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Abstract

Objectives Arterial spin labeling (ASL) MRI is a non-invasive imaging modality that measures cerebral blood flow
(CBF) without the need for contrast agents or radiation, offering insights into hemodynamic changes. Carotid
revascularization procedures, carotid endarterectomy and carotid artery stenting, aim to improve cerebral perfusion
and reduce the risk of ischemic events. This study explores ASL's clinical potential in assessing CBF changes in carotid
stenosis patients prior to revascularization procedures.

Materials and methods A systematic review was conducted following PRISMA guidelines to identify studies that
utilized ASL in patients undergoing carotid revascularization. Searches were performed in the MEDLINE/PubMed and
Web of Science databases. Extracted data included patient demographics, ASL acquisition parameters, perfusion
analysis methods, and study findings related to ASL results.

Results Twenty studies involving 710 patients were included. Preoperative ASL consistently identified perfusion
deficits ipsilateral to stenosis, which improved post-revascularization, particularly in eloquent brain regions. After
revascularization, CBF increase was greatest in patients with severe baseline deficits and smaller in those with prior
strokes. ASL metrics predicted post-procedural cerebral hyperperfusion (CH), though protocol variability influenced
results. Visual assessment methods based on arterial transit artifacts (ATA) emerged as practical tools for
hyperperfusion risk prediction without requiring extensive post-processing.

Conclusion ASL MRI is a valuable tool for assessing hemodynamic changes in carotid artery stenosis and predicting
treatment outcomes, particularly the risk of hyperperfusion. Its non-invasive nature and ability to evaluate collateral
flow enhance its clinical value.

Key Points

Question Can arterial spin labeling (ASL) MRI reliably assess cerebral blood flow changes in patients with carotid stenosis
undergoing revascularization, improving decision-making regarding risks and outcomes?

Findings ASL detects pre-treatment perfusion deficits, quantifies post-revascularization blood flow increases, predicts
hyperperfusion risk, and assesses collateral flow in carotid stenosis patients undergoing endarterectomy or stenting.
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Clinical relevance ASL MRI provides a non-invasive method to evaluate cerebral perfusion in carotid stenosis, aiding in risk
assessment for cerebral hyperperfusion syndrome and optimizing treatment strategies by preoperatively assessing collateral

circulation and post-treatment cerebral blood flow recovery.

Keywords Carotid artery stenosis, Arterial spin labeling MRI, Cerebral blood flow, Carotid revascularization, Cerebral

hyperperfusion syndrome

Introduction

Arterial spin labeling (ASL) MRI is a non-invasive tech-
nique that measures brain perfusion without requiring
intravascular contrast agents and ionizing radiation [1].
This method uses the body’s water molecules in the
arteries as natural tracers, magnetically labeling them to
track blood flow to specific organs [2], particularly the
brain. In ASL, selective radiofrequency pulses invert the
magnetization of water in the arterial blood, typically
applied at the neck for brain imaging. Subsequent imaging
captures the movement of these labeled water molecules
as they enter and spread through brain tissue.

ASL assesses brain perfusion in terms of cerebral blood
flow (CBF), defined as the volume of blood passing
through a specific amount of brain tissue per unit of time,
usually measured in milliliters per minute per 100 grams
of tissue. ASL can be acquired using three primary tech-
niques: pulsed ASL (PASL), continuous ASL (CASL), and
pseudo-continuous ASL (pCASL), with the latter having
emerged as the modality of choice for clinical applications
due to its superior signal-to-noise ratio. Additionally,
vessel encoding ASL—a specialized technique capable of
assessing the vascular territory of individual vessels—has
been developed [3, 4].

Extracranial carotid artery stenosis is a significant risk
factor for stroke [5], and alterations in cerebral hemody-
namics affecting brain perfusion are associated not only
with an increased risk of stroke but also with chronic
vascular damage and cognitive decline. Carotid revascu-
larization treatments, including carotid endarterectomy
(CEA) and carotid artery stenting (CAS), play a crucial
role in managing extracranial carotid artery stenosis or
occlusion by reducing the risk of ischemic strokes and
improving overall cardiovascular health [6].

Several technical challenges remain in the clinical use of
ASL for patients with carotid artery stenosis. First, uncer-
tainties persist regarding the placement of the tagging plane
perpendicular to the neck vessels. Another major challenge
is selecting the optimal post-labeling delay (PLD), a critical
parameter that defines the time between labeling arterial
blood and image acquisition for CBF measurement. In
patients with prolonged arterial transit times, such as those
with carotid artery stenosis, an insufficient PLD can result
in a significant underestimation of CBF. Conversely, a PLD

that is too long leads to signal loss due to the T; decay of
labeled blood. Additionally, if the PLD is too short, artifacts
may arise because the labeled blood remains within the
arteries during image acquisition, compromising mea-
surement accuracy.

Among these challenges, arterial transit artifacts (ATAs)
are notable. These appear as oval, round, or serpiginous
hyperintensities observed on the surface of the brain
parenchyma, resulting from tagged blood remaining in
the pial arteries within the subarachnoid space (Fig. 1).
This occurs either due to slower blood flow, preventing
the blood from reaching the parenchyma by the time the
signal is acquired, or due to enhanced collateral circula-
tion, where slower-moving blood persists in the pial
arteries.

ATA has the potential to serve as purely visual markers
of impaired perfusion [7]. However, their full diagnostic
significance remains to be elucidated.

This study aimed to systematically review the
literature to evaluate the potential diagnostic and ther-

apeutic impact of CBF changes measured using
ASL perfusion in patients with extracranial carotid ste-
nosis or occlusion undergoing revascularization
procedures.

Materials and methods

The study was conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) (PROSPERO registration with the
ID number CRD420250656416) guidelines to assess the
clinical impact of CBF changes measured by ASL perfu-
sion MRI in patients with carotid artery stenosis under-
going revascularization and to explore the potential
implications of ASL for clinical practice.

Inclusion and exclusion criteria

We included studies focusing on human patients with
atherosclerotic stenosis or occlusion of the extracranial
internal carotid artery who underwent carotid revascu-
larization and ASL MRI.

We excluded studies involving animals, healthy volun-
teers, patients with stenosis in blood vessels other
than the internal carotid artery, or those with non-
atherosclerotic vascular diseases (e.g., Moyamoya disease).
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below them.

In hypoperfusion, affected parenchyma may
appear hypointense compared to the contralateral
side in regions of pathological perfusion. Severe
hypoperfusion may have Arterial Transit Artifacts
(ATA - large horizontal arrow) on the cortical
surface, indicating labeled blood in the carotid that
has not yet reached the parenchyma.

Fig. 1 In ASL, selective radiofrequency pulses tag arterial blood, typically at the neck, to track its flow into brain tissue (A). In hypoperfusion, affected
parenchyma appears hypointense. Arterial transit artifacts (ATA) may appear as hyperintensities on the brain surface due to tagged blood remaining in

pial arteries, caused by slow flow or enhanced collateral circulation (B)

Search strategy

A search was conducted in the MEDLINE/PubMed and
Web of Science databases using the following strategy:
((carotid stenosis) OR (carotid occlusion) OR (steno-
occlusive carotid disease) OR (carotid atherosclerosis) OR
(carotid plaque) OR (cerebrovascular steno-occlusive
disease) AND ((arterial spin labeling) OR (brain perfu-
sion imaging) OR (3D pseudo-continuous arterial spin
labeling)). Only original articles published in English in
international peer-reviewed journals up to May 2nd, 2024,
were included. Figure 2 illustrates the study selection
process.

Selection process
All entries retrieved from the two web databases were
processed independently by two authors (A.C. and
L.L.G.). First, preliminary sources were pooled, and
duplicates were removed. The selection process was then
carried out in two steps.

Initially, the articles’ titles and abstracts were reviewed
to determine whether or not they met the inclusion

criteria. Articles that could not be immediately discarded
were then read in full to assess their eligibility.

Data extraction and statistical analysis

Five authors (A.C, L.L.G., C.G., EIM,, and L.V.P.) inde-
pendently reviewed all eligible entries in full, including
figures, tables, and supplementary materials. They recor-
ded details on participant conditions, including the degree
of stenosis, the number of symptomatic or asymptomatic
patients, and the treatments received. They also noted
demographic information (age and sex), ASL acquisition
parameters (magnetic field strength, sequence type,
repetition time, echo time, voxel size, no. of slices, slice
thickness, field of view, labeling duration, PLD, and
acquisition time). Additionally, perfusion processing
details were analyzed, including the software used and the
approach for extracting measurements. A list of all
numerical variables employed in each study, along with a
brief summary of each study’s findings as recorded.
This analysis was conducted using Microsoft Excel
spreadsheets.
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PubMed and Web of Science search with the following string:

((carotid stenosis) OR (carotid occlusion) OR (steno-occlusive carotid disease) OR (carotid atherosclerosis) OR (carotid plague) OR
(cerebrovascular steno-occlusive disease) AND ((arterial spin labeling) OR (brain perfusion imaging) OR (3D pseudo-continuous arterial

spin labeling))

Entries identified and screened by reading titles and abstracts:
- PubMed (n = 1416)
-WoS (n=974)

-

‘—

Excluded (n. 2291)
Reasons:
- Case reports/Editorials/Reviews (n. 228)

- Congress abstracts (n. 21)

- Different disease (. 762)

- Different technique (n. 845)
- Fetal study (n. 1)

- Healthy subjects only (n. 127)
- Non-English language article (. 99)

Full copies retrieved and assessed for eligibility (n = 99)

- Non-human studies (n. 208)

\.

‘—

Excluded (n. 79)
Reasons:
- CBF measures were not reported (n. 47)
- Patients did not undergo carotid revascularization treatment (n. 32)

Articles meeting the inclusion criteria and included in the systematic review
(n=20)

Fig. 2 Studies inclusion flowchart

Numerical values are presented as mean + standard
deviation or median t interquartile range, depending on
the format reported in the original study. Results of cor-
relation and statistical significance tests are included
where available. For CBF measurements, tables were used
to summarize the measurements due to the heterogeneity
in measurement strategies across studies. Whenever pos-
sible, measurements for the entire internal carotid artery
(ICA) territory were provided.

Risk of bias
An important source of bias is the heterogeneity in ASL
MRI acquisition and post-processing parameters across
the reported studies. Consequently, the results in terms of
CBF (mL/100 g/min) cannot be directly compared or
analyzed homogeneously. Instead, CBF changes before
and after revascularization are only summarized narra-
tively. A formal meta-analysis cannot be performed.
Additional sources of bias include variability in scanner
models (1.5T vs. 3.0T), timing of revascularization

relative to imaging, and the proportion of symptomatic vs.
asymptomatic patients across studies, which may influ-
ence perfusion outcomes. Lastly, many of the included
studies had a small sample size cohort and were single-
center study designs.

Results

After screening abstracts and titles, 99 studies were
reviewed in full. Of these, 20 studies met all inclusion
criteria and were included in the final review.

Study population

Twenty studies [3, 4, 8—25] focused on 710 patients (122
females, age 66.8+6.9 years, range 46-96 years) who
underwent carotid revascularization. Specifically, 518
patients (73.0%) underwent CEA, 186 patients (26.2%)
underwent CAS, and 6 patients (0.8%) underwent extra-
intracranial bypass (ECIC). Among these patients, 234
(33.0%) had asymptomatic stenosis, while 241 (33.9%)
were symptomatic in the 6 months before the
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investigation. The symptomatic status of the remaining
235 patients was not reported.

The percentage of stenosis was assessed using carotid artery
Doppler ultrasound (US), MR angiography (MRA), CT
angiography (CTA), or digital subtraction angiography (DSA).

Supplementary Material Table 1 provides a more
comprehensive overview of the demographic parameters
of these studies.

Acquisition and post-processing

Five studies [3, 8, 10, 13, 23] employed 1.5 T MRI systems,
while the remaining fifteen [4, 9, 11, 12, 14-22, 24, 25]
3.0 T MRI systems.

Regarding the type of ASL, three studies [3, 13, 20] used
PASL, one study used CASL [8], and sixteen studies
[4, 10-12, 14-19, 21-25] used pCASL. Four studies
[3, 4, 8, 13] used 2D acquisitions, while ten studies
[9, 12, 14-16, 18, 21, 22, 24, 25] employed 3D sequences.
In six studies, this data was not reported.

Ten studies (3,4, 8,9, 12, 14, 17, 19, 23, 25] used single PLD
acquisition, with a median PLD of 1800ms (range
1500-2500 ms), while seven studies [10, 11, 13, 16, 18, 22, 24]
employed multi PLD acquisitions with the number of PLD
ranging from 2 to 10 (PLD range: 300-3000 ms). For three
studies this data was not reported.

Two studies [3, 4] employed vessel-encoded ASL (VE-
ASL) with separate tagging for both ICAs, both external
carotid arteries (ECAs), and the posterior circulation.

Supplementary Material Table 2 provides a more
comprehensive overview of the studies’ acquisition
parameters.

ASL analysis methods and results

Advanced Post Processing software

A total of 13 studies used advanced computational tech-
niques to calculate changes in CBF.

Specifically, 8 studies used manual regions of interest
(ROIs) drawn over the CBF maps by an expert neuror-
adiologist, while the remaining 5 studies used automatic
ROI selection strategies, primarily based on MNI atlas
segmentation (4 studies).

All these studies [3, 4, 8, 10, 13, 15, 16, 18-20, 22, 23]
observed a perfusion deficit on the side ipsilateral to the
stenosis before treatment (e.g., ref. [13], Ipsilateral
hemisphere: 53.7 £ 14.4 mL/100 g/min, contralateral
hemisphere: 64.3 + 18.5 mL/100 g/min, detailed results
are available in Table 1), with deficits being more pro-
nounced in the border zone territories [18]. Following
revascularization procedures, CBF values increased (e.g.,
ref. [9], +13.2mL/100 g/min, +19.9%), particularly in
cases with a greater initial perfusion deficit. The
improvement was most notable in the eloquent areas of
the anterior circulation territory [8, 23]. Less
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pronounced increases were also observed in the same
areas contralateral to the stenosis [13, 21]. A reduced
post-treatment CBF increase was significantly associated
with higher systolic blood pressure (p = 0.0036), chronic
renal insufficiency (p=0.0007), and previous stroke
(p = 0.0002) [19].

Two studies [18, 20] investigated the relationship
between perfusion and cognitive performance outcomes
in patients with asymptomatic carotid artery stenosis
undergoing revascularization procedures. No significant
association was found between cognitive test results and
either preoperative hypoperfusion [18] or increased CBF
after CAS [20].

Regarding postoperative cerebral hyperperfusion (CH),
Lin et al [15] reported that patients with post-operative
CH exhibited a significantly higher spatial coefficient of
variation of CBF (CoV CBF: 0.35 CH vs. 0.28 non-CH,
p=0.007) and a higher ratio of the volume perfused by
the stenotic carotid artery pre-intervention to the
total brain volume (RatioPV: 0.92 CH vs. 0.96 non-CH,
p =0.012) compared to patients without CH. Preoperative
MRA also showed a higher prevalence of type P
Circle of Willis, i.e., with hypo/aplastic anterior commu-
nicating artery (AcomA) or Al segment of the
anterior cerebral artery (ACA), in patients with CH [15]
(100% vs. 35.7%).

Endo et al [10] used multi-PLD ASL to analyze post-
CEA CH. They calculated the asymmetry index (Al),
defined as the ratio of CBF between the affected and
unaffected sides in the (MCA) territory. A linear regres-
sion analysis was conducted to assess the relationship
between Al values derived from ASL at three different
PLDs (1525, 2025, and 2525 ms). From this analysis, a
slope index was obtained, theoretically reflecting differ-
ences in arterial transit time between the affected and
unaffected sides and serving as a surrogate marker for
cerebrovascular reactivity disparities. The slope index
proved to be a reliable predictor of CH, with 85% sensi-
tivity and 74% specificity.

Two studies investigated VE-ASL changes in patients
undergoing revascularization.

One study [4] compared the effectiveness of VE-ASL
and DSA in assessing collateral flow in carotid stenosis
patients undergoing CAS. It demonstrated that VE-ASL
could detect reduced ipsilateral ICA flow due to ste-
nosis, accompanied by increased compensatory perfu-
sion from the contralateral ICA and vertebral artery
territories, which normalized after surgery. Van Laar
et al [3] also observed smaller ICA territories with larger
contralateral and vertebral artery territories before
revascularization, which normalized after both CEA and
CAS, with no significant differences between the two
procedures.
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Findings in symptomatic patients:

* A significantly smaller increase in CBF after
treatment compared to asymptomatic patients was
found [19].

* VE-ASL successfully detected preoperative collateral
flow changes and normalization after revascularization,
showing similar findings across CEA and CAS
procedures [3, 4].

Findings in an asymptomatic patient:

* No significant association was found between CBF
variations pre/post-treatment and cognitive performance
(18, 20].

Findings in both symptomatic and asymptomatic

patients:

* Reduced CBF was found on the hemisphere
ipsilateral to the stenosis before treatment,
compared to the contralateral or to healthy
controls, especially on the border between vascular
territories [3, 4, 8, 10, 13, 15, 16, 18-20, 22, 23].

* Revascularization led to increased CBF, particularly in
the anterior circulation and in patients with greater
baseline deficits [3, 4, 8, 10, 13, 15, 16, 18-20, 22, 23].

* High systolic BP and renal insufficiency were
associated with smaller CBF improvements after
treatment [19].

* Patients who developed postoperative CH had higher
spatial CBF variation and more often had an
incomplete (type P) Circle of Willis [15].

* The preoperative asymmetry of the ratio of CBF
between the affected and unaffected sides in the MCA
territory can reliably predict postoperative CH [10].

Purely visual strategies

Three studies used purely visual strategies to evaluate
ASL images. One study [11] assessed perfusion using a
four-point “ASL score” based on signal intensity from the
parenchyma in a three-PLD ASL sequence: (i) Poor:
impaired perfusion in all three phases, (ii) Intermediate:
reduced perfusion area and/or signal in the early and
middle phases, with normal perfusion in the late phase,
(iii) Good: reduced perfusion area and/or signal in the
early phase, with normal perfusion in the middle and late
phases, (iv) Excellent: normal perfusion. A poor ASL
perfusion score was predictive of post-revascularization
CH (OR =37.33, 95% CI (4.75, 293.63)), as well as higher
baseline blood pressure (OR =1.08, 95% CI (1.02, 1.14)),
and carotid near-occlusion (OR=7.31, 95% CI (1.16,
46.06)).

Fan et al [25] visually assessed perfusion in the MCA
territory using a standardized scoring system based on the
presence of ATA and the signal intensity from the par-
enchyma on a mono PLD sequence. Each of the 10
locations included in the Alberta Stroke Program Early
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CT Score (ASPECTS) was assigned a score based on the
following scale: 0 (no/minimal ASL signal), 1 (low/mod-
erate ASL signal with ATA), 2 (high ASL signal with
ATA), 3 (high ASL signal without ATA). The final score
was calculated as the sum of the points assigned to each
location

The preoperative ASL score was an independent pre-
dictor of CH (OR =0.48 (95% CI 0.33-0.71), p < 0.001),
with an optimal cutoff value of 25 points (AUC =0.98,
94.1% sensitivity, 88.4% specificity).

The remaining study [24] visually analyzed subtraction
images created from two different PLDs in patients who
underwent CEA.

This method helped differentiate the persistence of high
signal intensities due to ATA from the abrupt CBF
increases associated with CH in post-operative ASL, as
the ATA, being present in both images, is canceled out.

Findings in both symptomatic and asymptomatic
patients:

* ASL images suggestive of poor perfusion (ie., low
parenchymal signal associated with ATA presence)
are associated with a higher risk of developing
postoperative CH [11, 25].

* Subtraction images from two PLDs can visually
distinguish true hyperperfusion from ATA in post-
operative ASL, improving the interpretation of signal
changes after surgery [24].

MRI workstation software

A study [9] focused on the changes in CBF after CAS,
reporting a significant post-procedural increase in CBF
(444 +9.8 vs. 57.6+8.6, +58.6% increase). However,
patients with high stenting positions showed lower post-
CAS CBF values (31.0 4.8, —28.9%) due to distortion
artifacts in the labeling plane that interfere with the tag-
ging process. Indeed, this false hypoperfusion normalized
after repeating the scan with the tagging plane positioned
under the stent.

Another study [12] focused on postoperative CH, found
that white matter hyperintensities (WMH) and lacunes
were independently associated with postoperative CH.
Receiver operating characteristic (ROC) curve analysis
identified a Fazekas score (sum of deep and periven-
tricular white matter) >3 and the presence of at least 2
lacunes as optimal predictors for CH (AUC = 0.84 and
0.73, respectively).

The remaining study [17] combined ASL with carotid
vessel-wall imaging, revealing that carotid intraplaque
hemorrhage (IPH) was associated with a more pro-
nounced preoperative reduction in CBF (r=—0.127,
p=0.012). Additionally, larger IPH size was also asso-
ciated with a smaller increase in CBF after CEA
(r=—0.060, p = 0.020).
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Two further studies initially processed ASL perfusion
data on an MRI workstation (all employing GE work-
station tools) before transferring the images to a separate
computer for further advanced analysis.

These studies examined CBF changes over time in the
immediate postoperative period. Lan et al [14] observed
that the CBF increased postoperatively, peaking at dif-
ferent times between CAS (maximum at 48 h post-sur-
gery, 49.12 + 10.12 mL/100 g/min) and CEA (maximum at
72 h post-surgery, 58.84 + 8.76 mL/100 g/min).

Wang et al [21] reported similar post-CAS results,
noting a greater CBF increase in the ipsilateral frontal and
parietal lobes compared to the contralateral sides (CBF
increase at day 3, Ipsilateral: 11.39 + 9.10 mL/100 g/min,
contralateral: 6.08 +7.45 mL/100 g/min). Furthermore,
patients with new diffusion-weighted imaging (DWI)
lesions on postoperative MRI, suggestive of micro-
embolism, had significantly lower relative CBF in the
frontal and parietal lobes compared to those without
microembolism (0.861 vs. 0.912, p <0.05).

Findings in symptomatic patients:

* Peak CBF increase occurred at different times between

CAS (48 h post-treatment) and CEA (72 h) [14].

Findings in both symptomatic and asymptomatic
patients:

* High stenting positions might lead to artificially low CBF
readings due to labeling artifacts, which normalized after
lowering the tagging plane under the stent [9].

* White matter hyperintensities and lacunes were
independent predictors of postoperative CH. A Fazekas
score > 3 and = 2 lacunes showed good predictive value
(AUC = 0.84 and 0.73, respectively) [12].

* DPresence and large size of IPH correlated with lower
preoperative CBF and smaller postoperative CBF
increases [17].

* CBF increase after CAS was significantly lower in
patients with new diffusion-weighted imaging (DWI)
lesions suggestive of microembolism [21].”

Supplementary Material Table 3 provides a more
comprehensive overview of these studies’ analysis strate-
gies and findings.

Discussion

The results of this systematic review highlight the value of
ASL MRI in evaluating cerebral perfusion changes in patients
with carotid artery stenosis or occlusion undergoing revas-
cularization procedures. ASL effectively detects pre-treatment
ipsilateral perfusion deficits and post-treatment improve-
ments, particularly in eloquent regions of the anterior circu-
lation anterior circulation [3, 4, 8—23]. Interestingly, certain
cardiovascular risk factors, ie., hypertension, chronic renal
insufficiency, and previous stroke, are significantly associated
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with a reduced post-procedural CBF increase following CAS
and CEA [19]. Moreover, patients who developed micro-
embolism during the revascularization procedure, as detected
by post-procedural diffusion-weighted imaging, in the terri-
tory of the stenotic carotid artery had lower post-CAS treat-
ment increases in relative cerebral blood flow [21], suggesting
that procedural complications may impact treatment
outcomes.

ASL could play a pivotal role in three key clinical sce-
narios: (1) assessing the risk of cerebral hyperperfusion
syndrome, (2) differentiating cerebral hemodynamic pat-
terns in symptomatic vs. asymptomatic patients, and (3)
evaluating collateral blood flow in patients with carotid
occlusion.

Cerebral hyperperfusion syndrome risk assessment

We observed that ASL can help identify patients at higher
risk of cerebral hyperperfusion syndrome. One interesting
factor associated with CH is a higher pre-intervention
ratio of the volume perfused by the stenotic carotid artery
to the total brain volume [15]. The authors suggest that a
higher proportion of cerebral tissue perfused by the ste-
notic artery indicates an impaired capacity to recruit
blood flow from collateral vessels via the circle of Willis.
This limited ability to establish collateral circulation in the
presence of stenosis suggests a reduced capacity to adapt
to sudden increases in perfusion following reperfusion
treatment [26]. Consequently, this may contribute to the
development of post-procedural hyperperfusion. Addi-
tionally, anatomical variations in the circle of Willis—such
as the absence or hypoplasia of the AcomA or Al segment
[15]—were significant risk factors for CH, highlighting the
role of impaired blood flow autoregulation in its devel-
opment. Other risk factors, all indicative of severe
hemodynamic compromise, include small vessel disease
features (e.g., WMH and lacunes) [12], hypertension, and
carotid near-occlusion [11].

Moreover, ASL-derived metrics, including ATA [11, 25]
and the CBF ratio between ipsilateral and contralateral
hemispheres [15], have proven useful in predicting CH. For
instance, visual assessments of preoperative ASL images have
effectively identified patients at risk of CH, offering a quick,
minimal post-processing alternative [11, 25]. While Doppler
US remains valuable for assessing flow velocities in the MCA,
it does not provide direct perfusion measurements of the
parenchyma, highlighting the added value of ASL in this
context. Moreover, Doppler values are typically collected
postoperatively to monitor patients, but they cannot identify
those at risk of postoperative syndrome beforehand.

Despite these advantages, the lack of a standardized defi-
nition of CH complicates comparisons across studies. Current
definitions vary, from a relative post-procedural CBF increase
of over 100% [11, 25] to absolute CBF exceeding the
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contralateral side [15]. Establishing standardized criteria is
crucial for broader clinical adoption of ASL in CH risk
assessment.

Differences between symptomatic and asymptomatic
patients

Patients with a history of stroke have been observed to
exhibit a smaller increase in CBF six months after CEA or
CAS. This phenomenon appears to be related to differ-
ences in the physiological response of cerebral arteries
that occur in patients with cerebral ischemia and persist
over time [19]. These findings highlight that the same
treatment strategy may not yield uniform outcomes
across all individuals, reinforcing the growing consensus
that managing carotid artery stenosis requires a perso-
nalized approach.

Assessing collateral blood flow

ASL can assess the extent of compensatory perfusion
through collateral pathways, including both primary col-
laterals through the circle of Willis and secondary col-
laterals from the external carotid arteries (ECA), using a
specialized technique capable of assessing the vascular
territory of each vessel called VE-ASL [3, 4]. This tech-
nique may be particularly valuable in patients with
asymptomatic carotid occlusion. Indeed, an increase in
perfusion from the ECA in these patients was found
compared to healthy volunteers that normalizes following
revascularization [4]. This underscores the ECA’s critical
role in cerebral perfusion and suggests that this method
could help guide revascularization strategies.

Technical considerations

Understanding key technical aspects of ASL acquisition
can enhance its clinical utility in patients with carotid
stenosis.

Firstly, stent placement can interfere with CBF mea-
surements in CAS patients. High-positioned stents at the
C2-C3 level, where the labeling plane is typically placed,
often result in false postoperative hypoperfusion caused
by distortion artifact from the metal in the stent that
interferes with the tagging of the blood protons. Indeed,
this artifact disappears when the labeling plane is moved
under the stent [9].

Optimal PLD selection is crucial for accurate CBF
quantification, particularly in patients with prolonged
arterial transit times, such as those with carotid stenosis.
An insufficient PLD may underestimate CBF, while an
excessively long PLD can lead to signal loss due to T;
decay [27]. Multi-PLD ASL can account for transit time
variations, though it requires longer scan times and
greater complexity. Visual assessment methods, such as
dual-PLD ASL, have shown promise in differentiating
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ATA signals from true hyperperfusion in post-operative
ASL [24], highlighting the need for further exploration of
multi-PLD approaches in clinical practice.

Interestingly, ASL has also revealed differences in CBF
dynamics following different revascularization proce-
dures. Postoperative CBF increases peak at different
times: 48 h after CAS and 72h after CEA, with more
pronounced increases in the frontal and parietal lobes
ipsilateral to the stenosis [14, 21]. These findings suggest
that post-procedural monitoring protocols may need to be
tailored to account for different high-risk CH time win-
dows. However, these differences diminish over time, with
no significant regional CBF disparities between CAS and
CEA patients at one-month post-procedure—aligning
with values observed in healthy individuals [3].

Limitations
This systematic review presents some limitations that
should be considered when interpreting the results.

Firstly, significant heterogeneity was present in the dif-
ferent ASL protocols across the included studies.

The included studies demonstrated consistent trends,
mainly the ability to detect perfusion deficits and hyper-
perfusion risk, as well as the ability to assess collaterals.
However, substantial variability in ASL protocols and
patient populations limits direct comparability.

ASL suffers from substantial variability in acquisition
parameters, including labeling strategies, PLDs, and
readout schemes, as well as in post-processing meth-
odologies. These inconsistencies complicate direct com-
parisons between studies and may affect the robustness of
the conclusions. Additionally, ASL has an inherently low
signal-to-noise ratio, making image processing and
quantitative analysis challenging. The relatively weak
perfusion signal and physiological and technical noise
further contribute to the intrinsic variability of ASL-based
CBF quantification. Absolute perfusion values are also
influenced by multiple factors such as age, sex, circulatory
velocity, blood pressure, drugs or vasoactive substances
(e.g., caffeine), sleep/wake cycle, mood, and heart failure.
Overall, variability in CBF measurements remains a sig-
nificant concern, influenced by the factors mentioned.
Inter-session variability in individual CBF measurements
can be around 5%, with variations over weeks reaching
10-20% [28].

Additional sources of bias include variability in scanner
models (1.5 T vs. 3.0 T), timing of revascularization rela-
tive to imaging, and the proportion of symptomatic vs.
asymptomatic patients across studies, which may influ-
ence the perfusion outcomes of our results.

Second, there was limited use of some specific techni-
ques, such as the VE-ASL, which allows selective assess-
ment of perfusion in specific vascular territories targeted,
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mainly due to the lack of standardized implementation of
this sequence across MRI vendors, as well as the need for
operator expertise to select the appropriate targeted
artery. These factors hinder its routine use, despite its
potential value in improving non-invasive evaluation of
extracranial and intracranial circulation, linked to tech-
nical complexity, lack of standardized protocols, and
insufficient clinician familiarity.

Lastly, many of the included studies had a small sample
size cohort and were single-center study designs. Overall,
these factors may limit the generalizability of the findings
to broader and more diverse populations and, while ASL
demonstrates promise in the aforementioned specific
clinical scenarios, the evidence remains exploratory.
Robust validation in prospective cohorts is essential to
translate these findings into practice.

Strength of analysis and synthesis of the results

The strength of our analysis lies in the fact that all studies
have demonstrated a similar ability of the sequence to
show a reduction in downstream flow distal to the
extracranial stenosis. Although the studies were not spe-
cifically designed to detect differences between sympto-
matic and asymptomatic patients, they did not report
significant baseline or post-treatment differences between
these groups. The most consistently reported finding was
that various methods confirmed that a severe reduction in
flow, measured as a large hypoperfused hypoperfusion
area, as well as the presence of ATA, are both associated
with complications such as hyperperfusion syndrome.

Future directions

Understanding ASL findings in cases of extracranial ste-
nosis provides a valuable foundation for extending its
application to intracranial arterial stenosis. As seen in
patients with extracranial stenosis, a high volume perfused
by the stenotic artery and the severity of hypoperfusion may
indicate a hyperperfusion syndrome, which may determine
the treatment indication. Current evidence doesn’t support
the systematic revascularization of patients with sympto-
matic intracranial atherosclerotic disease; thus, ASL would
add new useful information for clinical practice.

Further studies are needed to evaluate the role of ASL in
patients with intracranial stenosis, particularly for char-
acterizing perfusion deficits and guiding therapeutic
decisions.

Conclusions

Our systematic review highlights the ability of ASL to
assess cerebral perfusion changes in carotid artery ste-
nosis before and after revascularization treatments. This
enables the identification of patients at risk for cerebral
hyperperfusion syndrome and allows for the preoperative
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evaluation of collateral blood flow, thereby potentially
improving clinical decision-making.

While ASL shows promise in assessing treatment
response and in risk stratification for CH and collateral
assessment, further research is needed to determine its
role in identifying the risk of future stroke in patients with
asymptomatic carotid artery stenosis.
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