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Abstract

Background: Atherosclerosis of the middle cerebral artery (MCA) is a major contributor to ischemic stroke, and infarcts confined to
the perforator territory can produce considerable neurological dysfunction even when the affected volume is comparatively small. As
the severity of luminal narrowing measured by conventional methods does not, on its own, account for the variety of observed infarc-
tion patterns, additional contributions from plaque remodeling and plaque vulnerability are likely. High-resolution magnetic resonance
imaging (HR-MRI) permits fine-grained characterization of intracranial plaques. The present work was undertaken to examine how the
positive remodeling index (PRI) of MCA atherosclerotic plaques relates to perforator-territory infarction and to provide a preliminary
appraisal of the value of PRI for stratifying the risk of this infarct subtype. Methods: Patients admitted to our institution between Jan-
uary 2021 and December 2024 with acute ischemic stroke attributable to MCA atherosclerosis were reviewed retrospectively, yielding
283 cases. Each patient completed both conventional MRI and HR-MRI vessel wall imaging. Based on where the infarct was located,
patients were separated into a perforator-territory infarction group (n = 127) and a non-perforator-territory infarction group (n = 156).
The cross-sectional vessel area at the culprit lesion and at the reference segment were quantified from HR-MRI, from which the PRI was
derived. Clinical and imaging variables showing an independent relationship with perforator-territory infarction were identified through
univariate followed by multivariable logistic regression. The apparent discrimination of PRI was summarized using receiver operating
characteristic (ROC) analysis, and the stability of the derived cutoff was examined by bootstrap resampling together with stratified 10-
fold cross-validation. The added value of the PRI was judged using net reclassification improvement (NRI), integrated discrimination
improvement (IDI), and decision curve analysis (DCA). Results: PRI values were greater among patients with perforator-territory in-
farction than among those without. In the multivariable model, perforator-territory infarction was independently linked to the PRI (odds
ratio [OR] = 8.67, 95% confidence interval [CI]: 3.42−21.98, p < 0.001), diabetes mellitus (OR = 2.18, 95% CI: 1.21−3.92, p = 0.009),
homocysteine (OR = 1.03, 95% CI: 1.00−1.05, p = 0.032), severe stenosis (OR = 2.45, 95% CI: 1.38−4.35, p = 0.002), marked enhance-
ment (OR = 2.32, 95% CI: 1.28−4.21, p = 0.006), and intraplaque hemorrhage (OR = 1.95, 95% CI: 1.09−3.49, p = 0.025). Used alone,
the PRI achieved moderate discrimination, with an area under the curve (AUC) of 0.728 (95% CI: 0.670−0.786). After internal valida-
tion, the bootstrap-corrected AUC was 0.716 (95% CI: 0.654−0.775) and the stratified 10-fold cross-validated AUC was 0.714 (95% CI:
0.650−0.777). A Youden-based cutoff of PRI = 1.12 was identified post hoc from the ROC curve, and bootstrap resampling located this
threshold predominantly within the 1.10−1.14 interval. Incorporating the PRI into the base model raised the AUC from 0.794 to 0.832
(p = 0.018), accompanied by a continuous NRI of 0.318 (95% CI: 0.154−0.482) and an IDI of 0.061 (95% CI: 0.028−0.094) (both p <
0.001). Conclusions: Among patients with MCA atherosclerotic stroke, a higher PRI was independently related to perforator-territory
infarction. Within this single-center retrospective cohort, the PRI demonstrated moderate discriminative capacity and may represent a
candidate HR-MRI vessel wall imaging marker for risk stratification. Confirmation of its threshold and its place in clinical practice will
require multicenter prospective investigation and validation in independent samples.
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1. Introduction
Acute ischemic stroke remains a major cause of death

and disability worldwide, and intracranial atherosclerosis
accounts for an important proportion of ischemic stroke eti-
ologies in Asian populations [1,2]. Infarcts in the deep per-
forator territory of the middle cerebral artery (MCA) may
involve functional regions such as the basal ganglia and in-
ternal capsule; even when lesion volume is relatively small,
they may cause neurological deficits or early neurologi-
cal deterioration [3,4]. The degree of conventional lumi-
nal stenosis cannot fully explain differences in infarction
patterns among patients, suggesting that plaque phenotype
and vascular remodeling may provide additional informa-
tion for risk stratification.

High-resolution magnetic resonance imaging (HR-
MRI) vessel wall imaging can depict wall information be-
yond conventional luminal imaging, including plaque bur-
den, enhancement, hemorrhage, and vascular remodeling,
thereby providing an imaging basis for interpreting dif-
ferent infarction patterns under similar degrees of stenosis
[5,6]. Previous studies have suggested that MCA plaque
remodeling patterns, vulnerable plaque features, and white
matter lesion burden may be associated with perforator-
related ischemic events or stroke risk stratification; how-
ever, the independent association between the positive re-
modeling index (PRI) and perforator-territory infarction re-
quires further validation [7,8]. Therefore, this study used
HR-MRI vessel wall imaging to analyze the association be-
tween PRI of MCA atherosclerotic plaques and perforator-
territory infarction and to preliminarily evaluate its risk-
stratification value.

2. Materials and Methods
2.1 Study Population

This retrospective study drew on patients who were
admitted to our institution for acute ischemic stroke during
the period from January 2021 through December 2024.

To be enrolled, a patient had to satisfy all of the fol-
lowing: (1) being at least 18 years of age; (2) undergoing
HR-MRI within 7 days of symptom onset; (3) imaging ev-
idence of an acute infarct within the MCA territory; (4)
an HR-MRI vessel wall study demonstrating an atheroscle-
rotic plaque in the ipsilateral MCA; and (5) availability of
complete clinical and imaging records. The 7-day ceiling
on the onset-to-examination interval was adopted chiefly
because the cohort comprised acute ischemic stroke pa-
tients, and acute-phase diffusion-weighted imaging (DWI)
and fluid-attenuated inversion recovery (FLAIR) localize
newly formed infarcts with reasonable consistency. More-
over, assigning the type of deep MCA infarct depends on
jointly considering the acute infarct appearance and the ter-
ritory supplied by the culprit artery [9,10]. Confining the
imaging window in this way additionally limits how much
differing treatment timing, evolving plaque enhancement,

and progression of the infarct can compromise the consis-
tency of image interpretation.

A patient was excluded if any of the following applied:
(1) infarction of a non-atherosclerotic origin, for example
cardioembolism, dissection of an artery, moyamoya dis-
ease, or vasculitis; (2) HR-MRI of inadequate quality, such
as pronounced motion or flow artifacts or a low signal-to-
noise ratio that obscured the vessel wall margins; (3) severe
(≥70%) stenosis of both MCAs or acute infarction within
both MCA territories; (4) serious cardiac, hepatic, or re-
nal dysfunction, or malignancy; (5) a history of contrast-
agent allergy or any contraindication to contrast administra-
tion, including severe renal impairment with an estimated
glomerular filtration rate below 30 mL/min/1.73 m2; and
(6) the lack of an acceptable reference vessel segment on
either the proximal or the distal side of the plaque.

Application of these criteria left 283 patients for the
final cohort.

2.2 Clinical Data Collection
Baseline demographic and clinical information was

retrieved for every patient, covering sex, age, and any
history of hypertension, diabetes mellitus, hyperlipidemia,
smoking, or prior stroke or transient ischemic attack (TIA).
A patient was regarded as hypertensive if hypertension had
been diagnosed previously, or if, in the absence of anti-
hypertensive treatment, the systolic pressure reached 140
mmHg or higher and/or the diastolic pressure reached 90
mmHg or higher [11]. Diabetesmellitus was recordedwhen
a prior diagnosis existed or when the American Diabetes
Association thresholds were met, namely a fasting glucose
of at least 7.0 mmol/L, glycated hemoglobin of at least
6.5%, or a random glucose of at least 11.1 mmol/L [12].
Hyperlipidemia was assigned on the basis of a previous
diagnosis or, following lipid-management guidance, a to-
tal cholesterol of at least 5.2 mmol/L, low-density lipopro-
tein cholesterol of at least 3.4 mmol/L, or triglycerides
of at least 1.7 mmol/L [13]. Patients were classified as
having a smoking history if they currently smoked or had
stopped less than one year earlier. A previous stroke or
TIA was verified against earlier discharge diagnoses, out-
patient notes, or imaging findings. The admission Na-
tional Institutes of Health Stroke Scale (NIHSS) score was
documented, and the onset-to-examination time was taken
as the span between symptom onset and the completion
of HR-MRI. Laboratory measurements obtained for analy-
sis comprised fasting glucose, glycated hemoglobin, total
cholesterol, triglycerides, low-density lipoprotein choles-
terol, high-density lipoprotein cholesterol, homocysteine,
and high-sensitivity C-reactive protein, all of which were
assayed within 24 h of admission.
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2.3 Imaging Examination
2.3.1 Conventional Magnetic Resonance Imaging (MRI)

Imaging for all participants was carried out on a single
3.0 T MRI system (SIGNA Pioneer, GE Healthcare, Mil-
waukee, WI, USA) equipped with a dedicated 20-channel
head coil. The conventional protocol comprised axial T1-
weighted imaging (T1WI), T2-weighted imaging (T2WI),
FLAIR, and DWI, with DWI acquired by an echo-planar
sequence at b values of 0 and 1000 s/mm2. Reported as rep-
etition time (TR) and echo time (TE), the parameters were
as follows: T1WI, TR 550 ms and TE 12 ms; T2WI, TR
3500 ms and TE 100 ms; and FLAIR, TR 8500 ms and TE
150 ms, each with a 5-mm slice thickness, a 1-mm inter-
slice gap, a 240 mm × 240 mm field of view, and a 256 ×
256 matrix. For DWI, TR was 3000 ms and TE 90 ms, with
the same 5-mm slice thickness and 1-mm gap, a 240 mm ×
240 mm field of view, and a 128 × 128 matrix.

2.3.2 High-Resolution MRI Vessel Wall Imaging
Once the affected vessel had been localizedwith three-

dimensional time-of-flight magnetic resonance angiogra-
phy (3D-TOFMRA), acquired on the same 3.0 TMRI unit,
HR-MRI vessel wall imaging of the culprit MCA was per-
formed. Coverage extended across the whole M1 segment,
running from the MCA origin to the M1/M2 bifurcation, so
that the diseased vessel together with its proximal and dis-
tal reference segments was captured. The acquisition con-
sisted of axial T1WI, T2WI, and proton density-weighted
imaging (PDWI), as well as contrast-enhanced T1WI ob-
tained perpendicular to the course of the vessel. The corre-
sponding parameters were T1WI (TR 800 ms, TE 15 ms),
T2WI (TR 3200 ms, TE 50 ms), and PDWI (TR 2500 ms,
TE 30 ms), with a 2-mm slice thickness, no interslice gap,
a 150 mm × 150 mm field of view, a 320 × 320 matrix,
and a voxel size of 0.47 mm × 0.47 mm × 2 mm. Prior
to the enhanced sequence, each patient was routinely ques-
tioned about contrast-agent allergy and had renal function
checked. The contrast-enhanced acquisition began 5 min
after an intravenous bolus of gadopentetate dimeglumine
(0.1 mmol/kg) delivered at 2 mL/s, which was chased by a
20 mL saline flush at the identical rate. Every patient suc-
cessfully underwent the enhanced examination.

2.3.3 Classification of Infarction Type
The pattern of infarction was judged from DWI and

FLAIR images [14,15] and sorted into four categories. A
perforator-territory infarct was one situated within the deep
perforator (lenticulostriate) territory of the MCA, encom-
passing lesions of the basal ganglia and internal capsule
whose largest dimension stayed below 20 mm across each
of the three orthogonal DWI planes (axial, coronal, and
sagittal). A watershed infarct lay in the border zone shared
by the MCA and either the anterior or the posterior cere-
bral artery territory. A cortical/subcortical infarct affected
the cortex or the subcortical white matter supplied by the

MCA. A mixed infarct denoted concurrent involvement of
two or more of these regions. For the analyses that fol-
lowed, a mixed infarct that reached the perforator terri-
tory was counted within the perforator-territory infarction
group, whereas one sparing that territory was placed in the
non-perforator-territory infarction group. Two neuroradi-
ologists, each with over five years of experience in inter-
preting stroke imaging and each unaware of the quanti-
tative HR-MRI plaque measurements, independently clas-
sified infarction type from the DWI and FLAIR images.
Where their assessments diverged, a third senior neurora-
diologist reviewed the case and a consensus was reached.

2.4 HR-MRI Image Analysis and Measurement of Plaque
Parameters

Two neuroradiologists skilled in neurovascular wall
imaging carried out the quantitative HR-MRI plaque mea-
surements independently (reader A had 10 years of diag-
nostic neuroimaging experience and 6 years specific to HR-
MRI vessel wall imaging; reader B had 8 and 5 years,
respectively). Ahead of measurement, a study coordina-
tor used the clinical presentation together with DWI, 3D-
TOFMRA, andHR-MRI to designate the culprit-sideMCA
and the candidate lesion segment, then handed the readers
that vessel segment with all infarction-type labels stripped
away. Throughout the quantitative work, both readers re-
mained masked to each patient’s clinical history, labora-
tory values, and ultimate infarction-type assignment. Anal-
ysis was conducted with dedicated vascular software (Ves-
selMass, version 2021; Leiden University Medical Center,
Leiden, The Netherlands).

2.4.1 Plaque Localization and Assessment of Stenosis
Severity

A plaque was deemed the culprit when it sat in the
ipsilateral M1 segment that matched the acute infarct, oc-
cupied the same vascular pathway as the DWI-delineated
acute lesion, and could account for the ischemia in the
downstream territory. When more than one plaque was
found in the ipsilateral MCA, preference was given to the
lesion that combined the tightest stenosis, the largest plaque
burden, and the closest spatial agreement with the perfo-
rator orifice or its supplied region. If the point of max-
imal stenosis did not coincide with the slice of maximal
plaque burden, two neuroradiologists arrived at a joint de-
cision by referring to DWI, 3D-TOF MRA, and the mul-
tisequence HR-MRI dataset. Any case in which the culprit
plaque remained uncertain was dropped from the final anal-
ysis. The degree of intracranial stenosis was computed with
the standardized approach proposed in theWarfarin-Aspirin
Symptomatic Intracranial Disease (WASID) study and was
graded as mild, moderate, or severe in line with the grad-
ing conventions widely applied to symptomatic intracranial
arterial stenosis [16,17].
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2.4.2 Definition of Reference Vessel and Measurement of
Vessel Parameters

A reference segment was taken to be a comparatively
normal portion of vessel lying 5−10 mm proximal and dis-
tal to the plaque margin that was free of focal plaque, ab-
normal enhancement, and calcified low signal and that had
a maximum wall thickness under 1.0 mm. Wall thickness
was gauged on sections cut perpendicular to the vessel’s
long axis and was defined as the greatest perpendicular sep-
aration between the external elastic lamina and the luminal
margin. It was sampled at the 12-, 3-, 6-, and 9-o’clock
positions as well as at the site judged visually thickest,
with the largest of these taken as that slice’s maximum wall
thickness. Qualifying segments had to be present on both
the proximal and distal sides; whenever an acceptable seg-
ment was missing on either side, the patient was excluded.
The reference vessel area was obtained from the qualify-
ing proximal and distal segments and averaged before being
used to compute PRI [18,19].

On the slice showing the largest plaque, the external
elastic lamina (EEL) and the lumen contour were traced
by hand, after which the software derived the vessel area
(VA), lumen area (LA), wall area (WA = VA − LA), and
plaque burden (PB =WA /VA× 100%) automatically. Each
reference segment was independently verified by the two
masked readers, and any proximal or distal segment exhibit-
ing diffuse thickening, abnormal enhancement, or indistinct
margins was excluded from the PRI calculation.

2.4.3 Calculation of Positive Remodeling Index
VA, LA, WA, PB, and the remodeling index were

quantified in keeping with expert consensus guidance on in-
tracranial arterial vessel wall MRI and with earlier reports
on intracranial arterial remodeling. PRI was expressed as
the vessel area at the lesion divided by the reference ves-
sel area, that is, PRI = VA lesion / VA reference. A PRI
above 1.0 denoted positive remodeling, while a PRI at or
below 1.0 indicated the absence of positive remodeling or
negative remodeling [20,21].

2.4.4 Analysis of Plaque Characteristics
Enhancement of the plaque was assessed quantita-

tively on contrast-enhanced T1WI. On the slice with the
largest plaque, three regions of interest (ROIs) of roughly 2
mm2 each were placed to record the signal intensity of the
plaque (SI_plaque) and that of the adjacent ipsilateral brain
parenchyma (SI_brain). The enhancement ratio was com-
puted as (postcontrast SI_plaque − precontrast SI_plaque)
/ precontrast SI_plaque × 100%, and the plaque-to-brain
signal intensity ratio, termed the contrast ratio (CR), was
obtained as CR = postcontrast SI_plaque / postcontrast
SI_brain. Enhancement was then graded from these val-
ues: no enhancement when the enhancement ratio fell be-
low 10%; mild enhancement when the ratio reached 10%
or more while CR stayed under 0.8; and marked enhance-

ment when CR was 0.8 or above. Plaque enhancement,
intraplaque hemorrhage, lipid-rich necrotic core, and cal-
cification were each ascertained from the signal behavior
across the multisequence vessel wall images, applying an
interpretive scheme consistent with that adopted in investi-
gations of the spatial relationship betweenMCA perforator-
related infarction and plaque [22].

2.5 Statistical Analysis

SPSS 26.0 (IBM Corp., Armonk, NY, USA) and R
4.3.2 (R Foundation for Statistical Computing, Vienna,
Austria) served as the analytical platforms. The distribu-
tion of continuous variables was checked for normality with
the Shapiro-Wilk test, and variance homogeneity was ex-
amined with Levene’s test. Continuous variables that were
normally distributed with homogeneous variances are re-
ported as mean ± standard deviation and were contrasted
between groups by the independent-samples t test, whereas
those departing from normality are summarized as median
with interquartile range [M(P25, P75)] and were compared
by the Mann-Whitney U test. Categorical data appear as
counts with percentages [n (%)] and were tested with the χ2
test or, when appropriate, Fisher’s exact test. Missing val-
ues were addressed by a complete-case strategy. During
screening, patients whose key clinical details, laboratory
results, or core imaging measurements were missing and
could not be confirmed from the electronic medical record
were removed at the outset. Because the 283 patients ulti-
mately analyzed had complete data for every principal mod-
eling variable—outcome, PRI, stenosis grade, plaque en-
hancement, intraplaque hemorrhage, diabetes mellitus, and
homocysteine—no multiple imputation was undertaken.
The screening sequence and the waymissing variables were
distributed are shown in the patient flow diagram and an ac-
companying table (Fig. 1; Supplementary Table 1).

Factors potentially related to perforator-territory in-
farction were first explored by univariable logistic regres-
sion. Those reaching p < 0.10 in that step, supplemented
by age, sex, and stenosis grade, were carried forward into
the multivariable logistic model. Collinearity was checked
before model entry: when two variables were strongly cor-
related or when the variance inflation factor (VIF) pointed
to instability, the one offering greater clinical interpretabil-
ity, more reproducible measurement, or a steadier link with
the outcome was kept, and a discarded collinear variable
was never co-entered with its counterpart. Model building
proceeded by stepwise backward elimination, and its fit was
appraised with the Hosmer-Lemeshow test.

ROC curves were generated and the correspond-
ing AUCs reported with 95% confidence intervals (CIs).
Within the present dataset, the best PRI cutoff was fixed
post hoc as the point maximizing the Youden index on the
ROC curve; this value served only for exploratory strati-
fication and presentation and was not a clinical threshold
specified in advance of the study. AUCs were compared
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Fig. 1. Patient screening flowchart.

by the DeLong test. The stability of both the AUC and the
cutoff was probed with 1000 bootstrap resamples, and the
robustness of PRI alone as a discriminator was checked by
stratified 10-fold cross-validation. The incremental con-
tribution of PRI beyond the base clinical-imaging model
was quantified through the net reclassification improve-
ment (NRI), the integrated discrimination improvement
(IDI), and decision curve analysis (DCA). The overall anal-
ysis plan, the variable-selection approach, the treatment of
collinearity, the internal validation, the sensitivity analyses,
and the NRI/IDI/DCA procedures were each independently
scrutinized by a statistician versed in clinical research
methodology. Every test was two-sided, and statistical sig-
nificance was set at p < 0.05. This retrospective observa-
tional study was reported in accordance with the STROBE
statement, and the completed STROBE checklist is pro-
vided as Supplementary Material-STROBE_Checklist.

3. Results
3.1 Patient Screening and Baseline Characteristics

During the study period, 421 patients with acute is-
chemic stroke in the MCA territory were screened. After
excluding 49 patients with no ipsilateral MCA atheroscle-
rotic plaque or with a non-MCA culprit vessel and 25 pa-
tients who did not complete HR-MRI within 7 d after onset,
347 patients entered the HR-MRI eligibility assessment.
Additional exclusions were non-atherosclerotic etiology (n
= 21), poor image quality (n = 14), bilateral severe MCA
stenosis or bilateral acute infarction (n = 8), severe cardiac,
hepatic, or renal dysfunction or malignant tumor (n = 6),
contrast contraindication (n = 5), lack of a qualified refer-
ence vessel segment (n = 7), and missing key data (n = 3).
Finally, 283 complete cases were included in the analysis
(Fig. 1; Supplementary Table 1).

A total of 283 patients were included, compris-
ing 127 in the perforator-territory infarction group and
156 in the non-perforator-territory infarction group. The
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Table 1. Baseline clinical characteristics of the patients.

Clinical characteristic
Overall
(n = 283)

Perforator group
(n = 127)

Non-perforator group
(n = 156)

Statistic p value

Age, years 61.5 ± 10.8 62.8 ± 10.3 60.4 ± 11.1 t = 1.838 0.067
Male [n (%)] 186 (65.7) 88 (69.3) 98 (62.8) χ2 = 1.323 0.250
Hypertension [n (%)] 215 (76.0) 106 (83.5) 109 (69.9) χ2 = 7.120 0.008
Diabetes mellitus [n (%)] 128 (45.2) 71 (55.9) 57 (36.5) χ2 = 10.640 0.001
Hyperlipidemia [n (%)] 167 (59.0) 78 (61.4) 89 (57.1) χ2 = 0.550 0.458
Smoking history [n (%)] 142 (50.2) 68 (53.5) 74 (47.4) χ2 = 1.078 0.298
Previous stroke/transient ischemic attack [n (%)] 89 (31.4) 45 (35.4) 44 (28.2) χ2 = 1.756 0.185
National institutes of health stroke scale score
[M(P25, P75)]

5 (3, 8) 4 (2, 6) 6 (4, 9) Z = –4.125 <0.001

Time from onset to high-resolution magnetic res-
onance imaging, d [M(P25, P75)]

3 (2, 5) 3 (2, 4) 3 (2, 5) Z = –1.012 0.312

Fasting blood glucose (mmol/L) 6.2 ± 2.1 6.6 ± 2.3 5.9 ± 1.9 t = 2.759 0.006
Glycated hemoglobin (%) 6.4 ± 1.3 6.7 ± 1.5 6.2 ± 1.2 t = 3.008 0.003
Total cholesterol (mmol/L) 4.8 ± 1.2 4.9 ± 1.3 4.7 ± 1.1 t = 1.327 0.185
Triglycerides (mmol/L) [M(P25, P75)] 1.6 (1.2, 2.3) 1.7 (1.3, 2.5) 1.5 (1.1, 2.1) Z = –2.034 0.042
Low-density lipoprotein cholesterol (mmol/L) 2.9 ± 0.9 3.0 ± 0.9 2.8 ± 0.8 t = 1.745 0.082
High-density lipoprotein cholesterol (mmol/L) 1.2 ± 0.3 1.1 ± 0.3 1.2 ± 0.3 t = –1.530 0.127
Homocysteine (μmol/L) [M(P25, P75)] 14.2 (10.5, 19.8) 16.1 (11.8, 21.5) 13.1 (9.8, 18.2) Z = –2.652 0.008
High-sensitivity C-reactive protein (mg/L)
[M(P25, P75)]

3.8 (1.5, 8.2) 4.5 (2.1, 9.6) 3.2 (1.2, 6.8) Z = –2.428 0.015

Note: The perforator group refers to the perforator-territory infarction group, and the non-perforator group refers to the non-perforator-
territory infarction group. n, number of cases; %, percentage; M(P25, P75), median (25th percentile, 75th percentile); t, independent-samples
t-test statistic; χ2, chi-square test statistic; Z, standardized statistic of theMann-WhitneyU test; p value, two-sided probability of significance.

two groups differed significantly in hypertension, dia-
betes mellitus, NIHSS score, fasting blood glucose, gly-
cated hemoglobin, triglycerides, homocysteine, and high-
sensitivity C-reactive protein. Overall, hypertension, dia-
betes mellitus, andmetabolic-inflammatory indicators were
higher in the perforator-territory infarction group, whereas
NIHSS scores were lower than in the non-perforator-
territory infarction group. Age, sex, hyperlipidemia, smok-
ing history, previous stroke/TIA, time from onset to HR-
MRI examination, total cholesterol, low-density lipoprotein
cholesterol, and high-density lipoprotein cholesterol did not
differ significantly between groups (all p > 0.05) (Table 1).

3.2 HR-MRI Vessel Wall Imaging Characteristics

The perforator-territory infarction group had a higher
proportion of severe stenosis and higher VA, WA, PB,
PRI, proportion of PRI > 1.0, plaque enhancement ratio,
plaque/brain signal intensity ratio, marked enhancement,
intraplaque hemorrhage, and lipid-rich necrotic core than
the non-perforator-territory infarction group, whereas LA
was lower in the perforator-territory infarction group (all p
< 0.05). No significant differences were observed in refer-
ence vessel area or calcification proportion between the two
groups (both p > 0.05) (Table 2).

A random sample of 60 patients was selected for re-
producibility analysis. The interobserver intraclass corre-

lation coefficients (ICCs) for lesion VA, reference vessel
area, LA, WA, PB, PRI, plaque enhancement ratio, and CR
were 0.91, 0.89, 0.90, 0.90, 0.90, 0.88, 0.87, and 0.86,
respectively; the corresponding intraobserver ICCs were
0.94, 0.92, 0.93, 0.93, 0.93, 0.91, 0.90, and 0.89. The in-
terobserver Kappa coefficients for marked enhancement,
intraplaque hemorrhage, lipid-rich necrotic core, and cal-
cification ranged from 0.78 to 0.86, and the intraobserver
Kappa coefficients ranged from 0.82 to 0.90, indicating
good reproducibility of quantitative and qualitative HR-
MRI evaluations (Supplementary Table 2).

3.3 Multivariable Logistic Regression Analysis

Variables with p < 0.10 in univariable analysis, to-
gether with age, sex, and stenosis severity, were en-
tered into the multivariable analysis. Collinearity diag-
nostics showed high collinearity between fasting blood
glucose and glycated hemoglobin, between VA and WA,
between WA and PB, between plaque enhancement ra-
tio and plaque/brain signal intensity ratio, and between
plaque/brain signal intensity ratio and marked enhance-
ment. Variables with stronger clinical interpretability and
more stable associations with the outcome were ultimately
retained. After adjustment, PRI, diabetes mellitus, homo-
cysteine, severe stenosis, marked enhancement, and in-
traplaque hemorrhage were independently associated with
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Table 2. Comparison of high-resolution magnetic resonance imaging vessel wall parameters and plaque characteristics between
groups.

Imaging parameter
Perforator group

(n = 127)
Non–perforator group

(n = 156)
Statistic p value

Stenosis grade [n (%)] Pearson χ2 = 8.651 0.013
Mild (<50%) 18 (14.2) 39 (25.0)
Moderate (50%−69%) 30 (23.6) 46 (29.5)
Severe (70%−99%) 79 (62.2) 71 (45.5)

Reference vessel area (mm2) 12.3 ± 2.8 12.1 ± 2.6 t = 0.611 0.542
Vessel area (mm2) 14.6 ± 3.5 12.8 ± 3.1 t = 4.578 <0.001
Lumen area (mm2) 4.8 ± 2.1 5.6 ± 2.3 t = –3.011 0.003
Wall area (mm2) 9.8 ± 2.4 7.2 ± 2.1 t = 9.652 <0.001
Plaque burden (%) 67.1 ± 12.3 56.3 ± 13.8 t = 6.875 <0.001
Positive remodeling index (PRI) 1.18 ± 0.21 1.06 ± 0.18 t = 5.164 <0.001
PRI >1.0 [n (%)] 100 (78.7) 86 (55.1) Pearson χ2 = 17.326 <0.001
Plaque enhancement ratio (%) 45.8 ± 18.6 32.4 ± 17.2 t = 6.221 <0.001
Plaque/brain signal intensity ratio (contrast ratio [CR]) 0.89 ± 0.25 0.72 ± 0.23 t = 5.926 <0.001
Plaque enhancement grade [n (%)] Pearson χ2 = 21.430 <0.001
No enhancement 12 (9.4) 35 (22.4)
Mild enhancement 38 (29.9) 68 (43.6)
Marked enhancement 77 (60.6) 53 (34.0)

Intraplaque hemorrhage [n (%)] 68 (53.5) 52 (33.3) Pearson χ2 = 11.708 0.001
Lipid-rich necrotic core [n (%)] 91 (71.7) 87 (55.8) Pearson χ2 = 7.569 0.006
Calcification [n (%)] 42 (33.1) 48 (30.8) Pearson χ2 = 0.171 0.679
Note: CR, contrast ratio; n, number of cases; %, percentage; t, independent-samples t-test statistic; Pearson χ2, Pearson chi-square test
statistic; p value, two-sided probability of significance. Stenosis grade was categorized as mild (<50%), moderate (50%−69%), and severe
(70%−99%) according to stenosis rate.

perforator-territory infarction (all p < 0.05) (Table 3). Uni-
variable logistic regression analysis is shown in Supple-
mentary Table 3.

3.4 Discriminative Ability, Internal Validation, and
Incremental Value

ROC curve analysis showed that PRI had moderate
discriminative ability for perforator-territory infarction. Its
discriminative ability was higher than that of stenosis sever-
ity and plaque burden but lower than that of the multivari-
able model (all p < 0.05) (Fig. 2; Table 4). Bootstrap re-
sampling and stratified 10-fold cross-validation suggested
mild optimism in the discriminative performance of PRI
as a single indicator but overall stability. PRI = 1.12 was
a post hoc ROC-derived Youden cutoff, and bootstrap re-
sampling showed that this cutoff was mainly distributed
between 1.10 and 1.14. The AUC of the base model was
0.794 (95% CI: 0.741−0.847), and the AUC of the base
model + PRI was 0.832 (95% CI: 0.783−0.881); the De-
Long test showed a statistically significant difference be-
tween the two models (p = 0.018). The continuous NRI
was 0.318 (95% CI: 0.154−0.482), and the IDI was 0.061
(95%CI: 0.028−0.094) (both p < 0.001). DCA showed that
within a threshold probability range of 0.20−0.70, the base
model + PRI generally had a higher net benefit than the base
model. This result reflects only the potential clinical incre-

mental value within the sample of the present study (Fig. 3;
Table 4).

3.5 PRI Threshold Stratification and Sensitivity Analyses

Threshold-stratified analysis based on PRI = 1.12
showed that the proportion of perforator-territory infarc-
tion was higher in the high-PRI group than in the low-
PRI group, and this trend was consistent in both severe
stenosis and non-severe stenosis subgroups (all p < 0.001)
(Supplementary Table 4). Sensitivity analyses showed
that when glycated hemoglobin was substituted for diabetes
mellitus, CR was substituted for marked enhancement, PB
was included instead of area-related variables, or the model
of clinical variables + stenosis severity + PRI was used,
the direction and statistical significance of the independent
association between PRI and perforator-territory infarction
remained consistent (Supplementary Table 5).

4. Discussion
This study used HR-MRI vessel wall imaging to sys-

tematically analyze plaque characteristics in 283 patients
with MCA atherosclerotic stroke. The results showed
that PRI was higher in patients with perforator-territory
infarction than in those with non-perforator-territory in-
farction. After adjustment for diabetes mellitus, homo-
cysteine, stenosis severity, plaque enhancement, and in-
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Table 3. Multivariable logistic regression analysis of perforator-territory infarction.
Variable β SE OR 95% CI p value

Diabetes mellitus 0.779 0.298 2.18 1.21–3.92 0.009
Homocysteine 0.026 0.012 1.03 1.00–1.05 0.032
Severe stenosis 0.895 0.290 2.45 1.38–4.35 0.002
Positive remodeling index (PRI) 2.160 0.473 8.67 3.42–21.98 <0.001
Marked enhancement 0.843 0.307 2.32 1.28–4.21 0.006
Intraplaque hemorrhage 0.668 0.298 1.95 1.09–3.49 0.025
Note: Logistic regression refers to binary logistic regression. β, regression co-
efficient; SE, standard error; OR, odds ratio; CI, confidence interval; p value,
two-sided probability of significance.

Table 4. Discriminative ability, internal validation, and incremental value of positive remodeling index (PRI).
Indicator Value Statistical method p value/Remark

PRI apparent AUC 0.728 (95% CI: 0.670–0.786) ROC Not applicable
PRI bootstrap-corrected AUC 0.716 (95% CI: 0.654–0.775) 1000 bootstrap resamples Not applicable
PRI 10-fold cross-validated AUC 0.714 (95% CI: 0.650–0.777) Stratified 10-fold cross-validation Not applicable
PRI cutoff stability Median 1.12 (IQR: 1.10–1.14);

72.6% located between 1.10 and
1.14

1000 bootstrap resamples +
Youden index

Not applicable

Base model AUC 0.794 (95% CI: 0.741–0.847) ROC Not applicable
Base model + PRI AUC 0.832 (95% CI: 0.783–0.881) ROC/DeLong 0.018
Continuous NRI 0.318 (95% CI: 0.154–0.482) Category-free NRI <0.001
IDI 0.061 (95% CI: 0.028–0.094) IDI <0.001
DCA Within the threshold probability

range of 0.20–0.70, the model + PRI
showed generally higher net benefit

Decision curve analysis Not applicable

Note: AUC, area under the curve; ROC, receiver operating characteristic; IQR, interquartile range; NRI, net reclassification im-
provement; IDI, integrated discrimination improvement; DCA, decision curve analysis; DeLong, nonparametric test for comparing
differences in AUC; p value, two-sided probability of significance.

traplaque hemorrhage, PRI remained independently asso-
ciated with perforator-territory infarction. PRI as a single
indicator showed moderate discriminative ability (AUC =
0.728), and the multivariable model showed good discrimi-
native ability (AUC = 0.832). It should be emphasized that
this study was a single-center retrospective analysis; the
results support statistical association and risk-stratification
value but cannot prove a causal relationship between PRI
and perforator-territory infarction [23].

The epidemiology, pathophysiology, and imaging
manifestations of intracranial atherosclerosis vary across
populations; therefore, the applicability of single-center re-
sults to different regions and patient populations should
be interpreted cautiously [24]. A meta-analysis of vessel
wall imaging showed that features such as plaque enhance-
ment, remodeling, and hemorrhage are associated with the
risk of first-ever or recurrent ischemic events, support-
ing the incorporation of vessel wall information into risk-
stratification frameworks [25]. In symptomatic intracranial
atherosclerosis, HR-MRI features such as plaque enhance-
ment, plaque burden, and remodeling are associated with
recurrent ischemic events, suggesting that stenosis sever-

ity alone may be insufficient for comprehensive risk assess-
ment [26].

This study observed an independent association be-
tween elevated PRI and perforator-territory infarction,
while the perforator-territory infarction group also had
higher proportions of intraplaque hemorrhage, lipid-rich
necrotic core, and marked enhancement. These findings
support the statistical association that positively remodeled
plaques may participate in perforator-territory infarction
risk stratification together with plaque vulnerability. How-
ever, this study did not directly visualize compression, dis-
tortion, or plaque coverage of perforator artery orifices or
in situ thrombosis. Therefore, the explanation that positive
remodeling affects perforator artery orifices should be con-
sidered a mechanistic hypothesis based on previous patho-
logical and imaging studies rather than a conclusion directly
demonstrated by this study.

Diabetes mellitus may influence the progression of
intracranial atherosclerosis through endothelial injury, in-
flammatory responses, and changes in plaque phenotype,
but this study only supports a statistical association be-
tween diabetes mellitus and perforator-territory infarction
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Fig. 2. ROC curves of the PRI, stenosis severity, plaque burden, and multivariable model for perforator-territory infarction.

Fig. 3. DCA of the base model and base model + PRI.

[27]. Elevated homocysteine is associated with ischemic
stroke risk and may involve oxidative stress and vascu-
lar endothelial dysfunction; however, its effect size in this

study was small and should be interpreted cautiously in
the clinical context [28]. Longitudinal vessel wall imaging
studies have suggested that vessel wall signal and stenosis
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status of symptomatic intracranial lesions may change over
time, indicating that a single cross-sectional measurement
cannot fully reflect the dynamic plaque process [29].

Four-dimensional flow magnetic resonance imaging
(4D flow MRI) studies suggest hemodynamic differences
across anatomical locations within the MCA, which may
be related to local plaque formation and distribution [30].
Computational fluid dynamics provides a methodological
basis for evaluating local wall shear stress, pressure gradi-
ents, and flow disturbance and may help further explain the
potential links among plaque remodeling and downstream
ischemic events [31]. Early computational fluid dynamics
studies have shown that hemodynamic parameters of symp-
tomatic intracranial arterial stenosis may be associated with
recurrence risk, providing a basis for future integrated mod-
eling with HR-MRI [32].

Emerging vessel wall MRI markers such as edge-type
hyperintensity may reflect plaque activity and may be com-
bined with PRI to explore risk stratification for perforator-
related ischemia [33]. Interactions may exist between in-
tracranial atherosclerosis and cerebral small vessel disease
imaging manifestations such as white matter hyperintensi-
ties, and these factors may influence the occurrence and
imaging appearance of perforator-territory ischemia [34].
Longitudinal MRI studies of intracranial plaque evolution
and vessel wall remodeling have shown that plaque mor-
phology and remodeling patterns are dynamic, suggesting
that the risk-stratification value of PRI requires further con-
firmation in repeated-measurement studies [35].

Follow-up HR-MRI studies suggest that plaque evo-
lution can predict subsequent ischemic events, providing
a research basis for dynamic monitoring of MCA plaque
phenotype changes [36]. Studies of combined head-and-
neck high-resolution vessel wall imaging (HR-VWI) sug-
gest that intracranial and carotid plaque phenotypes may
jointly influence stroke recurrence risk, and future studies
may further assess the effect of multivessel-bed plaque bur-
den on PRI-based risk stratification [37]. HR-MRI-based
recurrence risk models suggest that combining quantitative
plaque features with clinical variables may improve risk
discrimination, but model generalizability remains depen-
dent on scanning protocols and validation samples [38].

This study has several limitations. First, it was a
single-center retrospective analysis, which may be sub-
ject to selection bias and cannot support causal inference.
Second, PRI = 1.12 was derived from this study dataset
and cannot be directly used as a broad clinical decision-
making threshold. Third, HR-MRI cannot directly visu-
alize all perforator artery orifices or microthrombus for-
mation; therefore, mechanistic explanations should remain
cautious. Fourth, all scans were obtained using the same
scanner and protocol, and applicability across different
scanners, sequence parameters, and populations requires
validation.

Future studies may adopt multicenter prospective de-
signs, include independent validation samples, and com-
bine longitudinal HR-MRI, perforator artery visualization,
4D flow MRI, and computational fluid dynamics to eval-
uate the temporal relationships among plaque remodeling,
local hemodynamic changes, and perforator-territory in-
farction.

5. Conclusions
Elevated PRI of MCA atherosclerotic plaques was in-

dependently associated with perforator-territory infarction.
When combined with plaque enhancement, intraplaque
hemorrhage, and traditional risk factors, PRI improved risk
discrimination within the present study sample. HR-MRI
vessel wall imaging can provide noninvasive imaging in-
formation for assessing MCA plaque remodeling patterns;
however, the cutoff value PRI = 1.12 was derived from this
study dataset and requires external validation before broad
clinical decision-making use.

Availability of Data and Materials
The datasets generated and analyzed during the cur-

rent study are available from the corresponding author on
reasonable request.

Author Contributions
XiaoL, YZ, and XueL conceived and designed the

study. XueL was responsible for project administration,
overall supervision, and critical revision of the manuscript.
XiaoL and YZ contributed equally to this work and were re-
sponsible for data collection, imaging measurement, image
interpretation, statistical analysis, and manuscript drafting.
HZ and CH participated in clinical data collection, imaging
data management, and quality control of the imaging anal-
yses. XueL reviewed and revised the manuscript for impor-
tant intellectual content. All authors contributed to editorial
changes in the manuscript. All authors read and approved
the final manuscript. All authors have participated suffi-
ciently in the work and agreed to be accountable for all as-
pects of the work.

Ethics Approval and Consent to Participate
This study was approved by the Ethics Committee of

Minda Hospital of Hubei Minzu University (Approval No.:
K2026029). The study was conducted in accordance with
the principles of the Declaration of Helsinki. Given the ret-
rospective design and the anonymization of all clinical and
imaging information prior to analysis, the committee deter-
mined that written informed consent was not required.

Acknowledgment
The authors sincerely thank all patients who partici-

pated in this study, as well as the medical staff of the De-
partment of Imaging and the related clinical departments of

10

https://www.imrpress.com


MindaHospital of HubeiMinzuUniversity for their support
in data collection and imaging evaluation.

Funding
This work was supported by the Enshi Prefecture

Science and Technology Plan Project (Grant Number:
E20200006).

Conflicts of Interest
The authors declare no conflicts of interest.

Supplementary Material
Supplementary material associated with this article

can be found, in the online version, at https://doi.org/10.
31083/RN53244.

References
[1] Feigin VL, BraininM, Norrving B,Martins SO, Pandian J, Lind-

say P, et al. World Stroke Organization: Global Stroke Fact
Sheet 2025. International Journal of Stroke: Official Journal
of the International Stroke Society. 2025; 20: 132–144. https:
//doi.org/10.1177/17474930241308142

[2] Tan KS, Pandian JD, Liu L, Toyoda K, Leung TWH, Uchiyama
S, et al. Stroke in Asia. Cerebrovascular Diseases Extra. 2024;
14: 58–75. https://doi.org/10.1159/000538928

[3] Song L, Lou X, Han W, Yang L, Guo S, Jiang Y, et al. Pre-
dictors for unfavorable prognosis after stroke with perforator
artery disease. Frontiers in Neurology. 2024; 15: 1340085. https:
//doi.org/10.3389/fneur.2024.1340085

[4] Kanazawa K, Miyamoto N, Hira K, Kijima C, Hattori N. Rela-
tive score of early neurological deterioration in perforator artery
infarction: a retrospective study. BMC Neurology. 2024; 24:
298. https://doi.org/10.1186/s12883-024-03807-9

[5] Kang DW, Kim DY, Kim J, Baik SH, Jung C, Singh N, et al.
Emerging Concept of Intracranial Arterial Diseases: The Role
of High Resolution Vessel Wall MRI. Journal of Stroke. 2024;
26: 26–40. https://doi.org/10.5853/jos.2023.02481

[6] Wang Z, Gong W, Liu C, Chen R, He Y, Wei S, et al. Associa-
tion between perforator stroke after middle cerebral artery elec-
tive stenting and arterial remodeling patterns: a high-resolution
MRI-based retrospective cohort study. Quantitative Imaging in
Medicine and Surgery. 2024; 14: 8852–8863. https://doi.org/10.
21037/qims-24-143

[7] Li J, Tian Y, Shi Y, Cui Y, Lian J, Liu P. Association of
vulnerable plaques with white matter hyperintensities on high-
resolution magnetic resonance imaging. Quantitative Imaging in
Medicine and Surgery. 2024; 14: 3606–3618. https://doi.org/10.
21037/qims-23-1856

[8] Won SY, Cha J, Choi HS, Kim YD, Nam HS, Heo JH, et al.
High-Resolution Intracranial Vessel Wall MRI Findings Among
Different Middle Cerebral Artery Territory Infarction Types.
Korean Journal of Radiology. 2022; 23: 333–342. https://doi.
org/10.3348/kjr.2021.0615

[9] Adams HP, Jr, Bendixen BH, Kappelle LJ, Biller J, Love BB,
Gordon DL, et al. Classification of subtype of acute ischemic
stroke. Definitions for use in a multicenter clinical trial. TOAST.
Trial of Org 10172 in Acute Stroke Treatment. Stroke. 1993; 24:
35–41. https://doi.org/10.1161/01.str.24.1.35

[10] Bae YJ, Choi BS, Jung C, Yoon YH, Sunwoo L, Bae HJ, et
al. Differentiation of Deep Subcortical Infarction Using High-
Resolution Vessel Wall MR Imaging of Middle Cerebral Artery.
Korean Journal of Radiology. 2017; 18: 964–972. https://doi.or
g/10.3348/kjr.2017.18.6.964

[11] McEvoy JW, McCarthy CP, Bruno RM, Brouwers S, Canavan
MD, Ceconi C, et al. 2024 ESC Guidelines for the management
of elevated blood pressure and hypertension. European Heart
Journal. 2024; 45: 3912–4018. https://doi.org/10.1093/eurheart
j/ehae178

[12] American Diabetes Association Professional Practice Commit-
tee. 2. Diagnosis and Classification of Diabetes: Standards of
Care in Diabetes-2025. Diabetes Care. 2025; 48: S27–S49.
https://doi.org/10.2337/dc25-S002

[13] Mach F, Koskinas KC, Roeters van Lennep JE, Tokgözoğlu L,
Badimon L, Baigent C, et al. 2025 Focused Update of the 2019
ESC/EAS Guidelines for the management of dyslipidaemias.
European Heart Journal. 2025; 46: 4359–4378. https://doi.org/
10.1093/eurheartj/ehaf190

[14] López-Cancio E, Matheus MG, Romano JG, Liebeskind DS,
Prabhakaran S, Turan TN, et al. Infarct patterns, collaterals and
likely causative mechanisms of stroke in symptomatic intracra-
nial atherosclerosis. Cerebrovascular Diseases (Basel, Switzer-
land). 2014; 37: 417–422. https://doi.org/10.1159/000362922

[15] Min WK, Park KK, Kim YS, Park HC, Kim JY, Park SP, et
al. Atherothrombotic middle cerebral artery territory infarction:
topographic diversity with common occurrence of concomitant
small cortical and subcortical infarcts. Stroke. 2000; 31: 2055–
2061. https://doi.org/10.1161/01.str.31.9.2055

[16] Samuels OB, Joseph GJ, LynnMJ, Smith HA, Chimowitz MI. A
standardized method for measuring intracranial arterial stenosis.
AJNR. American Journal of Neuroradiology. 2000; 21: 643–
646.

[17] Chimowitz MI, Lynn MJ, Derdeyn CP, Turan TN, Fiorella
D, Lane BF, et al. Stenting versus aggressive medical therapy
for intracranial arterial stenosis. The New England Journal of
Medicine. 2011; 365: 993–1003. https://doi.org/10.1056/NEJM
oa1105335

[18] Mandell DM, Mossa-Basha M, Qiao Y, Hess CP, Hui F, Ma-
touk C, et al. Intracranial Vessel Wall MRI: Principles and Ex-
pert Consensus Recommendations of the American Society of
Neuroradiology. AJNR. American Journal of Neuroradiology.
2017; 38: 218–229. https://doi.org/10.3174/ajnr.A4893

[19] Qiao Y, Anwar Z, Intrapiromkul J, Liu L, Zeiler SR, Leigh R, et
al. Patterns and Implications of Intracranial Arterial Remodeling
in Stroke Patients. Stroke. 2016; 47: 434–440. https://doi.org/
10.1161/STROKEAHA.115.009955

[20] Zhang DF, Chen YC, Chen H, ZhangWD, Sun J, Mao CN, et al.
A High-ResolutionMRI Study of Relationship between Remod-
eling Patterns and Ischemic Stroke in Patients with Atheroscle-
rotic Middle Cerebral Artery Stenosis. Frontiers in Aging Neu-
roscience. 2017; 9: 140. https://doi.org/10.3389/fnagi.2017.
00140

[21] Zhu T, Ren L, Zhang L, Shao Y, Wan L, Li Y, et al. Com-
parison of plaque characteristics of small and large subcortical
infarctions in the middle cerebral artery territory using high-
resolution magnetic resonance vessel wall imaging. Quantita-
tive Imaging in Medicine and Surgery. 2021; 11: 57–66. https:
//doi.org/10.21037/qims-20-310

[22] Liao S, Deng Z, Wang Y, Jiang T, Kang Z, Tan S, et al. Different
Mechanisms of Two Subtypes of Perforating Artery Infarct in
the Middle Cerebral Artery Territory: A High-Resolution Mag-
netic Resonance Imaging Study. Frontiers in Neurology. 2018;
9: 657. https://doi.org/10.3389/fneur.2018.00657

[23] Chen LH, Spagnolo-Allende A, Yang D, Qiao Y, Gutierrez J.
Epidemiology, Pathophysiology, and Imaging ofAtherosclerotic
Intracranial Disease. Stroke. 2024; 55: 311–323. https://doi.org/
10.1161/STROKEAHA.123.043630

[24] Panagiotopoulos E, Stefanou MI, Magoufis G, Safouris A, Kar-
giotis O, Psychogios K, et al. Prevalence, diagnosis and man-

11

https://doi.org/10.31083/RN53244
https://doi.org/10.31083/RN53244
https://doi.org/10.1177/17474930241308142
https://doi.org/10.1177/17474930241308142
https://doi.org/10.1159/000538928
https://doi.org/10.3389/fneur.2024.1340085
https://doi.org/10.3389/fneur.2024.1340085
https://doi.org/10.1186/s12883-024-03807-9
https://doi.org/10.5853/jos.2023.02481
https://doi.org/10.21037/qims-24-143
https://doi.org/10.21037/qims-24-143
https://doi.org/10.21037/qims-23-1856
https://doi.org/10.21037/qims-23-1856
https://doi.org/10.3348/kjr.2021.0615
https://doi.org/10.3348/kjr.2021.0615
https://doi.org/10.1161/01.str.24.1.35
https://doi.org/10.3348/kjr.2017.18.6.964
https://doi.org/10.3348/kjr.2017.18.6.964
https://doi.org/10.1093/eurheartj/ehae178
https://doi.org/10.1093/eurheartj/ehae178
https://doi.org/10.2337/dc25-S002
https://doi.org/10.1093/eurheartj/ehaf190
https://doi.org/10.1093/eurheartj/ehaf190
https://doi.org/10.1159/000362922
https://doi.org/10.1161/01.str.31.9.2055
https://doi.org/10.1056/NEJMoa1105335
https://doi.org/10.1056/NEJMoa1105335
https://doi.org/10.3174/ajnr.A4893
https://doi.org/10.1161/STROKEAHA.115.009955
https://doi.org/10.1161/STROKEAHA.115.009955
https://doi.org/10.3389/fnagi.2017.00140
https://doi.org/10.3389/fnagi.2017.00140
https://doi.org/10.21037/qims-20-310
https://doi.org/10.21037/qims-20-310
https://doi.org/10.3389/fneur.2018.00657
https://doi.org/10.1161/STROKEAHA.123.043630
https://doi.org/10.1161/STROKEAHA.123.043630
https://www.imrpress.com


agement of intracranial atherosclerosis in White populations: a
narrative review. Neurological Research and Practice. 2024; 6:
54. https://doi.org/10.1186/s42466-024-00341-4

[25] Zhang J, Sun B, Wang H, Shi H, Wen Q, Mossa-Basha M, et al.
Intracranial atherosclerotic plaque features on vessel wall imag-
ing predict first ever and recurrence of stroke: a meta-analysis.
European Radiology. 2025; 35: 5017–5026. https://doi.org/10.
1007/s00330-025-11451-1

[26] Yuan W, Liu X, Yan Z, Wu B, Lu B, Chen B, et al. Associ-
ation between high-resolution magnetic resonance vessel wall
imaging characteristics and recurrent stroke in patients with in-
tracranial atherosclerotic steno-occlusive disease: A prospec-
tive multicenter study. International Journal of Stroke: Official
Journal of the International Stroke Society. 2024; 19: 569–576.
https://doi.org/10.1177/17474930241228203

[27] Mo YQ, Luo HY, Zhang HW, Liu YF, Deng K, Liu XL, et al.
Investigating the relationship between intracranial atheroscle-
rotic plaque remodelling and diabetes using high-resolution ves-
sel wall imaging. World Journal of Diabetes. 2024; 15: 72–80.
https://doi.org/10.4239/wjd.v15.i1.72

[28] Pinzon RT, Wijaya VO, Veronica V. The role of homocysteine
levels as a risk factor of ischemic stroke events: a systematic
review and meta-analysis. Frontiers in Neurology. 2023; 14:
1144584. https://doi.org/10.3389/fneur.2023.1144584

[29] Kang DW, Kim J, Kim DY, Baik SH, Jung C, Menon BK, et al.
Temporal changes in symptomatic intracranial arterial disease: a
longitudinal high-resolution vessel wall imaging study. Frontiers
in Neurology. 2025; 16: 1583857. https://doi.org/10.3389/fneu
r.2025.1583857

[30] Jiang P, Liu L, Qiao H, Xu X, Zheng Y, Lin L, et al. Anatomi-
cal location-related hemodynamic variations are associated with
atherosclerosis in the middle cerebral artery: a preliminary
cross-sectional 4D flow and 3D vessel wall MRI study. Quanti-
tative Imaging in Medicine and Surgery. 2025; 15: 3585–3601.
https://doi.org/10.21037/qims-24-1733

[31] Liu Y, Li S, Liu H, Tian X, Liu Y, Li Z, et al. Clinical implica-
tions of haemodynamics in symptomatic intracranial atheroscle-
rotic stenosis by computational fluid dynamics modelling: a sys-

tematic review. Stroke and Vascular Neurology. 2025; 10: 16–
24. https://doi.org/10.1136/svn-2024-003202

[32] Leng X, Scalzo F, Ip HL, Johnson M, Fong AK, Fan FSY, et
al. Computational fluid dynamics modeling of symptomatic in-
tracranial atherosclerosis may predict risk of stroke recurrence.
PloS One. 2014; 9: e97531. https://doi.org/10.1371/journal.po
ne.0097531

[33] Li H, Chen S, Liu J, Li Y, Zhou C, Guo B, et al. Edge-
Type Hyperintense Intracranial Artery Plaque: A Potential MRI
Biomarker of Stroke Recurrence. Journal of Magnetic Reso-
nance Imaging: JMRI. 2024; 60: 2030–2039. https://doi.org/10.
1002/jmri.29252

[34] Zhang GS, Bu W, Meng LH, Li WJ, Dong YJ, Cao XY, et al.
The correlation between intracranial atherosclerosis and white
matter hyperintensities in cerebral small vessel disease: a high-
resolution magnetic resonance imaging study. Frontiers in Neu-
rology. 2025; 15: 1485921. https://doi.org/10.3389/fneur.2024.
1485921

[35] Guo Y, Canton G, BaylamGeleri D, Balu N, Sun J, Kharaji M, et
al. Plaque Evolution and Vessel Wall Remodeling of Intracranial
Arteries: A Prospective, Longitudinal Vessel Wall MRI Study.
Journal of Magnetic Resonance Imaging: JMRI. 2024; 60: 889–
899. https://doi.org/10.1002/jmri.29185

[36] Yao W, Chen H, Huang K, Peng W, Zhang X, Yang D, et
al. Atherosclerotic plaque evolution predicts cerebral ischemic
events in patients with intracranial atherosclerosis: a mul-
ticentre longitudinal study using high-resolution MRI. Euro-
pean Radiology. 2025; 35: 3238–3248. https://doi.org/10.1007/
s00330-024-11248-8

[37] Shao S, Wang T, Zhu L, Gao Y, Fan X, Lu Y, et al. Correlation of
intracranial and extracranial carotid atherosclerotic plaque char-
acteristics with ischemic stroke recurrence: a high-resolution
vessel wall imaging study. Frontiers in Neurology. 2025; 15:
1514711. https://doi.org/10.3389/fneur.2024.1514711

[38] Zhao J, Zhao X, Peng Z, Liu J. Amodel based on high-resolution
magnetic resonance vessel wall imaging for predicting stroke re-
currence in patients with symptomatic intracranial atherosclero-
sis. Quantitative Imaging in Medicine and Surgery. 2025; 15:
10422–10432. https://doi.org/10.21037/qims-2025-1201

12

https://doi.org/10.1186/s42466-024-00341-4
https://doi.org/10.1007/s00330-025-11451-1
https://doi.org/10.1007/s00330-025-11451-1
https://doi.org/10.1177/17474930241228203
https://doi.org/10.4239/wjd.v15.i1.72
https://doi.org/10.3389/fneur.2023.1144584
https://doi.org/10.3389/fneur.2025.1583857
https://doi.org/10.3389/fneur.2025.1583857
https://doi.org/10.21037/qims-24-1733
https://doi.org/10.1136/svn-2024-003202
https://doi.org/10.1371/journal.pone.0097531
https://doi.org/10.1371/journal.pone.0097531
https://doi.org/10.1002/jmri.29252
https://doi.org/10.1002/jmri.29252
https://doi.org/10.3389/fneur.2024.1485921
https://doi.org/10.3389/fneur.2024.1485921
https://doi.org/10.1002/jmri.29185
https://doi.org/10.1007/s00330-024-11248-8
https://doi.org/10.1007/s00330-024-11248-8
https://doi.org/10.3389/fneur.2024.1514711
https://doi.org/10.21037/qims-2025-1201
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Study Population
	2.2 Clinical Data Collection
	2.3 Imaging Examination
	2.3.1 Conventional Magnetic Resonance Imaging (MRI)
	2.3.2 High-Resolution MRI Vessel Wall Imaging
	2.3.3 Classification of Infarction Type

	2.4 HR-MRI Image Analysis and Measurement of Plaque Parameters
	2.4.1 Plaque Localization and Assessment of Stenosis Severity
	2.4.2 Definition of Reference Vessel and Measurement of Vessel Parameters
	2.4.3 Calculation of Positive Remodeling Index
	2.4.4 Analysis of Plaque Characteristics

	2.5 Statistical Analysis

	3. Results
	3.1 Patient Screening and Baseline Characteristics
	3.2 HR-MRI Vessel Wall Imaging Characteristics
	3.3 Multivariable Logistic Regression Analysis
	3.4 Discriminative Ability, Internal Validation, and Incremental Value
	3.5 PRI Threshold Stratification and Sensitivity Analyses

	4. Discussion
	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest
	Supplementary Material
	References

