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Abstract

Background: Early prediction of poor prognosis after intravenous thrombolysis in acute
ischemic stroke (AIS) is critical for clinical management. Three-dimensional arterial
spin labeling (3D-ASL) allows non-invasive quantification of cerebral blood flow (CBF),
but its value in predicting early outcomes remains unclear. Methods: This single-center
retrospective study assessed the data of 60 patients with AIS who received intravenous
thrombolysis between January 2022 and January 2023. Patients with a reduction of <5
points in their National Institutes of Health Stroke Scale (NIHSS) score at discharge were
defined as having a poor early outcome and were classified into a poor prognosis group (n
=30) or a good prognosis group (n = 30) if otherwise. CBF values, derived from 3D-ASL
imaging, were compared between the two groups across different post-labeling delay
(PLD) times and brain regions. Receiver operating characteristic (ROC) curve analysis
was used to evaluate the predictive value of CBF for early poor prognosis, and the
sensitivity, specificity, and area under the curve (AUC) were calculated. Results: At a
PLD 0f 2500 ms, CBF values in both the infarct core and ischemic penumbra (IP) regions
were significantly lower in the poor prognosis group compared with the good prognosis
group (p < 0.05). ROC analysis showed AUCs of 0.757 (IP, sensitivity 90%, specificity
63.3%) and 0.800 (infarct core, sensitivity 70%, specificity 86.7%). Combined CBF
improved AUC to 0.882 (sensitivity 80%, specificity 80%). Conclusions: CBF values
from 3D-ASL (PLD 2500 ms) in the infarct core and IP may predict early poor prognosis
after thrombolysis in AIS, with combined assessment showing optimal performance.

Findings require validation in larger cohorts.
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1. Introduction

Early intravenous thrombolysis is a well-established and
evidence-based therapeutic approach for acute ischemic
stroke (AIS). Although many patients achieve satisfactory
reperfusion of ischemic tissue and exhibit rapid neurological
improvement following thrombolytic therapy, a subset of
patients experiences neurological deterioration manifested
by expansion of cerebral infarction, secondary hemorrhage,
or cerebral edema. These complications can severely affect
prognosis and, in some cases, become life-threatening [1, 2].
Therefore, the ability to accurately predict adverse outcomes
after intravenous thrombolysis in AIS is of great clinical
importance, as it enables the formulation of individualized
treatment strategies, optimization of medical resource
allocation, and improvement of patients’ overall quality of life
[3].

Conventional imaging modalities, such as Computed To-

mography (CT) angiography, Magnetic Resonance Imaging
(MRI) angiography, and digital subtraction angiography, pri-
marily assess the degree of large-vessel stenosis or occlusion
but provide limited information regarding microcirculatory
perfusion within ischemic brain tissue [4]. In contrast, three-
dimensional arterial spin labeling (3D-ASL) perfusion imaging
employs magnetically labeled protons in arterial blood as en-
dogenous tracers, eliminating the need for exogenous contrast
agents or exposure to ionizing radiation. This technique al-
lows for non-invasive and quantitative assessment of cerebral
blood flow (CBF), thereby providing a more comprehensive
understanding of cerebral perfusion status [5]. In addition, pre-
vious investigations have demonstrated a strong concordance
between 3D-ASL and dynamic susceptibility contrast (DSC)
perfusion imaging in evaluating cerebral perfusion in patients
with AIS [6].

Herein, the present study utilized 3D-ASL imaging to eval-
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uate microcirculatory reperfusion in brain tissue following
intravenous thrombolysis in AIS patients and examine its as-
sociation with early poor prognosis for identifying effective
imaging markers that could assist in the clinical assessment and
prediction of thrombolytic outcomes.

2. Materials and methods

2.1 General information

A retrospective analysis was performed on the data of 60 pa-
tients with ischemic stroke who underwent intravenous throm-
bolytic therapy at our hospital between January 2022 and
January 2023. The study inclusion criteria were as follows: (1)
diagnosis confirmed by MRI and CT based on the Diagnosis
and Management of Acute Ischaemic Stroke guidelines [7]; (2)
symptom onset within 5 hours before admission; (3) receipt
of intravenous thrombolytic therapy; and (4) first episode of
acute ischemic stroke. Exclusion criteria included: (1) non-
ischemic stroke; (2) recent history of intracranial surgery,
trauma, cerebral hemorrhage, severe hepatic or renal dysfunc-
tion, or coagulation disorders; (3) incomplete or poor-quality
imaging data; and (4) presence of hematologic diseases.

The National Institutes of Health Stroke Scale (NIHSS)
scores at admission and discharge were recorded by neurol-
ogists with associate senior professional titles or higher. The
difference between the NIHSS scores at discharge and admis-
sion was used to evaluate the patients’ short-term prognosis.
Patients with a reduction in NIHSS score of <5 points at
discharge were defined as having a poor early prognosis [&].
Accordingly, the study population was divided into a poor
prognosis group (n = 30) and a good prognosis group (n =
30), and our preliminary analyses showed that there were no
significant differences in baseline characteristics between the
two groups (p > 0.05), indicating good comparability. The
detailed baseline data are presented in Table 1.

This study was approved by the Ethics Committee of Shiyan
Taihe Hospital (Approval No.: 2025KS115), and written in-
formed consent was obtained from all participants.
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2.2 Methods

2.2.1 Scanning method

All imaging examinations were performed using a 3.0 T MRI
system (Magnetom Prisma, Siemens Healthcare, Erlangen,
BY, Germany) equipped with a 16-channel head coil. Each pa-
tient underwent conventional MRI, diffusion-weighted imag-
ing (DWI; b = 1000 s/mm?), and three-dimensional arterial
spin labeling (3D-ASL) imaging with dual post-labeling delays
(PLD = 1500 ms and 2500 ms). Before the examination, the
patients and their families were instructed to remove all metal
objects and were informed about the precautions required dur-
ing the procedure. The patients were placed in the supine
position, with the head placed at the isocenter of the coil, and
the scanning line was carefully aligned with the midpoint of the
eyebrows to ensure accurate positioning. The scanning range
extended from the vertex to the foramen magnum.

All included patients completed a standardized MRI proto-
col consisting of conventional MRI, DWI, and ASL sequences.
For DWI acquisition, a single-shot echo-planar imaging (EPI)
sequence was used to ensure high spatial resolution and signal-
to-noise ratio, thereby improving the clarity and diagnostic
reliability of the images. The DWI parameters were as follows:
repetition time (TR) = 6000 ms, echo time (TE) = 75 ms, and b-
value = 1000 s/mm?, which allowed for sensitive detection of
water molecule diffusion within brain tissue. For ASL imag-
ing, two PLD settings were applied (1500 ms and 2500 ms) to
comprehensively evaluate cerebral perfusion under different
hemodynamic conditions. The scanning parameters for the
ASL sequence with a PLD of 1500 ms were TR = 4521 ms
and TE = 9.5 ms, whereas for the PLD 0of 2500 ms, TR = 5216
ms and TE = 9.8 ms. Both ASL sequences employed identical
geometric parameters, including a slice thickness of 4 mm with
no interslice gap, a field of view of 240 mm x 240 mm, and
a matrix size of 512 x 512, ensuring consistency across the
perfusion acquisitions.

TABLE 1. Comparison of baseline data between the two study groups.

Baseline data

(n=30)

Gender (Male/Female) 14/16
Age (yr) 61.67 +4.87
Weight (kg) 55.37 £ 6.49
Time from onset to admission (h) 323 +£1.5
Distribution of subtypes in ischemic stroke, n (%)

Great atherosclerosis 10 (33.33)

Cardiac embolism 9 (30.00)

Small vessel occlusion 8 (26.67)

Other 3 (10.00)
Complications, n (%) 26 (86.67)
Use of antithrombotic drugs, n (%) 28 (93.33)

Poor prognosis group

Good prognosis group

(n = 30) p value
15/15 0.796
6237 £4.17 0.552
53.64 £ 6.08 0.291
343 £1.5 0.608
12 (40.00)
9 (30.00) 0.592
7(23.33)
2 (6.67)
24 (80.00) 0.488
29 (96.67) 0.554
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2.2.2 Image post-processing and imaging
evaluation

After DWI and 3D-ASL scanning, all raw imaging data were
transferred to the ADW 4.6 advanced workstation (GE Health-
care, Milwaukee, WI, USA) for professional post-processing.
For DWI image analysis, Functool software (Python 3.8, GE
Healthcare, Milwaukee, WI, USA) was used for image re-
construction to generate apparent diffusion coefficient (ADC)
maps. On DWI images, the infarcted regions demonstrating
restricted diffusion appeared as hyperintense signals, whereas
the corresponding areas on ADC maps appeared hypointense,
consistent with cytotoxic edema and reduced water molecule
diffusivity.

For the 3D-ASL datasets, reconstruction was similarly per-
formed using Functool software to obtain quantitative cerebral
blood flow (CBF) maps. To provide a more comprehensive
assessment of cerebral perfusion, DWI and ASL images were
subsequently fused to visualize both diffusion restriction and
perfusion changes simultaneously. Careful evaluation of these
fused images enabled the determination of whether the hyper-
intense regions on DWI corresponded to hypoperfused regions
on ASL. When the area of lowperfusion visualized on ASL
exceeded the extent of the DWI hyperintensity, the region was
considered to represent the ischemic penumbra (IP).

To achieve a more precise evaluation of patients’ prognostic
outcomes, quantitative measurements of CBF were obtained
from three regions: the IP, the infarct core, and their corre-
sponding contralateral mirror regions. The infarct core was
defined as the hyperintense area on DWI with a matching
hypointense signal on the ADC map, whereas the IP was
identified as the hypoperfused region on ASL demonstrating
a CBF reduction of more than 30% relative to the contralateral
mirror region and extending beyond the DWI hyperintensity.

All CBF measurements were independently performed by
two radiologists with 5 and 8 years of experience in neuroimag-
ing. The inter-rater reliability for CBF quantification was
excellent, with an intraclass correlation coefficient (ICC) of
0.92 (p < 0.001). Both raters were blinded to patients’ clinical
outcomes to ensure objectivity of the imaging evaluation.

2.3 Statistical analysis

Data analysis was conducted using SPSS 25.0 statistical soft-
ware (IBM, Armonk, NY, USA). The Shapiro-Wilk test was
employed to assess the normality of continuous variables.
Continuous variables conforming to a normal distribution are
presented as mean =+ standard deviation (Z + s), and com-
parisons between groups were made using the independent
samples #-test. For continuous variables not following a nor-
mal distribution, median (interquartile range) (M (IQR)) is
presented, and the Mann-Whitney U test was applied for in-
tergroup comparisons. Categorical variables are expressed as
counts (percentages) (n (%)), and comparisons between groups
were performed using the y? test or Fisher’s exact probability
method.

To evaluate the predictive value of cerebral blood flow
(CBF) in different brain regions (such as the infarct core,
ischemic penumbra, and contralateral mirror region) for early
poor prognosis in patients, receiver operating characteristic
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(ROC) curve analysis was conducted. The area under the curve
(AUC), optimal cutoff value, sensitivity, and specificity were
calculated. The Youden index was computed to determine the
optimal diagnostic threshold. The DeLong test was utilized to
compare differences in AUCs among different ROC curves.
All statistical analyses were two-tailed, and a p-value < 0.05
was considered statistically significant.

3. Results

3.1 Comparison of CBF values in the infarct
core and the healthy mirror region

When PLD was 2500 ms, the CBF values in both the infarct
core area and the IP area of patients with poor prognosis were
significantly lower than those of patients with good prognosis
(p < 0.05). However, no significant difference in CBF values
was observed in the contralateral mirror area between the two
groups (p > 0.05) (Table 2).

In Fig. 1, panels A and B show the DWI and 3D-ASL
images of a patient with poor prognosis, respectively. The
DWI image (A) shows acute infarction lesions located near the
left lateral ventricle, and the 3D-ASL image (B) demonstrates
low perfusion in both the infarcted area and its surrounding
regions following intravenous thrombolysis.

3.2 Diagnostic value of CBF values in the
core infarct area and IP area for early
adverse prognosis

ROC curves were plotted using CBF values of the core infarct
area and IP area, as well as their combination, under a PLD
of 2500 ms, to predict early adverse prognosis. The results
indicated that when the CBF value in the IP area was 33.870
mL/(100 g-min), the sensitivity for diagnosing adverse progno-
sis in patients with acute ischemic stroke reached 90%. When
the CBF value in the infarct core area was 23.045 mL/(100
g-min), the specificity for diagnosing adverse prognosis was
86.7%. The combined diagnostic efficiency of the two param-
eters was the highest, with an AUC of 0.882 (95% confidence
interval (CI): 0.800—0.964), and both sensitivity and specificity
reaching 80%. The detailed results are presented in Table 3 and
Fig. 2.

4. Discussion

This study demonstrated that CBF values derived from 3D-
ASL in both the infarct core and IP regions at a PLD of
2500 ms can effectively predict early poor prognosis after
intravenous thrombolysis in AIS. The combined assessment
of CBF in these two regions provided the highest diagnostic
accuracy (AUC = 0.882, sensitivity = 80.0%, specificity =
80.0%), outperforming the predictive value of either region
alone. These findings indicate that 3D-ASL may serve as a
valuable, non-invasive imaging tool for evaluating cerebral
microcirculatory perfusion and predicting early neurological
outcomes in patients undergoing thrombolytic therapy.

The 3D-ASL technique has become an important approach
for cerebral perfusion assessment because it provides quanti-
tative blood flow measurements without the use of contrast
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TABLE 2. Comparison of CBF values under different PLD conditions (T =+ s).

Infarct core area CBF IP area CBF Contralateral mirror area CBF

Group n (mL/(100 g-min)) (mL/(100 g-min)) (mL/(100 g-min))
PLD = 1500 PLD =2500 PLD = 1500 PLD =2500 PLD = 1500 PLD =2500

ms ms ms ms ms ms
Poor 30 15.574+258 2046 +2.57 28.544+565 33.434+5.60 39.26 + 8.82 54.31 + 8.86
prognosis
group
Good 30 16.09+281 2391+3.01 27.66+479 38.33+4.56 40.85 +7.71 56.14 +7.52
prognosis
group
t 0.744 4.779 0.655 3.716 0.744 0.861
p 0.460 <0.001 0.515 <0.001 0.460 0.393

CBF': cerebral blood flow, IP: ischemic penumbra; PLD: post-labeling delay.

FIGURE 1. 3D-ASL perfusion status (PLD = 2500 ms) under different prognostic conditions. (A1) DWIimage of a patient
with poor prognosis. (A2) DWI image of a patient with good prognosis. (B1) 3D-ASL image (PLD = 2500 ms) of a patient with
poor prognosis (after intravenous thrombolysis). (B2) 3D-ASL image (PLD = 2500 ms) of a patient with good prognosis.
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TABLE 3. Diagnostic efficiency of CBF values in the core infarct area and IP area for early adverse prognosis.

Variables Best trun- AUC  Standard  p 95% CI  Sensitivity Specificity PPV NPV  Diagnostic
cation error value (%) (%) (%) (%) accuracy
value (%)

IP area CBF 33.870 0.757  0.063 0.001 0.633— 90.0 63.3 70.6 84.6 76.7

(mL/(100 0.880

g'min))

Infarct core  23.045 0.800  0.058 <0.001 0.687- 70.0 86.7 83.3 73.3 78.3

area CBF 0.913

(mL/(100

g-min))

Combined 0.517 0.882  0.042 <0.001 0.800- 80.0 80.0 80.0 80.0 80.0

Diagnosis 0.964

AUC: area under the curve; 95% CI: 95% confidence interval; CBF: cerebral blood flow; IP: ischemic penumbra; PPV:

positive predictive value; NPV: negative predictive value.
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FIGURE 2. ROC curve for predicting poor prognosis using CBF values from 3D-ASL imaging. CBF: cerebral blood

flow; IP: ischemic penumbra.

agents or exposure to ionizing radiation [9]. Its short acqui-
sition time, typically around one minute, enables rapid and
clinically practical visualization of ischemic regions in patients
with cerebral infarction [10]. In addition, 3D-ASL allows
repeated evaluation of cerebral perfusion over time, facilitating
dynamic monitoring of tissue hemodynamics and offering a
more comprehensive understanding of the cerebral blood flow
status in ischemic tissue [11, 12]. Although 3D-ASL is a

non-contrast method, several studies have confirmed its strong
agreement with established perfusion techniques, including
Positron Emission Tomography (PET), Computed Tomogra-
phy Perfusion (CTP), and DSC. Vessel-encoded ASL has been
shown to accurately delineate single-artery perfusion territo-
ries before and after revascularization procedures, demonstrat-
ing high concordance with Digital Subtraction Angiography
(DSA) (k = 0.899) [13]. Likewise, in ischemic stroke, there
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is no significant difference in hypoperfusion volume between
ASL and DSC imaging when the PLD is set at 2500 ms (p =
0.435), with a concordance coefficient of x = 0.773 [14]. Due
to its non-invasive nature, reproducibility, and strong consis-
tency with conventional perfusion techniques, 3D-ASL shows
great promise as an alternative to DSC perfusion imaging in
future stroke evaluation and follow-up [15].

3D-ASL can be used to quantitatively measure CBF
(mL/100 g-min) by calculating the difference between labeled
and unlabeled images, in which arterial blood is magnetically
tagged using a radiofrequency pulse, enabling accurate
assessment of cerebral perfusion and providing clinicians
with quantitative information on regional blood flow status
[16]. CBF represents the volume of blood passing through a
unit mass of brain tissue per unit time, which is determined
by the product of blood flow velocity and vascular cross-
sectional area [17]. Clinically, CBF can be assessed using
multiple imaging modalities, including Magnetic Resonance
Angiography (MRA), Computed Tomography Angiography
(CTA), and DSA. In healthy adults, the normal CBF value in
brain tissue typically ranges from 50 to 55 mL/(100 g-min)
[18]. Abnormalities in cerebral blood flow have been shown
to be associated with several cerebrovascular disorders, such
as atherosclerosis and cerebral infarction, where significant
reductions in blood supply can result in ischemic injury and
neuronal dysfunction [19, 20]. In ASL imaging, the PLD
is a key parameter that defines the interval between the
completion of arterial blood labeling and the acquisition of
perfusion images [21]. Variations in PLD directly influence
the accuracy of quantitative CBF estimation [22]. For healthy
individuals, a PLD of approximately 1.5 s is commonly used
to determine anterograde perfusion [23]. However, in AIS,
arterial stenosis and the development of collateral circulation
often alter hemodynamics, making it difficult for a single PLD
to accurately evaluate ischemic areas or reflect true perfusion
status. Thus, the use of multiple PLDs (e.g., 1.5 s and 2.5
s) provides a more comprehensive assessment of dynamic
cerebral perfusion, enabling visualization of both early and
delayed blood flow phases [24, 25].

A PLD of 1.5 s primarily reflects the anterograde perfusion
effect but may lead to overestimation of hypoperfused regions,
whereas a PLD of 2.5 s provides a more accurate depiction of
the final perfusion outcome, incorporating the contribution of
collateral circulation. Therefore, subtracting the infarct core
region observed on DWI from the hypoperfused area identified
on the 2.5 s CBF map can delineate a more realistic IP [26].
The findings of this study further support these observations.
When the PLD was 1500 ms, there were no significant dif-
ferences in CBF values between the poor and good prognosis
groups in the infarct core, IP, or contralateral mirror regions
(p > 0.05). However, when the PLD was extended to 2500
ms, the CBF values in both the infarct core and IP regions
were significantly lower in patients with poor prognosis than in
those with good prognosis (p < 0.05), whereas no significant
difference was found in the contralateral mirror region (p >
0.05). This suggests that a PLD of 2500 ms provides sufficient
delay for labeled blood to traverse regions with severe ischemia
and near-complete perfusion deficits. Compared with the
shorter 1500 ms delay, the longer PLD allows the labeled blood
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to pass through a broader cerebrovascular network, thereby
more accurately reflecting the actual perfusion state of brain
tissue and highlighting the perfusion differences in the infarct
core and IP regions associated with poor prognosis.

Currently, there is growing evidence supporting the value
of 3D-ASL in identifying patients with ischemic stroke who
are likely to experience poor clinical outcomes. Liu S ef al.
[27] used arterial transit artifacts observed on ASL images
to predict favorable 90-day outcomes in AIS, demonstrating
that such artifacts can effectively reflect collateral circulation
and serve as indicators of prognosis. Wu L ef al. [28]
further confirmed that relative CBF derived from ASL plays
a key role in evaluating the risk of hemorrhagic transformation
during the subacute phase of ischemic stroke. Similarly, Nam
KW et al. [29] reported that abnormal 3D-ASL perfusion,
arterial transit artifacts, and high-intensity intra-arterial signals
are useful in predicting early recurrent ischemic lesions in
AIS. The perfusion status in 3D-ASL can be characterized
quantitatively through CBF measurements, where regions with
relative CBF >1.4 are considered hyperperfused [30]. Hy-
perperfusion on 3D-ASL has been associated with successful
recanalization after thrombolysis and may represent an in-
dependent imaging marker of favorable 90-day prognosis in
AIS [31]. In the present study, a CBF threshold of 33.870
mL/(100 g-min) in the IP region demonstrated good diagnostic
performance for predicting poor prognosis in AIS patients,
with an AUC of 0.757 (95% CI: 0.633-0.880), sensitivity of
90%, and specificity of 63.3%. When the CBF threshold
in the infarct core region was 23.045 mL/(100 g-min), the
diagnostic performance remained satisfactory, with an AUC
of 0.800 (95% CI: 0.687-0.913), specificity of 86.7%, and
sensitivity of 70%. These findings are consistent with those of
Wang J et al. [32], who reported that CBF derived from ASL-
MRI was valuable for evaluating poor prognosis, including
crossed cerebellar diaschisis, in stroke patients. Similarly,
Zhang M et al. [33] found that the low-perfusion volume
ratio calculated from 3D-ASL CBF effectively predicted early
neurological improvement in ischemic stroke, with an AUC
of 0.794. Moreover, reduced cerebral perfusion has been
significantly linked to cognitive decline in the elderly, and
cerebrovascular insufficiency may accelerate memory deterio-
ration and worsen clinical outcomes in susceptible individuals
[34]. Both the IP and infarct core regions are characterized
by severely compromised blood perfusion, leaving neurons
in a highly vulnerable state and predisposing them to irre-
versible injury, which contributes to unfavorable prognosis.
The combined evaluation of these two regions achieved the
highest diagnostic efficiency, with an AUC of 0.882 (95% CI:
0.800-0.964) and both sensitivity and specificity of 80%. The
CBF in the IP region exhibited high sensitivity (90%), making
it suitable for screening high-risk patients who may benefit
from enhanced monitoring or additional therapeutic strategies.
In contrast, the CBF in the infarct core region demonstrated
higher specificity (86.7%), which is useful for confirming
poor outcomes and avoiding unnecessary aggressive interven-
tions. The combined model (sensitivity = 80%, specificity =
80%) integrates the advantages of both parameters, providing
a practical and balanced approach for clinical prediction and
decision-making in AIS management.
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By quantifying CBF using 3D-ASL imaging, clinicians can
more accurately evaluate the perfusion status of brain tissue
and predict patient prognosis. The non-invasive and non-
radiative nature of 3D-ASL provides a safe and effective means
for assessing cerebral hemodynamics in stroke patients, offer-
ing an alternative to traditional perfusion imaging techniques.
Although this study yielded promising results, several limita-
tions should be acknowledged. First, it was a single-center
retrospective study with a relatively small sample size (n =
60), which may restrict the generalizability of the findings.
Second, the study did not incorporate clinical parameters, such
as the 90-day modified Rankin Scale (mRS) score, infarct
volume changes on follow-up imaging, or laboratory indicators
(e.g., blood glucose levels, inflammatory factors), which might
have further enhanced prognostic accuracy. Third, due to
its retrospective design, the inclusion of only patients with
complete imaging data may have introduced potential selection
bias.

Future studies could aim to: (1) validate these findings in
larger, multicenter cohorts to improve external generalizabil-
ity; (2) integrate 3D-ASL with other imaging modalitie, such
as DSC-MRI or diffusion tensor imaging, as well as with serum
biomarkers including inflammatory cytokines, to achieve more
comprehensive prognostic evaluation; (3) explore the applica-
tion of 3D-ASL in guiding individualized thrombolytic timing
and dosage adjustments; and (4) investigate long-term out-
comes, such as 3-month functional recovery, through serial
3D-ASL follow-up imaging to assess dynamic changes in
cerebral perfusion.

5. Conclusions

Cerebral blood flow (CBF) values in the infarct core and is-
chemic penumbra (IP) measured by 3D-ASL imaging at a post-
labeling delay (PLD) of 2500 ms are valuable indicators for
predicting early poor prognosis after intravenous thrombolysis
in acute ischemic stroke (AIS). Combined assessment of CBF
in these regions improves diagnostic performance (AUC =
0.882, sensitivity = 80%, specificity = 80%), outperforming
single-region analysis. These findings support 3D-ASL as
a non-invasive tool for evaluating cerebral microcirculatory
perfusion and guiding clinical decision-making in AIS man-
agement. However, the preliminary nature of this single-center
retrospective study highlights the need for validation in larger
prospective multicenter cohorts.
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