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Introduction: Moyamoya disease (MMD) is associated with a risk of postoperative
cerebral hyperperfusion syndrome (CHS) after revascularization surgery. This
study aimed to explore the feasibility of using three-dimensional pulsed arterial
spin labeling (3D PASL) and phase contrast (PC) magnetic resonance imaging (MRI)
for predicting CHS occurrence in patients with MMD before revascularization
surgery.

Methods: Overall, 191 adult patients (207 hemispheres) with MMD who underwent
combined revascularization surgery were included in this study. Preoperative
3D PASL-MRI and PC-MRI were performed before surgery. The PASL-MRI data
were analyzed using SPM12. Patient clinical information, average flow, and
preoperative cerebral blood flow (CBF) were compared between the non-CHS
and CHS groups.

Results: Among the patients, 45 (21.74%) developed CHS after revascularization
surgery. No significant differences were noted in age, sex, clinical symptoms,
hypertension, diabetes, surgical side, or history of revascularization surgery
between the non-CHS and CHS groups. However, the average flow in the
superficial temporal artery was significantly lower in the CHS group than in the
non-CHS group (p<0.05). Furthermore, 11 clusters of preoperative CBF values
were significantly greater in the CHS group than in the non-CHS group [p <0.05,
false discovery rate (FDR) corrected)]. A significant correlation was also observed
between the preoperative time-to-flight MR angiography (MRA) scores and CBF
values in patients with MMD (p < 0.05).

Conclusion: Compare patients with lower preoperative CBF and higher
preoperative average flow in the STA, patients with higher preoperative CBF
and lower preoperative average flow in the STA are more likely to develop
postoperative CHS Preoperative PASL-MRI and PC-MRI examinations may help
to screen patients at high risk of developing CHS after revascularization surgery.
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1. Introduction

Moyamoya disease (MMD) is a chronic, occlusive cerebrovascular
disease of unknown etiology. It is characterized by steno-occlusive
changes in the terminal part of the internal carotid artery and an
abnormal development of vascular network (moyamoya vessels) at the
base of the brain (Research Committee on the Pathology and
Treatment of Spontaneous Occlusion of the Circle of Willis, and
Health Labour Sciences Research Grant for Research on Measures for
Infractable Diseases, 2012). The symptoms of MMD primarily result
from two major causes: brain ischemia (transient ischemic attacks,
stroke, and seizures) and the compensatory response to ischemia.
These include the common symptom of headache, which may be due
to dilated transdural collaterals, and another symptom of hemorrhage,
which is caused by fragile moyamoya vessels (Scott and Smith, 2009).

MMD often presents at younger ages, and its progressive
characteristics can lead to irreversible brain damage due to prolonged
brain hypoperfusion and multiple cerebral infarction/hemorrhagic
events, resulting in severe disability and a poor prognosis (Fung et al.,
2005). Revascularization surgery, including indirect, direct, and
combined procedures, is recommended to improve cerebral perfusion,
reduce the incidence of cerebrovascular events, and prevent
neurocognitive decline (Zhang et al., 2020). Indirect procedures in
combination with direct bypass offer the advantages of both direct and
indirect bypass and are recommended for patients with MMD
(Esposito et al., 2018). However, it should be noted that the superficial
temporal artery-middle cerebral artery (STA-MCA) bypass provides
only a limited blood supply (Kazumata et al., 2014).

Patients with MMD are more likely to experience postoperative
cerebral hyperperfusion syndrome (CHS), compared to patients with
other atherosclerotic diseases (Fujimura et al., 2011). Postoperative CHS
can cause transient neurological symptoms, including permanent
neurological defects, as intracranial vasculature pressure increases,
which may elicit intracranial hemorrhage and even hematogenous
cerebral edema (Park et al, 2018). Multiple studies recommend
maintaining low perioperative blood pressure to reduce the risk of
postoperative CHS (Hayashi et al., 2012). However, lowering blood
pressure can also result in cerebral hypoperfusion and an increased risk
of cerebral infarction after surgery (Hayashi et al., 2012). Some studies
suggest induction of hypertension and hypervolemia during the
perioperative period to prevent neurologic complications (Li et al.,
2022). The identification of high-risk patients for developing
postoperative CHS before surgery is crucial. Implementing appropriate
treatment during the perioperative period is essential in preventing
postoperative CHS and avoid adverse events at the same time, this may
improve the overall prognosis of these patients (Ostergaard et al., 2014).

Various imaging modalities can evaluate cerebral perfusion status.
Computed tomography and single-photon emission computed
tomography are radiation-based techniques, while magnetic resonance
imaging (MRI) is a nonradiative alternative. MRI techniques include
perfusion imaging, dynamic susceptibility contrast, and arterial spin
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labeling (ASL). ASL-MRI is magnetically labeled by the radiofrequency
(RF) pulse protons of arterial blood flowing into the brain as an
endogenous tracer (Zaharchuk et al., 2009). The cerebral blood flow
(CBF) of brain tissues is quantified by estimating the labeled arterial
blood water (Goetti et al., 2013). Studies have shown that even patients
with normal renal function may have chronic gadolinium deposition in
brain tissue after repeated intravenous injections of gadolinium-based
contrast agents (McDonald et al., 2015). The ASL sequence presents a
viable alternative for gadolinium-based contrast perfusion imaging. ASL
permits repeated examinations without the risk of contrast leakage or
residuals, and its clinical utility spans from ischemic stroke to
arteriovenous malformations. ASL also has the potential to measure CBF
patterns in patients with MMD (Federau et al., 2017). In addition,
quantitative phase-contrast MR imaging (PC-MRI) can measure blood
flow in a specified vessel without the need of contrast agent.

Patients with MMD, who are typically young, require regular MR
examinations throughout their lifetime. This renders ASL sequences
and quantitative PC-MRI highly suitable those patients. This study
aimed to identify potential risk factors for postoperative CHS in adult
patients with MMD who underwent surgical revascularization using
three-dimensional (3D) pulsed arterial spin labeling (PASL)-MRI and
PC-MRI were employed. We anticipate that the findings of this study
contribute to the advancement of personalized medicine,
implementation of appropriate treatment during the perioperative
period, and improved patient care in Moyamoya disease.

2. Materials and methods
2.1. Clinical data and participants

This study was approved by the Ethics Committee of HuaDong
Hospital (approval no. 2018030). All examinations in current study
are in accordance with relevant regulations and guidelines. All patients
in current study provided written informed consent.

From August 2018 to September 2022, a total of 191 adult patients
with MMD (mean age, 43.80 + 11.29 years; range, 18-65 years; female,
102; male, 89) were included in this study. A small subset (16/191) of
these participants underwent bilateral revascularization surgery.
Finally, 207 hemispheres were included in this study. Digital
subtraction angiography (DSA) was used to diagnose MMD (Fukui,
1997). The inclusion criteria were as follows: (i) patients aged
>18years; (ii) those with no contraindication to MR examination; and
(iii) those who underwent combined revascularization surgery
[encephalo-duro-myo-synangiosis (EDMS) combines STA-MCA
bypass]. The exclusion criteria were as follows: (i) patients with any
other neurosurgical disease and (ii) those who underwent only
STA-MCA bypass or EDMS surgery. The enrolment flowchart is
shown in Figure 1. In this study, the preoperative and postoperative
blood pressure and blood glucose will be carefully monitored for
patients with hypertension and diabetes (blood glucose is controlled
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FIGURE 1
Flowchart describing the patient inclusion process.

TABLE 1 MRI scanning sequences and parameters.

TR/TE (ms) Thickness Flip angle Intersection Matrix
(mm) () gap
TIWI 230/2.46 5 70 30% 255 22x22 256192 /
T2wWI 5000/117 5 90 30% 545 22%22 384281 /
FLAIR 8000/85 5 140 20% 1min 365 22x22 256162 /
DWI 1300/62 5 192 30% 305 24%24 192192 0,1,000
T1-MPRAGE 2300/2.32 0.9 8 50% 5min 225 26%26 256x256 /
TOF-MRA 21/3.43 1 18 —18.75% 5min 135 22%22 320x 180 /
PC-MRI (pre- /
84.6/4.86 6 20 20% 195 34x34 19268

scan)
PC-MRI 73.08/7.54 4 10 20% 5min 29s 18x18 336x336 /

TR, time of repetition; TE, time of echo; FOV, field of view; TA, time of acquisition; FLAIR, fluid-attenuated inversion-recovery sequence; DWI, diffusion-weighted imaging; T1-MPRAGE, T1
magnetization prepared rapid acquisition gradient echo; TOF-MRA, time-to-flight MR angiography; PC-MRI, phase-contrast MRI.

within the range of 7-9 mmol/L; systolic blood pressure is controlled =~ head-neck coil. Preoperative MRI examinations were conducted
within the range of 120-130 mmHg). within 1 week before surgery.

The parameters for 3D PASL acquisition were as follows: label time:

700ms; post-labeling delay time: 1,290 ms; inversion time: 1,990 ms; field

2.2. MRI examination pI’OtOCOl of view (FOV): 192 x 192; voxel size: 3 x 3 x 3 mm; slice thickness: 3mm

with a 1.5mm gap; time to echo (TE): 16.18 ms; repetition time (TR):

All MRI examinations were performed using a 3-T machine  4,600ms; axial slices: 40; number of excitations: 4; and time of acquisition
(Siemens Prisma; Siemens Medical Solutions) with a 32-channel  (TA): 2965. The other MRI sequence parameters are listed in Table 1.
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The 3D-time-of-flight (TOF) MR angiography (MRA) sequence,
from the top of the skull to the common carotid artery, was located
using the T1- MPRAGE sequence. The TOF-MRA sequence is
reconstructed by maximum intensity projection (MIP), and it was
used to locate the PC MRI sequence. The detailed procedure for
measuring the average flow in the internal carotid artery (ICA), basilar
artery (BA), and superficial temporal artery (STA) is consistent with
a previous study (Gao et al., 2019).

2.3. MRI data Preprocessing

The 3D PASL data were analyzed using SPM12 software ' and the
ASL toolbox* (Wang et al., 2008). In this study, CBF was quantitatively
assessed at the whole-cerebral voxel level, using an individuals
T1-MPRAGE anatomical scan as a reference. The detailed procedure
for ASL image analysis has been previously described (Huang et al.,
2022). CBF map values were reported in absolute units
(mL/100 g/min).

The MIP images of the MRA sequence were used to assess the
MRA scores of the intracranial arteries. Two senior neuroradiologists
with more than 10years of experience evaluated the MRA scores
following previously reported criteria (Houkin et al., 2005). The total
MRA scores ranged from 0 to 20.

2.4. Diagnosis of CHS, grouping, and
analysis

In this study, postoperative symptomatic CHS was diagnosed if
patients experienced severe headaches, seizures, or new neurological
deficits developed after surgery, and brain CT images or/and diffusion
magnetic resonance images shows neither definite hematomas nor
definite acute infarctions (van Mook et al., 2005; Iwata et al., 2014).
The diagnosis of postoperative symptomatic CHS was made by a
senior neurosurgeon who was blinded to the study. Based on the
presence or absence of CHS, the patients were divided into CHS and
non-CHS groups. The preoperative CBF status and average flow in the
ICA, STA, and BA were compared between the two groups.

2.5. Statistical analyses

An independent t-test was used to compare the age and average
flow in the ICA, STA, and BA between the CHS and non-CHS groups.
The average flows of the target blood vessel were separately measured
for the left and right sides, and the data from both sides were averaged.
The Chi-squared test was used to compare categorical variables, such
as sex, clinical symptoms, diabetes, hypertension, surgical side, and
history of revascularization surgery between the CHS and non-CHS
groups. Statistical analyses were conducted using the Statistical
Package for the Social Sciences (version 24.0; IBM SPSS) and an

1 http://www.fil.ion.ucl.ac.uk/spm
2 http://cfn.upenn.edu/zewang/ASLtbs.php
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automated  anatomical labeling atlas (AAL) template
(Ashburner, 2007).

The CBF maps were statistically analyzed using second-level
statistical procedures implemented in SPM12, based on a generalized
linear model. The preoperative CBF in the CHS and non-CHS groups
was compared using a two-sample t-test. Only CBF of cerebral was
selected for analysis, as MMD rarely affects the cerebellum. Sex and
age were included as covariates in the regression analysis. The
correlation between preoperative CBF and MRA scores was analyzed
using multiple regression and regression of the z-transformed
correlation coeflicients. A statistically significant difference was
considered at p <0.05 after false discovery rate (FDR) correction.

The xjview toolbox® was used to visualize CBF clusters. Clusters
with significant differences and correlations are displayed in pseudo-
colors on a calibrated standard brain map. The voxel sizes of the peak
intensities and also their Montreal Neurological Institute coordinates

are listed.

3. Results

In this study, 45 of 207 patients with MMD (21.74%) developed
symptomatic CHS after surgery. The main symptoms of CHS included
speech impairment (15 cases), severe headache (12 cases), decreased
muscle strength (upper limbs in 3 cases and lower limbs in 5 cases),
persistent vomiting (4 cases), dysphagia (3 cases), seizures (2 cases),
and face and eye pain (1 case). These symptoms typically appeared
within 1-9 days (3.87 + 1.87 days) after surgery and improved before
the patients were discharged from our hospital.

No significant differences were noted in age, sex, clinical
symptoms, hypertension, diabetes, surgical side, or history of
revascularization surgery between the two groups (Table 2). The
average preoperative flows in the ICA and BA were not significantly
different between the two groups (Table 2). However, before surgery,
the average STA flow was significantly lower in the CHS group than
in the non-CHS group (p<0.05; Table 2). The ROC curve of the
average flow of STA in predicting postoperative CHS is shown in
Figure 2, and the area under curve (AUC) was 0.67. The two-sample
t-test showed the significant differences in preoperative CBF status
between the two groups. Specifically, 11 clusters of preoperative CBF
were significantly higher in the CHS group than in the non-CHS
group. These clusters were mainly located in the following brain areas:
right inferior temporal gyrus (Temporal_Inf R), left gyrus rectus
(Rectus_L), right lenticular nucleus, putamen (Putamen_R), right
olfactory cortex (Olfactory_R), right precuneus (Precumeus_R), right
hippocampus (Hippocampus_R), right middle temporal gyrus
(Temporal_Mid_R), left calcarine fissure and surrounding cortex
(Calcarine_L), right superior temporal gyrus (Temporal_Sup_R)
(Table 3; Figure 3).

Spearman’s correlation coefficients were calculated to evaluate the
relationship between the preoperative CBF values and MRA scores of
intracranial arteries in patients with MMD. The results revealed a
significant correlation between preoperative MRA scores and CBF
values in patients with MMD (p<0.05). The brain areas related to

3 http://www.Alivelearn.p/xjview
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MRA scores in the CHS group are shown in Table 4 and Figure 4.
Negative correlations were observed between MRA scores and the

. ROC Curve
R
0.8
2 067
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"
c
@
D g4
0.2
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FIGURE 2
Received operating characteristic (ROC) curve of the average flow of
STA in predicting postoperative CHS. The area under the curve (AUC)
is 0.67.

TABLE 2 Clinical information of MMD patients (207 brain hemispheres).

10.3389/fnins.2023.1274038

following preoperative brain areas: the bilateral superior temporal gyri
(Temporal_Sup_R,L), right superior frontal gyri, medial (Frontal
Sup_Medial_R), right middle temporal gyri (Temporal_Mid_R), right
inferior occipital gyri (Occipital_Inf_R), right middle occipital gyri
(Occipital_Mid_R), and right superior parietal gyri (Parietal_Sup_R).
On the other hand, positive correlations were identified between the
MRA scores and the following preoperative brain areas: the bilateral
posterior cingulate gyrus (Cingulum_Post_R,L), left parahippocampal
gyrus (ParaHippocampal_L), left hippocampus (Hippocampal _L), left
olfactory cortex (Olfactory_L), left lenticular nucleus, putamen
(Putamen_L), and left thalamus (Thalamus_L).

4. Discussion

In this study, 3D PASL sequences were used to evaluate cerebral
perfusion in patients with MMD. The results indicate that the
preoperative 3D PASL-CBF in certain brain areas was significantly
higher in the CHS group than in the non-CHS group. There was a
significant correlation between the preoperative MRA and CBF values
in patients with MMD. The utilization of 3D PASL sequences and PC
MRI may help to identify patients with MMD who are at a higher risk
of accruing postoperative symptomatic CHS.

The development of new pathological vessels in MMD is caused
by chronic brain hypoperfusion and ischemia. These new
compensatory vessels are pathological vessels. The cerebrovascular
reactivity and autonomic regulation are impaired. Consequently, after

CHS Non-CHS p
No. of patients (%) 45 (21.74%) 162 (78.26%)
Age 40.47+13.82 44.04+10.59 t=-1.61 0.113
Gender 7 =0.281 0.596
Male 22 72
Female 23 90
Hypertension 29 89 7 =1299 0.254
Diabetes 21 72 1+ =0.385 0.535
Clinical symptom 1 =0.443 0.801
Ischemia 26 85
Hemorrhage 15 59
Nonspecific 4 18
Surgery side 7+ =0.238 0.626
Left 24 93
Right 21 69
Revascularization surgery history 1 =2.748 0.097
No 45 114
Yes 10 48
Average flow (mL/s)
Superficial temporal artery 0.24+0.19 0.37+0.29 t=-3.552 0.010
Internal carotid artery 2.17+1.69 2.37+1.92 t=-0.657 0.512
Basilar artery 1.28+1.17 1.57+1.33 t=-1312 0.191

CHS, cerebral hyperperfusion syndrome; non-CHS, non-cerebral hyperperfusion syndrome.
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TABLE 3 Comparison of the preoperative cerebral blood flow between CHS and non-CHS groups.

Cluster Brain region Cluster size Peak MNI Peak intensity T value P FDR-corr
coordinates(x, y, z)
1 Temporal_Inf R 518 54, -38, -28 6.176 6.18 0.000
2 Rectus_L 167 —6,20,-26 4.398 4.40 0.005
3 Putamen_R 42 16, 8, -8 3.999 4.00 0.011
4 Olfactory_R 123 2,16, -6 4.282 4.28 0.006
5 Precumeus_R 691 12,-46,6 5.745 5.74 0.000
6 Hippocampus_R 81 32,-30, -4 4321 432 0.006
7 Putamen_R 638 28,-12,12 5.034 5.03 0.001
8 Temporal_Mid_R 71 58, -60, 6 4.525 4.53 0.004
9 Calcarine_L 28 —14, —60, 10 3.496 3.50 0.028
10 Temporal_Sup_R 51 56, -46, 14 3.710 3.71 0.019
11 Temporal_Mid_R 26 44, -66, 22 4.059 4.06 0.010

CHS, cerebral hyperperfusion syndrome; non-CHS, non-cerebral hyperperfusion syndrome.

TABLE 4 Correlation between the preoperative CBF values and MRA scores of intracranial arteries in the CHS group.

Cluster Brain region Cluster size Peak MNI Peak intensity T value P FpR-corr
coordinates(x, y, z)
Negative
1 Frontal_Sup_Medial R 81,668 12, 44,32 10.291 10.29 0.000
2 Temporal_Mid_R 504 70, -34,0 4.499 3.68 0.001
3 Occipital_Inf R 174 36, -88, -12 3.542 3.54 0.001
4 Occipital_Mid_R 33 36,-96, 8 3.420 3.42 0.001
5 Temporal_Sup_R 64 50, -30,6 2.375 2.37 0.019
6 Temporal_Sup_L 147 —44, -36, 14 3.056 3.06 0.003
7 Parietal_Sup_R 39 36, ~74, 50 2.962 2.96 0.004
Positive
1 ParaHippocampal _L 107 -16,2,-18 —5.948 5.95 0.000
2 Hippocampal _L 50 -22,-20,-12 —4.602 4.60 0.002
3 Olfactory_L 34 0,6,-8 —5.660 5.66 0.000
4 Putamen_L 345 —22,-6,10 —6.202 6.20 0.000
5 Cingulum_Post_L 27 —4,-38, 10 —5.689 5.69 0.000
6 Cingulum_Post_R 85 4,-38,12 —6.687 6.69 0.000
7 Thalamus_L 40 -2,-18,16 —5.204 5.20 0.000

CHS, cerebral hyperperfusion syndrome; non-CHS, non-cerebral hyperperfusion syndrome; MRA, time-to-flight MR angiography.

successful revascularization surgery, these vessels are unable to control
the increased cerebral blood flow, leading to the occurrence of
symptomatic CHS (Hayashi et al., 2012). In this study, the incidence
of postoperative CHS was found to be 21.74% (45/207), which is
consistent with previous studies (Fujimura et al., 2011, 2012). The
reduced cerebral metabolism and downregulation of cortical
neurotransmitter receptor function by CHS can lead to cerebral
function impaired (Shimada et al., 2018). During the perioperative
period, it is crucial to take reasonable preventive measures for high-
risk patients who may come up with CHS after surgery.

Further, no significant differences were observed in age, sex,
clinical symptoms, hypertension, diabetes, surgical side, or history of
revascularization surgery between the two groups. Although
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symptoms related to ischemia are the most common clinical
manifestation of MMD, 10.63% (22/207) of the patients were
asymptomatic which is consistent with previous studies, that
1.5% ~ 17.8% of patients with MMD are asymptomatic (Baba et al.,
2008). Current study showed that hemorrhage-onset symptoms were
observed in approximately 35.75% (74/207) of the patients. Among
patients with postoperative CHS, 57.78% (26/45) and 33.33% (15/45)
presented with ischemic- and hemorrhage-onset symptoms,
respectively. Whether patients with hemorrhagic- or ischemia-onset
symptoms more often come up with postoperative CHS remains
controversial (Fujimura et al., 2009; Hayashi et al., 2010). Different
study populations, preoperative management, and surgical procedures
may have contributed to this discrepancy.
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FIGURE 3

Comparison of the preoperative cerebral blood flow between cerebral hyperperfusion syndrome (CHS) and non-CHS groups. Significant regions are
(false discovery rate corrected p < 0.05) illustrated in warm colors for increased values. Significant differences are revealed in the following brain
regions: right inferior temporal gyrus (Temporal_Inf_R), left gyrus rectus (Rectus_L), right lenticular nucleus, putamen (Putamen_R), right olfactory
cortex (Olfactory_R), right precuneus (Precumeus_R), right hippocampus (Hippocampus_R), right middle temporal gyrus (Temporal_Mid_R), left
calcarine fissure and surrounding cortex (Calcarine_L), right superior temporal gyrus (Temporal_Sup_R).

Previous studies have demonstrated that symptomatic CHS can
be diagnosed based on specific postoperative clinical symptoms (van
Mook et al., 2005; Iwata et al., 2014). In the present study, the most
prevalent clinical symptoms of CHS were headache and speech
impairment, which was consistent with previous study (Egashira
etal., 2017).

PC MRI was used to calculate preoperative blood flow in the ICA,
BA, and STA. The target vessels for bypass surgery were MCA (branch
of ICA) and STA (branch of the external carotid artery). This study
showed that the average flow in the ICA and BA had not significantly
different between the two groups. However, the preoperative average
STA flow was significantly lower in the CHS than in the non-CHS
group (p<0.05). Cerebral reconstruction surgery artificially lowers

Frontiers in Neuroscience

blood pressure and increases blood flow in the distal STA. Patients
with lower vessel flow before surgery may experience a more
substantial increase in blood flow volume after surgery. The average
STA flow increases significantly after cerebrovascular reconstruction
surgery, which greatly affects the blood supply to the brain tissue. This
may be the reason why patients with a lower average STA flow before
surgery were more likely to develop symptomatic CHS after
reconstruction surgery.

The preoperative CBF status measured by PASL was compared
between the non-CHS and CHS groups. The importance of ASL
sequence has been well-validated in studies on ischemic brain diseases
(Soman et al,, 2020). In patients with MMD, extensive collateral
circulation may cause vascular territory boundaries to shift. In this
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FIGURE 4

Correlation of preoperative cerebral blood flow (CBF) between brain regions and preoperative MRA sores in patients with MMD. (A-C) A negative
correlation (false discovery rate corrected p < 0.05) is identified between MRA scores and the following preoperative brain area: bilateral superior
temporal gyrus (Tfemporal_Sup_R, L), right superior frontal gyrus, medial (Frontal_Sup_Medial_R), right middle temporal gyrus (Temporal_Mid_R), right
inferior occipital gyrus (Occipital_Inf_R), right middle occipital gyrus (Occipital_Mid_R), right superior parietal gyrus (Parietal_Sup_R). (D—F) Positive
correlations (false discovery rate corrected p < 0.05) were identified between the MRA scores and the following preoperative brain areas: the bilateral
posterior cingulate gyrus (Cingulum_Post_R, L), left parahippocampal gyrus (ParaHippocampal_L), left hippocampus (Hippocampal_L), left olfactory
cortex (Olfactory_L), left lenticular nucleus, putamen (Putamen_L), and left thalamus (Thalamus_L).

study, CBF was assessed quantitatively based on the whole-cerebral
voxel level but not on a specific cerebral artery-supplied brain region.
This method of measurement can aid in direct analysis of the original
data, while simultaneously avoiding the effects of malacia or chronic
hemorrhagic foci.

The results of the current study indicate that preoperative 3D
PASL-CBF was higher in the CHS group than in the non-CHS
group in some brain areas of the frontal lobe, temporal lobe,
limbic lobe, lentiform nucleus, and white matter, which are
typically supplied by the ICA and MCA (Table 3; Figure 3). The
PCA is rarely involved in MMD. In this study, 29.95% (62/207) of
the patients showed PCA involvement (27 cases with unilateral
and 35 cases with bilateral PCA involvement). The ischemic status
of MMD is different from other internal carotid artery stenosis
caused by atherosclerotic disease. In MMD, as the recipient’s
vessels are relatively small, postoperative CHS is not only caused
by an increase in postoperative bypass flow but may also be caused
by vasodilation due to long-term chronic ischemia (Chen and Tu,
2022). In MMD, stenosis of the ICA and its terminal branches may
lead to the development of moyamoya vessels and compensatory
vasodilation, which may extend the time to peak and mean
transmission time, while CBF is increased as a compensatory
mechanism. In this study, preoperative CBF was also higher in the
CHS group than in the non-CHS group, indicating that the
collateral circulation status before surgery was slightly better in
the CHS group.

Impaired cerebral autoregulation is related to postoperative
cerebral hyperperfusion, which is mediated by endothelial
dysfunction. After surgery, cerebral vascular reactivity cannot respond
appropriately to the increased blood flow as it is impaired and requires
several days to adapt to the new state (Bernstein et al., 1984). A new
vascular pathway was established after revascularization surgery,
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which may have a high priority. This means the blood flow pattern was
reversed after revascularization surgery, led to hyperperfusion in the
operation area and manifested as hypoperfusion remote from the site
of anastomosis (Bao et al., 2022). The clinical symptoms improved
after several days of the revascularization surgery.

Our study showed a negative correlation between preoperative
MRA scores and CBF values in some brain regions, especially in the
temporal and frontal lobes (p<0.05; Table 4; Figure 4). This
observation is consistent with previous ASL reports stating that with
the severity of intracranial arterial steno-occlusions, the CBF value
decreases (Noguchi et al., 2013). Our study also showed that a small
part of the brain region exhibited a positive correlation between
preoperative MRA scores and CBF values, especially in the limbic
lobe of the left cerebral cortex (p <0.05, Table 4; Figure 4). A previous
study showed that the dominant language functional area is the left
hemisphere and the functional areas are sensitive to CBF changes;
therefore, it required higher CBF stability (Lu et al., 2019). In
addition, impaired cerebrovascular reactivity is more evident in the
left hemisphere (Mukerji et al., 2015). Therefore, when the blood
supply to the brain is insufficient, moyamoya vessels may
preferentially supply blood to the dominant brain areas. However, as
the sample size in this study was limited, this result requires
further verification.

In the current study, non-invasive 3D PASL sequences and
PC-MRI were used to access cerebral perfusion and blood flow in
patients with MMD. The results indicate that the sequences may help
to identify patients with MMD at a higher risk of developing
postoperative symptomatic CHS. CBF in this study was assessed
quantitatively based on the whole-cerebral voxel level, as this method
avoids the effects of malacia or chronic hemorrhagic foci, which are
often seen in patients with MMD. This measurement method also
increases the reliability of this study.
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Our study has few limitations. First, it did not include a
comparison with other traditional methods for measuring cerebral
perfusion status. Previous studies have compared the ability of
ASL-MRI to assess hemodynamic status using nuclear medicine
methods (Yun et al., 2016). The results of ASL perfusion MRI can
be influenced by moyamoya vessels, which may lead to an
underestimation of CBF values (Zaharchuk et al., 2011). However,
recent studies have suggested that the overestimation effects on the
calculated CBF using single post-label delay ASL can be negligible in
patients with MMD (Fahlstrom et al., 2020). A validation study that
compares it with other methods and re-evaluates it will be conducted
in the future. Second, symptomatic CHS was diagnosed mainly based
on the clinical features of patients (van Mook et al., 2005). However,
these clinical features are not unique to patients with postoperative
CHS. Furthermore, a comparison of postoperative CBF with
preoperative CBF status will be conducted in future studies to further
investigate changes in CBE. In this study we considered the possible
influence of diabetes and hypertension for the results, but education
and medication may affect the results. The data of this study was small,
especially the CHS group. We will increase the number of cases in
future study to further validate the results.

To further enhance our understanding and improve clinical
practice, future research should focus on conducting comparative
analyses between ASL-MRI and traditional methods, exploring the
impact of collateral moyamoya vessels on ASL perfusion MRI results,
refining diagnostic criteria for postoperative symptomatic CHS, and
evaluating changes in cerebral perfusion by comparing postoperative
CBF with preoperative CBF status. Addressing these aspects can
contribute to advancing our knowledge and application of ASL-MRI
in assessing cerebral perfusion and optimizing patient management
in moyamoya disease.

5. Conclusion

Patients with higher preoperative PASL-CBF and lower
preoperative average STA flow were more likely to develop
postoperative symptomatic CHS, compared with those with lower
preoperative PASL-CBF and higher preoperative average STA flow.
Preoperative 3D PASL sequencing and PC MRI may assist in
identifying patients at high risk of developing postoperative CHS
before surgery and in determining the most suitable treatment
strategy during the perioperative period.
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