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A B S T R A C T

Purpose: To evaluate if pseudo-continuous arterial spin labeling (pcASL) and territorial ASL (tASL) 
can assess cerebral perfusion post-revascularization in Moyamoya disease and compare with 
digital subtraction angiography (DSA) outcomes.
Materials and methods: Patients diagnosed with Moyamoya disease who underwent pcASL using 
two post-labeling delays (short ASL, 1,525 ms; delayed ASL, 2,525 ms), tASL, and DSA 3 months 
after surgery at a single institution were retrospectively evaluated. Manual delineation on pcASL 
cerebral blood flow (CBF) maps covered middle cerebral artery (MCA) territory on both sides, and 
cerebellum. Normalized CBF (nCBF) was calculated. Revascularization in the MCA territory was 
evaluated with external carotid angiography and tASL, graded on a three-point scale. Inter-
modality agreement was analyzed with weighted κ statistics. Correlation between pcASL-derived 
nCBF and tASL-measured revascularization, and revascularization grade from direct angiography, 
was determined. Diagnostic performance of pcASL and tASL was evaluated using DSA as a 
reference via receiver operating characteristic (ROC) curve analysis.
Results: A total of 32 hemispheres from 31 patients were assessed. On the operated side, sASL and 
dASL had nCBF values of 1.00 ± 0.30 and 1.31 ± 0.31, respectively. Revascularization area 
grading showed substantial intermodality agreement (weighted κ = 0.68; 95 % CI: 0.49, 0.87). 
DSA revascularization moderately correlated with sASL and dASL nCBF values (r = 0.56 and 
0.47) and strongly correlated with tASL revascularization area (r = 0.73). ROC analysis revealed 
that sASL and dASL nCBF values reflected revascularization (area under the curve (AUC) = 0.86 
and 0.77) and tASL revascularization area (AUC = 0.91). Combined pcASL and tASL had an AUC 
of 0.93, comparable to tASL alone, improving diagnostic performance. The diagnostic accuracy of 
nCBF for sASL was 87.5 %, superior to 75 % for dASL. The diagnostic accuracy of tASL external 
carotid artery revascularization area was 87.5 %, with sensitivity and specificity of 88 % and 85.7 
%, respectively.
Conclusion: The combination of pcASL and tASL outperformed pcASL alone in assessing cerebral 
perfusion post-Moyamoya disease revascularization.
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1. Introduction

Moyamoya disease (MMD) is a chronic progressive cerebrovascular occlusion disease of unknown etiology, typically involving the 
distal ends of bilateral or unilateral internal carotid arteries (ICAs) or the beginnings of the middle and anterior cerebral arteries. It is 
accompanied by abnormal capillary network formation at the skull base [1,2]. Currently, there is no drug treatment available for 
MMD. Intracranial and extracranial revascularization surgery is effective in preventing cerebral ischemic reattacks by enhancing 
intracranial blood flow of the external carotid artery (ECA) and improving cerebral blood flow (CBF). There are three main surgical 
approaches: direct revascularization, indirect revascularization, and a combination of both [3]. Post-revascularization monitoring is 
essential to assess bypass patency and changes in CBF status. Traditional perfusion methods, including dynamic susceptibility contrast 
(DSC) perfusion magnetic resonance imaging (MRI) and computed tomography perfusion (CTP) imaging, are the primary methods for 
evaluating cerebral perfusion after revascularization [4]. Despite digital subtraction angiography (DSA) being the optimal choice for 
diagnosing MMD and observing the establishment of collateral circulation, it cannot accurately reflect the perfusion status of the brain 
parenchyma [5]. These methods also necessitate the use of contrast media, ionizing radiation, and invasive examinations.

Currently, three-dimensional (3D) pseudo-continuous arterial spin labeling (pcASL) is widely used in evaluating MMD, especially 
in children, due to its non-invasive provision of CBF information without the use of contrast agents. It aids in evaluating collateral 
vessels and cerebral reactivity, as well as monitoring blood perfusion changes after surgical vascular reconstruction, confirming its 
effectiveness in postoperative evaluation of MMD [6–8]. Recent studies indicate that ASL-MRI correlates well with DSC-MRI, CTP, 
positron emission tomography (PET), and single-photon emission tomography in mapping cerebrovascular reserve and CBF [9–12]. 
However, ASL-MRI is associated with specific limitations. Measured CBF might be underestimated due to long arterial transit times in 
steno-occlusive arterial segments and collateral pathways. To address this issue, the application of multi-delay or long-label-long-delay 
algorithms in ASL-MRI could enhance the accuracy of CBF assessments with a satisfactory signal-to-noise ratio (SNR) [13]. Notably, 
Hara et al. demonstrated that arterial spin labeling using two post-labeling delays (PLDs) can detect PET-measured true CBF and 
perfusion delay in MMD patients [14]. However, it provides a perfusion image of the entire brain and lacks the ability to illustrate the 
blood supply area of the bypass vessel.

Territorial arterial spin labeling (tASL) can specifically label a single blood vessel, revealing the corresponding perfusion area, 
which holds significant clinical value in cerebrovascular occlusive diseases [15–17]. tASL is particularly suitable for patients with 
MMD, as it can label the ECA of the bypass and show the blood supply area of the reconstructed vessel. This method avoids overlap in 
DSA and enables a direct observation of brain tissue perfusion, reflecting the postoperative effect of revascularization [18]. Previous 
studies have compared tASL with DSA, confirming that the two methods have good consistency in evaluating postoperative MMD [19,
20]. However, no studies to date have combined pcASL and tASL for postoperative evaluation of MMD and compared them with DSA to 
assess their diagnostic efficacy. Therefore, the purpose of the present study was to evaluate cerebral perfusion after MMD revascu-
larization by combining pcASL using two PLDs (short arterial spin labeling (sASL), 1,525 ms; delayed arterial spin labeling (dASL), 2, 
525 ms) and tASL and to conduct a comparative study with DSA.

Abbreviations

AVM arteriovenous malformation
CBF cerebral blood flow
CTP computed tomography perfusion
dASL delayed arterial spin labeling
DSA digital subtraction angiography
DSC dynamic susceptibility contrast
ECA external carotid artery
ICA internal carotid artery
MCA middle cerebral artery
MMD Moyamoya disease
MRI magnetic resonance imaging
nCBF Normalized CBF
pcASL pseudo-continuous arterial spin labeling
PET positron emission tomography
PLD post-labeling delay
sASL short arterial spin labeling
SNR signal-to-noise ratio
ss-ASL super-selective arterial spin labeling
tASL territorial ASL
VA vertebral artery
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2. Materials and methods

2.1. Patients

The current study was approved by the institutional review board of The Second Hospital of Shandong University, and all par-
ticipants provided written informed consent. The study evaluated 31 patients with MMD from July 2020 to October 2023. Patients 
were included based on the following criteria: 1) MMD confirmed through DSA, with exclusion of vascular stenosis due to athero-
sclerosis or vasculitis; 2) underwent MMD revascularization; and 3) had MRI and DSA re-examinations three months post-surgery, 
including 3D pcASL using two PLDs and tASL sequences. The exclusion criteria were: 1) non-MMD patient bypass; 2) lack of DSA 
during postoperative follow-up; and 3) incomplete MRI scan sequences or significant artifacts affecting postoperative follow-up re-
sults. In total, 31 MMD patients were included in the study, with 32 hemispheres analyzed. The demographic data and clinical 
characteristics of the included patients are detailed in Table 1.

2.2. MRI protocol

All MRI examinations utilized a 3.0 T MRI scanner (GE Signa Pioneer, USA) with a 29-channel head and neck coil. Besides MRA 
sequences, 3D pseudo-continuous ASL images were acquired using following parameters: repetition times (TR) of 4,649 ms and 5,344 
ms, an echo time (TE) of 10.9 ms, a field of view (FOV) of 240 mm × 240 mm, 8 spiral arms each having 512 sampling points, a spatial 
resolution of 3.79 mm, a section thickness of 4 mm, 3 excitations (NEX), a bandwidth of 62.50 Hz, and a labeling duration of 1,500 ms. 
Two post-labeling delays (PLDs) of 1,525 ms (sASL) and 2,525 ms (dASL) were used, with corresponding scanning durations of 4 min 
and 20 s for sASL, and 4 min and 53 s for dASL. The tASL procedure followed a pcASL protocol, using a super-selective approach as 
described in prior studies [18]. Labeling for TOF MRA was targeted at the ECA, ensuring the center of labeling was away from the ICA 
and perpendicular to the scan plane. Labeling was placed at the center of the ECA lumen with a radius between 20 and 30 mm, usually 
set at 30 mm but adjusted when necessary to avoid nearby vessels. This setup included the following parameters: a 240 mm × 240 mm 
FOV, a slice thickness of 4 mm, a TR of 4,861 ms, a TE of 10.9 ms, 4 spiral arms with 512 sampling points each, a spatial resolution of 
5.91 mm, 2 excitations (NEX), a labeling duration of 1,450 ms, a PLD of 2,025 ms, and a scanning time of 1 min and 20 s. Structural 
imaging was performed using 3D T1 Bravo, with parameters including a 240 mm × 240 mm FOV, an isotropic resolution of 1.0 mm, a 
TR of 7.3 ms, a TE of 2.7 ms, and 1 excitation (NEX). The GE Advantage Workstation 4.6 was used to combine and color-code the pcASL 
and tASL images with the 3D T1 brain volume images.

2.3. DSA protocol

Using a DSA system (Innova IGS 630, GE Healthcare), cerebral angiography was performed. After selective catheterization and 
intra-arterial injection of a nonionic monomeric iodine contrast medium, anteroposterior and lateral projection images were obtained 
for each subject. The procedure involved the use of a 5-F catheter in the bilateral internal carotid arteries (ICAs), external carotid 
arteries (ECAs), and the dominant vertebral artery (VA). Iodixanol-330 (GE Healthcare) served as the contrast medium, which was 
injected at a rate of 3 mL/s and a similar volume across all cases.

2.4. Image analysis

Image post-processing and analysis were carried out using the GE post-processing workstation ADW 4.6. The vendor-provided 

Table 1 
Study sample characteristics.

Characteristic Value

No. of patient 31
Age (y), mean (range) 44 (8–62)
M:F 11:20
Initial clinical presentation, number

Ischemia type 28
Hemorrhage type 3

Surgery methods, number
Direct revascularization 13
Indirect revascularization 5
Combined surgery 14
No. of bypass hemispheres 32
Bypass side

Right 19
Left 11
Bilateral 1

Follow-up interval after bypass surgery (mo) mean (range) 10 (4–48)
Interval between postoperative DSA and MRI 

Imaging (d) mean (range)
1.5 (1–3)
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software Functool was used to analyze pcASL and tASL, generating pseudo-color images of cerebral blood flow (CBF) distribution. Two 
experienced neuroradiologists (J.L. with nine years and L.H. with 16 years of clinical experience) independently drew the largest 
possible regions of interest (ROIs) over the bilateral middle cerebral artery (MCA) territory on the pcASL CBF maps at the centrum 
semi-ovale level. The ROI was defined as the cortex and subcortical white matter supplied by the MCA leptomeningeal arteries. Each 
ROI’s mean signal intensity value represented the apparent CBF in the MCA territory (CBFMCA), measured in mL/100 g/min, directly 
obtained from each PLD. These values were influenced by the PLD used. Additional ROIs were drawn on the right and left cerebellar 
hemispheres to normalize the CBF. The apparent CBF values for the cerebellum (CBFCbll) were defined as the average of the right and 
left CBFCbll. The ROI size was set at a minimum of 2,000 mm2 for the MCA territory and 350 mm2 for the cerebellum. Normalized CBF 
(nCBF) was calculated with the equation: nCBF = CBFMCA/CBFCbll.

The areas of revascularization in each modality were evaluated by two neuroradiologists (J.L. with nine years and Q.H.M. with over 
20 years of clinical experience) in consensus. They reviewed all tASL images first, followed by the DSA images on the same day, while 
being blinded to each modality’s findings. The revascularization area was scored using a modified Matsushima grade as follows: 1 for 
an area less than one-third of the MCA territory (Matsushima grade C), 2 for an area between one-third and two-thirds of the MCA 
territory (Matsushima grade B), and 3 for an area more than two-thirds of the MCA territory (Matsushima grade A).

2.5. Statistical analysis

All statistical analyses were conducted using the Statistical Program for Social Sciences (SPSS) software, version 22.0. Data were 
expressed as mean ± standard deviation (SD). Inter-observer consistency of sASL- and dASL-derived CBF measurements was assessed 
using the intra-class correlation coefficient (ICC), with values above 0.75 indicating good repeatability. The correlation between sASL, 
dASL nCBF values, tASL ECA reconstruction area, and DSA was analyzed using Kendall’s tau-b correlation. Inter-modality and inter- 
reader agreement values were compared using the weighted κ concordance index, interpreted as follows: slight (κ = 0–0.20), fair (κ =
0.21–0.40), moderate (κ = 0.41–0.60), substantial (κ = 0.61–0.80), and almost perfect agreement (κ = 0.81–1) [21]. The diagnostic 
efficacy of sASL, dASL, and tASL in MMD revascularization was evaluated using the receiver operating characteristic (ROC) curve, with 
a dichotomized DSA collateral grading as the reference standard. A P value of <0.05 was considered statistically significant.

3. Results

The present study included 31 patients (mean age, 44 years ±12 [SD]; 20 women) who underwent reconstruction surgery and a 
total of 32 hemispheres. The clinical characteristics of the 31 patients in the study sample are summarized in Table 1. Further analyses 
were conducted for the bypassed hemispheres (n = 32). All patients underwent intracranial and extracranial vascular reconstruction 
surgery, including 14 patients who underwent superficial temporal artery-MCA bypass combined with temporalis application and 
cerebral dura mater turnover, 13 patients who underwent unilateral superficial temporal artery-MCA bypass, four patients who un-
derwent temporalis application and cerebral dura mater turnover, and one child who underwent contralateral surgery 7 months later. 
Intraoperative fluorescence staining confirmed bypass anastomosis patency in all patients. A total of 31 patients were enrolled, 32 
cerebral hemisphere operations were performed, and the follow-up time for unilateral operations ranged from 4 to 48 months, with a 
median follow-up time of 10 months. After 3 months of follow-up, DSA showed that 93 % (25/27) of the cerebral hemispheres had 
patency in the direct bypass, and two patients showed direct bypass vessel occlusion.

3.1. CBF values after cerebral revascularization on sASL and dASL

ICC analysis confirmed excellent inter-observer agreement between two independent neuroradiologists, with a high ICC value of 
0.980 (95 % confidence interval (CI): 0.970–0.986, P < 0.05). The mean apparent CBF values on the operated side for sASL and dASL 
were 44.47 ± 17.39 (mL/100 g/min) and 54.02 ± 14.27 (mL/100 g/min), respectively. The mean apparent CBF values on the 
contralateral side for sASL and dASL were 47.58 ± 15.67 (mL/100 g/min) and 54.91 ± 14.06 (mL/100 g/min), respectively. The nCBF 
values for sASL and dASL were 1.00 ± 0.30 and 1.31 ± 0.31, respectively.

Table 2 
Revascularization area grading with DSA and territorial ASL ipsilateral external carotid artery MRI.

DSA tASL Imaging

Grade 1 Grade 2 Grade 3 Total

Grade 1 6 1 0 7
Grade 2 3 6 2 11
Grade 3 0 3 11 14
Total 9 10 13 32

Note: Revascularization area grading: 1, area less than one-third of the middle cerebral artery (MCA) territory; 2, area between one-third and two- 
thirds of the MCA territory; 3, area more than two-thirds of the MCA territory. Weighted κ = 0.68 (95 % confidence interval: 0.49–0.87, P < 0.01). 
DSA = digital subtraction angiography, tASL = territorial arterial spin labeling.
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3.2. Postoperative revascularization area assessment

The inter-reader agreement was excellent with a weighted κ of 0.91 (95 % CI: 0.85–0.94, P < 0.01). The intermodality agreement of 
revascularization area grading is shown in Table 2, Fig. 1. The revascularization area agreement between DSA and tASL images was 
substantial with a weighted κ of 0.68 (95 % CI: 0.49–0.87, P < 0.01).

3.3. Correlation between sASL, dASL nCBF, tASL, and DSA

DSA revascularization was moderately correlated with sASL nCBF (correlation coefficient r = 0.56), weakly correlated with dASL 
nCBF (correlation coefficient r = 0.47), and strongly correlated with tASL revascularization area (correlation coefficient r = 0.73). The 
correlation data are presented in Table 3.

3.4. Diagnostic performance of sASL, dASL, and tASL MRI

DSA was categorized into grades 2 and 3 for well-reconstructed blood flow and grade 1 for slightly poorly reconstructed blood flow, 
serving as a reference for the diagnostic performance of pcASL and tASL. The area under the curve (AUC) in discriminating between the 
groups with well-reconstructed and slightly poorly reconstructed blood flows was higher for tASL (AUC = 0.91) than for sASL and 
dASL (AUC = 0.86, 0.78, respectively; Table 4, Fig. 2). The AUC value for the combined tASL and pcASL diagnosis was higher than that 
for pcASL alone (AUC = 0.93). The diagnostic performance of pcASL was enhanced when combined with tASL. Table 5 shows the 
diagnostic performance of sASL, dASL, and tASL imaging in the ipsilateral ECA territory for the presence of collateral flow. The 
diagnostic accuracy of sASL was 87.5 %, which was comparable to that of tASL but superior to the 75 % for dASL. Furthermore, sASL 
sensitivity and specificity values for diagnosing revascularization were 88 % and 85.7 %, respectively, which were superior to 72 % 
and 85.7 % for dASL.

4. Discussion

The present study assessed the suitability of pcASL and tASL imaging for monitoring the revascularization area following bypass 
surgery in MMD patients. The findings revealed substantial agreement between tASL imaging and DSA (weighted κ = 0.68; 95 % CI: 
0.49, 0.87). In addition, sASL and dASL exhibited moderate or weak correlations with DSA, while tASL demonstrated a strong cor-
relation. tASL imaging also showed an excellent diagnostic performance in determining the quality of reconstructed blood flow in the 

Fig. 1. Images of 42-year-old man diagnosed with right unilateral Moyamoya disease. Patient underwent combined direct and indirect bypass 
surgery on the right side, as well as digital subtraction angiography (DSA), short arterial spin labeling (sASL), delayed arterial spin labeling (dASL), 
and territorial arterial spin labeling (tASL) 12 months after surgery. (a, b) Postoperative sASL and dASL showed the same perfusion in the left and 
right cerebral hemispheres. (c. d) Postoperative lateral (c) and anteroposterior (d) right external carotid arteriograms show areas of revasculari-
zation in right MCA territory (more than two-thirds of MCA territory). (e) Right external carotid artery (ECA) territory ASL also depicts supplying 
territory in right MCA territory (more than two-thirds of MCA territory).
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ipsilateral ECA, surpassing the performance of sASL and dASL, as evident from the higher AUC of 0.91. The combined use of pcASL and 
tASL yielded the highest diagnostic performance with an AUC of 0.93.

Some prior studies have highlighted the consistent perfusion range between tASL and DSA in the ICA and VA [22,23]. Hwang et al. 
reported high sensitivity (92 %) and specificity (83 %) for super-selective arterial spin labeling (ss-ASL) and DSA in assessing ECA 
postoperative blood supply following MMD revascularization, with substantial intermodality agreement in revascularization area 
grading [19]. Yuan et al. demonstrated consistency in blood flow between ss-ASL and DSA, emphasizing the challenges due to low 
preoperative collateral blood flow in ECA affecting ss-ASL sensitivity and specificity [20]. The present results align with these studies, 

Table 3 
Correlation analysis between sASL, dASL, tASL, and DSA.

Correlation Correlation coefficient P value

sASL and DSA 0.56 <0.001
dASL and DSA 0.47 0.001
tASL and DSA 0.73 <0.001

Note: sASL = short arterial spin labeling, dASL = delayed arterial spin labeling, tASL = territorial 
arterial spin labeling, DSA = digital subtraction angiography.

Table 4 
Diagnostic performance of sASL, dASL, tASL, and pcASL + tASL in revascularization flow identification.

Diagnostic performance AUC 95 % CI P value

sASL 0.86 0.67–1.00 <0.01
dASL 0.78 0.60–0.95 0.03
tASL 0.91 0.80–1.00 <0.01
pcASL + tASL (combined) 0.93 0.81–1.00 <0.01

Note: sASL = short arterial spin labeling, dASL = delayed arterial spin labeling, tASL = territorial arterial spin labeling, pcASL +
tASL (combined) = short arterial spin labeling + delayed arterial spin labeling + territorial arterial spin labeling.

Fig. 2. ROC curve shows sensitivity and specificity values for predicting bypass revascularization outcomes for sASL nCBF, dASL nCBF, and tASL. 
Predictive value of good prognosis in postoperative tASL (AUC = 0.91, 95 % CI: 0.80–1.00, P < 0.01) was higher than that in sASL nCBF and dASL 
nCBF. Combined sASL, dASL, and tASL had highest diagnostic performance (AUC = 0.93.95 % CI: 0.81–1.00, P < 0.01).

Table 5 
Diagnostic performance of tASL and pcASL imaging in identification of revascularization flow using DSA as a reference test.

Sensitivity (%) Specificity (%) Positive Predictive Value (%) Negative Predictive Value (%) Accuracy (%)

sASL 88 % 85.7 % 95.65 % 66.67 % 87.5 %
dASL 72 % 85.7 % 94.74 % 46.15 % 75 %
tASL 88 % 85.7 % 95.65 % 66.67 % 87.5 %

Note: sASL = short arterial spin labeling, dASL = delayed arterial spin labeling, tASL = territorial arterial spin labeling, DSA = digital subtraction 
angiography.
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suggesting good agreement between tASL and DSA in assessing ECA blood supply after MMD.
However, assessing the ECA bypass alone may not suffice. Simultaneous observation of ICA and VA blood flow, as well as moni-

toring MMD progression, is crucial. We found that with the extension of follow-up time, the internal carotid artery blood flow for most 
patients may become thinner, and the moyamoya vessels may diminish. This may be due to the further progression of moyamoya 
disease or the improvement of brain tissue blood supply with reduced compensatory blood flow demand (decreased blood flow and 
negative remodeling, leading to diminished blood vessels). Similar changes can occur in the vertebrobasilar arteries. However, a small 
number of patients had no significant changes in the internal carotid artery or vertebral artery. Since tASL provides qualitative rather 
than quantitative CBF measurements, conducting whole-brain perfusion imaging and quantitative measurements concurrently is 
imperative. Previous studies evaluating collateral circulation in MMD patients revealed moderate to strong agreement between ASL 
and DSA consensus readings, demonstrating ASL’s high sensitivity and specificity in identifying collateral circulation [24,25].

The conventional use of pcASL involves a single PLD, representing the time between blood labeling and 3D data acquisition. 
However, given ASL’s sensitivity to arrival time, it may underestimate CBF in regions with delayed arterial arrival times in MMD 
patients. To address this, the present study employed two PLDs, including sASL (1,525 ms) and dASL (2,525 ms). sASL offered a better 
SNR, while dASL captured CBF in the delayed perfusion area of MMD. The present study demonstrated a correlation drop in dASL 
compared to sASL, possibly due to the fundamental trade-off between short and long delays described by Alsop et al., where short 
delays may compromise delivery of labeled blood water to tissue, and long delays result in strong T1 decay and reduced SNR [26]. Our 
results indicate that the apparent CBF values obtained from sASL and dASL provide complementary information on cerebral perfusion 
under different PLD conditions. The differences in CBF values highlight the impact of PLD on the measurement, reflecting variations in 
blood arrival times and signal decay.

The present study observed postoperative blood flow on the operated side to be equal to or higher than contralateral blood flow, 
indicating positive postoperative effects. Although some patients exhibited underperfusion areas in sASL, dASL complemented by 
capturing delayed perfusion presented a more comprehensive picture. Cerebellar blood flow remained relatively stable and blood flow 
in the MCA was compared to that in the cerebellum for normalization. Many studies have used cerebellar blood flow as a reference 
standard [8,27,28]. Yun et al. showed that although different methods were used, the nCBF value on the anastomotic side often 
increased with prolonged follow-up time [29]. While a stable hemodynamic state is generally expected 6 months after surgery, two 
cases 4 months post-surgery did not reveal abundant bypass vessels or new vessels, affecting tASL’s ability to detect ECA blood flow.

Compared to other methods, a distinctive feature of tASL imaging is that it can display the perfusion of a single vessel—not only the 
revascularization of bypass vessels but also the blood supply of the internal carotid artery and vertebrobasilar artery. tASL can 
determine the responsible blood vessels in patients with ischemic stroke, especially in the watershed area. Hartkamp et al. found that 
using the standard perfusion territory atlas and MRA alone could not accurately determine the responsible blood vessels [30]. tASL can 
also assess collateral circulation in stenotic or occlusive diseases of the major arteries, and for patients with complex cerebrovascular 
occlusions, tASL plays a more prominent role. Even when extracranial stenoses and circle of Willis anatomies are similar, the perfusion 
patterns can differ [31]. Additionally, tASL can identify the supplying arteries in patients with arteriovenous malformations (AVM). 
Togao et al. used ss-ASL based four-dimensional (4D) MRA to identify the supplying arteries of AVM, improving the accuracy of 
diagnosing the supplying arteries with the assistance of ss-ASL [32]. Moreover, tASL imaging offers the advantage of providing 
cross-sectional images, allowing for precise localization of the perfusion area through fusion with anatomical images (3D T1). This 
facilitates direct observation of brain tissue blood supply, in contrast to DSA’s projected images, which can only be inferred. Combining 
whole-brain perfusion and regional perfusion imaging enhances diagnostic performance, particularly in pediatric cases, owing to 
tASL’s non-invasive and reproducible nature.

Several limitations exist in the present study. The sample size was limited, warranting future studies with expanded cohorts. 
Follow-up times varied, potentially impacting postoperative results. Moreover, the study focused solely on changes in cerebral 
perfusion post-MMD revascularization without comparing preoperative cerebral perfusion. This aspect will be explored in subsequent 
research.

In conclusion, the present study demonstrated that pcASL with two PLDs allowed for quantitative evaluation of CBF changes post- 
MMD surgery. When combined with tASL, which provides qualitative assessment of ECA reconstructed blood flow, a comprehensive 
evaluation of post-surgery reconstruction effects was achieved, incorporating both quantitative and qualitative aspects.
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