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� EEG powers in the alpha, beta and delta bands are independent predictors of post-stroke outcome.
� Delta-theta to alpha-beta ratio and alpha relative power are good qEEG stroke outcome predictors.
� Quantitative EEG indices improve the discriminative capacity of outcome models of acute stroke.

a b s t r a c t

Objective: To identify the most accurate quantitative electroencephalographic (qEEG) predictor(s) of
unfavorable post-ischemic stroke outcome, and its discriminative capacity compared to already known
demographic, clinical and imaging prognostic markers.
Methods: Prospective cohort of 151 consecutive anterior circulation ischemic stroke patients followed for
12 months. EEG was recorded within 72 h and at discharge or 7 days post-stroke. QEEG (global band
power, symmetry, affected/unaffected hemisphere and time changes) indices were calculated from mean
Fast Fourier Transform and analyzed as predictors of unfavorable outcome (mRS � 3), at discharge and
12 months poststroke, before and after adjustment for age, admission NIHSS and ASPECTS.
Results: Higher delta, lower alpha and beta relative powers (RP) predicted outcome. Indices with higher
discriminative capacity were delta-theta to alpha-beta ratio (DTABR) and alpha RP. Outcome models
including either of these and other clinical/imaging stroke outcome predictors were superior to models
without qEEG data. In models with qEEG indices, infarct size was not a significant outcome predictor.
Conclusions: DTAABR and alpha RP are the best qEEG indices and superior to ASPECTS in post-stroke out-
come prediction. They improve the discriminative capacity of already known clinical and imaging stroke
outcome predictors, both at discharge and 12 months after stroke.
Significance: qEEG indices are independent predictors of stroke outcome.

� 2018 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

Stroke is a leading cause of disability and mortality worldwide,
and despite advances in disease prevention, acute treatment and
rehabilitation, global stroke burden is expected to rise in the future
(Feigin et al., 2017). Early post-stroke prognostication is essential
both in the short-term (f. ex. in guiding treatment strategies) and
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in the long-term (to aid in rehabilitation management, in order to
improve recovery and minimize disability). Predictors of stroke
disability and associate death consistently include age and clinical
/ imaging related stroke severity (Adams et al., 1999; Barber et al.,
2000; Frankel et al., 2000; Hankey, 2003; Hankey et al., 2007;
Konig et al., 2008; Knoflach et al., 2012; Vogt et al., 2012). How-
ever, despite the existence of demographic, clinical and imaging
factors that can be associated with functional outcome, early pre-
diction of short and long-term post-stroke outcome is challenging
since there is large interindividual variability (Stinear, 2010).
Therefore, there is still need to identify reliable, inexpensive
biomarkers that can add prognostic information in these
patients. Due to accumulating evidence regarding neuro-vascular
uncoupling in acute ischemic stroke, neurophysiological
biomarkers seem increasingly relevant for predicting outcome
(Rossini et al., 2004).

EEG is a non-invasive, inexpensive diagnostic method, with
high temporal resolution, contributing to a rapid evaluation of
instantaneous brain function. However, its visual interpretation
requires technical experience, and may be subject to interrater
variability. Hence, quantitative EEG (qEEG) techniques have
emerged and have been proven informative in stroke prognostica-
tion (Finnigan and van Putten, 2013). These techniques have the
advantage of providing objective, rater-independent information,
which can be used in a variety of settings, including intensive care
units. Previous studies have also shown they can be equal to, or
even be more informative, than visual EEG interpretation for
detecting cerebral pathology (Sainio et al., 1983; Nuwer et al.,
1987; Cillessen et al., 1994; Murri et al., 1998).

In general, EEG parameters such as total power, relative delta
and alpha power, ratios between slower and faster frequencies
(such as the delta/alpha ratio [DAR] and the [delta + theta/alpha
+ beta] ratio [DTABR]), and brain symmetry indices (such as the
Brain Symmetry Index [BSI] and pair-derived BSI) have been
strongly associated with stroke outcome, for up to 12 months
(Finnigan and van Putten, 2013). These measures have also been
shown, in some studies, to be more reliable in prognostication than
standard clinical evaluation (Cuspineda et al., 2003; Finnigan et al.,
2007; Diedler et al., 2010; Sheorajpanday et al., 2010, 2011b) or
imaging biomarkers (Finnigan et al., 2004; Sheorajpanday et al.,
2010, 2011b).

However, direct comparison of these measures and indices for
predicting stroke outcome has yielded conflicting results
(Finnigan and van Putten, 2013). Moreover, few previous studies
attempted to control for independent known outcome factors, such
as age at stroke onset, clinical severity at admission or infarct size.

Therefore, the principal objectives of this study were: (1) to
identify the most accurate qEEG measure(s) associated with out-
come at discharge and 12 months after stroke, (2) to compare the
discriminative capacity of outcome models based exclusively in
already known demographic, clinical and imaging prognostic
markers and including one qEEG variable, and (3) to compare qEEG
and visual EEG analysis in stroke outcome prediction, in a large,
well defined cohort of acute anterior circulation ischemic stroke
patients.
2. Methods

2.1. Study design

Study design has been previously described (Bentes et al.,
2017b). We performed a prospective longitudinal study of consec-
utive anterior circulation ischemic stroke patients admitted to the
Stroke Unit of the Neurology Department of a University Hospital,
over a period of 24 months (from October 2011 to October 2013)
and followed for 12 months. The Ethics Committee ‘‘Comissão de
Ética para a Saúde” of our hospital approved the study. All subjects
or their next of kin gave written informed consent for participa-
tion. All included patients had to be previously independent (mod-
ified Rankin Scale [mRS] � 1), have a National Institutes of Health
Stroke Scale score (NIHSS) � 4 (Goldstein et al., 1989) upon admis-
sion to the emergency department, have an acute ischemic brain
lesion (CT scan or MRI) in the internal carotid artery territory
and no previous history of epileptic seizures nor traumatic head
injury requiring hospital admission.

2.2. Clinical assessment

All patients received standardized clinical and diagnostic
assessment, during admission and after discharge. An investigator
blinded to the neurophysiological evaluation conducted a phone
interview at six months and a clinical appointment 12 months
after stroke to access the occurrence of epileptic seizures and func-
tional outcome. Clinical stroke severity was assessed by NIHSS at
admission. The functional outcome at discharge and at 12 months
was assessed by the mRS scale (Banks and Marotta, 2007).

2.3. Neuroimaging interpretation

A senior neuroradiologist, (C.M. or C.C.) blinded for clinical and
electroencephalographic findings analyzed the neuroimaging stud-
ies. Doubts were decided by consensus. In patients with middle
cerebral artery stroke, infarct size was quantified by the Alberta
Stroke Program Early Computed Tomography Score (ASPECTS)
(Barber et al., 2000) in an acute brain CT (computed tomography)
scan performed in the first 24 h after stroke.

2.4. Neurophysiological evaluation

Patients underwent a neurophysiological evaluation protocol
that included a 64-channel video-EEG with a maximum duration
of 60 min in the first 72 h after stroke (first EEG). A similar EEG
was also collected at discharge or on the 7th day post-stroke (sec-
ond EEG). The neurophysiological protocol was previously
described (Bentes et al., 2017a). The record included an eyes-
closed, wake resting condition and eyes-open, hyperventilation
and photic stimulation activation maneuvers. Raw EEG review
was performed by a certified clinical neurophysiologist (CB) using
international criteria and terminology (Noachtar et al., 1999;
Beniczky et al., 2013; Hirsch et al., 2013), blinded for clinical and
imaging findings. All doubts were decided by consensus with
another clinical neurophysiologist (ARP).

2.4.1. EEG acquisition
The EEG was recorded in a Nihon-Kohden device with a sample

frequency of 1000 Hz. Consecutive samples of EEG, acquired in
similar technical conditions (eyes closed, resting condition outside
hyperventilation, photic stimulation or sleep) and with the best
possible technical quality, were selected forming an EEG segment
of 1–10 min.

2.4.2. EEG processing
EEG segments (high cutoff filter 70 Hz; low cutoff filter 0.5 Hz;

notch filter 50 Hz, average montage) were exported for FTT analy-
sis in BESA software (BESA Research 6.0, June 2013, BESA GmbH,
Graefelting, Germany). In BESA, visual and automatic rejection of
artifacts was done. When present, blinking artifacts were also
removed by principal component analysis. The EEG was then seg-
mented into 2.05s mini-epochs and FFT analysis was performed for
each of these segments. Mean Fast Fourier Transform (FFT) of all
the 2.05 s mini-epochs of the selected EEG segment was computed
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in the following frequency bands: Delta – 1–4 Hz; Theta – 4–8 Hz;
Alfa – 8–12 Hz; Beta – 12–30 Hz. Relative (RP) and absolute power
(AP) in these frequency bands was obtained.

2.4.3. Computed indices (qEEG predictors)
Several qEEG indices were calculated from both hemispheres,

the affected and unaffected hemisphere, from the first and second
EEG recordings, and in the frequency bands described in Sec-
tion 2.4.2. Details for qEEG index calculation are presented in Sup-
plementary Appendix A.

Computed indices were: global relative power indices including
delta, theta, alpha and beta relative power, as well as ratios
between slow and fast frequencies (slow (delta-theta) and fast
(alfa-beta) frequencies ratio (DTABR), delta and alpha ratio
(DAR)). Furthermore, symmetry indices included the brain symme-
try index (BSI) and the ratio between affected and unaffected
hemisphere RP. We also calculated affected and unaffected hemi-
sphere indices. Lastly, we computed time changes indices, reflect-
ing the dynamic changes between the first (0–72 h) and second
EEG (discharge or 7th day post-stroke): Acute Symmetry Change
Index (ASCI), Acute Delta, Alpha, Theta and Beta Change Indices,
and Acute DTABR Change Index. For simplicity purposes, only
results concerning the global relative power indices are reported
in the main document. Results from other indices can be found
in Supplementary Appendix B. EEG indices were, whenever neces-
sary, transformed to their natural logarithm or square root in order
to have normal distribution and homogeneity of variances, as
required for logistic regression models.

2.5. Outcomes

The outcomes in this study were an unfavorable functional out-
come (mRS � 3) at discharge and 12 months after stroke.

2.6. Statistical analysis

EEG spectral indices were evaluated using descriptive statistics
(mean and standard deviation) in patients with unfavorable and
favorable outcome at discharge (first EEG indices) and 12 months
(first, second and dynamic EEG evolution indices) post-stroke.
Bivariate analyseswereperformedbetweengroupsusing t-test after
confirming their normal distribution (ShapiroWilk andKolmogorov
Smirnov tests) orMann-Whitney test innon-normal variables. Prog-
nostic models were constructed using logistic regression. Homo-
geneity of variances was confirmed with the Levene test, and
model calibration was analyzed by Hosmer-Lemeshow. QEEG vari-
ables with a significant association in the bivariate analysis were
adjusted for known functional outcome predictors of stroke
(Adams et al., 1999; Barber et al., 2000; Knoflach et al., 2012; Vogt
et al., 2012), namely age, clinical stroke severity (admission NIHSS)
and imaging infarct size (ASPECTS). All logistic models were con-
structed with only one qEEG variable plus these previously known
outcome predictors, in order to avoid the multicolinearity between
qEEG variables. Logistic models were performed with the neuro-
physiological variables in their natural logarithm (Ln) or square root
transformation to comply with the model requisites.

Additionally, to assess the overall internal validation of each
model, a 10-fold cross-validation techniquewas implemented. After
dividing the dataset into 10 random folds, we used N-1 (9) folds to
calculate the model coefficients, which were then applied to the
remaining fold to yield fitted values for these observations. The pro-
cess was repeated 10 times using different folds of the data. Finally,
we used the fitted values to obtain a cross-validated area under the
ROC curve (cvAUC) and corresponding 95% confidence intervals.

Using DeLong tests, the outcome prediction model including the
qEEG index with highest cvAUCs was compared with the model
including exclusively known stroke outcome predictors, as well
as with models using known predictors and visual EEG analysis
variables, namely background activity asymmetry. EEG back-
ground asymmetry was chosen in accordance to a previous report
where it was shown that this was the variable more strongly asso-
ciated with anterior circulation ischaemic stroke outcome (Bentes
et al., 2017c). Cut-off values were calculated for various sensitivi-
ties and specificities. The significance level was a � 0.05. Statistical
analysis was performed using SPSS program version 24 for Mac,
and STATA 14.2 for Mac (Statacorp�).
3. Results

3.1. Study population

One-hundred-and-fifty-one patients (112 men and 39 women)
were included, with a mean age of 67.4 (S.D. 11.9) years. During
the study period, 23 patients died (seven during admission before
day 7). One patient (0.66%) was lost for clinical follow-up at
12 months. All patients had at least one acute CT scan and D1
EEG. In 8 patients, D7 EEG was not performed. One patient had
bilateral middle cerebral artery stroke and was not included. Study
flowchart and further details of the sample studied have been
previously described (Bentes et al., 2017c).

3.2. Functional outcome at discharge and at 12 months

3.2.1. Bivariate analyses
All patients were included in the analysis. The average duration

of the EEG segments used for FFT calculation, after artifact removal
was 248 ± 222 s (median 213 s). Tables 1 and 2 show the main
qEEG indices calculated for patients who were alive and indepen-
dent at discharge and at 12 months, respectively, as compared to
patients who died or were dependent at these time points. Most
qEEG indices show significant differences between these two
groups. Overall, dependence or death at discharge is associated
with EEGs with higher slow frequency (delta) and lower high fre-
quency (alpha and beta) powers, both in overall EEG power and
in each hemisphere separately (affected and unaffected). Further
results from the bivariate analysis are found in Supplementary
Appendix B.

3.2.2. Multivariate analyses
On multivariate analysis, after controlling for admission NIHSS,

age and ASPECTS, most of the neurophysiological variables
remained independent predictors of outcome (Supplementary
Appendix B).

After 10-fold cross-validation, the variables rendering models
with highest cvAUC were DTABR, and alpha RP. Therefore, models
including DTABR or alpha RP were chosen for ROC comparison
with both the known functional outcome predictors model and
the model with visual EEG analysis of background asymmetry
(Fig. 1). While DTABR is associated with the highest cvAUC both
at discharge and 12 months, alpha RP was chosen because it is easy
to calculate and is less prone to be interfered by artifacts than qEEG
indices including lower frequencies.

Table 3 displays the comparison between stroke outcome pre-
diction models characteristics at discharge and 12 months post-
stroke. For discharge outcome, compared with the known
functional outcome predictors model (cvAUC 0.752, 95% CI
0.671–0.834), both models including DTABR (cvAUC 0.827, 95%
CI 0.758–0.895) or alpha RP (cvAUC 0.814, 95% CI 0.742–0.885)
preform significantly better (DeLong tests: p = 0.009 and p =
0.023, respectively). The discriminative capacity of models includ-
ing DTABR or alpha RP was similar (DeLong tests p = 0.3525).



Table 1
Quantitative EEG indices and outcome at discharge.

qEEG index mRS < 3
(n = 52)

mRS � 3
(n = 99)

Bivariate analysis
p

Multivariate analysis OR (95%CI)
p

Cross-validated AUC (95% CI)

1st EEG (0–72 h)
Delta RP 0.37 ± 0.17

(0.37)
0.54 ± 0.17
(0.54)

<0.001* 125.0 (9.2–1692.4)
<0.001a

0.812
(0.740–0.884)

Theta RP 0.20 ± 0.08
(0.21)

0.22 ± 0.09
(0.20)

n.s.+ – –

Alpha RP 0.23 ± 0.12
(0.22)

0.13 ± 0.08
(0.11)

<0.001+ 0.221 (0.099–0.492)
<0.001b

0.814
(0.742–0.885)

Beta RP 0.20 ± 0.13
(0.18)

0.12 ± 0.08
(0.09)

<0.001+ 0.28 (0.140–0.574)
<0.001b

0.803
(0.729–0.877)

DTABR 1.87 ± 1.45
(1.51)

4.61 ± 3.29
(4.01)

<0.001+ 1.702 (1.297–2.231);
p < 0.001a

0.827
(0.758–0.895)

Results in the 2nd and 3rd column are shown as mean ± standard deviation (median) of the natural logarithm of the EEG index. Multivariate analyses
included the variables age, NIHSS at admission and ASPECTS scores plus the EEG index. CI 95% – 95% confidence interval; OR – odds ratio; RP – relative
power; DTABR – delta-theta to alpha-beta ratio.

* t-test.
+ Mann-Whitney U test.
a Logistic regression using the untransformed variable.
b Logistic regression using the variable transformed into the natural logarithm.

Table 2
Quantitative EEG indices and outcome at 12 months.

qEEG index mRS < 3
(n = 73)

mRS � 3
(n = 77)

Bivariate analysis
p

Multivariate OR (95%CI)
p

Cross-validated AUC (95% CI)

1st EEG (0–72 h)
Delta RP 0.41 ± 0.17

(0.40)
0.56 ± 0.17
(0.58)

<0.001* 129.8 (8.8–1904.5)
<0.001a

0.836 (0.771–0.900)

Theta RP 0.20 ± 0.09
(0.20)

0.22 ± 0.09
(0.22)

n.s.+ – –

Alpha RP 0.21 ± 0.11
(0.17)

0.12 ± 0.08
(0.11)

<0.001+ 0.16 (0.064–0.380)
<0.001b

0.852 (0.790–0.913)

Beta RP 0.19 ± 0.12
(0.16)

0.11 ± 0.08
(0.08)

<0.001+ 0.28 (0.137–0.572)
<0.001b

0.829
(0.763–0.895)

DTABR 2.17 ± 1.56
(1.68)

5.12 ± 3.46
(4.15)

<0.001+ 1.668 (1.297–2.143)
p < 0.001a

0.859
(0.800–0.919)

2nd EEG (day 7 or discharge)
Delta RP 0.37 ± 0.16

(0.33)
0.57 ± 0.19
(0.57)

<0.001+ 165.4 (13.43–2036.1)
<0.001a

0.833
(0.768–0.899)

Theta RP 0.19 ± 0.10
(0.15)

0.20 ± 0.09
(0.18)

n.s.+ – –

Alpha RP 0.24 ± 0.13
(0.22)

0.13 ± 0.10
(0.10)

<0.001+ 0.001 (0.000–0.027)
<0.001c

0.827
(0.760–0.894)

Beta RP 0.21 ± 0.13
(0.18)

0.10 ± 0.09
(0.08)

<0.001+ 0.319 (0.17–0.60)
<0.001b

0.819
(0.750–0.888)

DTABR 1.88 ± 1.89
(1.25)

10.64 ± 35.91
(4.15)

<0.001+ 3.17 (1.86–5.42)
p < 0.001a

0.843
(0.779–0.907)

Results in the 2nd and 3rd column are shown as mean ± standard deviation (median) of the natural logarithm of the EEG index. Multivariate analyses
included the variables age, NIHSS at admission and ASPECTS scores plus the EEG index. OR – odds ratio; RP – relative power; DTABR – delta-theta to alpha-
beta ratio.

* t-test.
+ Mann-Whitney U test.
a Logistic regression using the untransformed variable.
b Logistic regression using the variable transformed into the natural logarithm.
c Logistic regression using the variable transformed into the square root.

C. Bentes et al. / Clinical Neurophysiology 129 (2018) 1680–1687 1683
Analogously, for 12-month outcome, compared with the model
with known functional outcome predictors (cvAUC 0.794, 95% CI
0.722–0.865), both models including DTABR (cvAUC 0.859, 95%
CI 0.800–0.919) and alpha RP (cvAUC 0.852, 95% CI 0.790–0.913)
had significantly higher discriminative capacity (DeLong tests: p
= 0.009 and p = 0.015, respectively). As for discharge, the predictive
power of models including DTABR or alpha RP was similar (DeLong
tests p = 0.5482).

Moreover, for both discharge and 12-month unfavorable out-
come, NIHSS remains as the only independent predictor together
with any of the two qEEG indices.

Finally, visual analysis of EEG background asymmetry was also
an independent prognostic marker of poor functional outcome at
discharge (cvAUC 0.831, 95% CI 0.762–0.900) and 12 months
(cvAUC 0.890, 95% CI 0.837–0.943) and performed significantly
better than the known functional outcome predictors model alone
(DeLong test: 0.010 for discharge and 0.001 for 12 months). The
discriminative capacity of the model incorporating visual EEG anal-
ysis was not significantly different compared with models with
either qEEG index (DTABR – DeLong test: 0.767 for discharge and
0.185 for 12 months; alpha RP – DeLong test: 0.190 for discharge
and 0.100 for 12 months).

3.2.2.1. Cutoff values for alpha relative power in the first EEG.
Table 4 shows the sensitivity and specificity values for alpha RP
obtained from the first EEG, for predicting unfavorable outcome.



Fig. 1. Receiver Operating Characteristic (ROC) curves for multivariate models including known post-stroke outcome predictors (KP – age, admission NIHSS and ASPECTS),
with or without one additional qEEG index (DTABR – delta-theta to alfa-beta ratio or alpha RP – relative power) obtained from the quantitative analysis of the first EEG or
visual EEG analysis (background asymmetry) of the same record, in relation to poor functional outcome at discharge (A) and 12 months (B).

Table 3
Comparison between stroke outcome (mRS � 3) prediction models characteristics at discharge (A) and 12 months (B).

Model Omnibus Test Nagelkerkes
R2

Hosmer &
Lemeshow test

PAC
(%)

SEN
(%)

SPE
(%)

PPV
(%)

NPV
(%)

Cross-validated AUC
(95% CI)

A. Unfavorable outcome at discharge
KPa v2(3) = 34.94; p <

0.001
0.294 v2(8) = 4.90; p =

0.768
73.3 85.4 50.0 76.6 64.1 0.752 (0.671–0.834)

Alpha RPb v2(1) = 28.5; P <
0.001

0.238 v2(8) = 10.1; p =
0.259

72.8 86.9 46.2 75.4 64.9 0.756 (0.674–0.838)

DTABRb v2(1) = 37.3; P <
0.001

0.302 v2(8) = 4.74; p =
0.785

71.5 84.8 46.2 75.0 61.5 0.785 (0.710–0.860)

KPa + alpha RPb v2(4) = 50.79; p <
0.001

0.406 v2(8) = 5.07; p =
0.751

76.7 85.4 60.0 80.4 68.2 0.814 (0.742–0.885)

KPa + DTABRb v2(4) = 3.73; p <
0.001

0.426 v2(8) = 4.44; p =
0.816

78.1 87.5 60.0 80.7 71.4 0.827 (0.758–0.895)

KPa + visually analyzed EEG
background asymmetry

v2(4) = 59.25; p <
0.001

0.461 v 2(8) = 3.67; p =
0.885

76.7 81.3 68.0 82.9 65.4 0.831 (0.762–0.900)

KPa + visually analyzed EEG
background slowingb

v2(4) = 46.61; p <
0.001

0.378 v2(8) = 5.01; p =
0.756

74.7 82.3 60 79.8 63.8 0.787 (0.713–0.861)

B. Unfavorable outcome at 12 months
KPa v2(3) = 52.15; p <

0.001
0.403 v2(8)=5.20; p =

0.736
71.0 70.3 71.8 72.2 69.8 0.794 (0.722–0.865)

Alpha RPb v2(1) = 36.42; p <
0.001

0.287 v2(8) = 15.6; p =
0.048

68.0 70.1 65.8 68.4 67.6 0.768 (0.692–0.844)

DTABRb v2(1) = 40.52; p <
0.001

0.316 v2(8) = 9.98; p =
0.266

70.7 76.6 64.4 69.4 72.3 0.774 (0.697–0.850)

KPa + alpha RPb v2(4) = 73.48p <
0.001

0.530 v2(8) = 6.61; p =
0.579

77.2 75.7 78.9 78.9 75.6 0.852 (0.790–0.913)

KPa + DTABRb v2(4) = 73.15 ; p <
0.001

0.528 v2(8) = 8.78; p =
0.361

77,2 79,7 74,6 76.6 77.9 0.859 (0.800–0.919)

KPa + visually analyzed EEG
background asymmetry

v2(4) = 93.52; p <
0.001

0.634 v2(8) = 4.38; p =
0.82

84.8 81.1 88.7 88,2 81,8 0.890 (0.837–0.943)

KPa + visually analyzed EEG
background slowingb

v2(4) = 83.169; p
< 0.001

0.582 v2(8) = 5.96; p =
0.652

82.8 78.4 87.3 84.1 79.5 0.866 (0.808–0.924)

KP – known post-stroke outcome predictors (age, admission NIHSS, 1st CT ASPECTS score); RP – relative power; DTABR – delta-theta to alpha-beta ratio; PAC – Percentage
accurately classified; SEN – sensitivity; SPE – specificity; PPV – positive predictive value; NPV – negative predictive value; AUC – area under the ROC curve; CI – confidence
interval.

a Age and ASPECTS are non-significant variables in the model.
b 1st EEG (0–72 h).
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This neurophysiological variable, in isolation, predicts unfavor-
able outcome with an area under the ROC curve of 0.750 (95%
CI 0.669–0.832) at discharge and 0.769 (95%CI 0.695–0.844) at
12 months. For both discharge and 12-month outcomes, an alpha
RP lower than 10% on an EEG performed in the first 72 h
post-stroke shows high specificity to predict unfavorable out-
come (87–89%), despite low sensitivity (37–46%). Alpha RP below
20% have higher sensitivity to detect patients with
unfavorable outcome (86 and 90%, respectively) albeit low
specificity.



Table 4
Sensitivity and specificity of different Ln D1 alpha RP values for predicting
unfavorable outcome.

1st EEG (0–72 h) Sensitivity Specificity

Death or functional dependency at discharge (mRS � 3)
Ln alpha RP � �2.3

(alpha RP � 10%)
37–46% 87–89%

Ln alpha RP � �1.9
(alpha RP � 15%)

66–70% 67–71%

Ln alpha RP � �1.6
(alpha RP � 20%)

86% 52–54%

Death or functional dependency at 12-month post-stroke (mRS � 3)
Ln alpha RP � �2.3

(alpha RP � 10%)
46–53% 86–89%

Ln alpha RP � �1.9
(alpha RP � 15%)

71–77% 53–66%

Ln alpha RP � �1.6
(alpha RP � 20%)

90% 44–45%

Ln – natural logarithm; RP – relative power.
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4. Discussion

To the best of our knowledge, this is the largest study evaluat-
ing quantitative EEG parameters for prediction of post-stroke func-
tional outcome. In a consecutively selected, well defined, acute
anterior circulation ischemic stroke cohort, the predictive accuracy
of qEEG measures was examined while controlling for clinical and
imaging variables, which are available and easily determined in
clinical practice in a stroke unit.

In this study, comparing absolute and relative frequency band
power indices, symmetry measures and dynamic time changes,
we have shown that most qEEG indices previously reported in
the literature are independent prognostic markers for poor func-
tional outcome. Additionally, DTABR and alpha RP are some of
the most accurate neurophysiological markers for outcome pre-
diction, both at discharge and 12 months after stroke. Lower
alpha RP, higher DTABR and higher NIHSS scores were sufficient
to predict poor functional outcome, rendering age and ASPECTs
scores non-significant in our models. Furthermore, these qEEG
indices seem to provide additional prognostic information to
already known clinical and imaging-related predictors, and with
similar performance to previously reported visual EEG analysis
of background asymmetry. Finally, we report that alpha RP below
10% is highly specific for a poor functional outcome at both
timelines.

Negative correlation between alpha activity and stroke outcome
is in accordance with several previous studies (Sainio et al., 1983;
Szelies et al., 2002; Cuspineda et al., 2007; Finnigan et al., 2007;
Diedler et al., 2010; Schleiger et al., 2014). Alpha frequencies are
thought to derive from cortical layers IV and V, whereas slower
delta or theta frequencies are generated by the thalamus and cor-
tical layers II-VI (Schuijt et al., 2012). Therefore, it is not surprising
that alpha activity disturbances reflect direct cortical injury
(Kaplan and Rossetti, 2011). Furthermore, the change in faster fre-
quencies, such as alpha, is thought to precede the increase in
slower frequencies, as shown in patients undergoing carotid
endarterectomy with continuous EEG and cerebral blood flow
measurements (Sharbrough et al., 1973). In 47 patients with uni-
lateral cerebral infarction, relative alpha frequency positively cor-
related with regional cerebral blood flow and oxygen
metabolism, as measured by positron emission tomography
(Nagata et al., 1989). The same variable has been positively corre-
lated with cognitive outcome (in a functional assessment scale), as
well as with improvement in post-stroke aphasia (Szelies et al.,
2002; Schleiger et al., 2014). This assessment might be even
extended to critical care ventilated patients, where a decrease in
faster frequency activity has been associated with drop in cerebral
perfusion pressure (Diedler et al., 2009). In patients presenting
with subarachnoid hemorrhage, relative alpha power was able to
predict the development of delayed cerebral ischemia
(Rathakrishnan et al., 2011). Moreover, alpha activity may rapidly
increase after successful reperfusion due to rt-PA administration
in acute stroke (Finnigan et al., 2006). In a previous study, we have
shown that, in visual EEG analysis, the variables more strongly
associated with outcome were background activity slowing and
background activity asymmetry (Bentes et al., 2017c). On visual
analysis, background slowing is usually related to a decrease in
alpha frequency or absent alpha activity. Therefore, the qEEG find-
ings are in accordance with the visual analysis.

Other neurophysiological variables (DTABR, DAR, delta RP), also
strongly and independently associated with outcome, incorporate
lower frequencies, such as delta power. Delta oscillations usually
emerge and have higher voltage in the core lesion of ischemic
stroke patients (Murri et al., 1998). They may be more predomi-
nant on the affected hemisphere, but their presence in the unaf-
fected side, as measured by EEG and magnetoencephalography,
has been described as an important prognostic factor (Finnigan
et al., 2007; Tecchio et al., 2007; Assenza et al., 2013). In our sam-
ple, the DTABR was the qEEG index that was associated with higher
discriminative power in AUC analysis to detect short and long-
term poor prognosis after stroke. DTABR correlates negatively with
cerebral perfusion accessed by Position Emission Tomography in
stroke patients (Nagata et al., 1989) and as been shown to be very
sensitive and specific for discriminating between cerebral ischemia
and controls (Finnigan et al., 2015) and to be an independent prog-
nostic factor for short-term disability after lacunar stroke
(Sheorajpanday et al., 2011a). Sub-acute DTABR also predicted 6
months-disability in an unselected population of stroke patients
(Sheorajpanday et al., 2011b). Our data reinforces the importance
of this qEEG parameter as a strong predictor for short and long
term functional stroke outcome, when obtained as early as the first
72 h after stroke.

To the best of our knowledge, no previous study directly com-
pared the accuracy of alpha RP and DTABR as functional stroke out-
come predictors. Our data suggests that they are not significantly
different. In our study, we focused on reporting the predictive
value of alpha RP for several reasons. Firstly, our data has shown
that models with DTABR and alpha RP have similar discriminative
capacities. DTABR, besides requiring a more specific computation,
incorporates the delta frequency band that is more frequently
interfered by artifacts such as blinking, slow shifts or sudation. In
the clinical setting, where continuous EEG signal might not be sub-
mitted to the strict scrutiny for artifacts, as in this research, its
value may not be comparable. Overall, alpha RP seems a preferable
neurophysiological marker as it analyses the brain oscillatory
activity with higher signal to noise ratio on scalp EEG. Further-
more, some EEG patterns, such as Rapid Attenuation Without
Delta, may not be detected analyzing delta frequencies, and may
be present in large occlusive infarcts with poor outcome
(Schneider and Jordan, 2005).

In other studies, qEEG brain symmetry parameters have been
associated with functional outcome (van Putten and Tavy, 2004;
de Vos et al., 2008; Sheorajpanday et al., 2009, 2010, 2011b). In
our study, however, qEEG symmetry indices were not significant
on multivariate analysis. We used an average montage before per-
forming spectral analysis, whichmay reduce asymmetries between
oscillatory brain activities.

We have also shown that the discriminative capacity of EEG
characteristics obtained from visual EEG analysis is similar to qEEG
indices. This is an important finding, as visual EEG analysis is cum-
bersome and dependent on trained neurophysiologists. In contrast,
qEEG indices can be readily and easily available in a stroke unit and
can be interpreted by all health personnel.



1686 C. Bentes et al. / Clinical Neurophysiology 129 (2018) 1680–1687
One important finding in our study is the weaker effect of CT
imaging lesion size (ASPECTS), obtained from the first CT scan after
stroke, when compared to DTABR and alpha RP in outcome predic-
tion. To date, no previous study has compared ASPECTS with qEEG
parameters in outcome prediction. Although neuroimaging with CT
adds invaluable diagnostic information for stroke patients, this
technique has several limitations regarding lesion volume determi-
nation especially in the acute/hyperacute phase (Sillanpaa et al.,
2011). During this period, qEEG data may be more reliable and easy
to monitor, especially in intensive care settings.

Several limitations of this work are common to other qEEG
studies. Effective identification and exclusion of EEG artifacts
may be a challenge, such as muscle artifacts interfering with faster
activities, or eye movements with delta activity. In our study,
besides using an automatic method for artifact removal, an addi-
tional visual rejection was done. This may render the results less
applicable to qEEG measures in intensive care units, when depend-
ing solely upon automatic artifact removal. These results were also
obtained from 62-channels EEG that are not routine for EEG mon-
itoring. Further studies are necessary to validate these data.

In conclusion, in a large, well defined cohort of acute anterior
ischemic stroke patients, we found that the alpha RP or DTABR
are qEEG variables that contribute significantly for post-stroke out-
come prediction, at discharge and 12 months after stroke, when
controlled for demographic, clinical and imaging variables.
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