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Abstract
Background  At present, the most effective treatment for symptomatic moyamoya disease (MMD) is surgery. 
However, the high incidence of postoperative complications is a serious problem plaguing the surgical treatment 
of MMD, especially the acute cerebral infarction. Decreased cerebrovascular reserve is an independent risk factor 
for ischemic infarction, and the pulsatility index (PI) of transcranial Doppler (TCD) is a common intuitive index for 
evaluating intracranial vascular compliance. However, the relationship between PI and the occurrence of ischemic 
stroke after operation is unclear.

Objective  To explore whether the PI in the middle cerebral artery (MCA) could serve as a potential predictor for the 
occurrence of ischemic infarction after bypass surgery in MMD.

Methods  We performed a retrospective analysis of data from 71 patients who underwent combined 
revascularization surgery, including superficial temporal artery-middle cerebral artery (STA-MCA) anastomosis and 
encephalo-duro-myo-synangiosis (EDMS). The patients were divided into two groups according to the median of 
ipsilateral MCA-PI before operation, low PI group (MCA-PI < 0.614) and high PI group (MCA-PI ≥ 0.614). Univariate and 
multivariate regression analysis were used to explore risk factors affecting the occurrence of postoperative cerebral 
infarction.

Results  Among the 71 patients with moyamoya disease, 11 patients had cerebral infarction within one week after 
revascularization. Among them, 10 patients’ ipsilateral MCA-PI were less than 0.614, and another one’s MCA- PI 
is higher than 0.614. Univariate analysis showed that the lower ipsilateral MCA-PI (0.448 ± 0.109 vs. 0.637 ± 0.124; 
P = 0.001) and higher Suzuki stage (P = 0.025) were linked to postoperative cerebral infarction. Multivariate analysis 
revealed that lower ipsilateral MCA-PI was an independent risk factor for predicting postoperative cerebral infarction 
(adjusted OR = 14.063; 95% CI = 6.265 ~ 37.308; P = 0.009).

Conclusions  A lower PI in the ipsilateral MCA may predict the cerebral infarction after combined revascularization 
surgery with high specificity. And combined revascularization appears to be safer for the moyamoya patients in early 
stages.
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Introduction
Moyamoya disease is a rare blood vessel disorder in 
which the carotid artery in the skull becomes blocked or 
narrowed. Tiny blood vessels then develop at the base of 
the brain in an attempt to provide the brain with blood. 
Moyamoya disease can result in ischemic cerebral infarc-
tion, cerebral hemorrhage, headache, memory impair-
ment, etc [1]. By far, the most effective treatment for 
symptomatic moyamoya disease is surgery, including 
direct and indirect revascularization [2].

Postoperative complications are a major problem 
plaguing the surgical treatment of moyamoya disease, 
including cerebral hyperperfusion syndrome (CHS), 
epilepsy and ischemic stroke. The incidence of CHS is 
approximately 8.4–23.2% [3], ischemic stroke is about 
1.6−16.0% [4, 5], and epilepsy is 3-18.9% [6]. Among 
these complications, acute ischemic stroke is the main 
cause of irreversible neurological impairment and even 
death. How to effectively prevent the occurrence of post-
operative ischemic stroke has great clinical value.

Current studies suggested that the decreased cerebro-
vascular reserve is an independent risk factor for isch-
emic infarction in MMD patients [7, 8]. Cerebrovascular 
reserve mainly depends on vascular compliance [9]. The 
pulsatility index (PI) of transcranial Doppler (TCD) is a 
common intuitive index for evaluating intracranial vas-
cular compliance [10]. However, the relationship between 
PI and the occurrence of ischemic stroke after moyamoya 
disease is unclear.

Methods
Research object and grouping
This study received ethical approval from the hospital’s 
ethics committee. We conducted an analysis of the data-
base comprising adult cases with MMD treated at our 
department between April 2020 and November 2022. 
These data were collected prospectively, and we retro-
spectively analyzed the general clinical characteristics of 
the patients. These included demographic factors such 
as sex and age, intra- and postoperative blood pressure 
measurements, digital subtraction angiography (DSA) 
findings, and pertinent medical history such as hyperten-
sion, hyperlipidemia, smoking status, and prior ischemic 
events.

The inclusion criteria were as follows: (1) older than 18 
years of age; (2) MMD is bilateral.

and diagnosed in accordance with the Japanese guide-
lines for the diagnosis and treatment of moyamoya 
disease [11]; (3) patients who have no acute cerebral 
infarction by MRI after admission, no clear surgical con-
traindications, and first unilateral surgical treatment 

involving STA-MCA anastomosis combined with 
encephaloduromyosynangiosis (EDMS) by the same 
operator; (4) Patients with complete TCD examination 
data before operation. The exclusion criteria were as fol-
lows: (1) surgical treatment was declined; (2) only EDMS 
was performed; (3) patients with poor heart, lung, liver 
and kidney functions; unable to tolerate surgery; pre-
vious history of vascular surgery or other neurological 
treatment during follow-up.

Preoperative examination methods and data acquisition 
methods
The angiographic results of the patients were classi-
fied according to the staging method of digital subtrac-
tion angiography of Suzuki and Takaku. JYQ TCD-2000 
produced by Beijing Xinueqi Science and Trade Co. Ltd. 
was used for preoperative TCD examination, which was 
tested by the same technician in our department. The 
standard 2-MHz pulse ultrasound system was used. 
The peak systolic velocity (PSV), end-diastolic velocity 
(EDV) and mean blood flow velocity (MFV) of bilateral 
middle cerebral artery (MCA) were recorded. Depend-
ing on the formula, PI= (PSV-EDV) / MFV, calculate 
the PI respectively. The PI of the middle cerebral artery 
on the operative side was recorded as ipsilateral MCA-
PI. A total of 71 patients were included in this study and 
the median of ipsilateral MCA-PI was 0.614. We divided 
into low PI group (MCA-PI < 0.614) and high PI group 
(MCA-PI ≥ 0.614) according to the median of ipsilateral 
MCA-PI. After TCD examination, DSA examination 
was performed at intervals of 1–2 days, and then surgical 
treatment was performed at intervals of 3–5 days.

Combined revascularization and perioperative 
management
All patients underwent frontotemporal incision accord-
ing to the location of the superficial temporal artery. The 
M4 segment of the middle cerebral artery with the diam-
eter around the lateral fissure matched with the bridging 
vessel was selected as the recipient vessel, and STA-MCA 
end-to-side anastomosis was performed according to the 
length of the top branch of the superficial temporal artery 
and the location of the recipient vessel. After anastomo-
sis was completed, the morphology of the anastomosis 
was examined, and indocyanine green fluorescence angi-
ography (ICG) was performed to confirm that the anasto-
mosis was.

unobstructed. Then trim the dura mater, achieve 
hemostasis, apply the temporal muscle onto the surface 
of the brain, tightly suture the temporal muscle around 
the dura mater, replace the bone flap, and suture the 
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scalp layer by layer. The surgery is completed. During 
the operation, the mean arterial pressure was normal to 
ensure cerebral tissue perfusion, and arterial blood gas 
analysis was improved after operation to ensure that 
there was no hypercapnia. After the operation, routine 
rehydration and capacity expansion were administered to 
ensure the capacity, and symptomatic treatment, such as 
the use of anti-epilepsy and infection prevention agents, 
was provided.

All patients underwent CT perfusion imaging (CTP) 
and the MRI examination including diffusion weighted 
imaging (DWI) within 3 days after operation. In addition, 
if the patient has symptoms of neurological deficit, re-
examine the CTP and MRI. New infarction after revas-
cularization was diagnosed according to the DWI scans. 
The location of the infarct focus was documented based 
on the findings from the DWI. The infarct focus location 
was categorized as either concordant or discordant area, 
depending on whether the area of diffusion restriction 
coincided with the region corresponding to the recipient 
vessel. All the postoperative imaging results were exam-
ined independently by two experienced examiners, who 
were blind to the preoperative evaluation.

The postoperative neurological status was evalu-
ated by reviewing clinical records. The modified Rankin 
score (mRS) was used to evaluate the clinical results of 
patients one week and three months after operation. mRS 
score > 2 is defined as an adverse result.

Statistical methods
All the measurement data in accordance with the nor-
mal distribution are expressed as (x ± SD), and the count-
ing data are expressed as rates (%). Independent sample 
T-test, Pearson Chi-square test or Fisher exact test were 
used for univariate statistical analysis to evaluate the cor-
relation between general clinical data, DSA and TCD 
ultrasound findings and postoperative infarction. P < 0.05 
was considered statistically significant. A trend analysis 
was performed with a linear-by-linear association model 
in a 2-sided chi-square test to assess whether increased 
cerebral angiographic staging values were statistically 
associated with PI measured by TCD ultrasonography. 
A multivariate analysis was performed with a multiple 
logistic regression analysis. An ROC curve was con-
structed for the analyzed independent risk factors, and 
the area under the curve (AUC) was calculated. All data 
were analyzed using SPSS 26.0 statistical software (IBM, 
Armonk, NY, USA).

Results
Participants selection and characteristics
A total of 125 patients were received, of which 71 met 
the inclusion criteria, as shown in Fig.  1. The clini-
cal data of 71 patients included in the study are shown 

in Table  1. Among the patients grouped according to 
ipsilateral MCA-PI, only ipsilateral MFV had statistical 
difference (P < 0.001), while other factors (age, sex, hyper-
tension, hyperlipidemia, operation side, contralateral 
MFV, Suzuki stage, intra-and-postoperative blood pres-
sure and whether posterior circulation was involved) had 
no significant difference (P > 0.05). Among the 71 patients 
in this study, there were 31 males and 40 females (the 
ratio of male to female was 1:1.29). The age of the patients 
ranged from 27 to 63 years, with a median age of 48 years. 
24 patients (33.80%) had a history of hypertension, and 
16 patients (22.54%) had a history of smoking. 18 patients 
(25.35%) had a history of ischemic events, and 28 patients 
(39.44%) underwent left combined revascularization. In 
Suzuki staging, there were 60 patients (84.51%) of I-III 
stage and 21 patients (29.58%) of posterior circulation 
involvement. Among the 71 patients, the mean arterial 
pressure (MAP) during operation was 89.72 ± 6.07mmHg 
and 96.83 ± 8.03 mmHg after operation. There was no 
statistical difference in intra-operative MAP (91.6 ± 5.33 
vs. 90.60 ± 5.83; P = 0.426) and in post-operative MAP 
(96.93 ± 7.48 vs. 95.73 ± 8.73; P = 0.917) between the two 
groups. And the group with PI lower than 0.614 had a 
higher MFV (108.55 ± 7.89 vs.71.65 ± 5.28; P < 0.001). 
(Table  1). In addition, PI of MCA decreased with the 
advance of Suzuki staging, and there was a moderate 
negative correlation between them (r=-0.415, P < 0.001), 
as shown in Fig. 2.

Results of postoperative infraction
In this cohort, 11 patients (15.49%) developed acute 
cerebral infarction after operation. The general clini-
cal data, main symptoms after infarction and the infarct 
focus location are detailed in Table 2. Of the 11 infarcts, 
2 (11.2%) matched with the recipient vascular region; the 
other 9 cases occurred in mismatched areas and 2 infarcts 
occurred in the contralateral cerebral hemisphere. When 
the mRS score was followed up one week after operation, 
2 patients were less than 2 points, 9 patients more than 
2 points, and 5 points in 1 patient with severe disability 
caused by large area infarction on the second day after 
operation. When the mRS score was followed up three 
months after operation, 1 patient was 3 points, 1 patient 
was 5 points, and 9 patients were less than 3 points. The 
above results are shown in Table 2; Fig. 3.

Results of univariate and multivariate analysis
According to the results of univariate analysis, we found 
that lower ipsilateral MCA-PI (P < 0.001) and higher 
Suzuki stage(P = 0.025) were statistically correlated with 
postoperative cerebral infarction. Other factors, includ-
ing age, hypertension, hyperlipidemia, smoking history, 
previous ischemic events history, contra-and-postoper-
ative blood pressure, posterior circulation involvement 
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and surgical intervention side, were not significantly 
correlated with postoperative infarction (P > 0.05). After 
further binary logistic regression analysis of the poten-
tial factors, we found that only the lower ipsilateral 
MCA-PI was an independent risk factor for predict-
ing postoperative infarction (adjusted OR = 14.063;95% 
CI = 6.265 ~ 37.308; P = 0.009) (Table 3).

Results of the ROC for ipsilateral MCA-PI
When the ROC curve was constructed for ipsilat-
eral MCA-PI, the area under the curve was 0.883 
(AUC = 0.883; 95% CI = 0.784 ~ 0.983; P < 0.001). After cal-
culating the most approximate index, the best threshold 
was 0.467. At this time, the specificity of predicting post-
operative infarction was 91.7%, and the sensitivity was 
72.7% (Table 4; Figs. 4).There were two typical cases, one 
case had a MCA-PI greater than the cutoff value before 
operation, and there was no cerebral infarction after 
operation (Fig.  5), and the other case had acute cere-
bral infarction with a MCA-PI less than the cutoff value 
before operation (Fig. 6).

Discussion
The acute ischemic infarction, one of the complications 
after bypass surgery for MMD patients, is a big challenge 
for both neurosurgeons and patients. It is of high clinical 
value to distinguish patients at high risk of postoperative 
cerebral infarction through effective preoperative evalua-
tion and adopt cautious surgical treatment strategies for 
such patients to reduce the incidence of postoperative 
infraction. Our results firstly found that lower MCA-PI 
was an independent risk factor for predicting postopera-
tive infraction.

Revascularization is the main treatment for MMD 
patients. Previous studies have shown that revasculariza-
tion benefited most MMD patients including ischemic 
[12, 13] and hemorrhagic types [14–16]. While revascu-
larization is disadvantage for some patients because of 
postoperative complications associated with the distur-
bance of cerebral hemodynamics [17–19]. Among these 
complications, ischemic stroke often leads to irrevers-
ible neurologic deficits and even death. It is reported 
that the incidence of ischemic stroke is 1.6–16.0% [5]. In 
our cohort, the incidence of new cerebral infarction was 

Fig. 1  The flowchart showing patient inclusion and exclusion
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15.49%. The incidence of postoperative infarction in our 
cohort is similar to those reported in the literature, sug-
gesting that the high incidence of postoperative infarc-
tion in patients with MMD is a common problem. So, 
strategies to reduce postoperative infarction is worthy of 
further exploration.

How to avoid postoperative infarction is a major chal-
lenge in the surgical treatment of MMD. Several risk 
factors have been reported to be associated with the 
occurrence of postoperative cerebral infarction, such as 
preoperative cerebral ischemic events, diabetes mellitus, 
a higher Suzuki stage, the decrease in intracranial lateral 
branch circulation et al. [20–22]. In our study, we found 
that lower ipsilateral MCA-PI (P < 0.001) and higher 
Suzuki stage(P = 0.025) were statistically correlated with 
postoperative cerebral infarction in univariate analysis, 
while other factors such as sex, age, smoking, hyperlip-
idemia, hypertension, previous ischemic events, contra-
and-postoperative blood pressure and operation side 
have no correlation with postoperative infraction, which 
is consistent with the literature report. The mechanism of 
postoperative stroke is still controversial [23]. It has been 
reported that watershed shift is an important factor for 
postoperative ischemia [24]. Mukerji et al.‘s [25] study 
suggested that local hypoperfusion may result from com-
petitive blood flow, which could lead to ischemic stroke. 
And the decrease in compensatory ability of cerebral 
blood flow, that is to say decreasing cerebrovascular reac-
tivity (CVR) could be one of the reasons for postoperative 
infarction [26]. In patients with MMD who underwent 
STA-MCA anastomosis, the increased flow related to the 
bypass may paradoxically represent a new hemodynamic 
stress and induce altered perfusion parameters by com-
peting with the underlying stenotic vasculature and the 
native collateral network [27, 28]. At this time, due to the 
decline of CVR, the cerebrovascular network is difficult 
to buffer and adjust to the sudden changes in cerebrovas-
cular dynamics, resulting in watershed shift infarction. 

Table 1  Clinical characteristics grouped according to ipsilatal 
MCA-PI(n = 71)
Characteristics Low PI group

(n = 35)
High PI group
(n = 36)

p value

Median age in yrs (range) 48(31–60) 49(26–63) 0.934
M/F ratio 19:16 12:24 0.075
Hypertension 11 13 0.667
Smoking 11 5 0.077
Hyperlipidemia 11 9 0.810
PIE 10 8 0.539
Suzuki Stage 0.884
I 1 0
II 4 5
III 24 23
IV 5 7
V 1 1
Operation side (Left: Right) 12:23 16:20 0.381
PCA Involvement 12 9 0.391
Ipsilatal MCA-MFV (cm/sec) 111.31 ± 27.72 90.87 ± 23.12 0.001*
Intraope MAP(mmHg) 91.66 ± 5.33 90.60 ± 5.83 0.426
Postope MAP(mmHg) 96.93 ± 7.48 95.73 ± 8.73 0.917
Postop Infraction 10 1 0.003*
M = male, F = felmale, PIE = Previous ischemic events, PCA = posterior cerebral 
artery, MFV = mean flow velocity, MCA = middle cerebral artery, PI = pulsatility 
index; Ipsilatal MCA-PI refers to the PI of MCA on the surgical side
*Statistical significance (p < 0.05)

Fig. 2  The relationship between MCA-PI and Suzuki stage. As is showed in the box diagram, the average MCA-PI of Suzuki stage I is 1.007, stage II is 
0.703 ± 0.156, stage III is 0.603 ± 0.124, stage IV is 0.532 ± 0.099,and stage V is 0.466. The MCA-PI decreased with the advance of Suzuki staging, and there 
was a moderate negative correlation between them (r=-0.415, P < 0.001)
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So, it is useful to predict the risk of ischemic stroke by 
detecting the vascular compliance and hemodynamic 
changes before surgery.

TCD is a direct and effective means to detect cere-
brovascular compliance. The PI in TCD is a direct and 
objective index to reflect the compliance of intracranial 
arteries [10, 29]. It is generally between 0.65 and 1.10 
[30]. When the PI is outside this range, it indicates that 
the elasticity of blood vessels is damaged [9, 29]. In this 
study, we found that lower ipsilateral MCA-PI patients 
were more likely to have postoperative infarction. After 
uni-and-multivariate analysis, it was confirmed that 
lower ipsilateral MCA-PI was an independent risk fac-
tor for predicting postoperative infarction (adjusted 
OR = 14.063; 95%CI = 6.265 ~ 37.308; P = 0.009). After 
calculating the maximum Jordan index of the ipsilateral 
MCA-PI, the optimal threshold was 0.467, with higher 
specificity (91.7%) and good sensitivity (72.7%). As far as 
we know, it is the first time to report that MCA-PI could 
predict the ischemic infarction after revascularization 
surgery in MMD patients.

Many studies reported the role of TCD in MMD. Most 
of them focused on the diagnosis of MMD [31]. In Lee’s 
study [32], the authors classified moyamoya disease into 
three stages by using MRA and TCD. They detected the 
MFV and PI of MCA through TCD, and found that the 
degree of disease progression is related to MFV and PI of 
MCA. When the cerebral arteries progressed from nor-
mal to stenosis, the MFV increased and the PI decreased. 
In this study, we found that when the Suzuki stag-
ing increased, the PI of the MCA gradually decreased. 
It is reported that higher Suzuki stage was a risk factor 
for postoperative stroke, which is consistent with our 
results. In Cho’s study [33], using TCD to detect the 
mean blood flow velocity of the MCA (MFV) to predict 
cerebral infarction after bypass surgery. It was reported 
that a lower MFV of MCA (less than 40 cm/s) was inde-
pendently correlated with the incidence of postoperative 
infarction (OR = 109.2; 95%CI = 1.9 ~ 6245.3; P = 0.02). In 
our study, MFV of MCA was not a risk factor for postop-
erative infarction. There was no statistical correlation in 
ipsilateral MFV (P = 0.056) between the two groups, but 
a significant statistical difference in ipsilateral MCA-PI 
(P = 0.001) in univariate analysis. The MFV is variable at 
different stages of MMD [34, 35], so more studies were 
needed to identify the role of MFV in MMD.

In summary, it is of high clinical value to predict post-
operative infraction in MMD patients by preoperative 
evaluation. Our results suggested that preoperative low 
MCA-PI might reflect the cerebrovascular compliance, 
and then could be used as an effective index to predict 
postoperative infraction in patients with MMD. We pro-
posed that it should be more cautiously to make surgical 
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decisions for moyamoya patients with MCA-PI less than 
0.467.

Limitation
This study had some limitations, including a relatively 
small patient cohort and a retrospective study design. 

That the conclusions of the study have not been exter-
nally validated is also an additional limitation of this 
study. Moreover, the number of patients with last-stage 

Table 3  Uni-and multivariate analyses of potential predictors of 
postrevascularization infarction
Fctors p value Ad-

justed 
OR

95%CI
Unti-
variate 
Analyses

Multi-
variate 
Analyses

Age 0.457 0.379 1.068 0.922–1.236
Fmale 0.896 0.900 1.793 0.021–29.743
Hypertension 0.123 0.471 2.493 0.208–29.827
Smoking 0.708 0.768 1.590 0.30-19.673
Hyperlipidemia 0.513 0.229 4.068 1.414–39.929
PIE 0.366 0.601 2.501 1.081–77.638
Suzuki Stage 0.025* 0.194 3.118 1.177–11.141
Operation side 0.271 0.397 1.347 0.303–4.029
PCA Involvement 0.593 0.654 1.607 0.202–12.766
Ipsilatal MCA-PI 0.001* 0.009* 14.063 6.265–37.308
Intraope MAP 0.390 0.929 0.990 0.790–1.240
Postope MAP 0.963 0.777 0.976 0.824–1.156
M = male, F = falmale, PIE = Previous ischemic events, PCA = Posterior cerebral 
artery, PI = pulsatility index, MCA = middle cerebral artery; Ipsilatal MCA-PI 
refers to the PI of MCA on the surgical side
*Statistical significance (p < 0.05)

Table 4  ROC curve index and optimal threshold of ipsilatal MCA-PI
Variable Jordon index Sen Spe AUC 95%CI p value Optimal threshold
Ipsilatal MCA-PI 0.644 0.727 0.917 0.883 (0.784–0.983) < 0.001* 0.467
AUC = area under the ROC curve; MCA = middle cerebral atery; PI = pulsatility index; Sen = sensitivity; Sep = specificity
*Statistical significance (p < 0.05)

Fig. 4  The ROC curve of ipsilateral MCA-PI in TCD. The area under the 
ipsilateral MCA-PI curve was 0.883 (AUC = 0.883; 95% CI = 0.784–0.983; 
P < 0.001). The best threshold was 0.467. At this time, the sensitivity of pre-
dicting postoperative complications was 72.7%, and the specificity was 
91.7%

 

Fig. 3  The mRS score of patients with cerebral infarction after combined bypass surgery. The figure shows the mRS Scores of patients who developed 
cerebral infarction after bypass surgery at one week and three months of follow-up. Followed up 1 week, 2 patients were less than 2 points, 9 patients 
more than 2 points. Followed up 3 months after operation, 1 patient was 3 points, and 9 patients were less than 3 points. And 1 patient with severe dis-
ability caused by large area infarction had a mRS score of 5 at one week and three months after operation
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moyamoya disease is also very small in our study, there-
fore, the continuous detection and application of PI in 
last-stage moyamoya disease needs more samples and 
further studies to confirm. Nonetheless, we note that we 
observed a significantly increased association of post-
operative infarction with low PI in MCA and we believe 
that future prospective studies with larger cohorts may 
provide more conclusive evidence that PI in the MCA is 
a reliable marker for predicting postoperative infarction 
after bypass surgery for adult MMD. The findings of this 
study provided useful information that requires further 
clinical validation.

Conclusions
A lower PI in the ipsilateral MCA detected by TCD 
could predict cerebral infarction after combined revas-
cularization surgery with high specificity. There may be 
a negative correlation between PI and Suzuki stage, and 
combined revascularization appears to be safer for the 
moyamoya patients in early stages.

Fig. 5  Typical case 1. This a 40-year-old female patient, who was treated for half a year because of headache and weakness of the right limb. After admis-
sion, the patient was diagnosed as moyamoya disease by DSA examination, Suzuki stage III. TCD examination showed that the PSV, EDV and MFV of the 
left MCA were 198.9 cm/s, 112.1 cm/s and 141.0 cm/s. The PI was 0.615. Then the patient underwent left STA-MCA vascular anastomosis combined with 
EDMS. During the operation, the anastomotic stoma was full and good, and ICG fluorescein angiography showed that the bridging vessel was unob-
structed. No new cerebral infarction was found in MRI after operation. The patient recovered well after operation and was discharged without complica-
tions related to neurological function
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