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Abstract
Objectives ‒ Studies have shown that arterial spin labeling
(ASL) effectively replaces traditional MRI perfusion ima-
ging for detecting cerebral blood flow (CBF) in patients
with Moyamoya angiopathy (MMA). However, there are
few reports on the relationship between neovasculariza-
tion and cerebral perfusion in patients with MMA. The aim
of this study is to investigate the effects of neovasculariza-
tion on cerebral perfusion with MMA after bypass surgery.
Methods ‒ Weselected patientswithMMA in theDepartment
of Neurosurgery between September 2019 and August 2021
and enrolled them based on the inclusion and exclusion
criteria. ASL imaging was used tomonitor the baseline CBF
level before surgery and determine the changes in cerebral
vessels at postoperative 1 week and 6months, respectively.
The Alberta stroke grade, modified Rankin Scale (mRS),
and digital subtraction angiography images were used to
evaluate the effect of postoperative CBF status and prog-
nosis. Ninety hemispheres from 51 patients were included
in this study. There were no significant differences in the
baseline data of the enrolled patients. At 1 week and 6

months post-surgery, the CBF state in the operation area
was significantly changed compared with that at baseline
(P < 0.05). The preoperative Alberta score (t = 2.714, P =
0.013) and preoperative mRS score (t = 6.678, P < 0.001)
correlated with postoperative neovascularization.
Conclusion ‒ ASL is an effective method for detecting
CBF and plays an important role in the long-term follow-
up of patients with MMA. Combined cerebral revascular-
ization significantly improves CBF in the operation area
both in the short and long terms. Patients with lower
preoperative Alberta scores and higher mRS scores were
more likely to benefit from combined cerebral revascular-
ization surgery. However, regardless of the type of patient,
CBF reconstruction can effectively improve prognosis.

Keywords: arterial spin labeling technology, cerebral blood
flow, moyamoya angiopathy, perioperative period, prognosis

Abbreviations

ASL arterial spin labeling
ASPECT Alberta Stroke Program Early CT Score
CBF cerebral blood flow
CHD chronic heart disease
DSA digital subtraction angiography
MCA middle cerebral artery
MMA Moyamoya angiopathy
MR magnetic resonance
mRS modified Rankin Scale
STA superficial temporal artery

1 Introduction

Moyamoya angiopathy (MMA) is a cerebrovascular dis-
ease inwhich themain arteries of the anterior cerebral circula-
tion are gradually narrowed until occlusive with characteristic
abnormal vascular networks [1,2]. Currently, themost effective
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treatment for MMA is to improve the symptoms of intracra-
nial ischemia through cerebral blood flow (CBF) recon-
struction [3,4]. The main surgical methods are divided
into three types: direct, indirect, and combined cerebral
reconstruction. Its main significance lies in surgical inter-
vention to supplement the cerebral blood supply to the
intracranial ischemic area. Improving the supply of CBF
will have an impact on cerebral hemodynamic balance
[3,5,6]. Although this kind of new postoperative complica-
tion caused by changes in intracranial hemodynamics
occurs in a small number of patients, the consequences
are often catastrophic and will have a significant impact
on the clinical prognosis of patients [7–9].

Arterial spin labeling (ASL) is an emerging magnetic
resonance technology. The procedure provides better con-
venience, higher reliability, higher repeatability, and lower
risk of cerebral hemodynamic monitoring, as compared
with other methods [10–12]. At present, many studies on
the ASL technology of MMA mainly focus on the detection
of CBF in children with MMA and the advantages compared
with other technologies [13–16]. The aim of this study is to
use ASL technology tomonitor perioperative cerebral hemo-
dynamic changes in patients with MMA and to explore the
application of ASL technology in combined flow reconstruc-
tion surgery and its potential application value in the long-
term follow-up of patients.

2 Materials and methods

2.1 Patient selection

A retrospective cohort study was conducted to select patients
with MMA from the Neurosurgery Moyamoya Disease
Diagnosis and Treatment Center from September 2019 to
August 2021. The random number method was used for
selection. All the patients were diagnosed using digital
subtraction angiography (DSA). The diagnostic criteria
were as follows: (1) bilateral ICA end and/or ACA and/or
MCA initial segment stenosis or occlusion and (2) an
abnormal vascular network at the skull base appearing
in the arterial phase [17]. Angiography results were eval-
uated by two neurointerventional physicians.

The inclusion criteria were as follows: (1) patient with
stable condition before the operation and no new cere-
bral hemorrhage, cerebral infarction, frequent transient
ischemic attacks (>2 times per week), and other related
neurological symptoms; (2) patient underwent the first CBF
reconstruction surgery (“superficial temporal artery (STA)–

middle cerebral artery (MCA) bypass and encephalo–duro–
myo–synangiosis”) in our hospital, performed by the same
surgeon; (3) patient was treated before surgery, and at 1
week and 6 months after surgery; (4) the MRI machine in
our hospital performed ASL perfusion imaging monitoring;
and (5) patient agreed to perform ASL assessment and
signed an informed consent form.

The exclusion criteria were as follows: (1) patients
with Graves’ disease, antiphospholipid antibody syn-
drome, systemic vasculitis, Sjogren’s syndrome, systemic
atherosclerosis, and other clear comorbidities; (2) DSA
examination of patients with MMA accompanied by other
brain vascular diseases, such as aneurysms and cerebro-
vascularmalformations; (3) inability to performASL imaging
due to personal constitutions, such as mental abnormalities,
claustrophobia, cognitive impairment; (4) the quality of ASL
imaging of the patient was poor or does not perform stan-
dard imaging; (5) the patient’s clinical data were missing
or incomplete; and (6) The patient did not develop serious
postoperative complications, such as massive cerebral
infarction, cerebral hemorrhage, or grand mal seizure
(Figure 1).

2.2 Surgical procedure

After general anesthesia, according to the individual con-
ditions of the patient, blood pressure and partial pressure
of carbon dioxide were controlled [18–20]. The extended
pterional approach was used; the temporal muscle and
STA were carefully separated, the bone flap was removed,
and the dura mater was carefully cut to expose the brain
surface. A microscope (ZEISS) was used to perform a
fluorescence contrast test to understand the blood flow
of the distal middle cerebral artery on the brain surface
and select the appropriate blood vessels. The recipient
blood vessel and STA branch were wrapped and soaked
with papaverine solution to prevent vasospasm. Subse-
quently, a temporary aneurysm clip was used to clamp
the blood supply on both sides of the recipient blood
vessel and proximal end of the STA branch. The frontal
parietal surface was examined at the distal end of the body
vessel and the STA branch. After bypass was completed,
intraoperative angiography was performed to check the
patency and flow of the reconstructed vessel. Finally,
the separated and intact temporal muscles were directly
applied to the parietal and frontal brain surfaces, and the
dura mater was turned over and applied to the brain sur-
face to complete the combined cerebral revascularization
operation [21,22].
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2.3 ASL image acquisition

The ASL technology used a Philips Ingenia 3.0T magnetic
resonance scanner (Philips, the Netherlands). The patient
was placed in the supine position, while the head was
properly fixed, and a 32-channel head special coil was
used. The scanning baseline was the front and back joint
connection, and the scanning sequence was axis T1WI, axis
T2WI, axis T2 FLAIR, and pseudo-continuous arterial spin
labeling (pCASL). The scanning parameters of the pCASL
sequence were as follows: repetition time = 4,364ms;
echo time = 12ms; layer thickness, 6mm; field of view,
240mm × 240mm; matrix, 64 × 60; delay time after
marking, 2,000ms; number of excitations, 1; and scanning
time, 306 s. The CereFlow ASL image software (Animage
Technology, China) was used for post-image processing.
The processing flow was as follows: (1) the ASL original
map calculated CBF through a single-chamber model; (2)
the cerebral perfusion parameter map was standardized to
the MNI brain template space [23]; (3) the brain atlas of the
standard grading systemwas covered based on the Alberta
Stroke Program Early CT Score (ASPECT) of Alberta stroke
procedures, covering ten regional divisions of the MCA
blood supply area at two levels: the nucleus level (thalamus
and striatum plane) divided into seven areas: medial

prearterial cortex (M1), middle cerebral artery extrainsular
cortical area (M2), posterior middle cerebral cortex (M3),
insula, lentiform nucleus, caudate nucleus, capsula interna,
and the level above the nucleus (add cmMo at the nucleus
level). There were three areas of the middle cerebral artery
cortex above M1 (M4), the middle cerebral artery cortex
above M2 (M5), and the middle cerebral artery cortex above
M3 (M6) [24]. (4) After covering the brain atlas, the mean
value of each area in each brain perfusion parameter map
was analyzed. The absolute quantitative CBF value of
the aspect area on the operation side was automatically
obtained.

2.4 Revascularization classification

To assess the revascularization effect, Matsushima grading
[25]was used to classify and compare the patients into two
groups. First, the hypovascular group had the following
characteristics: (1) no obvious change in the diameter of
the bypass vessel or obvious intracranial compensation;
(2) the bypass vessel was thickened or a small amount of
compensation was performed on the brain, and (3) the
compensation of the MCA area on the operation side was
less than 1/3. Second, the hypervascular group included

Figure 1: Patient inclusion flowchart.
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the following: (1) the bypass vessel compensated for the
cranium, and for the MCA area between 1/3 and 2/3 on the
operation side; and (2) the bypass vessel compensated for
more than 2/3 of the MCA area on the operation side.
According to the Alberta stroke grade and CBF value, the
stroke score was given (Table 1).

Albert stroke score was 10 points, each area lower
than normal blood flow (CBF <30mL/100 g/min) [26]
was defined as the perfusion defect area, and the corre-
sponding brain area score was reduced by 1 point, and
the final score was calculated.

2.5 Statistical analysis

All data were entered and analyzed using SPSS (version
26.0, IBM, USA). Corresponding statistical analysis of the gen-
eral clinical data and CBF data was performed. Measurement
data (such as ASL monitoring time and age) and data
conforming to the normal distribution are expressed as
mean value ± standard deviation ( ±x s̅ ), and paired
t-tests were used to analyze the data. The measurement
data that did not conform to the normal distribution
adopted themedian/quartile (M/P25, P75) andwere analyzed
using the Wilcoxon non-parametric test. The enumeration
data (sex, clinical manifestations, etc.) were analyzed using
the chi-square test and Fisher’s exact test. Grade data (such
as Suzuki staging) were tested using a rank-sum test.
Statistical significance was set at P ≤ 0.05.

Ethical approval: The research related to human use has
been complied with all the relevant national regulations,
institutional policies and in accordance with the tenets of
the Helsinki Declaration, and has been approved by the
authors’ institutional review board or equivalent committee.
This study was reviewed and approved by the Ethics
Committee of Henan Provincial People's Hosptial (2020183).

Informed consent: Informed consent has been obtained
from all individuals included in this study and the clin-
ical data were kept strictly confidential.

3 Results

3.1 Demographics

Based on the inclusion and exclusion criteria, 51 patients
with 90 hemispheres were included in this study. Table 1
summarizes the baseline participants and clinical char-
acteristics of MMA. The mean age on admission was 41.68
± 11.38 years and men (60.78%) constituted the majority
of the cohort. The clinical presentation showed onset
symptoms of ischemia in 37 (72.54%) patients and intra-
cranial hemorrhage in 14 (27.46%) patients. The ASL
monitoring time was recorded on three postoperative per-
iods: first, 4.39 ± 1.49 days; second, 6.26 ± 0.67 days; and
third, 181.65 ± 10.93 days (Table 2).

Table 1: Alberta stroke grading criteria

Area Score Area Score

Insula 1 M5 1
M1 1 M6 1
M2 1 Caudate nucleus 1
M3 1 Capsule inner 1
M4 1 Lenticular nucleus 1

Table 2: Baseline characteristics of the included patients

Characteristics All cases

No. of patients 51
No. of hemispheresa 90
Age (years)b 41.68 ± 11.38
Sexa

Male 31 (60.78%)
Female 20 (39.22%)

Premorbid historya

Hypertension 32 (62.74%)
Diabetes 16 (31.37%)
CHD 9 (17.64%)
Smoker 29 (56.86%)

Hemisphere involveda

Bilateral 39 (76.47%)
Right 7 (13.72%)
Left 5 (9.81%)

Primary typea

Ischemic 37 (72.54%)
Hemorrhagic 14 (27.46%)

Admission mRSa

0–2 45 (88.23%)
3–6 6 (11.77%)

Surgical sidea

Right 46 (51.11%)
Left 44 (48.89%)

Suzuki stagea

2 5 (5.56%)
3 45 (50.00%)
4 37 (41.11%)
5 3 (3.33%）

ASL time
Firstb 4.39 ± 1.49
Secondb 6.26 ± 0.67
Thirdb 181.65 ± 10.93

ASL: arterial spin labeling, CHD: chronic heart disease. aPercentage
(%). bMean value ± SD.
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3.2 ASL perfusion data

The CBF values of each region of the cerebral hemisphere
before the operation were: insula, 29.06 ± 9.85; M1, 26.06
± 11.67; M2, 27.74 ± 10.24; M3, 27.29 ± 9.70; M4, 24.98 ±
12.18; M5, 25.71 ± 9.97; M6, 27.25 ± 11.35; caudate nucleus,
21.67 ± 9.34; inner capsule, 20.85 ± 6.81; and lenticular
nucleus, 29.22 ± 12.09.

The CBF values of each region of the cerebral hemi-
sphere after 1 week of operation on the surgical side were
as follows: insula, 47.74 ± 22.50; M1, 32.78 ± 14.02; M2,
36.14 ± 12.81; M3, 34.35 ± 14.53; M4, 33.72 ± 15.34; M5,
33.50 ± 14.62; M6, 35.32 ± 16.28; caudate nucleus, 21.85 ±
6.76; inner capsule, 24.63 ± 7.39; and lenticular nucleus,
33.14 ± 11.29.

The CBF values of each region of the cerebral hemi-
sphere on the surgical side at 6 months after the opera-
tion were: insula, 34.52 ± 12.19; M1, 29.51 ± 13.47; M2,
33.78 ± 15.31; M3, 33.15 ± 11.09; M4, 29.14 ± 13.70; M5,
29.07 ± 12.71; M6, 31.38 ± 11.24; caudate nucleus, 20.78 ±
7.90; inner capsule, 19.10 ± 5.39; and lenticular nucleus,
24.84 ± 5.74.

After applying the paired t-test to the three sets
of data, the preoperative and 1week postoperative CBF
value comparison showed that there were statistical dif-
ferences in eight regions: the insula, M1, M2, M3, M4, M5,
M6, and inner capsule. There was no statistical difference
between the caudate nucleus and lenticular nucleus.
Comparison of the preoperative and 6 months postopera-
tive CBF values showed statistical differences in seven
regions: the insula, M1, M2, M3, M4, M5, and M6. There
was no statistical difference in the caudate nucleus, inner
capsule, and lenticular nucleus (Figure 2).

3.3 Relationship between ASPECT score and
the effect of postoperative
cerebrovascular reconstruction

According to the Matsushima classification, the 90 hemi-
spheres were divided into 2 groups: 69 in the hypovas-
cular group and 21 in the hypervascular group. Statistical

Figure 2: Quantitative CBF values in each area of enrolled patients were evaluated under ASPECT partitioning criteria. (a and b) The CBF
values of each cerebral cortex region were statistically different (preoperation vs 1 week after surgery, preoperation vs 6 months after
surgery). (c and d) The CBF values of each subcortical region were statistically different (preoperation vs 1 week after surgery, preoperation
vs 6 months after surgery). Paired t test was used for comparison between the two groups, and P ≤ 0.05 was considered to be statistically
significant. ns: P > 0.05, *: P ≤ 0.05, **: P < 0.01, ***: P < 0.001.
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differences in variables between the groups were com-
pared. There was no statistically significant difference
in the general clinical symptoms between the two groups
(P > 0.05). Among the three Alberta scores, the preopera-
tive Alberta score differed between the two groups (P <
0.05). At the same time, we compared the changes in the
mRS scores between the two groups before and after sur-
gery. There was a significant difference between the two
groups before surgery (P ≤ 0.05) (Table 3, Figure 3).

4 Discussion

From a global perspective, MMA is a relatively rare cere-
brovascular disease. However, in China, with the contin-
uous advancement ofmedical technology and the increasing
importance of medical care among people, the detection rate
of MMA has shown an upward trend annually. At present,
CBF reconstruction surgery is still the most effective treat-
ment for MMA patients, which can reduce the incidence of
stroke and improve long-term prognosis [17,27]. However,
reconstruction surgery, especially direct and combined
reconstruction, can effectively change the CBF supply
immediately after the operation, but the operation will
disrupt the balance of intracranial hemodynamics. To
know more and accurate assessment of the preoperative
and postoperative intracranial cerebral hemodynamic status,
timely discovery of the risk of postoperative local cerebral
hypoperfusion or high perfusion, and evaluation of long-
term CBF have become important issues that urgently need
to be solved. The emergence of ASL technology has brought
us new evaluation methods.

CBF is very important for cerebral function, CBF
reconstruction is an effective surgical method for the
treatment of MMA. Combined reconstruction not only
applies direct anastomosis between the STA and MCA
on the operation side but also involves attaching the

dura mater and temporal muscle to the brain surface,
so that varieties of blood supply channels are used to
supply blood to the brain. However, STA–MCA direct
bypass has a greater impact on the balance of cerebral
hemodynamics, and early postoperative patients are prone
to hyperperfusion syndrome [28]. Hayashi et al. [29] found
that CBF changes within postoperative 2 weeks in patients
with MMA. Therefore, CBF changes within 2 weeks was
classified as early postoperative moyamoya disease, and
after 2 weeks was classified as the late postoperative
period. In our current study, our first postoperative review
time was 6.26 ± 0.67 days, which was in the early post-
operative range of MMA. Significant statistical differences
were found in eight areas: the insula, M1, M2, M3, M4, M5,
M6, and the capsula interna. CBF in all areas of the MCA
increased, especially in the insula, from 29.06 ± 9.85
before the operation to 47.74 ± 22.50, and the cerebral
cortex of the MCA area on the operation side showed a
significant improvement in perfusion. Using ASL tech-
nology, the improved CBF can be effectively and accu-
rately measured after direct STA–MCA bypass. Sugino
et al. [30] found that in two patients with MMA who had
transient deterioration of neurological function due to
hyperperfusion syndrome after direct CBF reconstruction,
ASL showed a significant increase in CBF in the focal part
of the operative side, suggesting the importance of ASL in
monitoring postoperative hyperperfusion syndrome. At
present, there is no definite conclusion regarding the
range of CBF changes in patients with MMA after surgery
for hyperperfusion syndrome. The application of ASL to
evaluate CBF changes in patients with hyperperfusion syn-
drome preoperatively and 1 week after surgery may have a
certain predictive value for the prevention of postoperative
hyperperfusion syndrome.

To check whether blood flow changed long after
revascularization, we followed about 6 months by using
ASL technology. Cho et al. [31] found in the CBF study
by ASPECT that after cerebral revascularization, the

Table 3: Comparing differences between hypovascular and hypervascular groups

Category Total (n = 90) Good (n = 69) Poor (n = 21) Inspection value P value

Alberta score
Preoperativea 2.70 ± 3.35 1.36 ± 2.30 4.78 ± 3.76 2.714 0.013
One week after operationa 4.96 ± 2.65 5.44 ± 2.87 4.86 ± 1.46 0.650 0.523
Six months after operationa 5.31 ± 2.13 5.36 ± 1.94 5.22 ± 3.56 −0.118 0.907
mRS score
Preoperativea 3.13 ± 0.90 3.42 ± 0.75 1.55 ± 0.71 6.678 <0.001
Six months after operationa 1.51 ± 0.69 1.55 ± 0.71 1.38 ± 0.59 0.986 0.280

aMann–Whitney U test was used for statistical methods, and P ≤ 0.05 was considered to be statistically significant.
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compensatory abnormal blood vessel network of the skull
base gradually begins to subside after at least 6 months,
and the new compensatory blood vessels tend to be
stable and play a major role in the blood supply. The
growth range of the new blood vessels can be as long
as 54 months. In this study, all patients underwent DSA
and ASL reexamination 6 months after the operation. In
the comparison of ASL monitoring preoperatively and 6
months after the operation, we found that the change in
CBF in the cortical area of the cerebral MCA was still
statistically significant, whereas the changes in the cau-
date nucleus, capsula interna, and lenticular nucleus
were not significant. The CBF in all MCA cortical areas
reached the normal level, while the caudate nucleus,
capsula interna, and lenticular nucleus were still lower

than the normal level at 6 months post operation. Our
study findings are similar to those of Cho et al., but ASL
technique does not require radionuclides and is noninvasive.

Sixmonths after surgery, the new compensatory vessels
played a stable compensatory role on the surgical side, and
the CBF in the cerebral cortex returned to normal. However,
owing to the gradual disappearance of the abnormal skull
base vascular network, the CBF in the deep area of the MCA
still fails to reach the normal level. Based on the aforemen-
tioned research findings, it has been observed that there is
no significant improvement in deep blood flow among
patients with smoke disease post-surgery. As a result, there
is a need for a novel surgical approach to enhance deep
cerebral blood flow, particularly for those who have experi-
enced hemorrhage in the lenticular and caudate regions.

Figure 3: The postoperative CBF of the patients reach the normal level under different vascular conditions. (a–c) Relationship between ASL
images and postoperative neovascularization network density in three typical patients. The Alberta score of the three patients decreased
gradually before surgery, and the neovascularization network density increased gradually after surgery.
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Since MMA is a vascular occlusive disease, we were
very concerned about vessel growth after revascularization.
During disease evolution, an intracranial compensatory
vascular network is essential to supplement the ischemic
area. Therefore, in this study, we uniformly calibrated the
PLD time to 2 s to obtain the CBF value and calculated the
Alberta stroke score before and 6 months after the opera-
tion. Simultaneously, the reconstructed vessels were graded
using DSA. A correlation was found between Alberta and
Matsushima ratings. A low preoperative Alberta score may
have a beneficial effect on the growth of reconstructed vessels
postoperatively. Previous studies have found that for stroke
patients, a good preoperative collateral circulation may lead
to significant postoperative cerebrovascular reconstruction
[32]. But from our results, there was a negative correlation
between blood vessel growth and preoperative CBF.

Meanwhile, in the present study, no patient exhibited
deterioration in the mRS score following bypass. A low
preoperative Alberta score indicates that the affected side
of the brain has a large range of ischemic states with a poor
collateral circulation compensation state. The effect of
postoperative vascular reconstruction is relatively good.
This phenomenon may indicate that patients with severe
preoperative ischemia have a strong demand for extracra-
nial compensatory vessels (Figure 3).

In this study, the preoperative, postoperative, and
long-term prognosis of CBF in patients with MMA were
monitored through the application of ASL technology,
the results proved that ASL technique is an effective
method for CBF measurement. This trial may provide a
more convenient, fast, and efficient imaging evaluation
methods for MMA patients. Moreover, this study provides
evidence of a significant association between the quan-
tity of neovessels in the surgical region and preoperative
CBF values among patients diagnosed with smoke dis-
ease. Those who exhibit greater preoperative ischemia
are likely to derive more substantial benefits from revas-
cularization surgery.

4.1 Limitations

The aim of this study was to provide data that ASL tech-
nology can contribute as a practical and significant method
for patients with MMA and can play an auxiliary role in
monitoring postoperative complications. However, owing
to the small sample size and short follow-up time, the
results may be biased. It is still necessary to expand the
sample size and conduct more long-term follow-up moni-
toring of patients to continue to explore the application
value of ASL technology in MMA.

5 Conclusion

In this study, the comparison of ASL in the MCA cortical
region after 1 week and 6 months from operation showed
that there was no significant difference in other regions,
except the insula and M4. CBF increased significantly at 1
week after operation. At 6 months postoperatively, CBF
was established and maintained with long-term stability
and effectiveness. The Alberta score is correlated with the
area of postoperative cerebral vascular reconstruction,
and the effect of postoperative cerebral revascularization
is better in patients with a lower preoperative Alberta
score.

Funding information: The authors received financial sup-
port for the research from the following: Natural Science
Foundation of Henan Province (No. 222300420359): Henan
Medical Science and technology research project (No.
SBGJ202103015).

Conflict of interest: Authors state no conflict of interest.

Data availability statement: The datasets generated during
and/or analyzed during the current study are available
from the corresponding author on reasonable request.

References

[1] Kuroda S, Fujimura M, Takahashi J, Kataoka H, Ogasawara K,
Iwama T, et al. Diagnostic criteria for moyamoya disease - 2021
revised version. Neurologia Medico-Chirurgica.
2022;62(7):307–12.

[2] Hayashi K, Horie N, Izumo T, Nagata I. A nationwide survey on
unilateral moyamoya disease in Japan. Clin Neurol Neurosurg.
2014;124:1–5.

[3] Fujimura M, Shimizu H, Inoue T, Mugikura S, Saito A,
Tominaga T. Significance of focal cerebral hyperperfusion as a
cause of transient neurologic deterioration after extracranial-
intracranial bypass for moyamoya disease: comparative study
with non-moyamoya patients using N-isopropyl-p-(123)
Iiodoamphetamine single-photon emission computed tomo-
graphy. Neurosurgery. 2011;68(4):957–65.

[4] Mrak G, Nemir J, Brgic K, Baric H, Paladino J, Stambolija V.
Cerebral bypass surgery for internal carotid artery occlusion,
complex supraclinoid carotid artery aneurysm, and tumors: a
report of four cases. Asian J Neurosurg. 2018;13(3):938–42.

[5] Huber TS. Extracranial-intracranial bypass surgery for stroke
prevention in hemodynamic cerebral ischemia: the carotid
occlusion surgery study randomized trial. Yearb Surg.
2012;2012:371–2.

[6] Fujimura M, Kaneta T, Mugikura S, Shimizu H, Tominaga T.
Temporary neurologic deterioration due to cerebral hyperper-
fusion after superficial temporal artery-middle cerebral artery

8  Sun Yuxue et al.



anastomosis in patients with adult-onset moyamoya disease.
Surg Neurol. 2007;67(3):273–82.

[7] Asselman C, Hemelsoet D, Eggermont D, Dermaut B, Impens F.
Moyamoya disease emerging as an immune-related angio-
pathy. Trends Mol Med 28(11):939–50.

[8] Fujimura M, Mugikura S, Kaneta T, Shimizu H, Tominaga T.
Incidence and risk factors for symptomatic cerebral hyper-
perfusion after superficial temporal artery-middle cerebral
artery anastomosis in patients with moyamoya disease. Surg
Neurol. 2009;71(4):442–7.

[9] Miyamoto S, Yoshimoto T, Hashimoto N, Okada Y, Tsuji I,
Tominaga T, et al. Effects of extracranial-intracranial bypass
for patients with hemorrhagic moyamoya disease: results of
the Japan Adult Moyamoya Trial. Stroke. 2014;45(5):1415–21.

[10] Tortora D, Severino M, Pacetti M, Morana G, Mancardi MM,
Capra V, et al. Noninvasive assessment of hemodynamic
stress distribution after indirect revascularization for pediatric
moyamoya vasculopathy. AJNR Am J Neuroradiology.
2018;39(6):1157–63.

[11] Goetti R, O’Gorman R, Khan N, Kellenberger CJ, Scheer I. Arterial
spin labelling MRI for assessment of cerebral perfusion in chil-
dren with moyamoya disease: comparison with dynamic sus-
ceptibility contrast MRI. Neuroradiology. 2013;55(5):639–47.

[12] Hersh DS, Moore K, Nguyen V, Elijovich L, Choudhri AF, Lee-
Diaz JA. Evaluation and treatment of children with radiation-
induced cerebral vasculopathy. J Neurosurgery:Pediatrics.
2019;24(6):680–8.

[13] Zhang H, Lu M, Liu S, Liu D, Shen X, Sheng F, et al. The value of
3D pseudo-continuousarterial spin labeling perfusion imaging
in moyamoya disease - Comparison with dynamic susceptibility
contrast perfusion imaging. Front Neurosci. 2022;16:944246.

[14] Ya J, Zhou D, Ding J, Ding Y, Ji X, Yang Q, et al. High-resolution
combined arterial spin labeling MR for identifying cerebral
arterial stenosis induced by moyamoya disease or athero-
sclerosis. Ann Transl Med. 2020;8(4):87.

[15] Ha JY, Choi YH, Lee S, Cho YJ, Cheon JE, Kim IO, et al. Arterial spin
labeling MRI for quantitative assessment of cerebral perfusion
before and after cerebral revascularization in children with
moyamoya disease. Korean J Radiol. 2019;20(6):985–96.

[16] Kazumata K, Tokairin K, Sugiyama T, Ito M, Uchino H, Osanai T,
et al. Association of cognitive function with cerebral blood flow
in children with moyamoya disease. J Neurosurg Pediatrics.
2019;25(1):62–8.

[17] Kronenburg A, Braun KP, van der Zwan A, Klijn CJ. Recent
advances in moyamoya disease: pathophysiology and treat-
ment. Curr Neurol Neurosci Rep. 2014;14(1):423.

[18] Lee JK, Williams M, Reyes M, Ahn ES. Cerebrovascular blood
pressure autoregulation monitoring and postoperative tran-
sient ischemic attack in pediatric moyamoya vasculopathy.
Paediatr Anaesth. 2018;28(2):94–102.

[19] Elkoushy MA, Metwally AH, Noureldin YA. Implications of dif-
ferent nephrolithometry scoring systems on clinical practice of

endourologists: An international web-based survey. Arab J
Urol. 2016;14(3):216–22.

[20] Fujimura M, Inoue T, Shimizu H, Saito A, Mugikura S,
Tominaga T. Efficacy of prophylactic blood pressure lowering
according to a standardized postoperative management pro-
tocol to prevent symptomatic cerebral hyperperfusion after
direct revascularization surgery for moyamoya disease.
Cerebrovasc Dis (Basel, Switz). 2012;33(5):436–45.

[21] Kraemer M, Sassen J, Karakaya R, Schwitalla JC, Graf J,
Albrecht P. Moyamoya angiopathy: early postoperative course
within 3 months after STA-MCA-bypass surgery in Europe-a
retrospective analysis of 64 procedures. J Neurol.
2018;265(10):2370–8.

[22] Kuroda S, Houkin K, Ishikawa T, Nakayama N, Iwasaki Y. Novel
bypass surgery for moyamoya disease using pericranial flap:
its impacts on cerebral hemodynamics and long-term out-
come. Neurosurgery. 2010;66(6):1093–101.

[23] Jezzard P, Chappell MA, Okell TW. Arterial spin labeling for the
measurement of cerebral perfusion and angiography. J Cereb
Blood Flow Metab. 2018;38(4):603–26.

[24] Yu S, Ma SJ, Liebeskind DS, Yu D, Li N, Qiao XJ. ASPECTS-based
reperfusion status on arterial spin labeling is associated with
clinical outcome in acute ischemic stroke patients. J Cereb
Blood Flow Metab. 2018;38(3):382–92.

[25] Matsushima T, Inoue T, Suzuki SO, Fujii K, Fukui M, Hasuo K.
Surgical treatment of moyamoya disease in pedi.
Microsurgery. 1992;31(3):401–5.

[26] Ho ML. Arterial spin labeling: Clinical applications.
J Neuroradiology. 2018;45(5):276–89.

[27] Ge P, Ye X, Zhang Q, Zhang D, Wang S, Zhao J.
Encephaloduroateriosynangiosis versus conservative treat-
ment for patients with moyamoya disease at late Suzuki stage.
J Clin Neurosci. 2018;50:277–80.

[28] Zhao M, Deng X, Zhang D, Wang S, Zhang Y, Wang R, et al. Risk
factors for and outcomes of postoperative complications
in adult patients with moyamoya disease. J Neurosurg.
2018;130(2):531–42.

[29] Hayashi T, Shirane R, Fujimura M, Tominaga T. Postoperative
neurological deterioration in pediatric moyamoya disease:
watershed shift and hyperperfusion. J Neurosurg Pediatrics.
2010;6:73–81.

[30] Sugino T, Mikami T, Miyata K, Suzuki K, Houkin K, Mikuni N.
Arterial spin-labeling magnetic resonance imaging after
revascularization of moyamoya disease. J Stroke Cerebrovasc
Dis. 2013;22(6):811–6.

[31] Cho WS, Kim JE, Kim CH, Ban SP, Kang HS, Son YJ, et al. Long-
term outcomes after combined revascularization surgery in
adult moyamoya disease. Stroke. 2014;45(10):3025–31.

[32] Ribo M, Flores A, Rubiera M, Pagola J, Sargento-Freitas J,
Rodriguez-Luna D, et al. Extending the time window for
endovascular procedures according to collateral pial circula-
tion. Stroke. 2011;42(12):3465–9.

Arterial spin labeling for moyamoya angiopathy  9


	Abbreviations
	1 Introduction
	2 Materials and methods
	2.1 Patient selection
	2.2 Surgical procedure
	2.3 ASL image acquisition
	2.4 Revascularization classification
	2.5 Statistical analysis

	3 Results
	3.1 Demographics
	3.2 ASL perfusion data
	3.3 Relationship between ASPECT score and the effect of postoperative cerebrovascular reconstruction

	4 Discussion
	4.1 Limitations

	5 Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


