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Abstract

Objective: Postoperative complications of surgical revascularization inmoyamoya disease (MMD) are difficult to predict because of poor
knowledge of the underlying pathophysiological process. Since the aim of surgery is to improve brain dynamics by increasing regional
blood flow, we hypothesize that postoperative complications are closely related to aberrant electrophysiological changes. Thus, we
evaluated the clinical significance of intraoperative electrocorticography (iECoG) in bypass surgery for adult MMD.Methods: Ninety-
one adult patients operated on by the same neurosurgeon in our institute were involved (26 in the iECoG group, 65 in the traditional
group). Two 1 × 6 subdural electrode grids were placed parallel to the middle frontal gyrus and superior temporal gyrus to record
ECoG data continuously during the procedure in the iECoG group. Selected from several M4 candidate arteries, the recipient artery was
determined to be closer to the cortex with lower power spectral density (PSD) in the beta band. The PSD parameter we used was the
(delta+theta)/(alpha+beta) (DTAB) ratio (DTABR). Next, the pre- and post-bypass PSD values were evaluated, and correlations between
post-/pre-bypass PSD parameter ratios and neurological/neuropsychological performance (in terms of changes in National Institutes of
Health Stroke Scale [NIHSS] andMini-Mental State Examination [MMSE] scores) were analyzed. Results: Postoperative complications
(transient neurological events) in the iECoG group were significantly lower than those in the traditional group (p = 0.046). In the iECoG
group, the post-/pre-bypass DTABR ratio in the bypass area was significantly correlated with postoperative NIHSS (p = 0.002, r2 =
0.338) and MMSE changes (p = 0.007, r2 = 0.266). In the nonbypass area, neither postoperative NIHSS nor MMSE changes showed
a significant correlation with the post-/pre-bypass DTABR ratio (p > 0.05). Additionally, patients with postoperative complications
exhibited significantly higher DTABR (1.67± 0.33 vs. 0.95± 0.08, p = 0.003) and PSD of the theta band (1.54± 0.21 vs. 1.13± 0.08,
p = 0.036). Conclusions: This study is the first to explain and guide surgical revascularization from the perspective of electrophysiology.
Intraoperative ECoG is not only sensitive in reflecting and predicting postoperative neurological and cognitive performance but also
usable as a reference for recipient artery selection.
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2. Introduction

Moyamoya disease (MMD) is characterized by pro-
gressive stenosis or occlusion of the distal internal carotid
artery or proximal middle cerebral artery, and it leads to
the formation of abnormal collateral vessels at the base of
the brain. Surgical revascularization, including direct, in-
direct, and combined bypass, has been confirmed to ben-
efit MMD patients with both ischemic and hemorrhagic
stroke episodes [1]. Nevertheless, postoperative compli-
cations such as cerebral ischemia, epilepsy, and hyperper-
fusion syndrome, have been increasingly reported [2,3].
These complications may prolong hospitalization and be ir-

reversible but can hardly be predicted by our present knowl-
edge and experience [4].

Electroencephalography (EEG) has a high temporal
resolution and is therefore suited to evaluating variations
in neural activity after an event [5]. Previous studies have
shown that alpha power reduction in continuous quantita-
tive EEG predicts delayed cerebral ischemia, reflects suc-
cessful therapy and predicts good functional outcome after
subarachnoid hemorrhage [6,7]. Based on these findings,
several studies indicate that EEG can promptly detect cere-
bral responses to successful reperfusion therapy [8]. Intra-
operative electrocorticography (iECoG) is a newly devel-
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oped EEG monitoring method with a higher sensitivity and
accuracy and has been widely used in neurosurgery to help
distinguish high-frequency oscillations continuously and
noninvasively [9]. Its indices, such as relative delta power,
delta/alpha power ratio (DAR), and delta+theta/alpha+beta
power ratio (DTABR), are associated with ischemic lesions
[10]. Finnigan et al. [11,12] believed that the delta/alpha
power ratio (DAR) demonstrated maximal accuracy for
discriminating between acute ischemic stroke patients and
controls.

Currently, successful bypass surgery is still evaluated
by the patency of anastomosis rather than the rate of post-
operative complications. It’s vital for us to realize that ef-
fectiveness of bypass is based not only on hemodynamic
remodeling, but on functional re-plasticity as well. Clini-
cal experience indicates that patent anastomosis and sound
clinical outcomes cannot always be achieved simultane-
ously. Poor knowledge of neural interactions before and
after surgical revascularization may be the main reason.
Thus, the present study evaluated the application of iECoG
in adult MMD and tried to explore the effectiveness of by-
pass surgery from the perspective of electrophysiology.

3. Methods
3.1 Patients

All patients withMMDwho were admitted to our hos-
pital betweenMay and August 2018 were consecutively en-
rolled in this study. Our study used historical controls that
included 65 hemispheres in 65 patients who received the
same operation without iECoG monitoring between Jan-
uary and May 2018. Inclusion criteria were (1) a Chinese
population aged 18–65 years; (2) no evidence of infarction
history, but small patches of hyperintense signal that were
neither larger than the arbitrary cutoff of 8 mm in maxi-
mum dimension on T2-weighted MR images nor cystic in
the cerebral subcortical white matter; (3) diagnosis through
digital subtraction angiography; (4) no surgery before re-
cruitment; (5) physically capable of cognitive evaluation;
(6) meet the surgical indications of guidelines for MMD
[4] and (7) absence of significant psychiatric disorders or
neurological diseases that could compromise cognition. Pa-
tients with severe systemic or other cerebrovascular dis-
eases and those taking drugs were excluded.

All patients underwent a combined revascularization
procedure in which the superficial temporal artery was
anastomosed to the M4 portion (cortical segment) of the
middle cerebral artery near the Sylvian fissure and en-
cephaloduromyosynangiosis (EDMS) surgery. The pa-
tency of the bypass artery was confirmed using indocya-
nine green (ICG) angiography. We used intraoperative cor-
tical electrodes for electrophysiological monitoring, and the
power spectral density (PSD) of each frequency band was
calculated in real time. When selecting the recipient artery
out of the two or more candidate arteries, we selected the
artery closer to the cortex with lower PSD in the high-

frequency bands according to the iECoG recordings and
real-time PSD calculation. During the direct revasculariza-
tion procedure, iECoG data were recorded continuously un-
til the dura incision. The study protocol was approved by
the ethics committee of Huashan Hospital, China, and all
subjects provided informed consent (Fig. 1).

3.2 Clinical assessment
Baseline examinations involved taking a medical his-

tory and carrying out a physical examination. Neurological
deficits and cognitive performance were quantified using
the National Institutes of Health Stroke Scale (NIHSS) and
Mini-Mental State Examination (MMSE) at arrival at the
neurosurgery department and at 1 month after anastomo-
sis. Perioperative complications, including cerebral hemor-
rhage, cerebral infarction, epilepsy and transient neurologi-
cal events (TNEs), were confirmed by imaging examination
and nervous system physical examination.

3.3 iECoG recordings
All patients received inhalation anesthesia adminis-

tered by anesthesiologists, with end-tidal sevoflurane main-
tained at 2% during the iECoG recording. The iECoG data
were recorded with a BrainAmp MR PLUS (Brainproduct,
Munich, Germany) using a preamplifier bandwidth of 0.5–
250 Hz and a sampling rate of 500 Hz. Two 1× 6 subdural
electrode grids were placed in parallel on the cortex intraop-
eratively. These electrodes were positioned on the middle
frontal gyrus and superior temporal gyrus around the donor
artery, and placement was confirmed using a neuronaviga-
tion system (Brainlab neuronavigation, Munich, Germany).
The reference and earth electrodes were placed on the scalp.
iECoG data were recorded continuously until dura closure.

3.4 PSD analysis
We selected the three electrodes from the two 1 × 6

electrode grids that were closest to the bypass site, and the
mean PSD was calculated. The mean PSD of three non-
bypass site electrodes was also calculated. PSD was cal-
culated by fast Fourier transform over the range 1–60 Hz
using MATLAB (MathWorks, Natick, MA, USA). PSD is
the frequency response of a random or periodic signal. This
tells us where the average power is distributed as a function
of frequency.

The PSD is deterministic, and for certain types of ran-
dom signals, it is independent of time. This is useful be-
cause the Fourier transform of a random time signal is itself
random and therefore of little use in calculating transfer re-
lationships (i.e., finding the output of a filter when the input
is random). The PSD of a random time signal x(t) can be
expressed in one of two ways that are equivalent to each
other.
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Fig. 1. ICG and iECoG monitoring for modified revascularization. The diagnosis of moyamoya disease (MMD) was confirmed by
digital subtraction angiography (DSA) (A,B). Two 1 × 6 grids of electrodes were placed on the cortex close to the anastomosis site (C).
The patency of the bypass artery was confirmed using intraoperative fluorescein angiography (D). Real-time ECoG monitoring during
surgery (E).

(1) The PSD is the average of the Fourier transform
magnitude squared over a large time interval.

Sx(f) = lim
T→∞
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(2) The PSD is the Fourier transform of the autocorre-
lation function.

Sx(f) =

∫ T

−T

Rx(τ)e
−j2πftdt

Rx(τ) = E {x(t)x∗(t+ τ)}

The power can be calculated from a random signal
over a given band of frequencies as follows:

(1) Total Power in x(t):

P =

∫ ∞

−∞
Sx(f)df = Rx(0)

(2) Power in x(t) in the range f1–f2:

P12 =

∫ f2

f1

Sx(f)df = Rx(0)

Data in this study were derived from the mean values

of the three electrodes in the bypass area and the three in the
nonbypass area. For each electrode over the range of 1–30
Hz, the power of the delta (1–3 Hz), theta (4–7 Hz), alpha
(8–13 Hz) and beta1 (14–20 Hz) frequency bands over all
channels were used to calculate the global DTABR.

Once the electrode grids were placed on the cortex,
data were recorded and labeled as “Pre”. After the anasto-
mosis was finished and temporary blocking clips of recip-
ient artery were removed, data were labeled as “Post”. A
period of interference-free waves was picked out for each
period and pre- and post-bypass PSD were analyzed sepa-
rately. Artifacts caused by electronic devices and motion
were removed from the raw ECoG data by two neurosur-
geons. We first compared the PSD of patients between pre-
and post-bypass phases in the bypass area. To compare the
spectral power of each band, the ratio of the spectral power
of each band to that of the whole was calculated as follows:
X/DTAB = (spectral power of each band)/(sum of spectral
power of 4 bands: delta, theta, alpha, beta), where X is the
spectral power of the delta, theta, alpha or beta band.

For both the bypass and nonbypass areas, we then
compared the PSD for each frequency band and the DTABR
between the pre- and post-bypass phases. To detect the
changes in each parameter before and after surgery, the ra-
tios between postoperative and preoperative values were
used.
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Table 1. Baseline demographics in different groups.
Characteristics iECoG group Control group p value

Number 26 65
Age 45.38 ± 9.05 45.18 ± 11.27 0.94
Sex (Male) 12 30 0.569
Perioperative complications
Hemorrhage 0 1 0.714
CI 1 2 0.64
EP 3 7 0.916
TNEs 1 13 0.046*
Total 5 (19.2%) 23 (35.3%) 0.103
Baseline NIHSS 1.615 ± 0.2081 1.769 ± 0.268 0.731
∆NIHSS –0.077 ± 0.293 –0.3078 ± 0.168 0.478
Baseline MMSE 24.04 ± 0.357 23.58 ± 0.269 0.349
∆MMSE 0.539 ± 0.243 0.785 ± 0.241 0.5523
CI, cerebral infarction; EP, epilepsy; TNEs, transient neurological events; NIHSS,
National Institutes of Health Stroke Scale; MMSE, Mini-Mental State Examina-
tion.

3.5 Data analysis
The incidences of perioperative complications (cere-

bral infarction, epilepsy, and cerebral hyperperfusion syn-
drome) were compared between the two groups (MMD pa-
tients who received bypass surgery with and without iECoG
monitoring). Data were compared between the two groups
using the χ2 or unpaired t test, as appropriate. To determine
the effect of various parameters on perioperative complica-
tions, logistic regression analysis was conducted using pa-
rameters with p < 0.05 in the univariate analyses.

4. Results
4.1 Demographics

A total of 26 patients with MMDwere examined. The
mean age of these patients was 45.38 ± 9.25 years (range
28–61 years). All surgeries were performed by the same
neurosurgeon (YX Gu), and their baseline characteristics
are presented in Table 1. Continuous iECoG monitoring
was conducted during the bypass surgery. The overall post-
operative complication rate of patients receiving bypass
surgery under the guidance of electrophysiological mon-
itoring was lower than that of the traditional group, but
the difference was not statistically significant (19.2% vs.
35.4%, p = 0.131); however, the incidence of TNEs was
significantly lower than that of the traditional group (3.8%
vs. 20%, p = 0.028).

4.2 PSD analysis
4.2.1 Bypass area

The mean values of PSD in the pre- vs. post-bypass
phases in the bypass area were as follows: D/DTAB, 0.54
± 0.136 vs. 0.53 ± 0.155; T/DTAB, 0.23 ± 0.065 vs.
0.22 ± 0.085; A/DTAB, 0.13 ± 0.050 vs. 0.13 ± 0.067;

B/DTABG, 0.10 ± 0.063 vs. 0.11 ± 0.062. In most cases,
high-frequency band PSD increased after bypass surgery,
but no significant difference was found.

Fig. 2 shows the correlations between the post-/pre-
bypass PSD parameter ratios for each frequency band and
the change in NIHSS score. The post-/pre-bypass DTABR
was significantly correlated with the change in the NIHSS
score (p = 0.002, r2 = 0.338). No significant correlation
was found between the post-/pre-bypass PSD ratios and the
change in the NIHSS score.

Fig. 3 shows the correlations between the post-/pre-
bypass PSD parameter ratios for each frequency band and
the change in cognitive performance, as assessed byMMSE
scores. The post-/pre-bypass DTABR decreased as the
MMSE score increased (p = 0.007, r2 = 0.266). No signif-
icant correlations between the post-/pre-bypass PSD ratios
and the change in the MMSE score were found.

4.2.2 Non-bypass area
We also analyzed correlations between the post-/pre-

bypass PSD parameter ratios for each frequency band in
the nonbypass area and changes in neurological and cogni-
tive performance. Neither the NIHSS nor the MMSE score
was correlated with indices of intraoperative cortical elec-
trophysiology (Figs. 4,5).

4.2.3 Complications analysis
We further compared the post-/pre-PSDs and DTABR

ratio among patients with and without postoperative com-
plications. In the bypass area, the DTABR ratio (1.67 ±
0.33 vs. 1.04 ± 0.10, p = 0.045) and PSD of the theta
band (1.54± 0.21 vs. 1.13± 0.08, p = 0.036) were signifi-
cantly higher in patients with postoperative complications.
In the nonbypass area, no significant difference was found
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Fig. 2. Correlations between the post-/pre-bypass PSD and DTABR ratios for the bypass area and NIHSS score change. PSD,
power spectral density, DTABR: (delta+theta)/(alpha+beta) ratio; NIHSS, National Institutes of Health Stroke Scale.

between the two groups in the post-/pre-PSD and DTABR
ratios (Figs. 6,7).

5. Discussion

Our results quantitatively confirm previous findings in
which the PSD of the α and β bands increased after anasto-
mosis in MMD patients [13]. For the first time, the DTABR
after bypass surgery was found to be correlated with neuro-
logical outcomes of MMD, and it may serve as a predictor

of patient outcomes. For the first time, iECoG was applied
to select recipient vasculature in bypass surgery for MMD
and has been proven to effectively reduce the occurrence of
postoperative TNEs in our study.

5.1 Postoperative PSD changes in different frequency
bands

In line with previous studies [14–18], our results
demonstrated that the PSD of high-frequency waves in-
creased, while the PSDs of the low-frequency bands were

5
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Fig. 3. Correlations between the post-/pre-bypass PSD and DTABR ratios for the bypass area and MMSE score change. PSD,
power spectral density; DTABR, (delta+theta)/(alpha+beta) ratio; MMSE, Mini-Mental State Examination.

attenuated after bypass surgery. This provides new evi-
dence for the physiological significance of EEG recordings
with respect to cerebral perfusion.

The process of revascularization is rapid, occurring
within a few minutes to a few days [19–21]. Zhang et
al. [4] have confirmed the clinical significance of hemody-
namic parameters change in bypass surgery to predict pe-
rioperative complications, which has a high spatial resolu-
tion. While, neural electrophysiological monitoring can re-

flect changes in cerebral blood flow and metabolism within
seconds, as these factors are directly reflected in neuronal
rhythms with high temporal resolution [22]. The high tem-
poral resolution of EEG permits sensitive assessment of in-
stantaneous brain functioning [23,24]. EEG spectrum fre-
quencies associated with acute cerebral ischemia have been
discussed [11,17], but there are few reports on QEEG char-
acteristics related to bypass surgery.

Interestingly, in our study, not all cases showed an
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Fig. 4. Correlations between the post-/pre-bypass PSD and DTABR ratios for the nonbypass area and NIHSS score change. PSD,
power spectral density; DTABR, (delta+theta)/(alpha+beta) ratio; NIHSS, National Institutes of Health Stroke Scale.

increase in high-frequency PSD and a decrease in low-
frequency PSD. Cerebral hemodynamic changes after anas-
tomosis are complicated, and hemodynamic stability is dif-
ficult to maintain during combined revascularization.

The functional role of the overall change in high-
frequency PSD remains unclear. In a recent review, the beta
band was associated with response inhibition. Beta oscilla-
tory responses were also found to be positively related to
somatosensory and motor functions. In another study, beta
band activity reflected arousal of the visual system during
increased visual attention. For the gamma band, gamma
rhythms are believed to represent the binding together of

different neuronal populations into a network to carry out
a certain cognitive or motor function. The earliest model
of gamma oscillations was based on reciprocal connections
between pools of excitatory pyramidal and inhibitory neu-
rons. In another model of these neurons, axon conduction
and synaptic delays lead to a phase shift between pyrami-
dal and interneuron spikes, and these delays determine the
frequency of the gamma rhythm [13].

5.2 DTABR

The change in DTABR was significantly correlated
with NIHSS score improvement. This supports the use
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Fig. 5. Correlations between the post-/pre-bypass PSD and DTABR ratios for the nonbypass area andMMSE score change. PSD,
power spectral density; DTABR, (delta+theta)/(alpha+beta) ratio; MMSE, Mini-Mental State Examination.

of iECoG parameters (such as DTABR) in prognostica-
tion regarding MMD patients undergoing revascularization
surgery, which is in line with previous findings. In 26 pa-
tients with subacute ischemic stroke in the middle cerebral
artery territory, Z-values of absolute delta power (derived
using a normative population database) displayed a higher
prognostic value compared to the Canadian Neurological
Scale regarding 3-month stroke outcomes measured by the
modified Rankin Scale [25]. Finnigan et al. [14] obtained

the acute delta change index (aDCI) from two recordings
and compared it to serial diffusion-weighted magnetic res-
onance imaging (DWI) and perfusion-weighted magnetic
resonance imaging (PWI) data from 11 patients within 16
h after the onset of confirmed stroke symptoms. The cor-
relation between aDCI and the 30-day NIHSS score was
higher than that between aDCI and initial DWI lesion vol-
umes [14]. Furthermore, in 13 patients with subacute is-
chemic stroke, DAR and relative alpha power were sig-
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Fig. 6. Differences in the DTABR ratio and PSD of each frequency band in the bypass area between the complication and
noncomplication groups. Significant differences were found in the DTABR ratio and PSD of the theta band. PSD, power spectral
density; DTABR, (delta+theta)/(alpha+beta) ratio.
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Fig. 7. Differences in the DTABR ratio and PSD of each frequency band in the nonbypass area between the complication and
noncomplication groups.

nificantly correlated with the 30-day NIHSS score. Finni-
gan et al. [14] also found the DAR to be the most effec-
tive QEEG measure for prognostication regarding the evo-
lution of cerebral ischemia. In comparison to the DAR, the
DTABR evaluates theta and beta activity as well, both of
which may be altered by strokes [26–28].

5.3 Postoperative complications

In our study, there was a significant difference in the
incidence of postoperative transient neurological dysfunc-
tion between the precision bypass group and the traditional
group, while no significant difference was found in the
incidence of postoperative complications such as cerebral
infarction and epilepsy. The phenomenon of hyperperfu-
sion syndrome is one of the causes of transient neurologi-
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cal dysfunction after direct bypass in MMD. In the preci-
sion bypass group, a relatively low perfusion area was se-
lected for STA-MCA bypass surgery through iECoG moni-
toring, whichmay avoid local blood flow overperfusion and
thus reduce the occurrence of postoperative TNEs. In the
course of iECoG monitoring, we found that some patients
had sporadic epileptiform discharge, which may be related
to the occurrence of postoperative epilepsy. Our finding
was expected because accumulating data suggest that high-
frequency oscillations are biomarkers for the epileptogenic
zone in nontumoral epilepsies [29]. However, under the
premise that the clinical significance of this phenomenon
was not clear, we did not make special adjustments to post-
operative antiepileptic therapy. We believe that if the occur-
rence of postoperative epilepsy can be predicted by iECoG
monitoring and if drug intervention can be carried out in
advance, then the incidence of postoperative epilepsy can
also be effectively controlled.

The results indicated that the post-/pre-bypass
DTABR ratio was significantly higher among the pa-
tients with postoperative complications than among those
without complications. The increase in postoperative
DTABR indicates an increase in postoperative cortical
ischemia. Although combined bypass surgery clearly has
an immediate positive effect on cerebral hemodynamics,
postoperative hemodynamic instability still needs more
study. Using QEEG, we can not only predict the occur-
rence of postoperative complications quantitatively but
also provide a reliable and effective tool for future research.

As a pioneer study to explore the correlation between
iECoG and bypass surgery, our study had several limita-
tions. The first was the small sample size of 26 patients,
which led to insufficient statistical power. We believe that
increasing the sample size in a future study will increase
the statistical significance of the existing indicators and
allow more indicators to be discovered. Another possi-
ble limitation of our study was the relative stationarity of
the iECoG recordings. Intraoperative influences, includ-
ing the use of a bipolar electric coagulation knife, can be
removed artificially during data processing but cannot be
completely avoided. The intrinsic PSD characteristics of
different brain regions may affect the intraoperative judg-
ment of cortical hypoperfusion regions, which may partly
explain why the overall perioperative complication rate in
the precision bypass group was not significantly lower than
that in the conventional group. Due to the intrinsic proper-
ties of the evaluated iECoG parameters, there are some dif-
ferences in cortical electrical activities or frequency power
between awake patients and anesthetized MMD patients.
What’s more, there is few literatures specifically investigat-
ing the relationship between perfusion status and frequency
bands in the setting of anesthesia, which need further re-
searches. Finally, we were unable to compare the ischemic
stroke-related EEG effects between affected and unaffected
hemispheres and to assess their correlations with functional

outcomes.

6. Conclusions
Our study confirmed that cortical electrophysiologi-

cal monitoring could sensitively reflect changes in corti-
cal blood flow during bypass surgery. QEEG parameters
have good predictive value for the improvement of postop-
erative neurological function, neuropsychological perfor-
mance and the occurrence of complications in patients with
MMD. Cortical electrophysiological monitoring could be
used as a potential reference for vascular selection in pa-
tients undergoing bypass surgery.
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