result in very early changes in EEG [11, 27]. To detect
these changes, cEEG recording should start as soon as
possible. It is possible that in some of our patients, a
change in cortical activity had already occurred before
EEG monitoring was started. As a cut-off for DCI devel-
opment, we used a decrease of >38 % in qEEG in
comparison to the baseline registration. Often, patients
with an aSAH first recover from the initial hemorrhage.
This recovery is also reflected on the selected qEEG fea-
tures, so that an improvement first has to be overcome
before a deterioration compared to baseline can be noticed.
When the change would have been calculated in relation to
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the last available EEG the deterioration might be noticed
even earlier. The drawback of this approach is that it is
much more susceptible to daily fluctuations. EEG as a
monitoring tool for DCI has some important advantages
compared to other diagnostic tests such as transcranial
Doppler and CT scans. EEG is a non-invasive, bedside
available tool, which can continuously monitor brain
function. A drawback of EEG is the fact that activities from
deep parts of the brain such as the thalamus and basal
ganglia are hardly detectable by scalp electrodes. It should
be regarded as a monitor of the cortex. Automated quan-
titative analyses offer outcome parameters that are easy to
interpret. When combined with repeated clinical exami-
nation and CT scans on indication a careful monitoring is
possible.

The relevance of our study results for improving out-
come in aSAH patients greatly depends on effective and
safe treatments for DCI. Traditionally, DCI is treated with
a combination of hypertension, hypervolemia, and
hemodilution in order to improve cerebral perfusion. A
recent review demonstrated that hemodilution and hyper-
volemia did not contribute to improvement of outcome and
that induction of hypertension alone was as effective [25].
However, studies on therapeutic hypertension so far did not
report a clear beneficial effect on outcome [26]. This
ineffectiveness of therapeutic interventions may be due to
the delay in diagnosis of DCI. For further research, we
propose a study validating the relevant qEEG parameters
using automatic EEG analysis software. Live qEEG feed-
back can be compared to clinical performance and more
detailed information regarding the gain in therapeutic
window can be obtained. Furthermore, if gEEG monitoring
and automatic analyses provide a reliable indication of DCI
development, a study in which therapeutic interventions are
guided by qEEG parameters would be of great interest.

The strength of this study is our study design, using
control patients to compare to DCI patients, thereby min-
imizing the probability that EEG changes can be attributed
to other factors than DCI development. The study popu-
lation is a heterogeneous group of aSAH patients admitted
to the ICU of two medical centers, with no in- or exclusion
criteria based on the severity of bleeding of clinical per-
formance. By following up on patients after ICU discharge
to the ward, we were able to stress the relevance of mon-
itoring aSAH patients after primary clinical improvement.

An important limitation of our study is the small number
of included patients, which was insufficient to create a
subset of patients for validation of the threshold. Secondly,
by selecting those features with the best ability for detec-
tion of DCI, the analysis that was subsequently performed
may have been over-fitted. We suggested a cut-off value of
—38 %, while the interquartile range of ADR in the control
patients was —32 to +104 %. The clinical utility of this
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cut-off value as a single tool for diagnosing DCI may be
limited. However, it does give an indication of impaired
cerebral perfusion and should therefore be taken into
account in assessment of the patient’s recovery. External
data validation might improve the strength of this diag-
nostic tool. This study primarily focuses on the potential
use of EEG for early detection of DCI. Although other
parameters like hemodynamic data and the use of medi-
cation may add additional diagnostic information, they
were left out in our study design.

Conclusion

The results of this pilot study show that cEEG monitoring,
using the quantitative features ADR and alpha variability,
is a promising tool for early detection of DCI. A median of
7 h elapsed between change seen in cEEG and clinical
symptoms and there was a median of 44 h delay between
cEEG and radiographic findings of DCI. Our results need
additional validation in a larger patient cohort admitted
after aSAH.
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Appendix: Used Equations

Alph Bet:
ABDTR — .pha 1 Beta
Delta + Theta
SEF75 30
S =) S(f) x0.75
i=1 j=1
SEF90 30
D S() =) S(f) x 0.9
i=1 j=1
Alpha — Var = Galpha with
P ~ Alpha

[ 1 & —0
Oalpha = |/~ ; (Alpha; — Alpha)

with n the number of available data points
1 ZM: o Sijten(6) = Sisan ()|
M= = Sijtete(f) + Sijright (ff)

1<f;<7

BSISIOW =

with M the number of channel pairs and N the number of
Fourier coefficients

N Sijeft (f;) — Sijright (ff)

BSISIOW =,
M ; = Sijuett(fj) + Sijsight (ff)

1<f;<25

| M
with

with M the number of channel pairs and N the number of
Fourier coefficients.
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