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Abstract

Objective.—Neurovascular coupling enables rapid adaptation of cerebral blood flow (CBF) to
support neuronal activity. Modern techniques enable the simultaneous recording of neuronal
activities and hemodynamic parameters. However, the causal relationship between electrical brain
activity and CBF is still unclarified. In this study, we investigated the causal relationship between
surface electroencephalogram (EEG) and cerebral blood flow velocity (FV) from transcranial
Doppler(TCD) using Granger causality (GC) analysis.

Approach.—Twenty simultaneous recordings of EEG and FV from 17 acute ischemic stroke
patients were studied. Each patient had simultaneous, continuous monitoring of EEG and bilateral
FVs in either the middle cerebral arteries (MCA) or posterior cerebral arteries (PCA). The causal
interactions between FV (0.006 — 0.4 Hz) and EEG (delta, theta, alpha, beta and gamma bands)
were investigated through GC index (GCI). In order to make the GCIls comparable, the proportion
of GCI (PGCI) values where G-causality is statistically significant were calculated. Scores on the
NIH Stroke Scale (NIHSS) and the modified Rankin Scale (mRS) for neurologic disability were
recorded respectively at discharge. Patients were divided into a deceased (mRS = 6) and a survival
group (MRS = 1to 5), and a favorable (mRS: 1 to 2) and unfavorable outcome group (mRS: 3 ~
6).

Corresponding author: Xiao Hu, Department of Physiological Nursing, 2 Koret Way, University of California, San Francisco, CA,
94143, USA. xiao.hu@ucsf.edu.
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Main Results.—This study identified a causal relationship from EEG — FV, indicating EEG
contained information that can be used for FV prediction. PGCI was negatively related with mRS
(p<0.05), indicating that stronger causalities between EEG and FV exist in patients with better
outcome. The NIHSS was negatively related with the asymmetry of the two-side PGCI, calculated
as the difference between the lesional side and non-lesional side PGCI.

Significance.—A causal relationship from EEG — FV may exist in patients with ischemic
stroke. The strength of G-causality may be related to stroke severity at discharge.

Neurovascular Coupling; Granger Causality; EEG; Cerebral Blood Flow; Stroke

Introduction

Electroencephalography (EEG) has been widely used as a noninvasive tool to study epilepsy,
cognitive function, and assess brain states in humans since Berger first reported alpha
rhythm (1). EEG has also been extensively used in the delineation of subclinical brain
injuries during neurosurgical procedures (2) and to inform about stroke features and
prognosis (3). Timely detection of brain ischemia is critical to prevent secondary injuries (4)
and monitoring techniques are needed to aid in this diagnosis. It has been recognized that a
close relationship exists between electrical brain activities — measured with EEG — and
hemodynamic responses — measured with functional magnetic resonance imaging (fMRI)
(5-7). Modulations in alpha rhythms are known to be negatively correlated with modulations
on blood oxygen level dependent (BOLD) fMRI (7). However, clarifying the
neurophysiology of hemodynamic responses has been hindered by the limited temporal
resolution of fMRI (8). Transcranial Doppler ultrasonography (TCD) is a non-invasive
technique that assesses blood flow velocity (FV) in large cerebral arteries (9), which is
inexpensive, portable and safe. Its high temporal resolution allows investigation of changes
in cerebral hemodynamics and neuronal dynamics in a time-synched fashion. Lam et al. (10)
demonstrated that the onset of electrocerebral silence recorded on EEG is associated with a
sudden reduction of cerebral blood flow velocity. Martynova et al. (11) reported a significant
correlation between EEG spectral distribution and FV in coronary arteries of stroke patients.
Interestingly, some researchers found significant correlation between FV and EEG (2,12)
while others did not (13-15). Of note, these studies mostly used correlation or coherence to
measure the statistical (linear) relationship between FV and EEG. However, these measures
do not provide insight into the directionality of information flow between electrical brain
activities and hemodynamic responses (16).

In a normal physiological state, it is expected that neuronal activities increase metabolism
and then CBF. Therefore, neurovascular coupling has an inherence directionality. However,
invasive studies using electrocorticographic (ECoG) and laser Doppler flowmetry to measure
local CBF have identified paradoxical decrease of CBF when patients develops cortical
spreading depolarization (17,18). Also, it is known that abnormal EEG patterns emerge
when CBF dropped below critical level (8,19), indicating a reversed causal relationship.
Therefore, adopting approaches of analyzing EEG and FV that can reveal direction of
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causality would enrich the information to be derived from these two signals and more
comprehensively characterize the state of neurovascular coupling.

In the present study, we analyzed the causal relationship between continuous EEG and FV
recordings using a widely used methodology, Granger causality (GC), which was first
introduced by Norbert Wiener in 1956(20), and further developed in 1969 by the
econometrician Clive Granger (21). To our knowledge, this is the first study to assess causal
relationship between EEG and FV. Signals were collected from a cohort of patients with
ischemic stroke post intravenous injection of tissue plasminogen activator (1\V-tPA) or
thrombectomy to whom multimodality monitoring were applied as part of a research
protocol to study its potential in providing decision support with regard to blood pressure
management and early detection of patient deterioration. Towards that goal, we further
elucidate the clinical relevance of neurovascular coupling characteristics by studying the
relationships between the strength of causality and two clinical scores, the NIH Stroke Scale
score (NIHSS) and the modified Rankin Scale (mRS) score.

2.1 Subjects and data sampling

Twenty recordings from seventeen ischemic stroke patients (three females) admitted to the
Neurointensive Care Unit (Department of Neurology, Beijing Tiantan Hospital, Capital
Medical University, Beijing, China) were studied. The mean age of the patients enrolled in
the study was 61.6 + 10.3 years. Three patients were monitored twice on the 2" and 4" day
after admission (patient 7, 11 and 15). All other patients were monitored once. Each
recording lasted between 15 and 175 minutes. The patients were treated with IV-tPA within
6 hours after stroke symptoms begin or with embolectomy if admitted after 6-hour window.
The recanalization was verified using computed tomography angiography (CTA) or
magnetic resonance angiography (MRA) after 24-hour surgery. Inclusion criteria were: (1)
age =18 years; (2) acute ischemic stroke confirmed by computed tomography (CT) or
magnetic resonance imaging (MRI); (3) stroke onset within 24 hours prior to hospital
admission; (4) stroke caused by cerebral large artery occlusion, including internal carotid
artery (ICA), middle cerebral artery (MCA), and vertebral or basilar artery (BA). We
excluded patients who had an insufficient or absent acoustic temporal bone window for TCD
FV recording or who had scalp wounds or infections preventing EEG electrode placement.

All enrolled patients underwent simultaneous, continuous monitoring of 8-lead EEG,
noninvasive arterial blood pressure (ABP), and TCD FV of the bilateral MCA or posterior
cerebral arteries (PCA). Written consent was obtained from each patient or the next of kin.
The study was approved by the local Institutional Review Board (IRB). Scores on the
NIHSS and mRS were recorded at discharge.

We monitored bilateral FVs from the MCA for the anterior circulation stroke patients (n =
14) and FVs from PCA (n = 3) for posterior circulation stroke patients through 2-MHz
probes mounted on a headband using transcranial Doppler ultrasound (Doppler BOX, DWL,
Singen, Germany or EMS-9PB Transcranial Doppler Ultrasound System, Delica, China).
ABP was continuously monitored through noninvasive finger plethysmography (CNAP
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Monitor 500, Graz, Austria or Finometer model 1, Finapres, Netherlands). Continuous EEG
monitoring was performed using 8 electrodes placed according to the international 10-20
system. EEG recordings were acquired using a Nicolet system (Nicolet V44 EEG Monitor,
Natus Neurology Incorporated, Wisconsin, USA or NSD-7101 Neuro Monitor System,
Delica, China) and analyzed in a longitudinal bipolar montage (F3-C3, T3-P3, P3-O1, F4-
C4, T4-P4, P4-02) (22). FV and ABP recordings were recorded simultaneously with EEG
signals through the neuro monitoring system (Nicolet V44 EEG Monitor or NSD-7101
Neuro Monitor System) at a sampling frequency of 500 Hz.

2.2 Data processing

As a preprocessing step, the first author reviewed all the data and removed all the data with
losing channels or obvious artifact (electromyography and electrooculography). Data from
each EEG and FV channel were normalized by subtracting the mean value and dividing by
the standard deviation of values across that channel. Bilateral FV signals were filtered using
a band pass filter (Chebyshev Type Il filter, 0.0055-0.4Hz) with the lower frequency limit
corresponding to the lower frequency of the so called “B” waves in cerebral hemodynamic
signals including CBFV (23). EEG recordings were notch-filtered to remove line noise and
band-pass filtered between 0.5 and 70 Hz. Hilbert transformation was applied to extract
instantaneous amplitudes in 5 frequency bands of the EEG signals (delta (0.5-4 Hz), theta
(47Hz), alpha (7-13 Hz), beta (13-30 Hz) and gamma (30-45 Hz). The stationarity of the
EEG and FV series was tested by Augmented Dickey-Fuller test for unit root, and the results
showed the series after normalization were stationary. A GC index (see section 2.3) was
calculated to estimate the causal relationship between FV and instantaneous EEG amplitude
in fifty 5-min windows randomly selected (bootstrapping method) without avoiding
overlapping of selected windows in each recording.

2.2.1 Instantaneous EEG Amplitude Calculation—Hilbert transformation leads to
a complex signal representation from which the phase, energy, and (instantaneous)
frequency can be derived (24-26). Let v;be a representation of an EEG channel and its
complex representation V/;can be defined as:

Vl = UI + iU’t (1)

where imaginary signal v; is given by the Hilbert transform of v;

® p ®pf— v _
o = Lpy * dr= —Llim Sk @
T —0o0

e—0Je T

where PV is the Cauchy Principal value. At any given time point, the instantaneous
amplitude A;of an EEG signal v;can be calculated as the analytic amplitude of the complex
vector V4, namely:

A=\l + ol ©
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2.2.2 Determination of EEG and FV directional information based on Granger
causality—A signal Yis said to Granger-cause (G-cause) a signal X'when the knowledge
of past information in X'and Yimproves the prediction of X'in comparison with the
knowledge of past information of Xalone (16). Assuming two autoregressive (AR) models
of a signal X}as follows:

m
thzizlaiXt—i+6t O

m m ,
Xt=Zizlaixt—i+zi=1bth—i+5t ®)

where m is the model order, g;and b;are the parameters, e,and &’ sare the residual of the
models. To evaluate if G-causality exists between signals X'and Y; we can determine which
of the models in eq. (4) and (5) better fits the underlying data. The G-causality between X
and Y (Gy-, x) can then be estimated using:

var(g;)
var(e'y)

Gy - x=In . Gy-x>0 (6)

Gy, x is a measure of the strength of G-causality between Xand Y. The larger G -, xis,
the better the bivariate model in eq. (5) fits the data than the model in eq. (4) is, and the
stronger the G-causality between Yand Xis (where Y G-causes X). The statistical
significance of an F-test comparing the goodness of fit of each model can be used as an
estimate of the strength of G-causality between Xand Y. The F-statistic in this case is given

by:

RSSy — RSS'x

_ between—modelsvariability m -
~  within—modelsvariability RSS’x
T-2m-1

where RSSyand RSS’ yare the Residual Sum of Squares of the models of equation (4) and
equation (5), respectively and 7 is the number of observations used to estimate the bivariate
model in equation (5). Here, the F-statistic approximately follows an F distribution with
degrees of freedom mand ( 7-2m- 1) under the null hypothesis. The Bayesian information
Criterion was used to select the best order m with a maximum order of /7, = 15 (no down-
sampling was applied).

We hereafter define a Granger Causality Index (GCI) between EEG and FV as the F-value
derived in equation (7) with X'and Y'representing respectively EEG and FV signals. GCI
estimates a directional G-causality and hence will be denoted as GCl ggg — gy and GCI

FV — EEG. respectively. We calculate GCI in 5-min windows, between the 6 EEG channels
and bilateral FV channels. The start of each window was obtained randomly for each
recording. In total, 50 GCI values were calculated for each recording, regardless the different
length of each recording. The distribution of these time-window was showed in
Supplementary Figure 1. The range of GCI values varies between different channels and
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different patients, therefore, in order to make the GCls comparable, we calculated the
proportion of GCI (PGCI) values where G-causality is statistically significant, based on the
critical value of F-distribution (p= 0.05), out of the 50 random windows described above
(see section 2.5) for subsequent statistical analysis.

2.4 Surrogate data

In order to validate the causal relationship that was found in this study, we also created a
cohort of surrogate data through Monte Carlo simulation. The surrogate data were generated
by destroying the phase relationship in the original recordings. For each 5-min segment of
EEG and FV recordings, a fast Fourier transform (FFT) was calculated to acquire the phase
of the signal which we then changed using a random order. The phase-destructed signal was
then transformed back into the temporal domain using an inverse fast Fourier transform
(IFFT). Fifty 5-min surrogate windows were generated for each recording in the following
way. When we test the null hypothesis of the existence of G-causality from EEG to FV, we
use surrogate EEG (SEEG) and raw FV (rFV). When the null hypothesis is the existence of
G-causality from FV to EEG, we use surrogate FV (sFV) and raw EEG (rEEG). In this way,
the accuracy of using only historical data from the hypothesized driven signal will not be
affected but any potential predictive power of the driving signal is destroyed in the surrogate
data.

2.5 Statistical analysis

GClI ggg — pv and GCI gy —, g Were estimated in five EEG frequency bands. For each 5-
minute segment, 60 [2 (FV) x 6(EEG channels) x 5(EEG frequency bands] GCI values were
calculated for each direction. We compared the proportion of 5-minute windows with
significant G-causality in both directions using a Wilcoxon rank sum test (as PGCls are not
normally distributed) to estimate the dominant direction of G-causality and applied the same
statistical comparison to surrogate data.

Since the causality from EEG to FV direction is stronger than the opposite direction, the
PGCI from EEG to FV direction was used for the following analysis. Two-way repeated
measures ANOVA was used to investigate the effect of channel laterality and frequency
bands, and the interaction between channels and frequency bands. If no interaction effect
exists between the two factors and if a main effect was observed (i.e. p value < 0.05), a
multiple comparison test (LSD) was used to identify the channels or frequency bands with a
statistically significant difference.

In this study, we monitored bilateral FVs (left and right side TCD), and bilateral EEG
signals (Left side: F3-C3, T3-P3, P3-0O1; Right side: F4-C4, T4-P4, P4-02). The GCI pair
from the same side, e.g. left FV and F3-C3, was defined as ‘ipsilateral’; and the pair from
different sides, e.g. left FV and F4-C4, was named ‘contralateral’. Since the variable in
question is not normally distributed, the non-parametric Wilcoxon rank sum test was used to
investigate the difference between ipsilateral and contralateral channel pairs.

Patients were divided into a deceased (MRS = 6) and a survival group (mRS =1 to 5), and
into a favorable (mRS: 1 to 2) and unfavorable outcome group (mRS: 3 ~ 6) (27). A two-
way ANOVA (repeated measures), including within-subject factor (EEG frequency bands)
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and between-subjects factor (MRS groups), was carried out to test the null hypothesis that
there are no significant differences of PGCI in these two subgroups and frequency bands.
Patients were also divided into three subgroups according to NIHSS at discharge: NIHSS <
10, 10 < NIHSS < 20 and NIHSS = 20. A two-way ANOVA (repeated measures) was carried
out to test the null hypothesis that there are no significant differences of mean GCI in these
three subgroups and the frequency bands. The correlation between PGCI and mRS and
between PGCI and NIHSS at discharge was assessed using Spearman’s rank correlation.
Each channel was calculated in all the five EEG frequency bands. The average and bilateral
difference (PGClI jesional - PGClnon-lesional) Were also used for the correlation estimation. The
lesional information of each subject was showed in Table 1, and the subjects with “BA”
were excluded in bilateral difference analysis.

3.1 Patient demographics.

Information about each patient’s stroke lesion territory, age, NIHSS and mRS at discharge
are summarized in Table 1. The mean duration of the twenty recordings is 101.8 £ 42.2
minutes, ranging from 15 to 175 minutes.

3.2 Causal relationship between EEG and FV

Figure 1 shows an example of GCI values of a patient (90-minute recording). GCI varies
between and within EEG channels across the whole recording period, indicating a dynamic
causal relationship between EEG and FV.

Figure 2 shows the percentage of significant GCI recording for each patient (one row is one
recording, with red color indicating high PGCI and blue color indicating low PGCI).
Proportions with significant G-causality in the direction EEG—FV were found to be
significantly higher in all patients comparing with the proportions from the direction of
FV—EEG (Wilcoxon rank sum test; p < 0.01, see Fig. 2 and Table 2).

The GCI values using surrogate data (green and red bars in Figure 3) were significantly
lower than GCI values using original data (blue bar, Fig 3) in the direction of EEG — FV.
However, there was no significant difference between GCI using surrogate data and original
data in the direction of FV — EEG (Wilcoxon rank sum test, p > 0.05).

3.3 Influence of EEG frequency bands and EEG channels

Two-way ANOVA (repeated measures) was used to investigate whether PGCI values varied
with EEG channels and/or EEG frequency bands (20 recordings). A main effect exists with
frequency bands (p = 0.01), but not with EEG channels (p = 0.283). No interaction effect
exists between the two factors (p = 0.801). Multiple comparison test (LSD) showed that the
PGCI in beta band (mean + SD: 0.824 + 0.01) was significantly lower than in delta band
(0.843+0.01, p = 0.026<0.05), theta band (0.848 + 0.01, p = 0.017<0.05) and in alpha band
(0.847+ 0.009, p = 0.018<0.05). PGCI in gamma band (0.832+0.012) was significantly
lower than in theta (p = 0.001<0.05) and alpha band (p = 0.017<0.05). There were no
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significant differences between the average PGCI values of the ipsilateral and contralateral
EEG and FV channels.

3.4 Correlation with clinical outcome

The EEG frequency bands showed main effects (p = 0.019), while the patient outcome
(deceased/survival, p = 0.187 or unfavorable/favorable outcome, p = 0.336) showed no
significant differences. There was no interaction effect among these factors. There was a
significant correlation between PGCI and mRS at discharge in most channels and frequency
bands, including delta, theta, alpha and gamma (Table 3).

Figure 4 shows a statistically significant negative linear relationship between mRS and PGCI
in the delta band (R = -0.71, p = 0.00), theta (R = -0.59, p = 0.02), alpha (R =-0.59, p =
0.02), beta (R =-0.57, p = 0.03) and gamma (R = -0.62, p = 0.01).

The two-way repeated measures ANOVA was conducted to compare the PGCI in the within-
subject factor (EEG frequency bands) and the between-subject factor (the NIHSS group).
There was a main effect in EEG frequency bands (p = 0.01<0.05), but no significant
difference exists among the NIHSS groups. There was no interaction effect among these
factors. Table 4 shows the correlation between PGCI and NIHSS at discharge.

Figure 5 shows a significant relationship between discharge NIHSS and the PGCI bilateral
difference in the delta band (R = —-0.68, p = 0.01), and the other bands had no significant
relationship.

Discussion

In this study we demonstrated again the feasibility and clinical potential of analyzing
simultaneously recorded spontaneous EEG and cerebral blood flow velocity signals to
characterize neurovascular coupling. In our previous study(28), the phase of slow wave of
FV in the MCA was found to entrain the amplitude of EEG from the occipital region in beta
and gamma frequency bands. The present study utilizes a different technique that focuses
more on the amplitude changes in both signals. In contrast to the previous technique, GC
analysis can provide an estimate of the directionality of the coupling. The results obtained
support the physiologically plausible notion that neuronal activity precedes cerebral
hemodynamic changes. This finding was also previously reported by Lam and Simpson
(10,29) who demonstrated that EEG changes preceded CBF changes by about 5-7 seconds.
However, the results from the present and our previous study also imply that neurovascular
coupling characteristics are multi-faceted and can be reflected in different ways in which
how EEG and FV interact. Further work should investigate whether the phenomenon seen in
this study of patients with ischemic stroke occurs in other pathological conditions that
involve different types of brain injury.

Neurovascular coupling, the intrinsic regulative mechanism that rapidly adjusts local
cerebral blood flow (3) to follow the changes in neuronal activity, is one of the key functions
involved in preserving cerebral blood supply to the brain and preserving the normal function
of the brain. Despite the importance of this phenomenon, there has been limited research
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regarding development of techniques to monitor this at the bedside in the neurocritical care
setting. In contrast, pressure autoregulation (30-32) has been widely studied, perhaps
because intracranial pressure and arterial blood pressure are more routinely monitored while
EEG and TCD are used less often, especially as continuous and concurrent monitors.
Therefore, another key contribution of the present and our previous study is an illustration of
using EEG and FV, both of which can be noninvasively collected, to potentially monitor
neurovascular coupling status at the bedside to inform clinical decisions of managing
patients with brain injuries.

It should be also noted that surrogate data analysis is a necessary technique. As shown in our
results (Fig 3), statistically significant GCI (based on F-statistics) can often be obtained
when using a phase-scrambled surrogate data as a driving signal when the driven signal is
readily predicted from its own historical values. In our case, more than 70% of SEEG—rFV
show statistically significant GCI. Therefore, relying on F-statistics would have drawn the
conclusion that surrogate EEG granger causes FV - which is an erroneous conclusion.
However, Fig.3 shows the GCI of EEG—FV s clearly larger than that of SEEG—FV, which
provides more convincing evidence that EEG Granger causes FV. In the same figure, we also
observe that there is no difference between FV—EEG and sFV—EEG and hence surrogate
data analysis also helps reject the notation that FV could Granger cause FV.

The correlation between mRS and PGCI indicates patients with milder initial insult, and
possibly better outcome, tend to have a more robust cerebral hemodynamic response to
changes in EEG. This may be representative of intact microvascular autoregulation or
indicate a protective effect of intact neurovascular coupling. Another potential reason for
low correlation in the more severely affected patients is lower variability of EEG envelopes.
When the dispersion of the data decreases, the correlation is also likely to decrease because
the unexplained random variation in FV becomes relatively more important. Previous studies
already showed that EEG power is markedly affected in stroke patients with a significant
increase in Delta power (1-4 Hz) accompanied by a decrease in Alpha (8-14 Hz) and Beta
(14-30 Hz) power (33,34). The increasing power of slow rhythms and decreasing power of
fast rhythms are directly linked with neuronal metabolism and reflect ischemic injury (8).
The decreased variability of EEG in alpha and beta bands in severe patients may be the
reason of lower GCI. Further research with larger cohorts of patients and a different design
of data collection schema (e.g., sequential recording of EEG and FV throughout a patient’s
stay in the neurocritical unit) are needed to further validate this result.

Limitation
The Granger causality analysis carried out in this work is based on linear regression models
and stationary signals. Nonlinear causality methods may offer better tools to assess
nonlinear causal relationships that might exist between EEG and FV. Another limitation of
this study is the relatively poor spatial coverage of brain regions due to the limited number
of available EEG channels. It will be interesting to examine if the observed neurovascular
causality can be better delineated with higher density EEG recordings (e.g. 21 or more
channels). This type of setup could shed more detailed light on areas of the brain with the
strongest causality and potentially elucidate new mechanisms of neurovascular functional

J Neural Eng. Author manuscript; available in PMC 2021 March 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 10

dynamics and their disruption by stroke and other neurological insults. Moreover, anesthetic
state of patients may also influence the EEG and cerebral blood flow. However, due to the
retrospective nature of this study, we did not record the details of anesthetic drugs that we
gave to these patients. We should record these information in the future study.

Conclusion

Changes in FV are G-caused by EEG changes in patients with ischemic stroke and NIHSS at
discharge is negatively correlated with the strength of this G-causality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Granger causality Index (GCI) in patient 1, calculated in a 90-minute recording. y-axis

shows GCI values for the indicated pair of EEG and FV channels in 5 EEG frequency bands.
In order to improve the visualization of this graph, the GCI values were rescaled between 0
and 10, which means GCI above 10 was made 10.
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Figure 2.
Proportions of 5-minute windows showing statistically significant GCI for each recording (n

= 20). Each subgraph represents the proportion with significant G-causality in a given EEG
band. Each row represents one recording. The right and left panels of each box show the
average (across 6 EEG channels and bilateral FV channels) proportions in the EEG—FV
and in the FV—EEG respectively. GCI: Granger causality Index. FV: cerebral blood flow
velocity.
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Comparison between the GCI values in surrogate and original recording datasets. GCI
values of surrogate data (green bar for both surrogate EEG and FV, red bar for surrogate
EEG and raw FV) are significantly lower than GCI values of the raw data (blue bar) in the
direction of EEG—FV in (A) Delta band, (B) Theta band, (C) Alpha band, (D) Beta band,
and (E) Gamma band (upper panel in each subfigure). However, no significant difference
exists between the GCI of real data and surrogate data in the inverse direction (FV—EEG)
(Lower panel of each subgraph). The dash line represents the significant causality threshold.
GCI: Granger causality Index. FV: cerebral blood flow velocity. rEEG: raw EEG, rFV: raw
FV, sEEG: surrogate EEG, sFV: surrogate FV. * means significant difference between
rEEG—rFV and sSEEG—sFV, and + means significant difference between rEEG—rFV and
SEEG—IFV.
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Figure 4.

Correlation plot between average PGCI and mRS (n = 15). GCI: Granger causality Index.
mRS: modified Rankin Scale. PGCI: proportions of significant GCI.
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Correlation plot between PGCI difference (left and right side) and discharge NIHSS (n =
14). NIHSS: NIH stroke scale.
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Patient demographics

Table 1

Patient | Sex | Stroke Arterial Territory | Age | NIHSS at discharge | mRS at discharge
1 M RICA 57 10 4

2 M LICA 75 19 5

3 F BA 64 35 5

4 M BA 61 NA NA
5 M BA 45 NA NA
6 F LICA 85 NA 6

7 M RICA 54 34 5

8 M BA 46 10 5

9 M LICA 56 4 4
10 M LICA 62 11 4
11 F LICA 68 11 4
12 M RICA 58 9 4
13 M LMCA 66 1 1
14 M RICA 76 35 6
15 M LMCA 62 34 5
16 F RICA 56 2 1
17 M RMCA 57 16 5

Page 18

NIHSS: NIH stroke scale; mRS: Modified Rankin Scale for neurologic disability, NA: not available. ICA: internal carotid artery, MCA: middle
cerebral artery, BA: basilar artery (BA).

J Neural Eng. Author manuscript; available in PMC 2021 March 19.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wu et al.

Table 2

Page 19

Average proportions of 5-min windows with significant GCI from EEG—FV, FV—EEG, surrogate EEG
(SEEG) — FV and from surrogate FV (sFV) —EEG.

EEG Frequency Band | EEG—FV (MeantSD) | FV—EEG (MeantSD) | sEEG—FV (MeantSD) | sFV—EEG (MeantSD)
Delta 0.84 +0.08 0.11+0.14 0.76+0.13 0.09+0.13
Theta 0.85+0.08 0.11+0.12 0.77+0.12 0.09+0.11
Alpha 0.85+0.07 0.11+0.12 0.77+0.12 0.09+0.12
Beta 0.82 +£0.08 0.10+0.11 0.75+0.14 0.09+0.11
Gamma 0.83+0.08 0.10+0.10 0.76+0.13 0.09+0.11
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The correlation coefficient (R) and p value of the proportions of significant PGCI and mRS.

Table 3.

R, p Delta Theta Alpha Beta Gamma
F3-C3—FVL [-0.44,0.10] | [-0.28,0.31] | [-0.22,0.44] | [-0.37,0.18] | [-0.76, 0.00]*
T3-P3—FVL [-0.61, 0.02]* | [-0.40, 0.14] [-0.63,0.01]* | [-0.49, 0.06] [-0.22,0.42]
P3-01—>FVL [-0.07,0.81] | [-0.66,0.01]* | [-0.06,0.83] | [-0.48,0.07] | [-0.68,0.01]*
F4-C4—FVL [-0.03, 0.92] [-0.22, 0.44] [-0.18,0.52] [-0.78,0.00]* | [-0.66, 0.01]*
T4-P4—FVL [-0.14,0.61] | [-0.17,055] | [0.07,0.81] [-0.62, 0.01]* | [-0.74, 0.00]*
P4-02—FVL [-0.38,0.16] | [-0.26,0.34] | [-0.15,0.60] | [-0.59, 0.02]* | [-0.07,0.81]
F3-C3—FVR [-0.48,0.07] | [-0.13,0.65] | [-0.43,0.11] | [-0.08,0.76] | [-0.35,0.20]
T3-P3—>FVR [-0.48,0.071 | [-0.34,0.21] | [-0.45,0.09]* | [-0.28,0.31] | [-0.34,0.21]
P3-01—FVR [-0.56, 0.03]* | [-0.40,0.14] | [-0.08,0.77] | [-0.42,0.11] | [-0.23,0.41]
F4-C4—FVR [-0.25,0.36] | [-0.42,0.12] | [-0.53,0.04]* | [-0.32,0.25] | [-0.16, 0.56]
T4-P4—FVR [-0.26,0.35] | [-0.47,0.07] | [-0.53,0.04]* | [-0.20,0.49] | [-0.41,0.13]
P4-02—FVR [-0.87,0.00]* | [-0.46,0.08] | [0.13,0.64] [-0.10,0.72] | [-0.06,0.83]
Average [-0.71,0.00]* | [-0.59,0.02]* | [-0.59,0.02]* | [-0.57, 0.03]* | [-0.62, 0.01]*
PGClI bilateral difference | [0.42, 0.12] [0.40, 0.14] [0.24, 0.40] [-0.10,0.73] | [0.10,0.72]

Mark * means a significant correlation between PGCI and mRS.
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Table 4.

The correlation coefficient (R) and p value of the PGCI and NIHSS at discharge.

R, p Delta Theta Alpha Beta Gamma
F3-C3—FVL [-0.28,0.33] | [-0.42,0.14] | [-0.23,0.42] | [-0.14,0.62] | [-0.69,0.01]
T3-P3—>FVL [-0.32,0.26] | [-0.39,0.17] | [-0.36,0.20] | [-0.46,0.09] | [-0.10,0.73]
P3-O1—FVL [-0.08, 0.79] [-0.61, 0.02]* | [0.19, 0.51] [-0.32,0.27] [-0.48, 0.08]
F4-C4—FVL [0.11, 0.71] [-0.22, 0.45] [-0.17,0.57] | [-0.71,0.00]* | [-0.61, 0.02]*
T4-P4—FVL [-0.17,0.56] | [-0.12,0.67] | [0.41,0.15] | [-0.55,0.04]* | [-0.64,0.01]*
P4-02—FVL [-0.33,0.24] | [0.00,0.99] [-0.33,0.24] | [-0.55,0.04]* | [0.06,0.85]
F3-C3—FVR [-0.33,0.24] | [-0.10,0.73] | [-0.14,0.63] | [0.23,0.42] [-0.12,0.67]
T3-P3>FVR [-0.42,0.13] | [-0.28,0.34] | [-0.38,0.18] | [-0.21,0.47] | [-0.27,0.34]
P3-01—FVR [-0.69, 0.01]* | [-0.37,0.19] [0.02, 0.94] [-0.19, 0.51] [0.02, 0.94]
F4-C4—FVR [-0.27,0.35] | [-0.53,0.05] | [-0.29,0.31] | [-0.07,0.82] | [0.10,0.73]
T4-P4—FVR [-0.02,0.95] | [-0.24,0.42] | [-0.42,0.14] | [0.14,0.63] [-0.12, 0.68]
P4-02—FVR [-0.66, 0.01]* | [-0.28,0.34] | [0.25,0.38] | [0.31,0.28] [0.19, 0.52]
Average [-0.56, 0.04]* | [-0.46,0.10] | [-0.35,0.23] | [-0.34,0.24] | [-0.43,0.12]
PGCI bilateral difference | [-0.68, 0.01]* | [-0.44,0.15] | [-0.25,0.43] | [-0.28,0.38] | [-0.26,0.41]

Mark * means a significant correlation between PGCI and NIHSS.
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