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Risk factors and a novel cerebral 
infarction extent scoring system 
for postoperative cerebral 
ischemia in patients with ischemic 
Moyamoya disease
Yuanbing Chen 1,3, Xuan Gong 1,3, Zeng Yang 2, Fenghua Chen 1* & Junyu Wang 1*

Postoperative cerebral ischemic complication is the most common complication of revascularization 
surgery for patients with moyamoya disease (MMD). This retrospective study was conducted on 
63 patients with ischemic MMD. Postoperative ischemia occurred in 15 of the 70 revascularization 
operations performed for patients after surgical revascularization, translating to an incidence 
of 21.4%. Univariate analysis revealed that onset infarction (p = 0.015), posterior cerebral artery 
involvement (p = 0.039), strict perioperative management (p = 0.001), interval time between transient 
ischemic attack (TIA) or infarction presentation and operation (p = 0.002) and preoperatively cerebral 
infarction extent score (CIES) (p = 0.002) were significantly associated with postoperative cerebral 
ischemia. Multivariate analysis revealed that strict perioperative management (OR = 0.163; p = 0.047), 
and preoperatively CIES (OR = 1.505; p = 0.006) were independently associated with postoperative 
cerebral ischemia-related complications. After comprehensive improvement of perioperative 
management protocol, the incidence of symptomatic infarction declined to 7.4% (4 out of 54). 
Analysis of the area under the receiver operating characteristic curve (AUROC) indicated CIES was 
a predictor for both postoperative ischemia and high follow-up modified Rankin Scale scores. In 
summary, strict perioperative management and CIES were identified as independent risk factors 
for postoperative ischemic complications in ischemic MMD, demonstrating that comprehensive 
and individualized perioperative management improve postoperative outcomes in patients with 
MMD. Furthermore, application of CIES to evaluate pre-existing cerebral infarction can improve the 
management of patients.

Moyamoya disease (MMD) is a rare cerebrovascular condition characterized with progressive steno-occlusion 
in the terminal segment of the internal carotid artery and its proximal branches and abnormally dilated com-
pensatory collateral vasculature on  angiography1,2. To date, there are no effective treatments for MMD but 
revascularization surgery has been shown to effectively prevent future ischemic strokes by improving cerebral 
blood flow, which improves patients’ life  quality3. Postoperative complications, especially cerebral ischemic 
events after revascularization surgery, occur in 3.7–33.3% of the  patients4–9. However, compared with standard 
revascularization procedures, the use of risk factors of postoperative ischemic complications and tailored perio-
perative management can result in better optimal surgical benefits to patients.

Studies have reported several risk factors for postoperative cerebral ischemic  complications5–7,10,11. However, 
the specific risk factors of postoperative ischemic complications have not been determined. Furthermore, major-
ity of previous studies included both ischemic and hemorrhagic MMD patients. However, there are significant 
differences in clinical presentations, mechanisms, and prognosis between ischemic and hemorrhagic  MMD12,13. 
In addition, whether revascularization surgery can reduce recurrent intracranial hemorrhage or ischemic events 
in patients with hemorrhagic MMD remains controversial. In this study, we aimed to identify the risk factors for 
postoperative cerebral ischemic complications in only ischemic MMD patients. A novel cerebral infarction extent 
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scoring system (CIES) for predicting postoperative cerebral ischemic complications was developed. In addition, 
a tailored perioperative management protocol, including both preoperative patient evaluation and postoperative 
management, for preventing immediate postoperative complications was developed.

Methods
Patient selection. All patients with ischemic MMD who received revascularization surgery in the depart-
ment of neurosurgery of Xiangya hospital between June 2013 and August 2018 were enrolled in this study. These 
patients were from Hunan and Jiangxi provinces of the People’s Republic of China. The inclusion criteria were as 
follows: (1) a diagnosis of MMD was confirmed with six-vessel digital subtraction angiography (DSA) based on 
the criteria of the guidelines for diagnosis and treatment of MMD by the Research Committee on Spontaneous 
Occlusion of the Circle of  Willis14; (2) initial attack as the infarction type, transient ischemic attack (TIA)-type, 
and frequent TIA-type were classified as ischemic MMD; and (3) patients who underwent indirect or combined 
revascularization surgery from June 2013 to August 2018. Patients with hemorrhagic MMD or moyamoya syn-
drome were excluded from this study.

All procedures conducted on human participants in this study were approved by the ethics committee of 
Xiangya Hospital of Central South University and conformed with the Declaration of Helsinki. All study partici-
pants gave written informed consent. The diagnosis of MMD was performed in accordance with the guidelines for 
diagnosis and treatment of MMD by the Research Committee on Spontaneous Occlusion of the Circle of Willis.

Preoperative evaluation and surgical indication. Magnetic Resonance Imaging (MRI) and six-vessel 
DSA were performed within one week before surgery in all patients to confirm the presence of MMD. Specifi-
cally, MR imaging techniques (perfusion-weighted MRI (PWI) and diffusion-weighted imaging (DWI)) were 
used to assess regional cerebral perfusion and cerebral ischemic extent before surgery, respectively. Patients were 
indicated for revascularization surgery based on previous  guidelines14. Briefly, symptomatic and hemodynami-
cally affected hemisphere of the patients was first revascularized. Subsequently, contralateral hemisphere was 
revascularized at least three months after the first surgery. If the patient did not show cerebral ischemic symp-
toms associated with the contralateral hemisphere and contralateral cerebral perfusion decrease as revealed by 
PWI after the first surgery, subsequent surgery on the contralateral hemisphere was not performed.

Cerebral infarction extent scoring system (CIES). To evaluate the extent and severity of the preopera-
tive cerebral infarction, we proposed a novel cerebral infarction extent scoring system. Based on the preopera-
tive MRI features, including T1, T2 and DWI, we selected the slice with the largest area of infarction on MRI 
for evaluation. If multiple cerebral lobes were affected, the slice with the largest level of cerebral infarction in 
each lobe was selected. A score of 0 indicated no cerebral infarction while scores 1, 2, and 3 indicated an area of 
infarction less than one third of the cerebral lobe, between one third and two thirds of the lobe, and more than 
two thirds of the lobe, respectively. Finally, the score of each lobe was superimposed as the CIES (Fig. 1). In total, 
five lobes (frontal, temporal, parietal, occipital, and insula) in each hemisphere were assessed. Theoretically, the 
maximum score possible was 30 points.

Surgery. In total, 63 patients with 70 revascularization operations were included in our study. All surgeries 
were performed by senior surgeons (Chen. F and Wang. J) following standardized procedures. Two surgical pro-
cedures were performed: indirect bypass (encephalon-dura-arterial-myo-synangiosis, EDAMS) and combined 
bypass (STA-MCA bypass with EDAMS). In brief, all surgical incisions were designed along the parietal branch 
of the superficial temporal artery (STA). Once the scalp was incised, the parietal branch of the STA was dissected 
to remove the surrounding fascia. The dura was opened in fan-shaped style, dura flaps were flipped and inserted 
under the edge of craniotomy to provide the possible collateral blood supply from a meningeal middle artery. If 
the recipient vessels matched the donor STA, a direct bypass was performed, which involved end-to-side anas-
tomosis of the parietal branches of the STA to the cortical segment of middle carotid artery (MCA). Otherwise, 
indirect bypass was performed. Specifically, STA was sutured onto the surface of the hemisphere and multiple 
incisions were made on the arachnoid mater. Finally, the temporalis muscle flap was attached onto the surface 
of the brain and sutured to the edges of the folded dural flap. For STA-MCA bypass, intraoperative indocyanine 
green video angiography and postoperative magnetic resonance angiography (MRA) or computed tomography 
angiography (CTA) was routinely performed to confirm the graft patency.

Perioperative management. Considering the comprehensive improvement of perioperative manage-
ment protocol after June 2015, perioperative management was divided into two unique periods. The first period 
was between June 2013 and June 2015. Perioperative management for this period involved surgery performed 
within 8 weeks (frequent TIAs were defined as those occurring more than three times per month) or not. In 
addition, the level of  PaCO2 (partial pressure of carbon dioxide, arterial) and systolic blood pressure were strictly 
controlled within 35–45 mmHg and 110–130 mmHg, respectively. Normal body temperature was maintained 
throughout the perioperative period. In contrast, from June 2015 to August 2018, a strict perioperative manage-
ment protocol was used. In this protocol, we delayed surgery for patients who had newly developed cerebral 
infarction (even asymptomatic) or frequent TIAs within 8 weeks. Preoperative intravenous hydration was con-
tinually administered from fasting before operative day to postoperative day 3. We routinely examined blood 
pressure and  PaCO2 and maintained them based on the preoperatively level and the type of revascularization. 
The antiplatelet agent was discontinued on the day of surgery. The barbiturate and anti-nausea drug were rou-
tinely administered in the first 72 h. Details of this protocol are shown in the protocol tree (Fig. 2).
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Postoperative evaluation and clinical follow-up. Postoperative CT scan was routinely performed to 
identify surgery-related hematoma or infarction on the operation day. Postoperative CTA and conventional 
MRI, including DWI were performed within one week after surgery. CTA was used to assess the patency of the 
bypass graft, whereas DWI was used to identify silent and symptomatic ischemic lesions. Repeat CT scan or 
DWI were performed in cases of new postoperative neurological deterioration (Fig. 3).

Patients were clinically evaluated at admission, at discharge and after three months follow-up. All outcomes 
were evaluated by a trained physician not directly involved in the care of these patients and blinded to the 
patient’s clinical data. Postoperative cerebral ischemic complication was defined as a symptomatic event of new 
cerebral infarction or asymptomatic infarction confirmed by CT or MRI within one week after surgery. Symp-
toms included focal neurologic deficit lasting > 24 h. Modified Rankin Scale scores (mRS) was used to evaluate 
functional outcomes and improvement.

Statistical analysis. SPSS for Windows version 26.0 (IBM Corp) was used for statistical analysis. All cat-
egorical variables were presented as counts (with percentages) and analyzed with Pearson chi-square test. Two-
tailed tests were used to compare continuous variables, which are presented as means ± standard deviations. Var-
iables with a p < 0.05 on univariate analysis were included in multivariate analysis. The area under the receiver 
operating characteristic curve (AUROC) was calculated for the CIES as a predictor for postoperative ischemic 
complication as either good (0–2) or bad (3–6) mRS scores after three months follow-up. All values with p < 0.05 
were considered statistically significant.

Figure 1.  Schematic diagrams of CIES. (A) Diagrams showed no infarction preoperatively. CIES = 0 point, (B) 
diagrams indicated infarction (gray area) on the right temporal lobe, affecting about 1/3 of the lobe. CIES = 1. 
(C) Diagrams indicated infarction (gray area) on the right temporal lobe, affecting about 2/3 of the lobe, 
CIES = 2. (D) Diagrams indicated infarction (gray area) on the right temporal lobe, affecting about whole lobe. 
CIES = 3.
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Results
Clinical characteristics and surgical outcomes. A total of 63 patients with ischemic MMD (26 females 
and 37 males) and mean age of 25.8 ± 20.1 (age range: 1–62 years) were consecutively recruited. Among them, 
23 presented with TIAs and 47 cases underwent preoperative cerebral infarction. In addition, three patients had 
a history of hypertension and one had diabetes mellitus. Moreover, 32 and 22 patients were classified in stage 3 
and stage 4, respectively, based on Suzuki stage. Notably, no patients with stage 1 or stage 6 was identified in our 
study. Totally 70 revascularization procedures, which included 50 indirect bypasses and 20 combined bypasses, 
were performed on 63 patients. In addition, imaging studies revealed bilateral MMD lesions in 54 out of 63 
patients and unilateral MMD change in the rest. In 20 combined bypasses, all the STA-MCA anastomosis were 
successful as revealed by postoperative CTA or MRA. No patients died after surgical revascularization.

Postoperative complications occurred in 16 out of the 70 procedures (22.9%) performed, including 15 post-
operative cerebral ischemic complications and one subdural hemorrhage. Postoperative infarction was con-
firmed with MRI within one week after surgery. Two patients showed ipsilateral infarction on MRI without any 

Figure 2.  Protocol tree of perioperative management of patients with ischemic Moyamoya disease. BP: Blood 
pressure. PaCO2 partial pressure of carbon dioxide, SBP systolic blood pressure.
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symptoms. Symptomatic ischemic complications occurred in 13 procedures (18.6%), including, ipsilateral infarc-
tion in nine patients and accompany with symptoms of various severity. Two patients had contralateral infarc-
tions and another two had bilateral infarctions. The characteristics of postoperative ischemic complications are 
summarized in Table 1. After a three-month follow-up, the mRS in patients with postoperative cerebral ischemic 
complications was significantly worse compared with those without postoperative ischemic complications.

Risk factors of postoperative ischemic complication. To identify risk factors associated with the 
postoperative ischemia-related complications, we performed logistic regression analysis using clinical charac-
teristics data. In the univariate analysis, initial symptoms (p = 0.015), interval between infarction and operation 
(p = 0.002), posterior cerebral artery involvement (p = 0.039), strict perioperative management (p = 0.001), CIES 
(p = 0.002) were associated with postoperative cerebral ischemia-related complications (Table 2). After adjust-
ment for confounding factors in multivariate analysis, only strict perioperative management and CIES were 
found to be independent risk factors for postoperative cerebral ischemia-related complications in patients with 
ischemic MMD (Fig. 4). Five cases that underwent indirect bypass had postoperative cerebral ischemic compli-
cations during the strict perioperative management period compared with only one case in the combined bypass 
group. Although no significant differences observed by univariate analysis, these results indicated that patients 
who underwent indirect bypass were prone to postoperative infarction compared with those who received direct 
bypass. After strict perioperative management, the incidence of postoperative ischemic complication decreased 
from 52.9 to 11.3% with only four patients showing symptomatic infarction (7.4%). Furthermore, after the strict 
perioperative management, 15.1% (8/53) of the cases exhibited symptom improvement based on discharge mRS 
compared with 5.9% (1/17) in first period.

Figure 3.  MR images obtained pre and postoperatively represent ischemic lesions. (A–C) T2-weighted, 
T1-weighted and diffused weighted MR images showed preoperative infarction in bilateral of temporal lobe 
and occipital lobe (white arrowheads). CIES = 7 point. (D) Diffused weighted MR images showed acute cerebral 
infarction in left temporal and occipital lobe postoperatively.
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Table 1.  Summary of 15 patients with postoperative cerebral ischemic complications. *Preoperative 
angiographic stages were evaluated using the criteria of Suzuki angiographic stage. PCA posterior circulation 
artery, TIA transient ischemic attack.

No Age/sex
Initial 
symptoms Suzuki stages*

PCA 
involvement

Preoperative 
infarction or 
frequent TIA in 
8 weeks Operation

Strict 
perioperative 
management

Symptomatic/
asymptomatic 
infarction

Onset of 
ischemic events 
after surgery

Postoperative 
cerebral 
infarction side

1 26/F Infarction IV + Yes Indirect No Symptomatic Within 24 h Ipsilateral

2 40/M Infarction III − Yes Combined No Symptomatic Within 24 h Contralateral

3 7/M Infarction III + Yes Indirect No Symptomatic Within 24 h Bilateral

4 42/F Infarction II + Yes Combined No Symptomatic Within 24 h Ipsilateral

5 2/M Infarction II − Yes Indirect No Symptomatic Within 48 h Ipsilateral

6 6/M Infarction IV − No Indirect No Symptomatic Within 24 h Ipsilateral

7 38/M Infarction II − No Combined No Symptomatic Within 24 h Contralateral

8 44/F Infarction III + Yes Indirect No Symptomatic Within 48 h Ipsilateral

9 5/F Infarction III + No Indirect No Symptomatic Within 24 h Ipsilateral

10 50/F Infarction IV + No Indirect Yes Symptomatic Within 24 h Bilateral

11 9/F TIA IV − No Indirect Yes Asymptomatic – Ipsilateral

12 54/F Infarction V + No Indirect Yes Symptomatic Within 24 h Ipsilateral

13 6/F Infarction III + No Indirect Yes Symptomatic Within 24 h Ipsilateral

14 44/M Infarction IV − No Indirect Yes Asymptomatic – Ipsilateral

15 28/M Infarction II − No Combined Yes Symptomatic Within 24 h Ipsilateral

Table 2.  Clinical characteristics of MMD patients. CIES cerebral infarction extent scoring system, Interval btw 
infarction and op Interval time between frequent TIA or infarction presentation and operation, mRS modified 
Rankin Scale, TIA transient ischemic attack, PCA posterior cerebral artery, Peri-op perioperative, Post-op 
postoperative.

Characteristic All Pts (n = 70)

Post-op ischemic complications

p valueAbsent (n = 55) Present (n = 15)

Mean age at op (years) 25.8 ± 20.1 26.0 ± 20.6 25.3 ± 19.0 0.904

Children 36 30 6 0.386

Adult 34 25 9

Gender

Male 44 37 7 0.143

Female 26 18 8

Onset symptoms

TIA 23 22 1 0.015

Infarction 47 33 14

PCA Involvement 22 14 8 0.039

Suzuki stage

1 0 0 0 0.662

2 13 9 4

3 32 27 5

4 22 17 5

5 3 2 1

6 0 0 0

CIES 3.3 ± 3.3 2.4 ± 2.4 6.5 ± 4.0 0.002

Interval btw infarction and op

 < 8w 20 11 9 0.002

 >  = 8w 50 44 6

Type of surgery

Indirect bypass 50 39 11 0.854

Combined bypass 20 16 4

Operating duration 166 ± 97.9 158.4 ± 88.3 194.0 ± 126.9 0.321

Strict Peri-op management 53 47 6 0.001

mRS at 3 mths Post-op 1.9 ± 1.3 1.5 ± 0.9 3.4 ± 1.5  < 0.001
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Even though no significant difference was observed between pediatric and adult patients in postoperative 
ischemic complications. We performed the univariate analysis in adult and pediatric patients separately. We 
found the strict perioperative management and CIES were associated with the postoperative cerebral ischemic 
complication both in pediatric and adult group (supplementary Table S1 and Table 2).

Assessment of the CIES system. We then evaluated the association between CIES and mRS. The patients 
were divided into low CIES (< 7) and high CIES (≥ 7) groups. Results showed that both the mean discharge mRS 
and mean follow-up mRS were significantly higher in the high CIES group than in the low CIES group, but no 
difference was found in preoperative mRS. ROC curve was calculated to validate the predicted value of CIES in 
this cohort. AUROC of 0.790 and 0.811 were found for post-operative cerebral ischemia complications and high 
follow-up mRS, respectively (Fig. 5).

Discussion
Moyamoya disease (MMD) is an idiopathic disease, which disproportionately affects East Asian  populations15. 
A key feature of MMD is its bimodal distribution with age, with the largest peak being among patients aged 
35–45 years, followed by those aged 5–9  years16. Revascularization surgery has been shown to effectively prevent 
future ischemic events and improve the quality of life of pediatric and adult  patients17,18. Although similar effi-
cacy has been reported in pediatric patients, evidence for the differences in outcome between direct bypass and 
indirect bypass in adult patients with MMD is inconclusive. Previous studies have reported that direct procedure 
is more effective than indirect bypass in adult patients, although the difference between the two approaches is 
not significant in terms of perioperative  ischemia14. Another study demonstrated that direct bypass was more 
effective in preventing recurrent ischemic stroke than indirect bypass for adult ischemic  MMD19. Other stud-
ies have found opposite results. One study revealed that recurrent ischemic-stroke occured more frequently in 
direct bypass than in indirect  bypass20. Elsewhere, it was suggested that direct bypass and indirect bypass may 
have similar outcomes in adults MMD patients but indirect bypass was preferred because of its simplicity and 
safety. Interestingly, the postoperative infarction rate in their study was much higher in indirect bypass (14.7%) 
group than that in direct bypass (4.7%)21. A large study which enrolled 358 consecutive procedures in a single 
university found that there were no differences in the postoperative stroke rates between the direct and indirect 
procedures. However, after reviewing literatures, they concluded that revascularization was significantly more 
frequent in direct bypass than in indirect bypass based on postoperative  angiography22. In our view, patients 
who undergo combined bypass could benefit from both immediate flow restoration from STA-MCA anastomosis 
(direct bypass) and pial synaiosis in the long run (indirect bypass). Therefore, in our study, we considered com-
bined surgery as the first choice for all adults patients, which is consistent with other  studies23,24. For all 34 adult 
patients, 20 underwent direct bypass surgery, whereas the other 14 patients underwent indirect bypass surgery. 
Among them, six patients had no appropriate recipient vessels to perform the direct bypass in the sulci, and thus 
we did not dissect the sylvian fissure to find adequate arteries. Moreover, direct bypass was not achieved in two 
patients because of repeat intraoperative thrombi formation at the anastomosis site during the procedure. Con-
sequently, we converted to indirect bypass after several attempts to avoid severe postoperative ischemia-related 
complications. Furthermore, another six patients declined combined surgery because of safety concerns. As for 
pediatric patients, we preferred indirect bypass.

Cerebral ischemia is a common postoperative complication in patients with MMD and maybe the major 
factor inducing postoperative neurological  deterioration24. Previous studies have reported that the incidence 
of postoperative cerebral ischemic complication after revascularization surgery varies from 3.7 to 33.3%7,10,22,25. 
The mechanism underlying the development of postoperative ischemic complications is complex. Postoperative 
SPECT indicated dynamic change in cerebral hemodynamics after direct bypass, suggesting that the so-called 
watershed shift may contribute to postoperative cerebral  ischemia26. Other possible factors that may induce 
ischemia after surgery include sacrificing small penetrating branches of the recipient artery, vasospasm, acute 

Figure 4.  Multivariate analysis of postoperative ischemic complications. CIES cerebral infarction extent scoring 
system, TIA transient ischemic attack, PCA posterior cerebral artery.



8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:5726  | https://doi.org/10.1038/s41598-022-26985-3

www.nature.com/scientificreports/

occlusive changes in major cerebral arteries, and a decrease in regional cerebral blood flow and cerebral perfu-
sion caused by hypotension during  anesthesia22,27,28.

Evaluation of the risk factor and performing an optimal revascularization procedure under a tailored perio-
perative management will ameliorate prognosis and benefit the  patient29. Higher Suzuki stage and preoperative 
ischemic presentation have been suggested as independent risk factors for newly ischemic events after revascu-
larization  surgery10,30. Other factors such as younger age (≤ 3 years), presence of underlying disease, female sex, 
TIAs frequency, and recent stroke episode have also been reported to be associated with postoperative ischemic 
 complication30–32. Our pilot study indicated that preoperative infarction may be associated with postoperative 
ischemic events, which is in agreement with previous  studies10,31. However, compared with patients who pre-
sented TIA preoperatively, we found that patients with mild preoperative infarction (infarction extent less than 
2 brain lobes) showed no between-group differences in postoperative ischemic complications (data not shown). 
To better describe the severity of cerebral infarction, we proposed a CIES grading system and established that 
CIES is an independent risk factor for postoperative ischemic complications. This could be explained by the 
higher vulnerability of the delicate hemisphere to hemodynamic instability induced by revascularization surgery, 
increasing the risk of infarction. We also validated that high CIES (≥ 7) as an effective predictor of high rate of 
postoperative ischemic complications and high discharge mRS. On the contrary, patients with low CIES (< 7) 
tended to have a more favorable postoperative outcome. Recently, a new MMD grading system was reported by 

Figure 5.  Preoperative, postoperative and follow-up mRS based on the high or low CIES. (A) Comparison of 
preoperative mRS between low (< 7) and high (≥ 7) CIES subgroups (ns: not significant, Mann–Whitney U test). 
(B) Comparison of discharge mRS between low and high CIES subgroups (***p < 0.001, Mann–Whitney U test). 
(C) Comparison of follow-up mRS between low and high CIES subgroups (***p < 0.001, Mann–Whitney U test. 
(D) The difference of incidence of postoperative ischemic complications between low and high CIES subgroups. 
(E,F) AUROC for CIES as a predictor for postoperative ischemia (E) or a high follow-up mRS score (F).
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a Berlin group. They predicted clinical symptoms based on DSA findings and features of chronic cerebrovascular 
insufficiency (MRI and Xenon-CT). Although the Berlin grading system was valuable for stratifying preopera-
tive symptoms of adult patients, there were no statistically significant differences when correlating with clinical 
postoperative  stroke33,34.

Patients with larger cerebral infarction usually have worse mRS. In our study, patients with higher CIES 
showed higher discharge mRS and worse outcome at three-month follow-up. However, there was no statistical 
difference in preoperative mRS between low and high CIES groups, which may be due to the strategy of delay-
ing revascularization surgery for eight weeks after an acute stroke or asymptomatic infarction revealed by MRI. 
During this period, the reconstruction of cerebrovascular reserve capacity and the recovery of neurological 
function resulted in improvement mRS, although the brain infarction  persisted35.

Several researchers have demonstrated the efficacy of perioperative management  protocols5,29. However, 
none of these protocols can provide comprehensive perioperative management for all ischemic MMD patients. 
Rashad et al. used their protocol only with patients who experienced direct bypass. Muraoka et al. described 
perioperative management merely for pediatric patients. Previous studies found that cerebral infarction and fre-
quent TIAs may be indicators of the instability of cerebral hemodynamics condition in both adult and pediatric 
 patients4,6,31. As mentioned above, we recommend postponement of revascularization surgery for patients with 
a recent cerebral infarction for eight weeks, since the period to reconstruct hemodynamics stability is at least 
6–8  weeks6,7. Antiplatelet treatment was report to prevent emboli formation, thus improving cerebral perfusion, 
and stabilize the hemodynamics to reduce the risk of ischemic stroke and transient ischemic  attack36,37. Thus, 
antiplatelet was routinely administered and only suspended on the day of operation in our series. Another report 
suggested that the antiplatelet agent was discontinued 7 days prior to the surgery and re-administered 3 days 
after  surgery22. Neither previous studies nor our study found adverse effects of aspirin on intracranial hemor-
rhage during perioperative  period5,22.

Symptomatic postoperative cerebral hyperperfusion syndrome is also a common complication in patients with 
direct bypass surgery due to regional cerebral blood flow increasing through STA-MCA direct  anastomosis6,10. 
Unlike the strict blood pressure lowering strategy in the first period, our postoperative blood pressure manage-
ment is more flexible during the second period. In the patients with combined bypass, postoperative systolic 
blood pressure was maintained at 10 mmHg less than the preoperative baseline to avoid hyperperfusion syn-
drome; whereas in patients who underwent indirect bypass, cerebral blood flow did not improve immediately 
after surgery. Therefore, blood pressure was maintained at about 10 mmHg higher than the preoperative baseline 
blood pressure to antagonize cerebral vasospasm and maintain the normal cerebral perfusion. Where there is 
an increased risk of cerebral ischemia symptoms associated with hypocapnia induced by hyperventilation, strict 
control of perioperative  PaCO2 is uncontroverted, but the range of management standards remains  unclear38–40. 
In our protocol,  PaCO2 was monitored in every patient and strictly controlled between each preoperative baseline 
level and 45 mmHg both intraoperatively and postoperatively. The barbiturate was used as a sedative drug for 
patients to prevent hyperventilation with crying and exercise, especially in children. Barbiturate was also reported 
useful for controlling increased intracranial pressure, reducing cerebral damage of focal cerebral ischemia and 
minimize cerebral  edema5,41–43. The swelling of temporalis muscle on the lateral brain surface and the change of 
blood flow increases the risk of increasing the seizure after surgery. Nausea is the most common postoperative 
complication associated with the anesthetic agents, and can easily cause hyperventilation. Thus, anti-epilepsy and 
anti-nausea drugs were routinely administered in the first 72 h. After adopting strict perioperative management in 
second period decreased the incidence of postoperative cerebral ischemia to 11.3%, and when only symptomatic 
infarctions are considered, the rate was only 7.5%. which is lower than most of previous  studies6,35,44.

Limitation. This study has some limitations. Firstly, this was not a randomized study, which could have led 
to selection bias. Secondly, although we included numerous clinical factors, several other preoperative character-
istics, including comorbidities and preoperative hemodynamic state, were not analyzed in this study. Addition-
ally, it would be valuable to analyze risk factors of postoperative complications in pediatric and adult patients 
separately in the future.

Conclusion
This study demonstrates that postoperative ischemic complications in ischemic MMD patients can be signifi-
cantly decreased to a favorable level after strict perioperative management. Furthermore, a CIES scoring system 
to precisely evaluate the pre-existed cerebral infarction was developed for predicting postoperative ischemia-
related complications in MMD patients.

Data availability
Restrictions apply to the availability of data generated or analyzed during this study to preserve the confidentiality 
of the participants, but are available from the corresponding author on reasonable request.
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