
© 2020 The Author(s)
Published by S. Karger AG, Basel

Original Paper

Cerebrovasc Dis Extra 2020;10:66–75

Measurement of Intraoperative Graft Flow 
Predicts Radiological Hyperperfusion during 
Bypass Surgery in Patients with Moyamoya 
Disease
Akikazu Nakamura 

a    Akitsugu Kawashima 
a    Shunsuke Nomura 

a    
Takakazu Kawamata 

b    
a

 Department of Neurosurgery, Tokyo Women’s Medical University Yachiyo Medical Center, 
Chiba, Japan; b Department of Neurosurgery, Tokyo Women’s Medical University,  
Tokyo, Japan

Keywords
Bypass surgery · Hyperperfusion · Moyamoya disease · Transit time flowmeter

Abstract
Introduction: Moyamoya disease (MMD) is a rare cerebrovascular disease associated with 
cerebral infarction or hemorrhage. Hyperperfusion is the most significant complication of di-
rect bypass surgery. Previous research has shown that an increase in cerebral blood flow (CBF) 
is strongly related to symptomatic hyperperfusion and highlighted the importance of post-
operative assessment of CBF. Objective: The principal aims of this study were to quantita-
tively analyze the relationship between intraoperative graft flow and increase in CBF and to 
evaluate the effectiveness of intraoperative graft flow measurement during bypass surgery 
for patients with MMD. Methods: This study included 91 surgeries in 67 consecutive adult 
patients with MMD who underwent direct revascularization surgery at our institution between 
November 2013 and September 2018. Intraoperative graft flow of the branches and main 
trunk was measured in all patients, after anastomosis had been established. Postoperative CBF 
measurements were performed under sedation, immediately after surgery. Radiological hy-
perperfusion was defined as focal high uptake, as determined by CBF imaging immediately 
after surgery. Patients were divided into two groups (radiological hyperperfusion and nonra-
diological hyperperfusion groups), and the relationship between intraoperative graft flow and 
radiological hyperperfusion was analyzed. Results: Significant differences were observed be-
tween the radiological hyperperfusion and nonradiological hyperperfusion groups in terms 
of intraoperative graft flow of both the branch (median 72 vs. 42 mL/min, respectively; p < 
0.01) and main trunk (median 113 vs. 68 mL/min, respectively; p < 0.01). A receiver-operating 
characteristic analysis was performed to test the utility of intraoperative flow as a quantitative 
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measure. We set the cutoff values for the intraoperative branch and main trunk flow at 57 mL/
min (sensitivity: 0.707, specificity: 0.702; area under the curve [AUC]: 0.773; 95% confidence 
interval [CI]: 0.675–0.871) and 84 mL/min (sensitivity: 0.667, specificity: 0.771; AUC: 0.78; 95% 
CI: 0.685–0.875), respectively. Conclusions: Measuring intraoperative graft flow during by-
pass surgery may be an effective means of predicting hyperperfusion and could serve to fa-
cilitate early therapeutic intervention such as strict blood pressure control.

© 2020 The Author(s)
Published by S. Karger AG, Basel

Introduction

Moyamoya disease (MMD) is a rare cerebrovascular disease characterized by progressive 
occlusion of the terminal internal carotid artery and the formation of abnormal moyamoya 
vessels, which can lead to cerebral infarction or hemorrhage [1, 2]. Several studies have 
demonstrated the effectiveness of using direct or combined bypass surgery [3–7]. 

Hyperperfusion syndrome is the most significant complication of direct bypass surgery 
and can lead to temporary neurological deterioration or hemorrhagic stroke [8–11]. Previous 
research has shown that an increase in cerebral blood flow (CBF) is strongly related to symp-
tomatic hyperperfusion and highlighted the importance of postoperative CBF studies [11, 12]. 

Intraoperative flow measurement of the extracranial-intracranial bypass graft was 
considered to be a simple technique for predicting cerebral hyperperfusion during direct 
bypass surgery in previous reports [13, 14]. However, to date, no studies have performed a 
quantitative analysis of the relationship between intraoperative graft flow and cerebral 
hyperperfusion during bypass surgery. 

Therefore, the principal goal of this study was to quantitatively analyze this relationship 
and to evaluate the effectiveness of intraoperative graft flow measurement in bypass surgery 
for MMD.

Materials and Methods

This retrospective study was approved by the Institutional Review Board of Tokyo 
Women’s Medical University. 

Patient Population and Surgical Procedures
This study analyzed 91 surgeries in 67 consecutive adult patients with MMD (mean age: 

39 years, range: 16–75 years), who underwent direct revascularization with concurrent 
measurement of intraoperative graft flow at our institution between November 2013 and 
September 2018. All patients were diagnosed according to criteria stipulated by the Japanese 
Ministry of Health, Labor, and Welfare [15]. No patients were diagnosed as quasi-MMD in this 
population, due to the strict application of these criteria. Our surgical indications were as 
follows: ischemic symptoms and decreased CBF, or progressive ischemic symptoms. The 
following direct bypass procedures were included in the study: 77 superficial temporal artery 
(STA)-middle cerebral artery (MCA) single or double bypasses, 2 STA-anterior cerebral artery 
and MCA double bypasses, 4 retroauricular artery and STA-MCA double bypasses, and 8 
occipital artery-MCA single or double bypasses. A double bypass was performed in 79 out of 
91 (87%) surgeries. In our institution, the STA-MCA double bypass was the standard surgical 
procedure. In cases where low CBF was detected in the anterior cerebral artery area, we 
performed an STA-anterior cerebral artery bypass. In cases where the appropriate STA was 
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not available, we performed a retroauricular artery and STA-to-MCA double bypass. In cases 
that needed additional revascularization after the initial one, we performed an occipital 
artery-MCA bypass.

Preoperative Radiological Examination
All patients underwent magnetic resonance imaging (MRI), MR angiography, and conven-

tional angiography prior to surgery. The disease was classified into 6 stages, according to 
Suzuki’s angiographic staging. CBF and cerebrovascular reserve (CVR) were measured preop-
eratively in all patients using [123I] N-isopropyl-p-iodo-amphetamine (123I-IMP) single-
photon emission computed tomography (SPECT).

Intraoperative Graft Flow of the Branches and Main Trunk
Intraoperative graft flow of the branches and main trunk was measured in each patient 

10 min after establishing the anastomosis in the double-bypass procedure in a single simul-
taneous measurement. The total flow of the frontal and parietal branches was used as an 
estimate if the bifurcation of the graft could not be visualized intraoperatively and the main 
trunk flow could not be measured. We measured blood flow using a flexible perivascular flow 
probe (H2MB – 2 mm, H3MB – 3 mm; Transonic Systems Inc., Ithaca, NY, USA) and dual 
channel flow meter (HT207; Transonic Systems Inc., Ithaca, NY, USA) equipped with a personal 
computer interface for waveform analysis (Chart for Windows 3.3.5, ADInstruments, Sydney, 
Australia), based on an earlier study [14]. 

Postoperative Management
Postoperative CBF measurements were performed under sedation, immediately after 

surgery. We defined radiological hyperperfusion (RHP) as focal high uptake detected by 
123I-IMP SPECT immediately after revascularization surgery, as per previous studies [8, 16]. 
In cases that were difficult to evaluate, RHP was defined as an increase in CBF of more than 
200% relative to that of the ipsilateral cerebellum, represented by a 1-cm diameter circle in 
areas that commonly show high uptake (Fig. 1a). RHP was independently diagnosed by two 
neurosurgeons. In all patients, blood pressure (BP) was maintained under 140 mm Hg, and 
they were placed under sedation until postoperative CBF measurement was finished.

a b

7R 7L

Fig. 1. a Analysis of single-photon emission computed tomography immediately after surgery. b Example of 
magnetic resonance angiography after surgery. 
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In patients with RHP, BP was maintained under 120 mm Hg until postoperative day 7. 
Patients with RHP were placed under sedation with propofol, dexmedetomidine hydro-
chloride, or thiopental sodium depending on the patient’s condition. Carbon dioxide (CO2) 
was maintained at approximately 40 mm Hg during the sedation period. MRI was performed 
to check for patency of the graft flow during the first week after surgery (Fig. 1b). In patients 
with no RHP, BP was maintained under 140 mm Hg until postoperative day 7. They were not 
placed under sedation.

Data Analysis
We divided patients into two groups: an RHP and a control group. The RHP group included 

patients who had RHP, and the control group included all patients without RHP. The following 
factors were then analyzed for each group: age; proportion of women; proportion of left-
sided surgeries; history of hypertension, diabetes mellitus, and dyslipidemia; proportion of 
patients with Suzuki grade > 4 MMD; proportion of patients with a clinical presentation 
suggestive of cerebral hemorrhage, cerebral infarction, or transient ischemic attack, as well 
as those presenting with headache and those asymptomatic; preoperative ipsilateral and 
contralateral CBF; preoperative ipsilateral CVR; presence of a double anastomosis to the 
supra-Sylvian artery; intraoperative graft flow of the branch with the higher flow and main 
trunk; and CO2 as well as mean BP during intraoperative graft flow measurement.

Statistical Analyses
All statistical analyses were performed using R software (The R Foundation for Statistical 

Computing, Vienna, Austria). p values < 0.05 were considered statistically significant. The 
Fisher exact test and the Mann-Whitney U test were used to compare differences between the 
two groups. Univariate and multivariate receiver-operating characteristic (ROC) analyses 
were also performed. For multivariate analysis, we incorporated factors known to influence 
hyperperfusion [8, 12, 17, 18]. We defined the cutoff value as the point closest to the upper 
left side of the ROC graph.

Table 1. Characteristics of patients with radiological versus nonradiological hyperperfusion

RHP 
(n = 49; 54%)

Control
(n = 42; 46%)

p value

Median age [first and third quartiles], years 43 [36, 53] 38 [33, 44] 0.0544
Females 33 (67%) 27 (64%) 0.662
Left-sided surgery 22 (45%) 21 (50%) 0.834
Hypertension 13 (27%) 7 (17%) 0.311
Diabetes mellitus 3 (6%) 1 (2%) 0.62
Dyslipidemia 3 (6%) 0 (0%) 0.245
Suzuki grade >4 24 (49%) 13 (31%) 0.0842
Clinical presentation 0.603

Hemorrhage 2 (4%) 1 (2%)
Infarction 11 (22%) 10 (24%)
TIA 22 (45%) 26 (62%)
Headache 0 (0%) 1 (2%)
Asymptomatic 7 (14%) 5 (12%)
Other 6 (12%) 2 (5%)

Double anastomosis of the supra-Sylvian artery 10 (20%) 6 (14%) 0.583

RHP, radiological hyperperfusion; TIA, transient ischemic attack. Numbers represent total numbers of 
participants meeting the specific criteria, unless otherwise specified.
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Results

RHP occurred in association with 49 of 91 surgeries (54%) and symptomatic hyperper-
fusion with 38 of 91 surgeries (42%). There were no significant differences in patient char-
acteristics and preoperative CBF study results between the RHP and non-RHP groups (Tables 
1 and 2). There were significant differences between the RHP and non-RHP groups in the 
intraoperative graft flow of the branch (median 72  vs. 42 mL/min, respectively; p < 0.001) 
and the main trunk (median 113 vs. 68 mL/min, respectively; p < 0.001).

ROC analysis was performed in order to evaluate intraoperative flow as a quantitative 
measure. We set the cutoff value at 57 mL/min for intraoperative graft flow of the branch 
(sensitivity: 0.707; specificity: 0.702; area under the curve [AUC]: 0.773; 95% confidence 
interval: 0.675–0.871) and at 84 mL/min for the main trunk (sensitivity: 0.667; specificity: 
0.771; AUC: 0.78; 95% confidence interval: 0.685–0.875; Fig. 1a, b). The 95% sensitivity value 
was 35 mL/min on intraoperative graft flow of the branch and 40 mL/min on the main trunk. 
The 95% specificity value was 71 mL/min on intraoperative graft flow of the branch and 118 
mL/min on the main trunk. Multivariate ROC analysis revealed that intraoperative flow of the 
branch (AUC: 0.818 [branch] vs. 0.613 [control], p < 0.001) and main trunk (AUC: 0.824 [main 
trunk] vs. 0.616 [control], p < 0.001) was an independent factor for predicting RHP (Fig. 2c, 
d).

The patients were divided into 2 groups, based on whether the intraoperative graft flow 
of the branch and the main trunk were beyond the cutoff value or not, and analyzed the 
relation between these groups and RHP. Significant differences were found when compared 
to RHP: intraoperative graft flow of the branch (66 vs. 29%; p < 0.001) and main trunk (77 vs. 
33%; p < 0.001). 

Discussion

Intraoperative Graft Flow Measurement
This is the first study to demonstrate a significant correlation between intraoperative 

graft flow and hyperperfusion during bypass surgery in patients with MMD. The ROC analysis 
revealed that intraoperative flow can predict hyperperfusion quantitatively, and multivariate 
ROC analysis proved the statistical rationale of this study. We set the cutoff value as the point 
closest to the upper left side of the ROC graph to achieve a balance between sensitivity and 
specificity. If the graft flow exceeds this cutoff value, the hyperperfusion can be better managed 

Table 2. Results of the cerebral blood flow analysis and intraoperative graft flow measurements

RHP 
(n = 49)

Control
(n = 42)

p 
value

Ipsilateral CBF, mL/100 g/min 43.24 (37.05, 47.37) 44.84 (39.46, 50.36) 0.268
Contralateral CBF, mL/100 g/min 44.98 (40.05, 49.99) 46.08 (40.72, 49.82) 0.851
Ipsilateral CVR, % 19.87 (11.45, 30.28) 21.20 (12.28, 40.02) 0.388
Intraoperative flow branch, mL/min 72 (49, 87) 42 (32, 60) <0.001
Intraoperative flow main trunk, mL/min 113 (85, 130) 68 (53, 96) <0.001
CO2, mm Hg 38 (35, 41) 38 (36, 40) 0.713
Blood pressure, mm Hg 69 (63, 77) 69 (65, 74) 0.885

Results are presented as medians with first and third quartiles in parentheses. CBF, cerebral blood flow; 
CVR, cerebrovascular reserve; RHP, radiological hyperperfusion.
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through the implementation of strict BP control and sedation in the immediate postoperative 
period. There is an advantage of intraoperative graft flow measurement over SPECT. Although 
patients in our institution can undergo SPECT immediately postoperatively, in most other 
centers this is not the case due to preparation of nuclide. Our study has shown that intraop-
erative graft flow can provide early and easy prediction of RHP.
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Fig. 2. a, b Univariate receiver-operating characteristic (ROC) analysis of intraoperative graft flow of the 
branch (a) and the main trunk (b). The cutoff value was set at 57 mL/min (sensitivity: 0.707, specificity: 
0.702) and 84 mL/min (sensitivity: 0.667, specificity: 0.771), respectively. c, d Multivariate ROC analysis of 
intraoperative graft flow of the branch (c; area under the curve, AUC: 0.818 vs. 0.613, p = 0.001) and the main 
trunk (d; AUC: 0.824 vs. 0.616 p = 0.001), respectively. The factors included in the multivariate analysis: age; 
rates of left-sided surgery; hemorrhagic presentation; Suzuki grade > 4; and preoperative ipsilateral cerebro-
vascular reserve as a risk factor for hyperperfusion. 
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Several studies have demonstrated the effectiveness of intraoperative graft flow mea- 
surement for predicting complications after revascularization in patients with MMD. One 
study with a mixed cohort of patients with internal carotid artery occlusion and MMD showed 
that postoperative hyperperfusion occurred in cases where STA flow was higher than 50 mL/
min [14]. However, this was true only for patients with internal carotid artery occlusion; none 
of the 7 patients with MMD demonstrated postoperative hyperperfusion. Therefore, the small 
sample size may not have been sufficient to quantitatively prove the effectiveness of intraop-
erative graft flow measurement in patients with MMD. In another study with a large sample 
size, a relationship between increased intraoperative graft flow and postoperative stroke, 
including hemorrhage, was reported [19]. However, the relationship between intraoperative 
graft flow and other cerebral hemodynamic parameters, as measured by xenon-enhanced CT 
and SPECT, remained unclear in that study. The authors also indicated that it was not possible 
to directly compare the individual flow rates of a given vessel with regional blood flow. 
Moreover, they only reported the average intraoperative graft flow in patients with complica-
tions and did not use a cutoff value as a quantitative means for predicting complications. The 
present study demonstrated that a cutoff intraoperative flow value can be used to quantita-
tively predict hyperperfusion. We performed SPECT under sedation, immediately after 
surgery. This means that the effects of anesthesia were excluded from our results, because 
both the intraoperative graft flow measurement and SPECT were carried out under anes-
thesia or sedation.

Hyperperfusion
A definition of RHP has been provided in previous reports [8, 11, 16, 17, 20], and our own 

definition of RHP is stated in the Materials and Methods section. Hyperperfusion was not 
defined as the average CBF in the MCA territory, but rather as the focal increase in CBF, since 
most complications of bypass surgery occur focally. Some reports also define RHP as focal 
high uptake [8, 16, 17]. Sedation has the possibility of decreasing CBF. It can also cause false-
negative results for RHP. However, our study showed an RHP rate of 54%, which is consistent 
with a previous study that showed a 50% rate [12]. This suggests that our CBF measurement 
can be considered reliable.

In our previous study, CVR was considered to be a predictor of delayed hyperperfusion 
[18]. However, in this study, there was no significant difference between RHP and preoper-
ative CVR. This study included both delayed and early hyperperfusion. Another previous 
report had shown that CVR was not a predictor of hyperperfusion [12]. As the results of this 
present study suggest that preoperative CVR is not such a predictor, it is possible that other 
patient characteristics might have affected these results. Further studies that control for 
more parameters may provide a more reliable answer.

We evaluated RHP using SPECT immediately after surgery in order to predict RHP. One 
report showed that 5 out of 6 patients (83%) had postoperative hemorrhage during postop-
erative days 0–1, and 2 out of 6 patients (33%) had postoperative hemorrhage prior to SPECT 
assessment [10]. Thus, intraoperative graft flow measurement can serve as a means for eval-
uating RHP intraoperatively. This ensures that patients with hyperperfusion will remain 
under sedation and undergo strict BP control after surgery. The importance of postoperative 
BP control [10, 21] and sedation [18] after revascularization for MMD have been mentioned 
in previous reports. In addition, we consider sedation to make strict BP control easier. In our 
institution, BP was maintained below 120 mm Hg and, whilst there is a theoretical risk of 
ischemic complications due to low BP, in this cohort no patients had ischemic complications 
during the postoperative period. 
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Limitations
There are several limitations to our study. First, the study was of retrospective design 

and conducted in a single center, which may have been affected by some degree of selection 
bias. Second, most of our patients underwent double-bypass surgery. However, in some insti-
tutions, patients with MMD undergo single-bypass surgery. The effectiveness of intraoper-
ative graft flow measurements during single-bypass surgery is unknown and should be the 
subject of further study. However, it should be noted that we analyzed intraoperative graft 
flow of individual branches thought to be responsible for RHP, and it is therefore possible that 
the results of this particular analysis may be applicable to single-bypass cases. Third, while 
this study demonstrated a relationship between intraoperative graft flow and RHP, other 
factors may also play a role. It is interesting to note that some patients had RHP despite low 
intraoperative graft flow, and vasospasm of the graft during the surgical procedure is 
considered to be one of the causes of this phenomenon. Fourth, our study focused on radio-
graphic and not symptomatic hyperperfusion in detail as an outcome measure, and RHP does 
not always translate into symptomatic hyperperfusion. However, we feel that it is important 
to be able to predict and manage RHP in order to prevent the development of symptomatic 
hyperperfusion. Finally, our study was performed in a single center, and a multicenter study 
is required to evaluate the optimal cutoff values for intraoperative graft flow, because surgical 
techniques may differ among institutions.

Conclusion

Our study demonstrated a significant correlation between intraoperative graft flow and 
cerebral hyperperfusion. In particular, the measurement of intraoperative graft flow during 
bypass surgery for MMD may be an effective means of predicting postoperative hyperper-
fusion. Intraoperative prediction of hyperperfusion could lead to faster implementation of 
therapeutic interventions such as strict BP control. A larger, multicenter study is required in 
order to evaluate in further detail the optimal cutoff values for intraoperative graft flow.
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