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Abstract

Background Using clinical parameters to identify and
monitor treatment response in patients with delayed cere-
bral ischemia (DCI) following subarachnoid hemorrhage is
challenging. We sought to determine whether continuous
electroencephalography (CEEG) aids the prediction of the
clinical course and response to treatment of DCI.
Methods Patients deemed high-risk for DCI based on
the modified Fisher scale were prospectively monitored.
A novel CEEG parameter measuring relative alpha power
and variability in the anterior brain quadrants termed
composite alpha index (CAI) was graphically displayed.
Predictions of the status of patients for the ensuing day
were made by an independent reviewer, first using clinical
data then repeated following the addition of CAI trends.
These were compared to the actual clinical state. The
reviewer was blinded to the presence and treatment of DCI.
Patients with DCI were further studied by trending the
daily mean alpha power against the modulation of treat-
ment and clinical evolution.

Results  Fifty-nine predictions were made in 12 patients
(mean age 54.3 years, range 35-70; nine females) with
Hunt-Hess grades ranging I-V. Sensitivity of predicting
clinical deterioration with CEEG improved from 40 to 67%
and clinical improvement from 8 to 50%. In three patients,
CEEG was predictive greater than 24 h prior to clinical
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change. Tracking the daily mean alpha power accurately
identified DCI recurrence and poor responders to first-line
therapy at pre-clinical stages.

Conclusion CEEG is a useful non-invasive tool to sup-
plement routine clinical parameters in the prediction of
DCI. It can dynamically monitor the response to treatment
and might aid pre-clinical management decisions.
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Introduction

Subarachnoid hemorrhage (SAH) has a worldwide inci-
dence of 10.5 per 100,000 [1]. A third of patients who
survive need long-term care and only 20 to 35% make a
good functional recovery. [1]. Vasospasm is a major
complication of SAH. Angiographic vasospasm is observed
in 70% of patients though not all are symptomatic [1-5].
Distinct from this, delayed cerebral ischemia (DCI) is a
clinical phenomenon of vasospasm-related hypoperfusion
and occurs in 22-40% of patients, resulting in morbidity
and mortality rates of up to 30% [2, 5, 6].

A major challenge in the management of SAH is the
early identification of patients at risk of developing DCI
using a non-invasive method that has optimal spatial and
temporal resolution. Serial clinical assessments may not
detect its onset in patients who are comatose, sedated, or
paralysed by neuromuscular blockade [2, 4]. Furthermore,
even in awake patients, DCI restricted to the anterior brain
region is not easy to diagnose acutely. Isolated neurobe-
havioral and cognitive deficits characteristic of frontal
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dysfunction are often evident only after permanent ische-
mic damage has occurred [7].

Continuous electroencephalography (CEEG) is a non-
invasive tool that can provide real-time measurement of
electrical brain activity [8, 9]. Pyramidal neurons in cortical
layers 3, 5, and 6 contribute to the activity seen on scalp EEG
and are particularly vulnerable to hypoxia and ischemia
[9, 10]. EEG abnormalities arise when the normal cerebral
blood flow (CBF) of 50 to 70 ml/100 g/min decreases to 25
to 30 ml/100 g/min. Neuronal death occurs when the CBF
drops below 10 to 12 m1/100 g/min [11]. CEEG, therefore,
provides a potential window of opportunity to therapeuti-
cally intervene by detecting changes in cerebral perfusion
prior to the point of irreversible damage [9, 12, 13].

Using fast Fourier transformation (FFT), raw EEG data
can be compressed into quantitative EEG (qCEEG)
parameters. In three studies that used this technique, vari-
ous features were shown to correlate with DCI such as the
trending of the total EEG power, relative alpha variability,
and alpha—delta ratios [4, 14, 15]. Changes on qCEEG were
observed prior to Transcranial Doppler (TCD) abnormali-
ties and preceded clinical deterioration up to 2 days
[14, 15]. However, a significant limitation is that different
quantitative parameters were studied in patient populations
of selected Hunt—Hess grades. It has been shown to be
particularly useful in patients with poor-grade SAH in
whom clinical assessments are difficult [4]. The baseline
EEG recordings are likely to be very different between
grades [4]. Hence, limited conclusions can be made
regarding the best quantitative parameter irrespective of
clinical status at the time of presentation.

We aimed to further this body of work by determining the
feasibility of using qCEEG in predicting DCI-related clinical
changes. We decided not to restrict our study to patients with
poor Hunt-Hess grades of SAH at the time of admission.
Although clinical signs are easier to detect in patients who
initially have minimal or no neurological deficits, we sought to
prospectively determine whether qCEEG might also be pre-
dictive in this group. These patients have functionally more to
lose from a relatively good baseline and early intervention
would potentially be beneficial. We wished to also study if
qCEEG could chart dynamic changes in brain perfusion dur-
ing the course of treatment of the DCI that corresponded to the
clinical evolution of the patients, particularly to ascertain if
recurrence of DCI could be easily detected.

Methods
Subjects

Between November 2008 and August 2009, patients
admitted to the Neurological Intensive Care Unit (NICU) at

the Montreal Neurological Institute and Hospital were
prospectively studied. The attending neuro-intensivist
selected patients with a high likelihood of developing
symptomatic vasospasm based on a poor radiological grade
which was defined as a modified Fisher scale > 3.
All Hunt-Hess grades at the time of admission were
included. In order to allow generalization of the findings,
the inclusion criteria were minimally restrictive so that a
representative patient population with aneurysmal SAH
could be sampled. The primary inclusion was a poor
radiological grade of SAH in order to target patients with a
higher likelihood of DCI. Eligible patients underwent
CEEG if portable recording machines were available at the
time of selection. Due to limitations in hardware avail-
ability, CEEG was performed on one patient at a time.
CEEG was discontinued either at the point of discharge
from the NICU or at the request of the treating physician.
Selection was not made based on the nature of the primary
treatment of the aneurysm (Guglielmi Detachable Coils or
surgical clipping) nor its location. The CEEG findings were
analyzed post hoc and were not used to influence clinical
decision-making. No comparison was made between
patients who underwent recording and those who did not.
Thus, clinical data were recorded only for those who were
studied. Patients with traumatic and non-aneurysmal SAH
were excluded. The study was approved by the hospital’s
Research Ethics Board. Informed consent was obtained
from the patients or their next of kin in accordance with
institutional requirements.

Definition of DCI

This was defined as (1) a new unexplained focal neuro-
logical deficit and/or a decreased level of consciousness or
(2) a clinically silent infarction on follow-up CT. Other
potential causes of the deterioration such as a new struc-
tural lesion on neuroimaging (for example, hydrocephalus
or re-bleeding) or a metabolic disturbance (for example, an
acute electrolyte imbalance or concomitant infection) were
rigorously excluded. The diagnosis was independently
confirmed by retrospective review of the clinical course of
the patient. As the definition of DCI was a clinical one, the
presence of radiological vasospasm was supportive but not
mandatory. Recurrence was defined as clinical deteriora-
tion that was not attributable to other causes, after an initial
response to treatment.

Management of DCI
At our institution, management of DCI consists of aggres-

sive management of fluid balance, hemodynamic and
temperature control in addition to the use of nimodipine.
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Based on previously published data [16—19], patients are
also administered intravenous milrinone, a phosphodies-
terase III inhibitor, initially as a bolus of 0.05-0.1 mg/kg
followed by an intravenous infusion titrated stepwise to a
maximum of 1.5 pg/kg/min according to clinical response.
Those who do not improve despite maximal medical ther-
apy undergo angiography and assessment for possible
endovascular therapy.

CEEG Acquisition

CEEG was performed using a digital video bedside mon-
itoring system with a 200 Hz digital sampling rate
(Stellate, Montreal, Canada). A standard 10-20 longitudi-
nal bipolar montage was applied using 20 conductive
plastic electrodes compatible with neuroimaging (ScanFit
Ives Conductive Plastic Electrodes). The high pass filter
was set at 0.3 Hz and the low pass filter at 50 Hz.
Recording was interrupted only when the patient was
transported out of the NICU for angiography (CT was
performed in the NICU).

After rigorous removal of artifact-contaminated sections
by an experienced electroencephalographer, quantitative
analysis was performed. The power within the alpha band
(815 Hz) was determined in each channel using epochs of
30 s. The mean during a 30 min period was calculated. We
restricted our analysis to the anterior quadrants of the brain
that included the sensorimotor areas. The posterior quad-
rants were excluded to avoid misinterpreting physiological
asymmetrical alpha activity in parieto-occipital regions as
being abnormal. The sum of the alpha power in the fol-
lowing channels represented the left and right anterior
regions, respectively: Left: Fp1-F7, Fp1-F3, F3-C3, F7-T3;
Right: Fp2-F8, Fp2-F4, F4-C4, F8-T4.

The product of the standard deviation and mean alpha
power was used as a composite measure of the variability
and amplitude of alpha power. This composite alpha index
(CAI) was calculated over 6 h duration and repeated along
a window sliding by 30 min. CAI was not computed if a
6 h segment contained more than 90 min of unusable data.
Measurements were graphically displayed to provide a
continuous daily trend.

To evaluate the utility of CEEG in charting the response
to treatment of DCI, daily mean alpha power was corre-
lated with the clinical status. CAI was not used for this
purpose as its derivation was based on a sliding time
window to provide trends rather than absolute values at
discrete time points. Also, 6 h of data interrupted by a
maximum of 90 min of unusable data are required for the
calculation of CAIL Using the daily mean alpha power
allowed the incorporation of maximal artifact-free EEG
over a 24 h period.
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Prediction of Clinical Status

A neurologist who had no prior knowledge of the cases
made predictions of the status of all patients for the ensuing
24 h based solely on the clinical data available from the
time of admission to 0900 of the day in question. This
included detailed history, serial clinical examinations,
medication and sedation status, as well as results of
neuroimaging. If clinical deterioration occurred, details
regarding investigations performed during that period were
provided. Patients were predicted to improve, deteriorate,
or remain stable in terms of conscious level and/or neu-
rological examination from the previous 24 h. This same
reviewer was blinded to the time and treatment rendered
for each episode of symptomatic vasospasm.

Once a prediction based on clinical data alone was
made, CAI trends up to 0900 of the day in question were
subsequently provided and another prediction made. These
were compared to the actual clinical state that was deter-
mined from chart reviews, using the same classification, by
an independent physician who was not involved in the care
of the patient or in making the predictions. Results were
plotted on a 3 x 3 table. Sensitivities, specificities, and
likelihood ratios of clinical data alone and with additional
CEEG data were then calculated, using the actual state as
the gold standard.

Results

Thirteen patients were included in the study. Clinical
and demographic data are presented on Table 1. Patient 6
was excluded due to technical problems with the
CEEG recording. The mean age was 54.3 years (range
35-70 years). The mean duration of recording was
7.25 days (range 3-15). Eight patients developed DCI, in
four of whom this was recurrent with two episodes each.
Two patients developed frontal lobe syndromes that per-
sisted to the time of discharge. One patient died from a
malignant hemispheric infarction. One patient underwent
balloon angioplasty as second-line therapy. Patients who
underwent sedation were given infusions of propofol at
25 mcg/kg/min.

Prediction of Vasospasm

Fifty-nine days were predicted in 12 patients. Sensitivities,
specificities, and likelihood ratios with and without
supplemental CEEG data are highlighted in Table 2.
An improving trend (in bold) was seen particularly in
the ability of CEEG data to assist accurate predictions
of deterioration and improvement. Agreement between
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Table 2 Predictions made based on clinical data and subsequently with supplemental qEEG data

Clinical data (95% CI)

Additional CEEG data (95% CI)

Prediction of deterioration

Prediction of improvement

Prediction of stability

Sensitivity
Specificity
Likelihood ratio (+)
Likelihood ratio (—)
Sensitivity
Specificity
Likelihood ratio (+)
Likelihood ratio (—)
Sensitivity
Specificity
Likelihood ratio (+)
Likelihood ratio (—)

0.40 (0.22-0.59)
0.79 (0.73-0.86)
1.95 (0.81-4.25)
0.75 (0.47-1.07)
0.08 (0.015-0.309)
0.74 (0.727-0.802)
0.33 (0.055-1.562)
1.23 (0.861-1.354)
0.59 (0.47-0.70)
0.55 (0.42-0.68)
1.33 (0.82-2.22)
0.73 (0.44-1.25)

0.67 (0.45-0.83)
0.73 (0.65-0.79)
2.44 (1.39-3.81)
0.46 (0.21-0.84)
0.50 (0.273-0.721)
0.74 (0.687-0.801)
1.96 (0.872-3.622)
0.67 (0.349-1.058)
0.41 (0.30-0.50)
0.77 (0.65-0.89)
1.83 (0.84-4.20)
0.76 (0.57-1.09)

These were compared to the true clinical states. Instances where qEEG improved the clinician’s predictive ability either by better sensitivity,
specificity or likelihood ratio are highlighted in bold. A greater positive likelihood ratio (LR) indicates a higher probability of the predicted status

being true whereas a smaller negative LR denotes a lower probability of the status being a true one if it was not predicted

Fig. 1 Segment of qCEEG of
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predicted and observed clinical states was better with
supplemental CEEG than clinical data alone (kappa value
0.312 and 0.069, respectively).

A review of the data revealed that in three of the eight
DCI patients, changes in the CEEG trends were observed
greater than 24 h in advance of any clinical changes (for
example see Fig. 1). Predictions based on the CAI at these
times were different from the ‘actual’ clinical status as the
decrease in CAI would have been asymptomatic during
that period. In Fig. 1, the actual clinical state of the patient
was classified as stable on days 11 and 12. The decrease in

@ Springer

CAI, however, prompted the prediction of deterioration,
which did indeed occur on day 13.

Monitoring the Response to Treatment of DCI

Changes in mean daily alpha power of patients with
recurrent DCI were able to accurately predict the clinical
evolution following modulation of treatment. Unfavorable
responses manifested as decreases in the daily alpha power
prior to the onset of clinical changes. Figures 2, 3, and 4
illustrate some of these findings.
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Discussion

Continuous EEG is non-invasive, provides real-time data,
and is sensitive to the early onset of ischemia. In this study,
a single measurable qEEG parameter improved the ability
to predict the evolution of patients with SAH a day in
advance by detecting electroencephalographic changes at
the pre-clinical stage. It augmented available clinical data
in determining the likelihood of a deterioration, improve-
ment, or status quo from the day before. Alterations in

qCEEG can precede clinical change by more than 24 h
[15]. In our study, this occurred in 3 of the 8 patients who
developed DCI. This ultra-early detection suggests that in a
proportion of patients, the therapeutic window of inter-
vention to prevent permanent neurological damage may
extend beyond 24 h.

The pragmatic design of the prediction exercise dem-
onstrates the applicability of this technique in a simulated
clinical scenario that is experienced daily in the NICU.
Potentially, the physician would have predictive data for
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that particular day made available in the morning during
rounds. This might provide the opportunity to either per-
form ancillary investigations to corroborate the findings or
to very closely monitor the patient clinically, setting a
lower threshold to institute treatment. Predictions were
made using visual graphical displays as in Figs. 1 and 5.
The reviewer did not have access to raw EEG data. Using
this technique, the EEG trends may potentially be inter-
preted by non-electroencephalographer.
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In order to remove any selection bias during the quan-
tification of CEEG, we utilized all artifact-free data that
were available rather than a predetermined duration of
artifact-free epochs [4]. We devised the CAI following
studies that individually demonstrated changes in alpha
power and variability as markers of decreased perfusion
[14, 15, 20]. By combining these features into a single
value, a deviation from baseline was amplified. Hence,
subtle changes in the alpha power and variability resulted
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in larger changes in CAI as opposed to evaluating each
parameter on its own. A decrease in both variables would
also provide a robust marker of possible DCI that would
more readily be identified by the clinician. Performing a
continuous analysis using a sliding window enabled a clear
visual trend analysis to detect changes.

Selective non-invasive diagnostic tools such as com-
puterized tomography (CT) angiography, CT perfusion,
magnetic resonance (MR), single positron emission CT,
and transcranial Doppler ultrasound (TCD) have been
shown to be useful in the detection of disruptions of per-
fusion or flow due to vasospasm [2, 21-23]. With the
exception of TCD, these methods are not performed by the
bed-side and have not shown significant applicability in
the pre-clinical detection of DCI [2, 23]. TCD detects high
mean cerebral blood flow velocities in the major vessels
from macrovascular vasospasm [24]. Up to 8% of the
general population have absent acoustic windows and its
reliability is dependent on the vessel that is insonated
[4, 24]. The sensitivity and false-negative rates of detecting
anterior cerebral artery vasospasm are 45 and 55% com-
pared to that of the middle cerebral artery at 64 and 36%,
respectively [24]. In addition, DCI may be present without
radiological or angiographic evidence of macrovasular
vasospasm and vice versa [23, 25]. TCD is insensitive to
vasospasm affecting distal vasculature [26]. Detecting a
deficit in perfusion rather than a change in vessel diameter
or flow alone is more indicative of DCI [23]. However,
perfusion studies do not provide continuous data and are
initiated only at the point of clinical deterioration [23].
CEEG may be a useful supplemental tool particularly
in situations where TCD acoustic windows are absent or
anterior region DCI is a particular concern.

Studies of the correlation between clinical grade and
symptomatic vasospasm have shown mixed results [27].
While the accuracy in determining high-risk patients is
improved using a combination of clinical and investigative
parameters, it is not foolproof [26, 28]. We found that
CEEG is technically feasible and well tolerated in patients
who have none or mild neurological deficits at the time of
presentation. Four of our patients (50%) who developed
DCI presented with Hunt—Hess grades less than four. In
these patients, supplemental CEEG was more accurate than
clinical data alone in 27.2% of predictions. Although the
improvement is modest, this technique might have clinical
applicability in low clinical-grade patients who are deemed
to be at high-risk of DCI using other criteria such as
radiological features. However, this pilot study was not
powered for a subgroup analysis of specific clinical grades.

Previous studies have concentrated on the utility of
CEEG in the detection of DCI [4, 14, 15]. The second part
of our study assessed the use of CEEG beyond this phase.
Specifically, we wished to ascertain if qCEEG could trend

the change in cerebral perfusion when treatment is insti-
tuted. Due to the stringent requirements of uninterrupted
data for calculation of CAI, we used the daily mean alpha
power instead for this purpose. Thus, all available artifact-
free EEG data could be used. We observed that a reduction
in the mean daily alpha power indicated a risk of recur-
rence. Alternatively a lack of increase in the alpha power
following the institution of therapy suggested a poor
response. This could prompt aggressive intervention at an
earlier stage. These qCEEG patterns were observed in all
five patients who were either poor responders or deterio-
rated following the down-titration of treatment. Patients
who did well demonstrated improving daily alpha trends.
Utilizing qCEEG beyond the stage of early detection of
DClI is a novel application of CEEG in SAH. Supplemental
qCEEG data might guide clinicians in deciding the
appropriate time to commence, modulate, and wean treat-
ment in patients with DCIL.

CEEG did not delay the initiation of neuroimaging in
the NICU. We used conductive plastic electrodes that were
compatible with neuroimaging modalities such as CT,
MRI, and angiography. Hence, the leads did not require
removal and the patients were promptly transported.
The recording quality of the EEG has been shown to be
indistinguishable to that achieved with standard gold
electrodes [29].

This study has several limitations. A small number of
patients were studied due to the limited number of EEG
machines available for this feasibility study. CEEG could
not be performed on more than one patient at a time.
Although clinical grade was not an inclusion criteria,
patients who were felt to be at a higher risk of DCI based
on radiological criteria were studied rather than a purely
unselected cohort. Due to its design and our aim to simu-
late a clinical scenario as genuinely as possible, we did not
control for the effects of sleep, sedation, and analgesia.
However, information regarding the presence and manip-
ulation of sedatives and analgesics was carefully recorded
and provided to the reviewer so that interpretation of
clinical and CEEG data could be made bearing these in
mind. Sleep-related decreases in CAI occurred for only
relatively brief periods of the night as patients in NICU are
often woken for neurological assessments, medication, and
nursing care [4]. We provided clinical and qCEEG data
into the early hours of the following morning. The reviewer
was, therefore, able to observe the resolution of the tran-
sient dips in the CAI during wakefulness as a favorable
sign (see Fig. 5). Patients with DCI, however, had a sus-
tained drop in the CAIL

In instances where dips in CAI preceded DCI by more
than 24 h, predictions based on the CEEG differed from the
‘true’ clinical status as the decrease in CAI would have
been asymptomatic in the following 24-h period. This
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would likely have had a negative impact on the accuracy
of the CEEG as measured in this study.

The analysis of qCEEG did not include the parieto-
occipital channels. We were concerned that physiological
asymmetry of alpha power in patients of good clinical
grade would be misinterpreted as abnormal. The inclusion
of the temporal channels encompassed part of the territorial
supply of the posterior cerebral artery. However, DCI
restricted to the parietal and occipital regions would have
been missed using our method.

Due to the post hoc nature of the analysis, we were
unable to corroborate the pre-clinical episodes of signifi-
cant CAI decrease with other diagnostic modalities to
confirm the presence of DCI. Supportive radiological data
in 7 of the 8 patients were available when DCI was clini-
cally diagnosed. Based on previous physiologic studies
correlating CEEG and alterations in cerebral flow and
perfusion, there is little reason to suspect that the changes
we observed were from other causes [11, 30]. Investiga-
tions were instituted at the time of clinical deterioration to
rigorously exclude acute structural and metabolic distur-
bances. Similarly, the changes in daily alpha power in
response to titration of DCI treatment were assumed to be
secondary to changes in perfusion. While we correlated
changes in daily mean alpha power with clinical evolution
in response to treatment modulation, it should be empha-
sized that this study was not designed to assess the efficacy
of milrinone which is a non-standard therapy for the
treatment of DCI [6].

Although interpretations of the CAI trends could
potentially be made by non-electroencephalographers, a
significant limitation in our study is the need for an electro-
encephalographer to pre-process the data by manually
removing artifacts. As our study assessed a novel qCEEG
parameter in patients of various clinical grades, we felt that
using artifact-free signals would be crucial as an initial
proof-of-concept. This resulted in some loss of data on the
graphical displays of CAI trends which may have had an
effect on the ability of the reviewer to make an accurate
prediction in some instances. In particular, this may have
accounted for some of the poorer statistical results of CEEG
such as in the specificity of predicting improvement and
sensitivity in predicting stability. With advanced methods to
automatically recognize a wide array of artifacts, a system
may be developed to provide accurate and instantaneous
quantification of EEG in the near future [31]. However, the
quality of EEG signal from lead failures remains problematic
unless trained personnel are continuously available on-site to
correct for these. Recording directly from the cortex may
overcome this limitation and provide a more direct assess-
ment of neuronal function for the early detection of
secondary neurological complications such as ischemia and
non-convulsive seizures [32, 33].

@ Springer

The derivation of the CAI in our study was based on
previous research which identified changes in the alpha band
during ischemia notably in the penumbric region [14, 15, 34].
However, the use of alternate power bands and their ratios
raises the possibility of a wide array of quantitative param-
eters that may be optimal markers of DCI [4, 34-36].

Conclusion

Quantitative CEEG supplements clinical data in patients
with SAH to detect the onset of DCI and predict the evo-
Iution of patients. It is technically feasible to perform
CEEG in all clinical grades of SAH. We demonstrate the
utility of using a composite index that unifies previously
reported variables that were identified as markers of the
onset of symptomatic vasospasm. In addition, it may assist
the clinician in the modulation of treatment of DCI. Further
studies are required to determine if pre-clinical intervention
based on CEEG changes can improve outcomes from this
complication of SAH which carries a significant morbidity
and mortality.
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