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Abstract
The purpose of this study was to examine the effects of combined revascularization for ischaemic-onset moyamoya disease 
(MMD) on cerebral haemodynamics by comparing cerebral blood flow (CBF) during the postoperative chronic phase with 
preoperative CBF. A retrospective cohort of 24 MMD patients (representing 31 surgeries) who received single photon emis-
sion computed tomography (SPECT) before and more than 6 months after surgery was investigated. The CBF value of each 
vascular territory was extracted from SPECT data, and the value relative to the ipsilateral cerebellar value (relative CBF, or 
RCBF) was calculated. The correlation between the revascularization effect and the proportional change in RCBF before and 
after surgery (calculated as post-RCBF/pre-RCBF (“post/pre-RCBF”)) was analysed. Furthermore, the relationships between 
changes in neurological symptoms and post/pre-RCBF were investigated. Preoperative and postoperative mean RCBF values 
were 0.92 ± 0.15 and 0.96 ± 0.13 (p = 0.619) in the anterior cerebral artery territory, 0.99 ± 0.17 and 1.01 ± 0.17 (p = 0.598) 
in the middle cerebral artery territory and 1.15 ± 0.22 and 1.14 ± 0.19 (p = 0.062) in the posterior cerebral artery territory, 
respectively. No significant correlation was found between the revascularization score and post/pre-RCBF. The revasculari-
zation score and post/pre-RCBF were not significant predictors of worsening neurological symptoms postoperatively. No 
significant change in RCBF was observed in any vascular territory in the chronic phase after revascularization. Combined 
revascularization may assist in the redirection of blood flow from the internal to the external carotid system and contribute 
to CBF maintenance.
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Introduction

In the rare condition known as moyamoya disease (MMD), 
the ends of the bilateral internal carotid arteries (ICAs) 
are narrowed or occluded, and perforating arteries called 
moyamoya vessels (MMVs) develop inferior to the brain 
[21]. In MMD, various degrees of cerebral ischaemia and 
intracranial haemorrhage may occur as the disease pro-
gresses. Surgical treatment via direct and indirect com-
bined revascularization improves cerebral ischaemia and 
prevents haemorrhagic stroke [13, 14, 18]. However, cer-
ebral hyperperfusion syndrome and transient neurological 
deficits may occur during the perioperative period [7, 8]. 
These phenomena have been reported to be due to rapid 
changes in local cerebral blood flow (CBF) as a result of 
direct bypass. Numerous studies have been conducted on 
the changes in CBF in the acute phase after cerebral revas-
cularization, and the understanding of cerebral haemo-
dynamics has progressed [5, 19, 23, 25]. However, few 
quantitative evaluations of cerebral haemodynamics in 
the postoperative chronic phase of cerebral revasculariza-
tion for haemorrhagic MMD have been reported [12, 16]. 
As for ischaemic MMD, the changes in CBF during the 
postoperative chronic phase with respect to the onset of 
ischaemia have not been investigated.

The purpose of this study was to evaluate the local 
changes in CBF during the postoperative chronic phase 
compared to the preoperative values in ischaemic-onset 
MMD. In addition, we investigated the role of cerebral 
revascularization as an MMD treatment by comparing the 
effects of cerebral revascularization as determined from 
magnetic resonance imaging (MRI) time-of-flight (TOF) 
images with the changes in ischaemic symptoms and CBF. 
The results of this study clarify the significance of cerebral 
revascularization for ischaemic MMD.

Materials and methods

Patient population

All patient information was collected retroactively with 
the approval of the Bioethics Review Board of Nagoya 
University Hospital. MMD was diagnosed by digital sub-
traction angiography or magnetic resonance angiography 
(MRA) based on the diagnostic criteria of the Research 
Committee on the Pathology and Treatment of Spontane-
ous Occlusion of the Circle of Willis [20]. A retrospective 
cohort of 24 ischaemic-onset MMD patients (31 surgeries) 
who underwent cerebral revascularization and received 
single photon emission computed tomography (SPECT) 

for the quantitative evaluation of CBF before and more 
than 6 months after surgery at our hospital between April 
2014 and September 2020 was investigated. The preop-
erative and postoperative values of CBF in the ischaemic 
hemisphere were comprehensively analysed. Regarding 
clinical information, data on patient sex, concomitant dis-
eases and habits/comorbidities (hypertension, diabetes, 
hyperlipidaemia, smoking) and type of onset (cerebral 
infarction, transient ischaemic attack (TIA)) were obtained 
by chart review.

Preoperative radiological findings

From the MRI data obtained prior to surgery, fluid-attenu-
ated inversion recovery (FLAIR) images were examined for 
any evidence of cerebral infarction. In addition, the involve-
ment of the posterior cerebral artery (PCA) was assessed on 
MRA images.

Surgical procedures

Surgical revascularizations were performed by three expe-
rienced neurosurgeons (YA, KY and SO). For the direct 
bypass technique, a superficial temporal artery (STA)-mid-
dle cerebral artery (MCA) single bypass was performed. 
The STA graft was anastomosed to the recipient’s MCA in 
an end-to-side fashion. In our facility, the indirect revascu-
larization technique involved the placement of the pedun-
culated temporalis muscle, periosteum and galea on the 
surface of the brain and suturing them to the inverted dura 
mater. Revascularization surgery was performed in patients 
with MMD with ischaemic symptoms according to treat-
ment guidelines [20]. For combined revascularization, both 
direct and indirect methods were implemented. The surgi-
cal protocol of our facility has been described in a previous 
report [2]; in this study, we predominantly used the com-
bined method regardless of the patient’s age.

Postoperative evaluation

All patients were managed with a standardised postoperative 
protocol [3, 25]. Postoperative stroke was defined in this 
study as a new stroke event that occurred during the postop-
erative chronic phase before SPECT imaging was obtained. 
Postoperative cerebral infarction was confirmed by either 
diffusion-weighted imaging (DWI) or FLAIR MRI, and 
haemorrhagic stroke was diagnosed by computed tomogra-
phy (CT) and MRI. Graft patency after direct bypass surgery 
was confirmed by postoperative CT angiography (CTA) or 
MRA.

The postoperative effects of cerebral revascularization 
were qualitatively evaluated and scored based on previously 
reported methods [4, 17, 26]. Several slices of MRA-TOF 
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images taken more than 6 months after surgery were scored 
using a reference standard based on the degree of angio-
genesis from the external carotid artery (ECA) system. 
Revascularization was scored as follows: (1) not visible to 
weakly developed, (2) moderately developed and (3) mark-
edly developed. These scores were evaluated by three profes-
sional neurosurgeons (K.Y., K.U. and Y.A.) and discussed 
until consensus was reached.

Regarding the neurological symptoms on the surgical side 
at the time of SPECT imaging in the postoperative chronic 
phase, the results of the postoperative evaluation were evalu-
ated in comparison with the preoperative results (categorised 
as improvement or no change) by a certified neurosurgeon.

Acquisition of SPECT data

Brain perfusion SPECT studies were performed using a 
double-headed gamma camera (Symbia T or Symbia T6, 
Siemens Healthcare, Erlangen, Germany). In SPECT imag-
ing, we used the autoradiographic method for N-isopropyl-p-
123I-iodoamphetamine (123I-IMP) and the Patlak plot method 
for 99mTc-ethyl cysteinate dimer (99mTc-ECD). Regional 
CBF was measured for each preset region of interest (ROI) 
using iSSP and NEURO FLEXER software (Nihon Medi-
Physics, Tokyo, Japan). The anterior cerebral artery (ACA), 
MCA and PCA territories were automatically defined as 
ROIs according to the software settings (Fig. 1).

Definitions of relative CBF (RCBF) and proportional 
change in RCBF before and after surgery

In each ROI of the ACA, MCA and PCA territories, the 
radioactive count was divided by that in the ipsilateral cer-
ebellar ROI, and the quotient was defined as the RCBF. The 
proportional change in the RCBF (denoted post/pre-RCBF) 
within each ROI between the preoperative phase and the 
postoperative chronic phase was calculated by dividing the 
postoperative RCBF by the preoperative RCBF.

Correlation between the effect of revascularization 
and post/pre‑RCBF

The relationship between the grade of the effect of cere-
bral revascularization in the postoperative chronic phase, 
obtained from MRI TOF imaging data, and post/pre-
RCBF in each of the ACA, MCA and PCA territories was 
investigated.

Relationships between neurological symptoms 
on the surgical side and post/pre‑RCBF

Various parameters, including post/pre-RCBF, were com-
pared between two groups of patients: a group of patients 
whose ischaemic symptoms improved or did not change 
after the operation and a group of patients whose ischaemic 

Fig. 1   SPECT images taken before cerebral revascularization (Preop) 
and in the postoperative chronic phase (Postop). A region of interest 
(ROI) for each vascular territory was set automatically by the analysis 
software NEURO FLEXER. a Anterior cerebral artery (ACA) terri-
tory; b middle cerebral artery (MCA) territory; c posterior cerebral 
artery (PCA) territory. The mean radioactive count in the ROI of each 

of the ACA, MCA and PCA territories was divided by that of the 
ipsilateral cerebellar ROI, and the quotient was defined as the rela-
tive cerebral blood flow (RCBF). The rate of change in CBF (post/
pre-RCBF) in each ROI before and during the postoperative chronic 
phase was calculated by dividing the postoperative RCBF by the pre-
operative RCBF
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symptoms deteriorated. The changes in neurological symp-
toms, age at surgery, preoperative cerebral infarction/PCA 
involvement and revascularization score were investigated 
as potentially significant factors.

Age group analysis of post/pre‑RCBF and changes 
in neurological symptoms

To examine the effect of each factor on age, the subjects 
of the study were divided into two groups: children (aged 
17 years or younger) and adults (aged 18 years or older). 
Factors included preoperative cerebral infarction/PCA 
involvement, revascularization score, post/pre-RCBF and 
changes in neurological symptoms.

Statistical analysis

Normally distributed data are described as the mean ± stand-
ard deviation (SD). Changes in RCBF before and after cere-
bral revascularization were evaluated using the Mann–Whit-
ney U-test for the ACA, MCA and PCA territories. To 
examine the correlation between the cerebral revasculari-
zation score on MRA and post/pre-RCBF, Kendall’s rank 
correlation coefficient (τ) was calculated. To perform com-
parisons between the groups, the Wilcoxon rank sum test 
was used for continuous variables, and the chi-squared test 
was used for categorical variables.

JMP Pro version 15.1 (SAS Institute, Cary, NC) was used 
for statistical analysis. p < 0.05 was considered to indicate a 
significant difference.

Results

Table 1 shows the characteristics of the patients in this study. 
Twenty-four MMD patients (31 surgeries) were included. 
The mean age of the patients at surgery was 17.3 ± 14 years 
(range 3–49 years). A majority of participants (87.5%) were 
female. Vascular risk factors were some of the less com-
mon comorbidities, with hypertension and hyperlipidaemia 
present in 4.2% and 8.3% of the patients, respectively. The 
type of onset was dominated by TIA, which accounted for 
83.3% of the cohort, and cerebral infarctions accounted for 
the remainder. Preoperative MR examination showed cer-
ebral infarction in approximately 1/4 of the hemispheres. 
PCA involvement was observed in 35.5% of the cohort. 
Combined surgery was performed in all patients in this 
study. Postoperative CTA or MRA imaging confirmed that 
all direct bypasses were patent. No patients developed new 
strokes before SPECT imaging in the chronic phase, includ-
ing during the postoperative acute phase. The mean duration 
from surgery to SPECT imaging in the postoperative chronic 
phase was 13.3 ± 5 months (range 6–26).

By the revascularization scores on MRA, the mean effect 
of revascularization in the 31 hemispheres was 2.68 ± 0.47 
(range 2–3). The percentage of cases with postoperative 
improvement (improvement versus no change) in neurologi-
cal symptoms was 87.1% (27/31 hemispheres).

RCBF before and after cerebral revascularization 
in the chronic phase

The data for RCBF are shown in Table 2 and Fig. 2. The 
preoperative and postoperative mean values were 0.92 ± 0.15 
and 0.96 ± 0.13 (p = 0.619) in the ACA territory, 0.99 ± 0.17 
and 1.01 ± 0.17 (p = 0.598) in the MCA territory and 
1.15 ± 0.22 and 1.14 ± 0.19 in the PCA territory, respec-
tively (p = 0.062). There was no significant difference in 
RCBF before and after cerebral revascularization in any of 
the ROIs.

Relationship between the effect of revascularization 
and post/pre‑RCBF

Figure 3 shows the correlation between the degree of 
effect of cerebral revascularization as observed on MRA 

Table 1   Characteristics of the patients in this study

MR, magnetic resonance; PCA, posterior cerebral artery; SD, stand-
ard deviation; SPECT, single photon emission computed tomography; 
TIA, transient ischaemic attack

Characteristic Value (n/side, %)

Number of patients 24
Number of surgeries 31
Age at surgery, mean ± SD 17.3 ± 14
Sex

  Male 3 (12.5)
  Female 21 (87.5)

Risk factors
  Hypertension 1 (4.2)
  Diabetes 0 (0)
  Hyperlipidaemia 2 (8.3)
  Smoking 0 (0)

Type of onset
  TIA 20 (83.3)
  Cerebral infarction 4 (16.7)

Preoperative MR findings
  Cerebral infarction 8 (25.8)
  PCA involvement 11 (35.5)

Type of surgery
  Combined 31 (100)

New stroke found in SPECT imaging in the post-
operative chronic phase

0 (0)

Period until SPECT imaging in the postoperative 
chronic phase, month ± SD

13.3 ± 5
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in the postoperative chronic phase and post/pre-RCBF in 
each of the ACA, MCA and PCA territories. There was 
no significant correlation for any of the ROIs: τ = 0.1166 
(p = 0.4463) for the ACA territory, τ = 0.0292 (p = 0.849) 
for the MCA territory and τ = 0.1939 (p = 0.2044) for the 
PCA territory.

Relationship between neurological symptoms 
on the surgical side and post/pre‑RCBF

A comparative analysis of the various parameters was per-
formed by dividing the patients into two groups: a group 
of patients whose neurological symptoms either improved 
or did not change after surgery (n = 27) and a group of 
patients whose neurological symptoms deteriorated (n = 4) 
(Table 3). Univariate analyses showed no significant differ-
ences between the groups in terms of baseline data, such 
as age at surgery (p = 0.1939) and preoperative MR find-
ings (cerebral infarction (p = 0.9685), PCA involvement 
(p = 0.5156)). In addition, there was no significant dif-
ference between the groups in terms of revascularization 
scores, which were determined from the MRI TOF data 
(p = 0.7434). In each territory, the association of post/pre-
RCBF, which is the rate of change in RCBF between the pre- 
and postoperative phases, with the change in symptoms was 
analysed, but no significant associations were found (ACA 
territory; p = 0.4608, MCA territory; p = 0.275, PCA terri-
tory; p = 0.1326). A multivariate analysis was not performed 

Table 2   Changes in cerebral blood flow relative to that in the ipsilat-
eral cerebellum before and after surgery

a  In each ROI of the ACA, MCA and PCA territories, the radioactive 
count divided by that in the ipsilateral cerebellar ROI was calculated, 
and the value was defined as the relative CBF (RCBF). ACA​, anterior 
cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral 
artery

RCBFa values Preoperative Postoperative p value

ACA territory 0.92 ± 0.15 0.96 ± 0.13 0.619
MCA territory 0.99 ± 0.17 1.01 ± 0.17 0.598
PCA territory 1.15 ± 0.22 1.14 ± 0.19 0.062

Fig. 2   Relative cerebral blood flow before and after cerebral revas-
cularization in the chronic phase (A–C). A ACA territory, B MCA 
territory and C PCA territory. In each ROI of the ACA, MCA and 

PCA territories, the radioactive count was divided by that in the ipsi-
lateral cerebellar ROI, and the quotient was defined as the relative 
CBF (RCBF)

Fig. 3   Relationship between the effect of revascularization on MRA 
and the rate of change in cerebral blood flow before and after surgery 
(A–C). A ACA territory, B MCA territory and C PCA territory. Sev-
eral slices of the MRA-TOF image taken more than 6  months after 
the surgery were scored against a reference value based on the degree 
of angiogenesis from the external carotid artery (ECA) system. 

Revascularization was scored as follows: (1) not visible to weakly 
developed, (2) moderately developed and (3) markedly developed. 
The rate of change in CBF (post/pre-RCBF) in each ROI between the 
preoperative phase and the postoperative chronic phase was calcu-
lated by dividing the postoperative RCBF by the preoperative RCBF
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because neurological symptoms had worsened in only a few 
patients (n = 4).

Age group analysis of post/pre‑RCBF and changes 
in neurological symptoms

The numbers of surgeries in children up to 17 years old and 
adults aged 18 years and older were 21 and 10, respectively 
(Table 4). Amongst the preoperative MR findings, cer-
ebral infarction was not significantly different by the age 
group, but PCA involvement was significantly associated 
with adult cases (p = 0.049). There was no significant dif-
ference in revascularization scores between the two groups 
(p = 0.5313). When the post/pre-RCBF in each vascular 
territory was compared between the two groups, no sig-
nificant difference was observed between the groups in 
any territory (ACA territory: p = 0.1896, MCA territory: 
p = 0.2361, PCA territory: p = 0.3859). Regarding changes 
in neurological symptoms, the proportion of improvement/
no change tended to be higher in the paediatric group than 
in the adult group, but no statistically significant difference 
was observed (p = 0.0501).

Discussion

This study focused on the changes in CBF during the post-
operative chronic phase in patients with ischaemic MMD. 
SPECT comparisons of the ROI in each vascular territory 

Table 3   Relationship between the pre- and postoperative changes in 
neurological symptoms on the surgical side and cerebral blood flow

a  In each ROI of the ACA, MCA and PCA territories, the radioac-
tive count divided by that in the ipsilateral cerebellar ROI was cal-
culated, and the value was defined as the relative CBF (RCBF). The 
proportional change in RCBF (post/pre-RCBF) at each ROI before 
and during the postoperative chronic phase was calculated by divid-
ing the postoperative RCBF by the preoperative RCBF. ACA​, ante-
rior cerebral artery; CBF, cerebral blood flow; MCA, middle cerebral 
artery; MR, magnetic resonance; PCA, posterior cerebral artery; SD, 
standard deviation

Neurological symptom 
change

p value

Improve-
ment/no 
change

Deterioration

Number of surgeries 27 4
Age at surgery, mean ± SD 15.6 ± 13.1 28.3 ± 18.6 0.1939
Preoperative MR findings (%)

  Cerebral infarction 7 (25.9) 1 (25) 0.9685
  PCA involvement 9 (33.3) 2 (50) 0.5156

Revascularization score 2.67 ± 0.48 2.75 ± 0.5 0.7434
Post/pre-RCBFa

  ACA territory 1.07 ± 0.25 1.04 ± 0.04 0.4608
  MCA territory 1.02 ± 0.12 1.07 ± 0.1 0.275
  PCA territory 0.99 ± 0.08 1.05 ± 0.05 0.1326

Table 4   Age group analysis of 
pre- and postoperative changes 
in cerebral blood flow and 
neurological symptoms

a  In each ROI of the ACA, MCA and PCA territories, the radioactive count divided by that in the ipsilateral 
cerebellar ROI was calculated, and the value was defined as the relative CBF (RCBF). The proportional 
change in RCBF (post/pre-RCBF) at each ROI between before and during the postoperative chronic phase 
was calculated by dividing the postoperative RCBF by the preoperative RCBF. SD, standard deviation; 
MR, magnetic resonance; PCA, posterior cerebral artery; CBF, cerebral blood flow; ACA​, anterior cerebral 
artery; MCA, middle cerebral artery; PCA, posterior cerebral artery. * Statistical significance (p < 0.05)

Age groups p value

Paediatrics (≤ 17 years 
old)

Adults (≥ 18 years old)

Number of surgeries 21 10
Age at surgery, mean ± SD 9 ± 3.7 34.7 ± 11.9
Preoperative MR findings (%)

  Cerebral infarction 5 (23.8) 3 (30) 0.136
  PCA involvement 5 (23.8) 6 (60) 0.049*

Revascularization score 2.71 ± 0.46 2.6 ± 0.52 0.5313
Post/pre-RCBFa

  ACA territory 1.06 ± 0.28 1.06 ± 0.09 0.1896
  MCA terirtory 1.01 ± 0.12 1.05 ± 0.11 0.2361
  PCA territory 0.99 ± 0.08 1.01 ± 0.09 0.3859

Neurological symptoms (%) 0.0501
  Improve/no change 20 (95.2) 7 (70)
  Deteriorated 1 (4.8) 3 (30)
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revealed no significant change in CBF in the postoperative 
chronic phase compared to the preoperative phase in any of 
the territories. Furthermore, regarding the revascularization 
score obtained from the MRI TOF data, the proportional 
change in RCBF (post/pre-RCBF) was not high even in those 
cases with stronger revascularization effects. In nearly 90% 
of the patients, the neurological symptoms on the surgical 
side improved or remained unchanged after surgery, but no 
association with post/pre-RCBF in any of the vascular ter-
ritories was observed. The results of this study are surprising 
because it is generally believed that CBF increases revascu-
larization during the postoperative chronic phase. Further-
more, it is believed that CBF is improved postoperatively by 
angiogenesis in patients with MMD with ischaemic symp-
toms. It has been reported that hyperperfusion syndrome due 
to rapid local CBF elevation can occur in the acute phase 
after direct bypass surgery [10]. However, to the best of our 
knowledge, little research has been conducted on cerebral 
haemodynamics beyond the acute phase [12, 16]. The results 
of this study provide insight into the haemodynamics dur-
ing the chronic postoperative period after combined surgery 
for ischaemic MMD; however, this study included a small 
number of cases.

In this study, we chose to evaluate CBF on SPECT images 
more than 6 months after revascularization because, in our 
experience, cerebral ischaemic symptoms are not completely 
relieved until 6 months after cerebral revascularization and 
require more than 6 months to stabilise. Furthermore, the 
effect of direct/indirect combined revascularization changes 
radiologically approximately 6 months after surgery. The 
conversion of blood flow from the internal carotid artery 
(ICA) to the ECA (IC-EC conversion) as evaluated on MRA 
images has been found to take place over the span of several 
months after surgery, eventually stabilising without fur-
ther MMD progression [11]. The development of the ECA 
system, the progression of stenotic changes in the ICA and 
MMV regression all occur during this period. Therefore, it 
is presumed that cerebral haemodynamics are unstable. The 
present study evaluated CBF and neurological symptoms in 
the postoperative chronic phase, after IC-EC conversion had 
stabilised. To the best of our knowledge, such assessments 
of the postoperative chronic phase in patients with ischae-
mic MMD have not been performed previously. Therefore, 
these results may provide valuable information regarding 
the role of cerebral revascularization in the pathophysiol-
ogy of MMD.

A report from a single institution in China describes very 
interesting findings from the evaluation of cerebral haemo-
dynamics during the postoperative chronic phase in haem-
orrhagic onset adult MMD [12]. The authors of that report 
used perfusion CT (CTP) to assess cerebral haemodynamics 
on the brain surface and deep within the brain both pre-
operatively and at a median of 6.5 months postoperatively. 

In addition to CBF, they evaluated the markers cerebral 
blood volume (CBV), mean transit time (MTT) and time 
to peak (TTP). Only the relative CBV with reference to the 
pons showed a significant decrease from before to after the 
operation, regardless of whether the direct, combined or 
indirect surgical procedure was used and the timing of the 
CTP imaging. There were overall tendencies for the relative 
MTT and relative TTP to shorten, but there was no pattern 
observed regarding the surgical method or CTP imaging 
time. Furthermore, no significant change was observed in 
the relative CBF before and after surgery. Although there 
were differences in the type of onset between the patients 
with ischaemia and those with haemorrhage, there was no 
significant change in the relative CBF of the cortical MCA 
territory during the postoperative chronic phase, which is 
consistent with our results. On the other hand, the revas-
cularization effect was evaluated as good, at 71.4%, which 
was based on CT angiography to determine the development 
of collaterals associated with direct or combined surgery 
in their facility. Similarly, in our analysis, no correlation 
was observed between the effects of revascularization and 
post/pre-RCBF. Radiologically favourable revascularization 
effects were consistently obtained, but no significant increase 
in CBF was observed. More notably, although the number 
of cases in the previous study was limited, the incidence of 
rebleeding events was low, at 1/58 hemispheres (1.7%) in 
the studied cohort. The relative CBV showed a significant 
decrease, suggesting that it may be a promising marker of 
good prognosis. The authors of the previous report need to 
verify their results by conducting larger studies. Notably, 
the postoperative relative TTP was significantly shortened 
in the patients who underwent direct or combined surgery. In 
our study, since we targeted the timeframe that included the 
onset of ischaemia and evaluated only the CBF measured by 
SPECT, it cannot be applied to interpret the change in TTP. 
However, the data in our study also included the change in 
local CBF during the acute phase after surgery, which was 
measured using the intraoperative changes in indocyanine 
green signal, a helpful technique [25]. As a result, the rate 
of change in TTP (ΔTTP) before and after anastomosis was 
a significant predictor of postoperative transient neurological 
events (TNEs). In addition, using SPECT, we investigated 
the changes in CBF during the postoperative acute phase, 
but they did not correlate with TNEs. On the other hand, 
TNEs have been reported to predict the occurrence of stroke 
events in the early postoperative period [3]. TTP shorten-
ing causes TNEs and stroke during the early postoperative 
period, but during the chronic postoperative period, symp-
toms may improve regardless of the changes in CBF. In light 
of these observations, CT and MR perfusion techniques may 
be more appropriate than semiquantitative SPECT for the 
evaluation of cerebral haemodynamics in the postoperative 
chronic phase.
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On the other hand, there was no particular difference 
between the paediatric and adult groups in terms of the 
factors considered in this study (Table 4). It is widely rec-
ognised that there are age-related differences in the devel-
opment of STA and other ECA systems after revasculari-
zation by direct or indirect bypass in MMD patients [6, 
15]. In general, indirect bypasses do not develop as effec-
tively in adult cases as in paediatric cases; therefore, only 
the direct bypass procedure tends to be applied to adult 
patients. However, a recent study by Uchino et al. found no 
age-related differences in the development of direct bypass 
and indirect bypass after combined surgery [22, 24]. Simi-
larly, the age group analysis at our institution showed no 
significant difference in revascularization scores between 
the paediatric and adult cases, and the post/pre-RCBF was 
closely related to the revascularization effect. Therefore, 
combined surgery may induce revascularization enhance-
ment different from the results of direct or indirect surgery 
alone. The changes in neurological symptoms were not 
significantly different between groups, but the paediatric 
cases tended to be more favourable than the adult cases. 
This may be because the adult group had significantly 
more advanced disease with greater PCA involvement 
than the paediatric group (paediatric: 23.8%; adult: 60%). 
In other words, given that there was no difference in the 
revascularization score or post/pre-RCBF by age group in 
this study, the degree of improvement in ischaemic symp-
toms may have been affected by the background disease 
stage.

In MMD, IC-EC conversion occurs as a pathological 
condition and affects in the development and regression of 
MMVs [9]. In the process of conversion, cerebral ischae-
mia is induced by the imbalance between the supply and 
demand of CBF. In other words, when ICA, MMVs or 
PCA stenosis progresses with the progression of disease 
stage, a transdural/transcranial anastomosis from the ECA 
needs to develop, and blood flow to the brain needs to be 
supplied. If IC-EC conversion is not fully achieved, cer-
ebral infarction will occur in the watershed region away 
from the source of blood flow. The frequent occurrence 
of stroke will reduce the demand for CBF as it changes to 
match perfusion. However, it has been reported that higher 
brain functions decline accordingly [1]. Our findings sug-
gest that an important role of cerebral revascularization in 
MMD is to assist IC-EC conversion by promoting blood 
flow from ECA systems in the pathogenesis of MMD. This 
logic is consistent with previous reports that EC-IC bypass 
fulfils the function of of “reconstruction” and that indirect 
synangiosis fulfils the function of “consolidation” [9]. In 
addition, regarding CBF, the role of cerebral revasculari-
zation may not be to significantly increase CBF but to 
maintain it and prevent its decrease.

Limitations

The potential limitations of this study should be mentioned. 
First, the results of this study cannot be generalised due to 
the retrospective, single-centre nature of its design; there-
fore, the results of this study must be interpreted with cau-
tion. Second, the ROI that was set with the software was 
large and may not have been suitable for capturing trace or 
subtle CBF changes in MMD. To sensitively detect changes 
in CBF due to cerebral revascularization, an ROI setting that 
is centred on the craniotomy site should be considered. In 
addition, evaluation of cerebral haemodynamics by CT and 
MR perfusion images, which are more sensitive than semi-
quantitative SPECT, should be considered. Third, although 
this study focused on patients with ischaemic MMD, a 
large proportion of patients maintained preoperative RCBF 
(Table 2). If the proportion of patients with severe preopera-
tive cerebral ischaemia had been high, a significant differ-
ence may have been observed in postoperative RCBF, even 
with the wide ROI. Furthermore, if the preoperative RCBF 
had been analysed in subgroups or if the increase in the 
postoperative CBF rate had been calculated, different results 
may have been produced. Fourth, although not addressed in 
this study, MMD grading could have reduced the variability 
in the results if CBF changes were investigated.

Conclusions

In this study, no significant change in CBF from before sur-
gery to the chronic phase after cerebral revascularization 
was observed in any of the vascular territories. In addition, 
no significant relationship was found between the changes 
in neurological symptoms and the MRI–evaluated revascu-
larization effect/CBF proportional change. Cerebral revas-
cularization may merely assist with IC-EC conversion and 
may contribute to the maintenance of CBF.
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