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Meta-analysis of arterial spin labeling MRI
to identify residual cerebral arteriovenous
malformations after treatment
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Abstract

Background To use of statistical methods to assess the diagnostic value of arterial spin labeling (ASL) imaging for
follow-up of treated arteriovenous malformations.

Methods We screened references from four databases, namely, the Cochrane Library, PubMed, Web of Science

and Embase, that met the requirements. The methodology quality of the included studies was evaluated using the
QUADAS-2 (Quality Assessment of Diagnostic Accuracy Studies-2) tool. Data pertaining to diagnostic performance
were extracted, and the pooled sensitivity and specificity were calculated using a bivariate mixed-effects model.
Results We included six studies with a total of 132 patients with arteriovenous malformation (AVM). The merged
sensitivity and specificity of ASL for the diagnosis of brain AVMs with incomplete occlusion after treatment were
0.94[0.86-0.98] and 0.99 [0.59-1.00], respectively. According to the SROC curve summary, the AUC was found to be
0.98 [0.96-0.99]. No significant publication bias was observed.

Conclusion While ASL does not currently match the diagnostic precision of DSA, it is instrumental in post-treatment
surveillance of AVM patients. With the development of ASL technology in the future, this technique holds promise as
a minimally invasive diagnostic strategy for AVMs with fewer side effects.
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Background

Arteriovenous malformation (AVM) is a pathological
condition arising from congenital vascular developmen-
tal anomalies, and is characterized by the absence of a
capillary network or the presence of immature vascular
networks between arteries and veins [1]. This disease can
induce various clinical manifestations, including chronic
headaches, migraines, and epileptic seizures [2, 3]. In
severe cases, it may cause intracranial hemorrhage, lead-
ing to disability or even death [4, 5]. Despite the avail-
ability of various treatment modalities for AVM, such as
surgical resection, radiation therapy, and endovascular
treatment (EVT), there remains a significant issue of high
recurrence rates among AVM patients’ post-treatment.
Approximately 25% of patients who undergo EVT expe-
rience AVM recurrence within the first year following
treatment [6], indicating that achieving the anticipated
therapeutic outcomes is often a prolonged and challeng-
ing process [7]. Therefore, regular and precise radiologi-
cal follow-ups are crucial for patients undergoing AVM
treatment to assess the closure status of the lesion and
monitor for recurrence.

Digital subtraction angiography (DSA) has long been
considered the gold standard for diagnosing AVM due
to its high-resolution and high-contrast vascular imaging
capabilities [8, 9]. However, DSA is an invasive diagnostic
method with significant limitations, including exposure
to ionizing radiation, potential allergic reactions to iodin-
ated contrast agents, and other complications [10, 11], as
well as the discomfort and invasive nature of the proce-
dure. These factors may adversely affect the patient, mak-
ing it unsuitable for long-term follow-up examinations.
Given the potential risks associated with DSA, arterial
spin labeling (ASL) technology has emerged as a novel
noninvasive vascular imaging method extensively used in
the field of neuroimaging. ASL technology manipulates
the spin state of protons in arterial blood, using blood as
an endogenous tracer in conjunction with specific mag-
netic resonance imaging (MRI) sequences for vascular
imaging [12, 13]. This clinical technique does not require
the use of exogenous contrast agents and does not involve
ionizing radiation, allowing patients to safely undergo
repeated examinations. This is particularly important for
long-term follow-up of patients post-AVM treatment.
This study aimed to determine the accuracy and clinical
utility of ASL in diagnosing the closure status of treated
AVMs and in monitoring for recurrence.

Method

Prior to initiating this study, it was already registered
on PROSPERO under number CRD42023422087. This
report refers to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses of Diagnostic Test
Accuracy Studies (PRISMA-DTA) guidelines [14, 15].

Page 2 of 11

Retrieval strategy

Four databases, the Cochrane Library, PubMed, Web of
Science and Embase, were searched comprehensively
from the inception of the database to the present. Our
search strategy was not limited by publication date or
language to ensure a comprehensive and inclusive lit-
erature retrieval. The search strategy employed “Arte-
rial Spin Labeling” and “Intracranial Arteriovenous
Malformations” as Medical Subject Headings and other
free-text words in each database. The complete search
strategy, including the use of MeSH and free-text words,
is provided in Additional file 1.

Inclusion and exclusion criteria for literature

After excluding duplicates, two authors performed an
initial screening of the articles by reading the abstracts,
and the remaining articles were assessed for inclusion or
exclusion. The reasons for exclusion were recorded. In
cases of disagreement on inclusion or exclusion, a third
author adjudicated the study, and a final decision was
reached after discussion. The inclusion criteria were as
follows: (1) Original research, such as prospective stud-
ies, retrospective studies, and randomized controlled tri-
als (2) patients who were diagnosed with AVM and had
received at least one treatment such as surgery, radio-
surgery or embolization; (3) post-treatment follow-up
assessments utilizing ASL, with subsequent validation of
ASL outcomes against the benchmark provided by DSA;
(4) studies that provided comprehensive data, enabling
the extraction of a 2 x 2 contingency table for subsequent
data analysis. The exclusion criteria were as follows: (1)
repeated inclusion of articles; (2) Non original research,
such as reviews, editorials, case reports, conference
abstracts, books, and letters; (3) studies whose experi-
mental content did not align with the current research;
(4) unable to obtain sufficient data to support data
analysis.

Data extraction

The following data were extracted from the included
articles: (1) basic study information, including the arti-
cle title, authors, publication year, and type of study;
(2) patient information, including the total number of
patients, mean age and range, sex ratio, treatment meth-
ods used, follow-up duration, and time interval between
ASL detection and DSA testing; (3) study outcomes,
including the number of true positives, true negatives,
false positives, and false negatives, from which 2x2 con-
tingency tables were constructed. To ensure the accuracy
of the data extraction, two researchers independently
performed the aforementioned tasks and cross-verified
the results. Any discrepancies were reassessed by a third
researcher to finalize the data. If key data were unavail-
able, we contacted the authors of the articles via email
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to obtain the necessary information. If no response
occurred within one month, those results were excluded.

Research quality assessment

The methodology quality of the included studies was
evaluated using the 2011 updated Quality Assessment of
Diagnostic Accuracy Studies-2 (QUADAS-2) tool [16],
with particular emphasis on four domains: patient selec-
tion, index test, reference standard, and flow and timing.
Each study was independently evaluated by two research-
ers, who categorized the risk of bias as low, unclear, or
high and clinical applicability concerns as low concern,
unclear concern, or high concern. In cases of inconsistent
evaluations, a third researcher independently reviewed
the assessment, and a final evaluation was determined
through discussion. All quality assessment results were
tabulated using Review Manager 5.3 software to facilitate
subsequent analysis and referencing.

Statistical analysis

After data extraction, a meta-analysis was conducted
using a hierarchical (bivariate mixed-effects) model
developed by Van Houwelingen [17, 18]. Calculations of
pooled sensitivity, specificity, and 95% confidence inter-
vals were performed using Statal8 software, and forest
plots including the heterogeneity index I* were generated.
An I” less than 50% indicated low heterogeneity, allowing
for combined analysis. If the I* exceeded 50%, indicat-
ing substantial heterogeneity, a meta-regression analysis
on the covariates included in the studies was conducted.
Subsequently, summary receiver operating characteristic
(SROC) curves, 95% prediction contours, and 95% confi-
dence contours were drawn, and the area under the curve
(AUC) was calculated. Furthermore, publication bias was
evaluated using Deeks’ funnel plot and the regression
test of asymmetry, which is more appropriate for diag-
nostic accuracy meta-analysis [19, 20]. A p-value greater
than 0.05 indicates no significant bias, while a value less
than 0.05 suggests the presence of bias. Finally, sensitiv-
ity analysis will be performed using manual exclusion of
each data item and recalculation.

Results

Characteristics of the included studies

A total of 138 articles remained after duplicate arti-
cles were removed. According to the article titles and
abstracts, the full texts of the remaining 45 articles
were screened, and 6 articles [21-26] were ultimately
included in the meta-analysis. The selection process and
reasons for exclusion are illustrated in Fig. 1. This meta-
analysis included 132 participants with AVM, ranging
in age from 3 to 78 years. The treatments administered
to these patients included radiosurgery, surgical opera-
tions, embolization therapy, and mixed therapy. The
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main characteristics of the 6 referenced articles are sum-
marized and tabulated in Tables 1 and 2. Table 3 includes
a 2x 2 contingency table and displays the sensitivity and
specificity of each study.

Quality assessment

We used the QUADAS-2 tool to assess the method-
ological quality of six articles. The quality of the included
studies was visualized and summarized in quality assess-
ment graphs and summary plots (Fig. 2) within Review
Manager 5.4. In the domain of patient selection, one
study [24] was considered high risk because it exclu-
sively included patients with AVMs smaller than 0.2 mm,
which are difficult to diagnose. In the index test domain,
one study [21] was assessed as having unclear risk due
to the failure to explicitly mention whether blinding was
used. Regarding the reference standard, one study [21]
had an unclear risk for not specifying whether blinding
was used. In the domain of flow and timing, one study
was rated as high risk because only some of the included
patients underwent the relevant ASL tests. One study
[26] was rated as having an unclear risk due to the lack
of clear documentation of the follow-up intervals. In the
domain of clinical applicability, one study [23] was rated
as high risk in patient selection because only it included
pediatric patients with AVMs.

Quantitative synthesis of diagnostic performance

A bivariate model was employed for the meta-analysis,
synthesizing data from six studies. Statistical analysis
and data visualization were conducted using Stata 18.0.
In two studies, multiple radiologists interpreted ASL
images, yielding disparate results that were documented
and analyzed individually. Figure 3 presents a forest plot
that reveals heterogeneity, pinpointing the specific data
contributing to the significant variability. Consequently,
the data were excluded, and a subsequent reanalysis was
performed, with the updated results shown in Fig. 4. The
sensitivity and specificity of the final merger were excel-
lent, with values of 0.94 [0.86—0.98] and 0.99 [0.59-1.00],
respectively. The I* values for sensitivity and specific-
ity are 0 [0.00-100] and 35.42 [0.00-85.53], respectively,
with p-values of 0.62 and 0.13, respectively. After
removing that item, the heterogeneity of the remaining
studies is relatively low. We conducted heterogeneity
analysis through sequential exclusions. First, removing
studies with participants under 18 years (Fig. 5) dem-
onstrated reduced heterogeneity: sensitivity 1°=0 [0.00-
100] (p=0.51); specificity I’=40.61 [0.00-89.14] (»=0.11).
Further exclusion of mixed-treatment studies (Fig. 6)
showed improved consistency: sensitivity 1°=9.12 [0.00-
100] (p =0.36); specificity I’=38.68 [0.00-91.77] (»p=0.13).
Figure 7 shows the SROC curve with prediction and
confidence contours, with observed data points closely
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Records identified through datebase searching
(Embase n=62, The Cochrane Library n=5
PubMed n=57, Web of Science n=115)
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duplicates

record after duplicates removed
(n=140)

(n=99)

63 excluded on the basis of title and abstract
Review n=28; Case report n=14;

full-text articles assessed for eligibility
(n=77)

Meeting abstract n=9; Letter=4; Book=3;
Editorial n=2; Comment n=3

71 exclude after reading full text
No follow-up n=10; Not involving ASL n=8;
Not compared to the gold standard n=4;

study included in meta-analysis
(0=7)

Unable to extract data n=7;
Disease type does not match n=41;

study included in meta-analysis
(n=6)

The data cannot be used for meta-analysis n=1

Fig. 1 Systematic review and meta-analysis study selection flowchart. This flowchart illustrates the systematic process of identifying, screening, and se-
lecting studies for inclusion in a meta-analysis. The right-hand side boxes detail the specific reasons for exclusion, while the left-hand side boxes indicate

the number of articles remaining after each stage of the review process

surrounding the SROC curve and calculated AUC of 0.98
[0.96—0.99].

Publication bias and sensitivity analysis

Using Stata 18.0, we constructed the Deeks’ funnel plot,
which is displayed in Fig. 8. The regression line coefficient
resulted in a p-value of 0.22, showing no substantial evi-
dence of publication bias in the study. Manual exclusion
of one study followed by reanalysis of the data yielded
results similar to those of the original study. Similar
results were obtained after repeating the above process,
suggesting high stability in the findings of this research.

Discussion

This meta-analysis showed that the combined sensitivity
and specificity of ASL for detecting residual AVMs com-
pared to DSA were 94% and 99%, respectively. This result
demonstrates that ASL can effectively identify AVM
patients with low rate of missed diagnosis. The SROC

curve shows an AUC of 0.98, which further confirms the
excellent discriminative ability of ASL. However, con-
sidering that the included patients are all AVM patients
after treatment, it may lead to a higher specificity. Mean-
while in a similar study [27], which only included AVM
patients, the diagnosis rate of AVM by ASL was 0.99.
Given the findings, we posit that the determined speci-
ficity within our AVM-exclusive study cohort requires
additional validation. Notably, the integrated analysis of
diagnostic accuracy metrics (sensitivity and specificity),
ROC characterization (AUC=0.98), and heterogeneity
patterns of this study provide robust validation of the
findings.

Six high-quality studies included patients aged 3-80
years without age restrictions, enhancing sample repre-
sentativeness while contributing to observed heterogene-
ity. Following Huang Yuhao’s methodology [23], which
exclusively enrolled pediatric AVM cohorts under 18
years of age, we excluded this group from the analysis.
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Table 1 Basic characteristics of the 6 studies included in this meta-analysis
Author  Year Studydesign Num- Age Treatment Include patient information The size of the Mean time
ber of Mean[range] patient's AVM of follow-up
patients (year) Mean[range] mean([range]
(year)

Rojas-V.A. 2021 Prospective 29 37 [18-69] Radiosurgery  Adult patients undergo- 7.01 44(3.5-5.3)
[25] ing DSA for assessment of [0.07-50.54 ml]

obliteration following GKR for

AVMs.
Leclerc X. 2020 Retrospective 28 41 [17-65] Radiosurgery Patients with a high likelihood 12 cases:12.5 42(2-10)
[24] of nidus obliteration or small [5-20] mm 8cases:

residual shunting. unmeasured
Wu 2021 Retrospective 39 33 [5-64] Mixed Patients diagnosed with AYM  SM1:7, SM2:7,
Chunxue through DSA, with or without ~ SM3:10, SM4:5
[26] treatment.
Ampon- 2012 Prospective 9 40 [7-78] Radiosurgery AVM patients who only receive 6.58[0.24-40lcm®  4.4(2-10)
sah K. GKS treatment.
[21]
Jeremy 2020 Retrospective 15 29 [16-45] Radiosurgery Patients undergoing DSA SM1:1, SM2:4, 2.5(1.35-3.8)
JH. [22] evaluation or SRS treatment SM3:2, SM4:3

for AVM. SM5:2
Yuhao 2019 Retrospective 12 10 [3-15] Mixed AVM patients with preliminary 7 [7-30]lmm 47(23-11.6)
Huang diagnosis or various interven-
[23] tion treatments.

Table 2 Key parameters in arterial spin labeling (ASL) MRI studies

Author ASL type MR field strength PLD Gold standard Interval between test and standard
Mean [Range](d)

Rojas-V.A. [25] PcASL® 3T — DSA € <1d

Leclerc X. [24] PCASLP 3T 2000MS DSA 10 [1-45]

Wu Chunxue [26] PcASL 3T 2000MS DSA —

Amponsah K. [21] PASL — — DSA —

Jeremy JH. [22] PcASL 3T/1.5T 2000MS DSA 39.3[26.5-60]

Yuhao Huang [23] PcASL 3T 1500MS DSA 17[2-189]

2 PcASL, Pseudocontinuous arterial spin labeling; ® PASL, pulsed arterial spin labeling; € DAS, digital subtraction angiography

Table 3 The diagnostic accuracy of ASL in the 6 included studies

Author TP? FP® FN© TN Sensitivity Specificity
[95%CI'] [95%Cl]

Rojas-V. A. [25] 8 0 1 20 0.89[0.52-1.00] 1.00[0.83-1.00]
Leclerc X. [24] 17 0 3 8 0.85[0.62-0.97] 1.00[0.63-1.00]
Wu Chunxue [26] 27 0 2 10 0.93[0.77-0.99] 1.00[0.69-1.00]
Amponsah K. [21] 4 0 0 5 1.00[0.4-1.00] 1.00[0.48-1.00]
Jeremy J.H. 1 [22] 10 0 0 5 1.00[0.69-1.00] 1.00[0.48-1.00]
Jeremy J.H. 2 [22] 10 0 0 5 1 OO[O 69-1.00] 1.00[0.48-1.00]
Jeremy J.H. 3 [22] 10 0 0 5 00[0.69-1.00] 1.00[0.48-1.00]
Jeremy J.H. 4 [22] 10 1 0 4 1 OO[O 69-1 OO] 0.80[0.28~ 099]
Huang Yuhao 1 [23] 8 0 1 3 0.89[0.52-1.00] 1.00[0.29-1.00]
Huang Yuhao 2 [23] 5 0 4 3 0.56[0.21-0.86] 1.00[0.29-1.00]

2TP: true positive; ® FP: false positive; € FN: false negative; 9 TN: true negative; ‘Cl: confidence interval

This targeted exclusion reduced heterogeneity, yielding a
pooled sensitivity of 95% and specificity of 99% in adult
populations. This demonstrates enhanced diagnostic
accuracy of ASL in adults compared to pediatric patients.
While Leclerc X. [24] focused solely on AVM patients
with lesions less than 20 mm in diameter. This difference

in patient selection criteria contributed to the increased
heterogeneity observed in the study. As depicted in
Table 3, the sensitivity values for the two groups were
comparatively lower than those of other groups. How-
ever, the final analysis indicated that the level of hetero-
geneity was within acceptable limits. This study further
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Fig. 2 Methodology quality of 7 included studies generated by review
manager 54. (a) Risk of bias and applicability concerns graph. (b) Sum-
mary of risk bias and applicability concerns. Risk assessments for each
study are categorized as “Low Risk” (green), “High Risk” (red), or “Unclear”
(yellow). The length of the bars represents the degree of risk across various
assessment dimensions

confirms the applicability of ASL in different age groups
and case situations, emphasizing its significance for clini-
cal practice.

Table 1 summarizes the therapeutic regimens across
studies, showing mixed-treatment protocols (surgery or
radiosurgery) in the studies by Wu Chunxue [26] and
Yuhao Huang [23], and radiosurgery-only approaches in
other groups. This methodological divergence emerged
as a significant contributor to heterogeneity. Restricting
analysis to radiosurgery-exclusive studies significantly
attenuated heterogeneity indices, yielding pooled sen-
sitivity of 97% and specificity of 99%. These results sug-
gest that arterial spin labeling (ASL) may provide more
accurate diagnostic information following radiosurgery,
potentially attributable to reduced confounding from
surgical artifact and inflammatory changes. Table 1 also
provides a summary of the follow-up durations for each
group, with an average of approximately 4 years. The
shortest follow-up duration recorded was 1.35 years, and
the longest was 11.6 years. The detection of AVMs post-
treatment is a process that is both lengthy and crucial.
Based on the data presented, we advocate for a minimum
follow-up period of at least 4 years. For pediatric patients,
considering their rapid growth and developmental
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changes, we recommend an extended follow-up duration
to adequately monitor their condition.

Moreover, six research articles included two arterial
spin labeling techniques commonly employed in clini-
cal settings: pulsed arterial spin labeling (PASL) and
pseudocontinuous arterial spin labeling (PCASL). While
PASL demonstrated perfect sensitivity and specific-
ity (100%) in a small post-treatment cohort (n=9), its
broader applicability is constrained by inherent techni-
cal limitations. The PASL technique employs short pulses
to magnetically label proximal arterial blood, offering
distinct advantages including rapid acquisition times
and enhanced resistance to magnetic susceptibility arti-
facts in heterogeneous tissue interfaces [28]. However,
its labeling efficiency is limited by arterial transit time
(ATT), which may lead to underestimation of cerebral
blood flow (CBF) [29]. PCASL has been recommended as
the preferred clinical modality due to its implementation
of prolonged labeling durations, which achieve superior
signal-to-noise ratios (SNR). This approach can theoreti-
cally increase the signal-to-noise ratio (SNR) of the ASL
sequence by a factor of /2, and enhance the reliability of
quantifying high-flow AVM hemodynamics, particularly
at 3T field strength [30].

Furthermore, given the pivotal role of postlabeling
delay (PLD) in ASL, future work will aim to optimize the
PLD. The appropriate selection of PLD is crucial because
it directly influences the accurate measurement of cere-
bral blood flow or both cerebral blood flow (CBF) and
arterial transit time (ATT) [31]. Ideally, the PLD should
be slightly longer than the longest ATT observed among
subjects. However, due to the decay of the ASL signal
with time constant T1 after labeling, an overly conserva-
tive selection of PLD can significantly degrade the SNR
[32], especially in cases of arterial occlusion or abnormal
circulation [12], thus making the choice of PLDs a deli-
cate balancing act. Clinically recommended PLD values
are 2000 ms for adults and 1500 ms for children [32]. In
these studies, a single delay marking was used, with most
studies adhering to the clinically recommended PLD of
2000 ms, while studies involving children with AVMs
opted for a PLD of 1500 ms. As medical technology
advances, a technique known as multidelay arterial spin
labeling (MDASL) has been developed that allows for
multiple acquisitions at various PLDs. Utilizing multiple
PLDs can help correct for ATT, thereby enhancing the
accuracy of CBF measurements and improving the preci-
sion of AVM diagnosis [30]. Nevertheless, MDASL faces
practical challenges, including practical limitations in
imaging time, the SNR, and the complexity of calculation
and measurement, which currently limits its routine clin-
ical application. With ongoing developments and opti-
mizations, ASL technologies are becoming increasingly
prevalent in clinical practice as innovative diagnostic
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tools offering high diagnostic accuracy and minimal

adverse effects.

However, there are several unavoidable factors in six
research articles, including technological limitations,

radiation-induced damage, and errors associated with
extended time intervals, resulting in biases. For instance,
in patients with AVMs, the complete embolization rate is
significantly lower due to factors such as the tortuosity of
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analysis does not indicate significant publication bias

intracranial feeding arteries, the smaller size of the femo-
ral artery access site, and the limited volume of contrast
agent [33, 34]. Furthermore, AVMs that are only partially
embolized might be misdiagnosed as completely embo-
lized due to significantly reduced blood flow, thereby
increasing diagnostic complexity. Besides, damage
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induced by radiation therapy, such as thrombosis, fibrin
exudates, and the dilation and twisting of capillaries and
vessels [35]—especially radiation-induced changes that
occur within one to two years post-treatment [36—40],
and edema or cysts appearing around the lesion after five
years or more [41]—may be mistaken for residual brain
AVMs, further complicating the diagnosis. Moreover, the
occlusion of AVMs is a protracting process [36]; in the
studies analyzed, the longest interval between ASL and
the gold standard DSA reached 180 days, during which
time partially occluded AVMs may gradually become
completely occluded, potentially further diminishing the
sensitivity and specificity of ASL in diagnosing AVMs.

This study also has several limitations, the most sig-
nificant being the low prevalence of the target disease,
resulting in a limited sample size. Variations in treat-
ment protocols, participant characteristics, and treat-
ment methods among the studies also contributed to
variability in the results. Given the limited number of
related studies, we were unable to conduct deeper sub-
group analyses to more precisely investigate the specific
factors influencing the diagnosis of AVM using ASL.
Notwithstanding the limitations, this investigation dem-
onstrates distinct methodological merits. First, the study
not only assessed the sensitivity and specificity of ASL in
diagnosing AVMs, but also systematically evaluated how
critical clinical variables— including patient age, lesion
size, therapeutic modalities, follow-up duration, and ASL
technical parameters—influence diagnostic accuracy.
Second, as a comprehensive study, it provides new meth-
ods for future research. The findings suggest that ASL has
high diagnostic accuracy in adult AVM patients during
follow-up after radiosurgery and identify feasible follow-
up durations. Finally, this study guides future research
focused on analyzing the impact of variables such as age
and therapeutic approaches on the diagnostic accuracy
of ASL, and on optimizing arterial spin labeling (ASL)
applications for diagnosing pediatric AVM patients and
small AVMs.

Conclusion

Although, current research has confirmed that ASL has
a high accuracy rate in the diagnosis of AVM, its tech-
nology is not yet fully mature. Additional file 2 under-
scores three critical constraints hindering the widespread
implementation of ASL: inherent technical complexities,
stringent patient cooperation requirements, and the sub-
stantial costs associated with high-field MRI systems.
Consequently, ASL cannot completely replace the gold
standard DSA at present. However, given that ASL can
nearly avoid surgical trauma and the risks associated with
contrast agents, decrease radiation exposure and related
adverse reactions, ASL has the potential to serve as a
valuable adjunctive diagnostic tool in the follow-up care



Wan et al. BMC Medical Imaging (2025) 25:127

after AVM treatment. In Additional file 2, we also pres-
ent a comparative analysis of artificial intelligence-based
diagnostic approaches. With the continued advancement
of ASL technology and Al-driven diagnostic systems, we
anticipate that an integrated approach combining ASL,
DSA, and AI will emerge as the mainstream diagnostic
paradigm. This synergistic methodology has the potential
to substantially enhance diagnostic efficiency and accu-
racy through comprehensive hemodynamic assessment
and intelligent pattern recognition.
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