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Abstract 

Background: We present an exploratory analysis of the occurrence of early corticothalamic connectivity disruption 
after aneurysmal subarachnoid hemorrhage (SAH) and its correlation with clinical outcomes.

Methods: We conducted a retrospective study of patients with acute SAH who underwent continuous electroen-
cephalography (EEG) for impairment of consciousness. Only patients undergoing endovascular aneurysm treatment 
were included. Continuous EEG tracings were reviewed to obtain artifact-free segments. Power spectral analyses were 
performed, and segments were classified as A (only delta power), B (predominant delta and theta), C (predominant 
theta and beta), or D (predominant alpha and beta). Each incremental category from A to D implies greater preserva-
tion of corticothalamic connectivity. We dichotomized categories as AB for poor connectivity and CD for good con-
nectivity. The modified Rankin Scale score at follow-up and in-hospital mortality were used as outcome measures.

Results: Sixty-nine patients were included, of whom 58 had good quality EEG segments for classification: 28 were 
AB and 30 were CD. Hunt and Hess and World Federation of Neurological Surgeons grades were higher and the initial 
Glasgow Coma Scale score was lower in the AB group compared with the CD group. AB classification was associated 
with an adjusted odds ratio of 5.71 (95% confidence interval 1.61–20.30; p < 0.01) for poor outcome (modified Rankin 
Scale score 4–6) at a median follow-up of 4 months (interquartile range 2–6) and an odds ratio of 5.6 (95% confidence 
interval 0.98–31.95; p = 0.03) for in-hospital mortality, compared with CD.

Conclusions: EEG spectral-power-based classification demonstrates early corticothalamic connectivity disruption 
following aneurysmal SAH and may be a mechanism involved in early brain injury. Furthermore, the extent of this 
disruption appears to be associated with functional outcome and in-hospital mortality in patients with aneurysmal 
SAH and appears to be a potentially useful predictive tool that must be validated prospectively.
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Introduction
Aneurysmal subarachnoid hemorrhage (SAH) causes 
devastating neurological injury and has a 30-day mor-
tality of 21–44% [1]. Improvement in outcomes have 
occurred in patients with SAH who receive early diag-
nosis, early aneurysm occlusion, and monitoring and 
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effective treatment of hydrocephalus and delayed cere-
bral ischemia [2–6]. As part of the next leap in improv-
ing outcomes after SAH, there is a need to identify the 
substrate of disorders of consciousness such that they 
can be targets for intervention.

Our understanding of underlying structural and 
functional mechanisms affecting consciousness in 
SAH remains poor; few biomarkers exist for evaluat-
ing severity of brain injury, monitoring effects of treat-
ment, or serving as surrogate end points for treatments 
[7]. Currently, clinical grades are used as predictors of 
outcome, but within these scales, determining those 
who will recover versus those who will not is limited [8, 
9].

Continuous electroencephalography (cEEG) serves as a 
tool to evaluate background cerebral electrophysiological 
function, seizures, and cerebral ischemia [10–12]. Offline 
analysis of cEEG provides a powerful tool for studying 
brain network connectivity. Electroencephalographic 
(EEG) power spectra are efficient indices in decipher-
ing correlation with levels of consciousness and show 
monotonic gradation with different severities of arousal 
dysfunction [13]. The anterior forebrain mesocircuit has 
been a focus in disorders of consciousness characterized 
by disruption of corticothalamic excitation, and meas-
ures linked to this model have shown evidence of predic-
tion of outcomes [14, 15].

Connectivity between thalamic and cortical structures 
is extensive and reciprocal; up to 826 cortico-cortical 
connections and 651 thalamocortical connections have 
been identified in cats [16]. Although there may exist 
interindividual variability in intercortical connections, 
this is less true for thalamic connections [17]. Because 
of rich interconnections, injuries to thalamic nuclei are 
associated with widespread cell death and involve exten-
sive disruption in hemispheric network connectivity [14]; 
similarly, widespread multifocal cerebral injuries exert 
disproportionate impact of thalamic cell loss, concentrat-
ing within the central thalamus [18, 19]. Within central 
thalamic nuclei, intralaminar and midline nuclei are asso-
ciated with functions of arousal, having strong connec-
tions from the brainstem arousal system [20]. At times, 
even focal injuries to these nuclei in a variety of patholo-
gies cause disorders of arousal proportional to severity of 
injury [21]. Additionally, disruption of inhibitory input to 
the striatum can further increase inhibition of thalamic 
nuclei and result in hypofunction of corticothalamic 
projections, causing diminished arousal [14, 22, 23]. 
Functional magnetic resonance imaging (MRI) studies 
have revealed disconnection between the default mode 
network and anterior forebrain structures, rather than 
disruption within the default mode network, in patients 
who are unconscious after hemorrhagic stroke [24].

Following brain injuries, disassociation between motor 
and cognitive function may at times occur and con-
found level of consciousness determined solely by motor 
response. Deafferentation leading to cognitive motor dis-
sociation has been described in several studies of patients 
with chronic brain injury [25], whereas in acute brain 
injury, it has only recently been demonstrated, and data 
remain sparse [14, 26–28]. In patients with preserved 
command-following on functional MRI, EEG-based cor-
ticothalamic integrity is preserved and may serve as a 
reasonable alternative for assessing cognitive motor dis-
sociation in the intensive care setting after an acute brain 
injury [29, 30]. This is a bedside tool that is objective and 
can potentially be further developed into a more sophis-
ticated automated system. Furthermore, it compares 
favorably with alternative tests for arousal evaluation, 
such as functional MRI, positron emission tomography, 
and nonquantitative EEG, which may have lower inter-
rater reliability, especially with respect to frequency 
assessment [31].

In this study, we used quantitative cEEG to evaluate 
early forebrain corticothalamic integrity in patients with 
SAH and studied its association with functional outcome 
and mortality. This study has mechanistic as well as prog-
nostic implications and may potentially be developed for 
(automated) assessment of arousal levels in patients with 
SAH.

Methods
Data Availability
Anonymized data will be shared at the request of any 
qualified investigator: (1) raw EEG clips from which spec-
tra were derived and (2) spectra for each patient.

Study Population
This was a retrospective study of all adult patients 
(> 18  years) with SAH admitted to the neurosciences 
intensive care unit (neuro-ICU) of Weill Cornell Medi-
cal Center/NewYork-Presbyterian Hospital between 
January 1, 2010, and October 31, 2015. Patients were 
included in the study if they had confirmed aneurysmal 
SAH and were monitored with 24-h cEEG within 14 days 
from ictus. This included approximately 25% of our aneu-
rysmal SAH population for this period. Only patients 
who underwent endovascular aneurysm treatment were 
included to prevent confounding by surgical complica-
tions, such as brain handling, retractions, ischemia, and 
contusions. Patients were excluded if they were deemed 
unable to survive either because of comorbid conditions 
or because of SAH severity or if withdrawal of life sup-
port occurred within 14 days of the primary SAH diagno-
sis. The institutional review board for research integrity 
approved the study.
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Clinical Variables
Medical records were reviewed retrospectively by using 
two person review. Demographic data, SAH clinical 
severity grades (World Federation of Neurological Sur-
geons [WFNS] and Hunt and Hess [HH]), and a radiolog-
ical severity grade (modified Fisher Scale) on admission 
were collected for all patients. Both WFNS and HH 
grades were divided into good (1–3) and poor (4–5) clini-
cal grades. The Glasgow Coma Scale (GCS) score was 
recorded at admission, on the day of the EEG, and at dis-
charge [32].

Sedation is routinely stopped for all patients at 6 a.m. 
for clinical evaluation by the intensive care unit (ICU) 
team, and from 8 to 10 a.m., the neurological wake-up 
test is conducted. cEEG clips were taken from this period 
for every patient. For multiple segments, clips were taken 
from multiple days from the same time period in the 
morning. This allowed for sedative washout, although 
complete washout could not be verified, but this method 
is routinely used in all neurocritical care units as a wake-
up test for the best neurological assessment. Use of seda-
tive agents preceding the wake-up test was recorded, as 
was the neurological examination from the same period, 
all of which were documented in the hourly ICU record. 
Additional clinical data on the day of the cEEG were 
recorded, including concurrent mean arterial pressure, 
any occurrence of elevated intracranial pressure, concur-
rent antiepileptic drug use, hydrocephalus, concomitant 
cerebral vasospasm, and concurrent fever. ‘ABCD’ cat-
egories were also compared by using these variables. We 
used the modified Rankin Scale (mRS) as a functional 
outcome measure, as it is one of the most often used 
outcome measures in clinical research of SAH outcomes 
[33]. The mRS was retrospectively computed at a single 
time point by using two person blinded review of follow-
up outpatient clinical notes. Other outcomes measures 
included were mortality and hospital length of stay. 
Dichotomized mRS scores were used to classify good 
(0–2) and poor outcome (3–6).

Clinical Management
All patients were admitted to the neuro-ICU and under-
went computed tomographic (CT) angiography on 
admission to identify aneurysm(s), location(s), and mor-
phology. Aneurysms were treated by endovascular coil-
ing based on location, size, morphology, and consensus 
between neurosurgeon and endovascular surgeon and 
discussion with the patient and/or surrogate decision-
maker. Patients remained in the neuro-ICU for at least 
14  days and were treated according to standard clinical 
treatment protocols based on American Heart Associa-
tion/American Stroke Association guidelines [34]. This 

included treatment with nimodipine and treatment of 
delayed cerebral ischemia with hypertensive hyperdy-
namic therapy as indicated. Intraarterial calcium channel 
antagonists, angioplasty, and stenting were used to treat 
refractory vasospasm. Hydrocephalus was treated with 
ventriculostomy, if needed. All patients with unexplained 
fluctuating or prolonged altered mental status or sus-
pected seizures were monitored with cEEG for 24–48 h, 
regardless of hemorrhagic grade. Antiepileptic prophy-
laxis was minimized to the period prior to aneurysm 
occlusion, and levetiracetam was the preferred agent.

cEEG Recordings
cEEG was recorded digitally by using 21 electrodes 
placed per the international 10–20 system. This was 
performed by using an XLTEK 32 channel computerized 
video EEG system (Natus Medical Incorporated, Pleasan-
ton, CA) with digital analysis of EEG for spike detections, 
topographic and occurrence analysis, computerized sei-
zure detection algorithms, compressed spectral array for 
quantification of EEG frequency content, and a patient 
event marker. Recordings were interpreted by a board-
certified electroencephalographer and were reviewed 
periodically. EEG reports were written once daily, and 
the clinical team was updated over the course of the day 
when seizures were detected. The presence of slowing, 
epileptiform discharges, reactivity to stimulation, and any 
seizure recorded on cEEG was recorded for our analysis.

Spectral Classification
For each patient on day 1 of cEEG recording, segments 
were cut around identical times of maximal arousal dur-
ing morning examination rounds between 8 and 10 a.m., 
with sedation held for 2 h prior to hourly clinical exami-
nations, documented in the nursing charts, and detailed 
examination at this period by the ICU team, docu-
mented in the doctors’ notes. All available channels were 
inspected; however, given the electrically noisy environ-
ment in the ICU, which frequently resulted in abundance 
of artifacts in frontal and temporal channels, midline 
and parasagittal centroparietal leads (Cz, C4, C3, Pz, P3, 
P4) were typically the most useful for determination of 
spectral categories. After visual assessment of artifacts 
(e.g., eye blinks, major movement artifacts, or possible 
artifacts from other equipment), an average of 70–80 
(range ~ 10–300) 3-s-long artifact-free segments were 
selected for quantitative analysis. Power spectra were cal-
culated for each channel by using Laplacian montage and 
Thomson’s multitaper method [35] with five tapers plot-
ted between 2 and 24 Hz.

Power spectral analyses of EEG potentials recorded 
from scalp electrodes were used to classify cortico-
thalamic integrity [36]. The categories were based on 
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presence of activity in delta (< 4 Hz), theta (5–7 Hz), alpha 
(8–12 Hz) and beta (15–40 Hz) frequencies [14]. On one 
end of the spectrum, category A implies complete loss 
of thalamocortical circuit functional integrity, B relates 
to severe loss with spontaneous cortical oscillations and 
no thalamic output, and C relates to local cortical disin-
hibition with thalamic burst firing, whereas on the other 
end of the spectrum, category D illustrates normal activ-
ity pattern with preserved circuit functional integrity 
[14, 15] (Fig. 1). Accordingly, category A consists of sole 
delta-range activity, category B consists of predominant 
delta- and theta-range activity, category C consists of 
predominant theta and beta frequencies, and category D 
consists of predominant alpha and beta frequencies [15]. 
Background EEG pattern was also examined to confirm 
concordance with ‘ABCD’ spectral categorization.

An investigator blinded to all clinical details analyzed 
and classified all EEG segments into ‘ABCD’ spectral 
categories. Only patients meeting ‘ABCD’ classification 
were included in the primary analysis. Types A and B 
were grouped together (AB) as poor corticothalamic 

connectivity, and types C and D were grouped together 
(CD) as good corticothalamic connectivity for outcomes 
analyses. Background EEG activity was examined to 
ensure there was consistency between clipped segments 
and ongoing EEG activity.

Imaging Analysis
CT perfusion studies with baseline noncontrast brain CT 
were performed on the basis of clinical indications and 
protocols to evaluate for regional hypoperfusion and 
stroke and were independently interpreted by a certified 
neuroradiologist. Follow-up imaging, including noncon-
trast head CT, CT angiography, and CT perfusion, was 
performed as clinically indicated. The report filed in the 
clinical record was used for assessing presence of cerebral 
hypoperfusion and stroke. Brain MRI was not performed 
routinely; however, when done, images were examined 
for the presence of nonprocedural stroke (Supplemental 
Table 1).

Statistical Analysis
Characteristics of study patients are described as means 
(standard deviations) for continuous variables and fre-
quencies (percentages) for categorical variables. Clini-
cal variables, EEG characteristics, and outcome measures 
were compared between AB and CD groups by using the 
two-sample t-test and χ2 test. All statistical tests were 
two-sided, with a significance level of p < 0.05. Logistic 
regression models were created by using variables that 
showed certainty of association in univariate analyses 
(p < 0.10). Because this was an exploratory analysis, we 
used a cutoff of p < 0.10 to ensure inclusion of variables 
that may demonstrate a reasonable difference between 
the two groups. Correlations among spectral categories 
and clinical severity grades were assessed by using the 
Spearman correlation test. All statistical analyses were 
conducted with SAS version 9.4 (SAS Institute, Inc., 
Cary, NC). Univariate receiver operating characteris-
tic curves were constructed for ‘ABCD’ classification for 
comparison between HH and WFNS grades by using 
Stata 13.1 (StataCorp, College Station, TX). Because this 
was an exploratory retrospective study, we did not per-
form a power analysis. For sensitivity analysis, we gener-
ated multivariate receiver operating characteristic curves 
for the outcome model with and without ‘ABCD’ classifi-
cation using known predictors of outcome, including age, 
the HH (or WFNS) grade, and presence of stroke.

Results
Baseline Characteristics
The cohort included 69 patients with SAH, with patient 
selection summarized in Fig. 2. Baseline characteristics 
are summarized in Table 1. Seventy percent of patients 
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were female, and the mean age was 58  years (± 15.7). 
EEG was performed at a median of 3  days after SAH 
diagnosis, with an interquartile range of 2–8 days. Fol-
low-up examinations occurred at a median of 4 months 
(interquartile range 2–6) from admission. Mortality 
was 17.4%; 11 of 12 deaths occurred during the initial 
hospitalization, and 9 of 12 deaths occurred in the set-
ting of withdrawal of life-sustaining therapies.

‘ABCD’ Spectral Classification
Of 69 patients in the cohort, it was possible to obtain 
EEG segments from which definite spectral categoriza-
tion could be obtained in 58 (84%) patients. Distribu-
tion of categories for these patients was as follows: six 
patients had spectral features consistent with A type 
only, 22 patients had B type, 22 patients had C type, and 
eight patients had D type; four additional patients had a 

Table 1 Baseline characteristics, clinical variables, and association with EEG-based ABCD classification

Bold values indicate statistical significance (p < 0.05)

CT, computed tomography, EEG, electroencephalography, GCS, Glasgow Coma Scale, HH, Hunt and Hess, ICP, intracranial pressure, MAP, mean arterial pressure, mFS, 
modified Fisher Scale, WFNS, World Federation of Neurological Surgeons

Clinical variables All patients (N = 69) AB classification 
(n = 28)

CD classification 
(n = 30)

p value

Age, mean (SD) (yr)) 58.4 (15.7) 60.6 (17.28) 58.3 (15.03) 0.60

HH grade, mean (SD) 3.4 (1.0) 3.6 (0.8) 3.1 (0.9) 0.02
WFNS grade, mean (SD) 3.3 (1.4) 3.7 (1.0) 2.8 (1.5) < 0.01
Admission GCS score, mean (SD) 10.2 (3.7) 9.2 (3.3) 11.7 (3.3) < 0.01
 13–15 24 (34.8)

 9–12 19 27.5)

 3–8 26 (37.7)

Best GCS score on EEG day, mean (SD) 9.3 (3.6) 11.6 (3.4) 0.01
mFS score, mean (SD) 3.7 (0.5) 3.6 (0.6) 3.7 (0.5) 0.50

Anytime high ICP, n (%) 8 (28.6) 5 (16.7) 0.28

Concurrent MAP > 60 mm Hg, n (%) 26 (92.9) 30 (100) 0.23

Hypoperfusion on CT perfusion, n (%) 15 (53.6) 11 (36.7) 0.15

Preceding sedation, n (%) 27 (96.4) 28 (93.3) 1.00

Concurrent fever, n (%) 18 (64.3) 11 (36.7) 0.04
Concurrent antiepileptic drug use, n (%) 25 (89.3) 25 (83.3) 0.71

Seizures, n (%) 0 (0) 1 (3.3) 1.00

Epileptiform discharges on EEG, n (%) 12 (42.3) 10 (33.3) 0.46

Reactivity on EEG, n (%) 23 (82.1) 28 (93.3) 0.25
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Fig. 2 Flow diagram showing the selection of patients for study. AVM arteriovenous malformation, EEG electroencephalography, ICH intracerebral 
hemorrhage, NYP NewYork-Presbyterian Hospital, SAH subarachnoid hemorrhage
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predominant alpha feature, one patient had a broad spec-
tral band at 11–14 Hz, and the six remaining patients had 
no specific predominant features.

Association Between ‘ABCD’ Classification and Clinical 
Characteristics
Data on ‘ABCD’ classification and distribution of clinical 
variables are shown in Table 1. The mean age was not dif-
ferent between AB and CD groups. There was strong evi-
dence of differences in clinical (HH and WFNS) grades 
between AB and CD classifications. There was weak 
inverse correlation between clinical grades and ‘ABCD’ 
classification (Spearman coefficient of correlation − 0.44 
[WFNS] and − 0.41 [HH]). The best GCS score on the 
day of the EEG was lower in the AB group. However, the 
mean modified Fisher Scale score was similar between 
groups.

There was no evidence of differences between spectral 
categories with respect to anytime high intracranial pres-
sure, hypotension, hypoperfusion on CT perfusion, or 
preceding sedation. However, concurrent fever was more 
common in the AB group compared with the CD group.

Univariate receiver operating characteristic curves 
demonstrated similar areas under the curve (AUCs) for 
‘ABCD’ classification and clinical severity grades for pre-
dicting functional outcome (ABCD 0.7562, HH 0.7630, 
WFNS 0.7469) but significantly greater AUCs for mortal-
ity (ABCD 0.7585, HH 0.6989, WFNS 0.5872) (Fig. 3a, b).

Association Between ‘ABCD’ Classification and EEG 
Characteristics
There was no evidence of association of concurrent antie-
pileptic drug use, epileptiform discharges, or reactivity 
seen on EEG between groups. One patient had a seizure 
in the CD group, as opposed to none in the AB group.
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Outcomes Analyses
Summary data on outcomes are presented in Table  2. 
There was strong evidence of differences in GCS score at 

discharge, functional outcome by mRS score, and mor-
tality between the AB and CD groups. In the CD group, 
compared with the AB group, the GCS score at discharge 
was higher, functional outcome by mean mRS score was 
higher, the mortality rate was lower, and good outcome 
by dichotomized mRS score was more likely (Fig.  4). 
Length of stay and presence of stroke on final in-hospital 
imaging were not different between groups. Nonsurvi-
vors had significantly worse ‘ABCD’ categorization than 
survivors. 

Functional Outcome
Functional outcome on an ordinal mRS was signifi-
cantly better in the CD group compared with the AB 
group (p < 0.01). Univariate and multivariate analyses of 
clinical variables associated with functional outcomes, 
as determined by dichotomized mRS scores, are shown 
in Table  3. In univariate analyses for functional out-
come, by using dichotomized mRS scores, unadjusted 
odds for poor outcome were 0.38 (95% confidence 
interval [CI] 0.15–0.96) for good WFNS grade vs. 2.18 

Table 2 Clinical outcomes in the AB and CD groups

Bold values indicate statistical significance (p < 0.05)

GCS, Glasgow Coma Scale

Outcomes AB classification (n = 28) CD classification (n = 30) p value

GCS score at discharge, mean (SD) 9.6 (4.8) 13.0 (3.3) < 0.01
Stroke, n (%) 9 (32.1) 6 (20.0) 0.29

Modified Rankin Scale score, mean (SD) 4.3 (1.6) 2.5 (1.9) < 0.01
 Good outcome (0–2), n (%) 5 (22.7) 17 (77.3) < 0.01
 Bad outcome (3–6),  n (%) 23 (63.9) 13 (36.1)

Mortality, n (%) 8 (28.6) 2 (6.7) 0.02
Length of stay, mean (SD) (d) 28.3 (33.8) 31.1 (38.5) 0.55

*p<0.01
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Fig. 4 Functional outcome by ‘ABCD’ classification. Box plot of modi-
fied Rankin Scale score by dichotomized AB and CD groups

Table 3 Unadjusted and adjusted effect size of association of clinical variables with functional outcome and in-hospital 
mortality

CI, confidence interval, HH, Hunt and Hess, OR, odds ratio, WFNS, World Federation of Neurological Surgeons
a Mantel Haenszel test
b Wald test

Unadjusted  ORa (95% CI) p value Adjusted  ORb (95% CI) p value Adjusted  ORb (95% CI) p value

Functional outcome

 WFNS grade 5.82 (1.59–21.33) < 0.01 5.47 (1.43–20.76) 0.01

 HH grade 8.17 (2.06–32.30) < 0.01 7.25 (2.0–26.7) < 0.01

 Fever 1.08 (0.38–3.08) 0.89 0.40 (0.10–1.57) 0.19 0.49 (0.12–1.93) 0.31

 ABCD category 5.71 (1.61–20.30) < 0.01 5.45 (1.46–20.36) 0.01 5.52 (1.41–21.70) 0.01

Mortality

 WFNS grade 2.86 (0.52–15.50) 0.2 2.06 (0.33–12.79) 0.78

 HH grade 5.09 (1.02–33.96) 0.02 4.42 (0.77–25.48) 0.01

 Fever 0.61 (0.15–2.50) 0.49 0.31 (0.06–1.48) 0.15 0.34 (0.07–1.70) 0.19

 ABCD category 5.60 (0.98–31.95) 0.03 6.33 (1.02–39.16) 0.05 5.51 (0.90–33.54) 0.06
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(95% CI 1.06–4.45) for poor grade, 0.43 (95% CI 0.20–
0.94) for good HH grade vs. 3.50 (95% CI 1.41–8.67) 
for poor grade, 1.15 (95% CI 0.55–2.42) for absence of 
fever vs. 1.07 (95% CI 0.52–2.22) for presence of fever, 
0.50 (95% CI 0.23–1.07) for CD category vs. 2.86 (95% 
CI 1.21–6.76) for AB category.

In multivariate analyses, in model 1 (with WFNS 
grade, fever, and ‘ABCD’ category) and model 2 (with 
HH grade, fever, and ‘ABCD’ category), fever was not 
significantly associated with functional outcome. 
Adjusted odds ratios (ORs) for poor outcome for poor 
WFNS grade were 5.47 (95% CI 1.43–20.76) and for 
poor HH grade were 7.25 (95% CI 2.0–26.7); adjusted 
OR for poor outcome for AB group were 5.45 (95% CI 
1.46–20.36) in the model with WFNS, and 5.52 (1.41–
21.70) in the model with HH. Strata-specific adjusted 
ORs are shown in Table  4. In the linear regression 
model using WFNS grade for clinical severity, with CD 
classification with a good WFNS clinical grade as the 
reference, AB classification with a poor WFNS grade 
had the highest adjusted OR for poor outcome (45.2 
[95% CI 5.6–365.6]), whereas poor clinical grade with 
CD classification had a lower adjusted OR (16.7 [95% 
CI 2.2–127.4]) for poor outcome compared with good 
WFNS grade and AB categorization (29.0 [95% CI 2.3–
362.9]). Similarly, in the model with HH grade included 
and CD classification with a good HH grade as the ref-
erence, poor clinical grade with AB categorization had 
the highest adjusted OR for poor outcome. There was 
no evidence of significant interaction between clinical 
grades and ABCD classification.

Mortality
Univariate and multivariate analyses of variables asso-
ciated with mortality are shown in Table  3. In the uni-
variate analysis, death was associated with poor clinical 
grades and ‘ABCD’ classification but not with fever; 
unadjusted odds for death were 0.10 (95% CI 0.02–0.42) 
for good WFNS grade vs. 0.28 (95% CI 0.13–0.63) for 
poor grade, 0.07 (95% CI 0.01–0.30) for good HH grade 
vs. 0.42 (95% CI 0.18–0.96) for poor grade, 0.26 (95% CI 
0.11–0.64) for presence of fever vs. 0.16 (95% CI 0.05–
0.45) for absence of fever, and 0.40 (95% CI 0.17–0.90) 
for AB category vs. 0.07 (95% CI 0.02–0.30) for CD cate-
gory. In multivariate analyses using WFNS clinical grade, 
‘ABCD’ classification had the highest adjusted OR for 
death (6.3 [95% CI 1.02–39.16]). However, in the model 
using HH grade, clinical grade was significantly associ-
ated with death, and ‘ABCD’ classification showed a trend 
of association (p = 0.06). In strata-specific analyses with 
both WFNS and HH grades, poor clinical grade with AB 
category had the highest mortality rate (Table 4). There 
was evidence of some interaction of ‘ABCD’ classification 
with WFNS grade (p = 0.03) but not HH grade (p = 0.21) 
in these analyses.

In the sensitivity analysis using a logistic regression 
model with age, HH grade, and evidence of stroke, addi-
tion of ‘ABCD’ classification significantly improved the 
model for both functional outcome and mortality. For 
the mRS score, the AUC improved from 0.7652 (good) to 
0.8141 (excellent), and for mortality, the AUC improved 
from 0.7894 (good) to 0.8383 (excellent) (Fig. 3c, d).

Table 4 Logistic regression testing for interaction between ABCD classification and SAH clinical grade with strata-specific 
adjusted effect size on functional outcome and mortality

CI, confidence interval, HH, Hunt and Hess, OR, odds ratio, SAH, subarachnoid hemorrhage, WFNS, World Federation of Neurological Surgeons

sp value for interaction with functional outcome: 0.09 (likelihood ratio test)
† p value for interaction with mortality: 0.03 (likelihood ratio test)
‡ p value for interaction with functional outcome: 0.18 (likelihood ratio test)
§ p value for interaction with mortality: 0.21 (likelihood ratio test)

Functional outcome Mortality

Adjusted OR (95% CI) p value Adjusted OR (95% CI) p value

WFNS grade*,†

 CD and good grade Reference Reference

 CD and poor grade 16.7 (2.2–127.4) 0.007 1.7 (0.1–31.0) 0.729

 AB and good grade 29.0 (2.3–362.9) 0.009 5.0 (0.2–108.0) 0.235

 AB and poor grade 45.2 (5.6–365.6) < 0.001 11.9 (1.1–125.6) 0.039

HH  grade‡,§

 CD and good grade Reference Reference

 CD and poor grade 17.6 (2.5–124.6) 0.004 2.55 (0.1–47.1) 0.528

 AB and good grade 13.4 (1.8–96.9) 0.010 3.2 (0.2–61.6) 0.446

 AB and poor grade 39.2 (5.6–274.5) < 0.001 19.2 (1.8–200.4) 0.014
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Details of justification for withdrawal of life-sustaining 
therapy were as follows: clinical deterioration and loss of 
pupillary function despite maximal therapy, multifocal 
cerebral infarctions and status epilepticus, multiorgan 
failure and dependence on continuous renal replacement 
therapy, bilateral middle cerebral artery infarctions, bilat-
eral hemispheric infarctions, persistent coma at 23 days 
post injury and dependence on continuous renal replace-
ment therapy, poor examination results with right poste-
rior middle cerebral artery infarction, multifocal cerebral 
infarctions, and poor examination results and advanced 
age.

Discussion
In this study, we have examined whether there is evidence 
of disruption in corticothalamic integrity of the anterior 
forebrain mesocircuit following SAH and whether this is 
associated with clinical outcomes. Results from our study 
suggest that broad corticothalamic functional denerva-
tion occurs following SAH in some patients and is associ-
ated with poor functional outcome and higher probability 
of death. Furthermore, this denervation occurs early after 
SAH, and its spectral signature may be used as an objec-
tive biomarker for early brain injury. Importantly, the 
spectral signature provided a statistically independent 
measure from clinical SAH grade.

Compared with patients with CD type spectral patterns 
on EEG, those with AB type patterns had lower GCS 
scores at discharge, higher mRS scores, a higher propor-
tion of poor functional outcome by dichotomized mRS 
score, and higher mortality. When ‘ABCD’ classification 
is combined with clinical grade, there is a sequentially 
increased probability for poor functional outcome and 
death: from good grade with an intact corticothalamic 
network to poor grade with severely disrupted or absent 
connectivity.

Disruption in neuronal cells and pathways has been 
demonstrated in acute stages of SAH. Neurofilament-
heavy (NfH) chains, related to axonal degeneration, have 
been described in cerebrospinal fluid following SAH and 
correlate with initial GCS score and WFNS grade and 
inversely with the Glasgow Outcome Scale score [37]. 
Patients with poor functional outcome had higher NfH 
chain levels early, which increased at around day 7, fol-
lowed by a secondary increase in levels at around 2 weeks 
related to delayed cerebral ischemia. Although the major-
ity of patients in this particular study underwent surgi-
cal clipping, the ninefold higher concentration of NfH 
chains in patients with poor outcome seems to suggest 
worse axonal injury in those patients. Furthermore, 
as demonstrated by the partially delayed time course, 
axonal damage that leads to network interruption may be 
independent of perfusion [38, 39]. Similar findings were 

found with both cerebrospinal fluid and plasma concen-
trations of neurofilament-light chains [40, 41].

It is therefore relevant to be able to identify and vali-
date an objective bedside marker for structural injury in 
arousal networks based solely on passive measures; thus, 
D type spectrum in a patient with SAH with low clinical 
grade may identify an important dissociation. Equally, it 
is important to distinguish whether there is widespread 
thalamic or neocortical neuronal death, thalamocortical 
deafferentation, or subset network (circuit) dysfunction 
[14]. A mixture of these might be possibly seen follow-
ing SAH and account for degrees of arousal disturbances. 
A specific signature, as demonstrated within the ‘ABCD’ 
model, may be helpful in discerning severe deafferenta-
tion versus preserved connectivity, which can help assess 
early neurological status.

Our data illustrate intermediate association between 
clinical severity grades on initial neurological assessment 
following SAH and ‘ABCD’ classification and may explain 
why presenting clinical grades do not always relate abso-
lutely with neurological outcome. There are likely other 
factors that play a role in the initial neurological condi-
tion after hemorrhage, such as hydrocephalus, increased 
intracranial pressure, hypoperfusion, etc. Moreover, clin-
ical grades are static and graded at admission, whereas 
EEG classification is dynamic.

This study has several implications. Firstly, it provides 
evidence of corticothalamic disruption following SAH; 
the severity is related to severity of hemorrhage at pres-
entation. However, given several confounders at initial 
ictus, the spectral signature provides an objective meas-
ure of injury severity and can serve as a mechanistic bio-
marker for early brain injury. The spectral signature can 
potentially be visualized via a simplified automated spec-
tral display in real time and can serve as an additional 
and useful objective bedside tool.

Secondly, ‘ABCD’ pattern is associated with, and pre-
dicts, outcomes with good discrimination. This may 
aid early decision-making, especially when unknown 
confounders may make prognostication incomplete or 
uncertain. Withdrawal of life-support treatment occurs 
often in patients with SAH with poor neurological exam-
ination results yet may be on unconvincing grounds for 
the family and physician.

Thirdly, spectral pattern may be used to measure sec-
ondary deterioration or effect of therapies that may be 
deemed beneficial. Several drugs, including zolpidem, 
amantadine, and L-dopa, have been shown to rebalance 
excitatory–inhibitory balance in the forebrain meso-
circuit and result in changes in consciousness following 
acute brain injury [42]. These can be tested and moni-
tored by using connectivity studies in real time in acute 
settings. If such a real-time tool is developed, it may 
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also be beneficial in demonstrating whether other inter-
ventions, such as those aimed at decreasing intracranial 
pressure or increasing cerebral perfusion, impact an oth-
erwise unconscious patient. Additionally, because cEEG 
was generally performed several days after initial injury, 
it may be useful to evaluate changes in spectra over time 
rather than in a single, static time point.

Lastly, understanding the mechanisms of loss of con-
sciousness networks following SAH is key to developing 
new-generation therapies that may modify outcomes 
following this devastating brain injury. Understanding 
network connectivity at bedside without the use of func-
tional MRI is certainly helpful and opens up a new field 
of investigation.

This is a retrospective study; therefore, biases in treat-
ment of patients cannot be ruled out. Certainly, patient 
selection is biased toward those who underwent cEEG 
because of clinical indications, as patients with both 
excellent and dismal clinical examination findings might 
not have had a clinically appropriate reason for the test 
to be performed. We have not examined concordance 
between cognitive function and EEG spectra in indi-
vidual patients. However, in the pooled cohort, there is a 
tendency for worse outcomes in patients with poor GCS 
scores and poor category spectra.

The median time to EEG was 3  days from ictus. The 
assumption is that most of our findings are second-
ary to ictal events; however, it cannot be ruled out that 
other events after SAH may also contribute to cortico-
thalamic disruption. The incidence of strokes was low in 
our cohort, but hypoperfusion seen on CT perfusion was 
not uncommon; although these occurred later in the stay, 
there may be some relationship between them. There-
fore, these findings, as all others in complex critically ill 
patients, must be viewed with the knowledge that in such 
patients, residual confounding may remain.

It is well known that multiple physiologic and phar-
macologic factors can affect EEG background, including 
sedating medication, which can cause both diffuse delta 
activity as well as excess alpha and beta activity. To mini-
mize the potential effects of sedating medications, EEG 
segments were reviewed during morning wake-up neu-
rological examinations, for which sedation holidays were 
always performed; however, a washout period bias may 
exist.

Withdrawal of life-sustaining therapy significantly 
limits interpretation of mortality data. In our study, 9 of 
12 deaths occurred in this setting and 11 of 12 deaths 
occurred during the initial hospitalization. After exam-
ining in detail the degree of injury for these patients at 
the time of death, we concluded that they would not 
have an impact on functional outcomes as evaluated in 
this study. And it remains rather likely that long-term 

survival in these patients was doubtful. The mRS score is 
retrospectively abstracted and may carry a bias, although 
retrospective evaluation directly from patients has been 
validated as accurate for use in stroke research [43]. 
Lastly, small sample size limited our ability to examine 
each category of the ABCD model separately, necessitat-
ing combination of AB and CD spectral types.

Conclusions
Injury to corticothalamic connectivity, as determined 
by power spectra on EEG, occurs early after aneurysmal 
SAH. These findings provide a novel basis for under-
standing mechanisms of early brain injury after SAH, 
and the categorized spectral signatures can serve as a 
useful biomarker. Furthermore, ‘ABCD’ classification sig-
nificantly improved accuracy of prediction of functional 
outcome when combined with known predictors. Further 
prospective studies are needed to validate this approach, 
along with using it to measure effects of interventions in 
improving outcomes after SAH.
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