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The impact of cerebral vessels morphological
alteration and white matter hyperintensities
burden on the one-year risk of ischemic stroke
recurrence
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Abstract

Purpose To assess the associations between cerebral vessels morphological features, white matter hyperintensities
(WMHs), and the one-year risk of ischemic stroke recurrence.

Methods A total of 677 patients diagnosed with acute ischemic stroke from January 2018 to April 2021 were
consecutively enrolled. Head computed tomography angiography (CTA) and magnetic resonance imaging including
fluid-attenuated inversion recovery (FLAIR), were obtained on admission. Cerebral vessels morphological features
such as volume, length, radius, density, tortuosity, branch complexity, and degree of stenosis were extracted and
calculated using CTA data. Additionally, automated segmentation was employed for delineating WMHs lesions

based on FLAIR images. By incorporating clinical characteristics, six predictive models were developed using Cox
proportional hazards analysis to estimate the one-year risk of stroke recurrence. The performance of these models was
evaluated by comparing the concordance index (C-index).

Results The study found significant associations between the lack of antiplatelet therapy at discharge, reduced
length and branching of cerebral vessels, and increased burden of WMHSs, with a higher one-year risk of recurrent
ischemic stroke (all P<0.05). The integrated model demonstrated superior prognostic capability (C-index: 0.750; 95%
Cl: 0.684-0.817), outperforming models based solely on clinical characteristics (C-index: 0.636; 95% Cl: 0.555-0.717),
cerebral vessels morphology (C-index: 0.601; 95% Cl: 0.526-0.676), and WMHSs burden (C-index: 0.680; 95% Cl:
0.603-0.757).

Conclusion The quantitative assessment of cerebral vessels morphological features and WMHSs provides a promising
neuroimaging tool for estimating the one-year risk of ischemic stroke recurrence. The incorporation of cerebral vessels
morphological features enhances the predictive accuracy.
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Introduction
Stroke is a prominent contributor to mortality and mor-
bidity on a global scale, serving as a significant catalyst
for cognitive impairment and functional disability [1, 2].
It is estimated that ischemic strokes account for approxi-
mately 87% of all stroke cases [3]. Though significant
progress has been made in the individualized antithrom-
botic therapy, standardized risk factors controlling and
stenting in the secondary prevention for ischemic stroke,
there remains a persistent risk of stroke recurrence, with
1.9-6% within the first 3 months and 7.2-8.0% within
the first one year. A randomized, double-blind, placebo-
controlled trial [4] was conducted at 202 centers in China
involving patients with a minor ischemic stroke or tran-
sient ischemic attack (TIA) who carried CYP2C19 loss-
of-function alleles. Stroke occurred within 90 days in 191
patients (6.0%) in the ticagrelor group and 243 patients
(7.6%) in the clopidogrel group. An investigator-initiated,
open-label trial [5] at 103 sites in 15 countries demon-
strated that recurrent ischemic stroke occurred in 14
participants (1.4%) in the early initiation of direct oral
anticoagulants group and 25 participants (2.5%) in the
later initiation of direct oral anticoagulants group by 30
days and in 18 participants (1.9%) and 30 participants
(3.1%), respectively, by 90 days. Recurrent strokes are
widely acknowledged as being more frequently associ-
ated with fatality and disability compared to initial events
[6, 7]. Therefore, recognizing other factors influencing
stroke recurrence is warranted to provide new manage-
ment strategy for reducing the relapse of ischemic stroke.
A recent investigation demonstrated that decreased
arterial branch density, increased mean radius and mean
tortuosity were associated with aging in population aged
45 to 54 years after adjusting for vascular risk factors,
suggesting the potential significance of early preservation
of cerebrovascular morphologies for preventing cerebro-
vascular disease [8]. Zhang et al. [9] demonstrated that
arterial tortuosity is associated with spontaneous cervico-
cerebral artery dissection, a significant cause of ischemic
stroke that frequently occurs in young and middle-aged
patients. Similarly, previous studies have shown the rela-
tionships between geometric features of intracranial
arteries and the distribution and burden of atheroscle-
rotic plaques, revealing the importance of cerebrovascu-
lar morphologies in the development of ischemic stroke
[10, 11]. Hence, it is convinced to hypothesize that there
are associations between cerebrovascular morphologies
and the recurrence of ischemic stroke, where the mor-
phological features of cerebral vessels include vascular
volume fraction, branch point density, vessels diameter,

length, and tortuosity. Besides, a meta-analysis includ-
ing 104 studies has shown that moderate-severe white
matter hyperintensities (WMHs) at baseline increased
the risk of recurrent ischemic stroke [12], and increased
WMHs lesion volume was reported to be associated
with reduced vessels density and tortuosity, as well as
enlarged radius [13]. There is evidence linking cerebro-
vascular morphological changes to WMHs, as demon-
strated in studies involving young adults where WMHs
lesion counts were found to be associated with cerebral
vessels densities [13, 14]. Nevertheless, the specific link
between cerebral vessels morphology alterations and
WMHs in stroke patients, as well as the comprehensive
relationship among WMHs, cerebrovascular vessels mor-
phology alterations, and stroke recurrence, has not been
researched.

Hence, this investigation aims to explore the relation-
ships between cerebrovascular morphological alterations,
WMHs, and the recurrence of strokes. By conducting a
one-year follow-up study on patients who have suffered
an ischemic stroke, a predictive model that combines
both cerebrovascular characteristics and WMHs was
aimed to develop to assess the risk of one-year stroke
recurrence.

Materials and methods

Study population

This study was granted approval by the Institutional Eth-
ics Committee of Minhang Hospital, Fudan University,
and the requirement for obtaining informed consent was
waived (approval number: 2022-013-01 K). The study
adhered to the principles outlined in the 1964 Declara-
tion Helsinki and its subsequent revisions.

This study included patients with first-ever ischemic
stroke at our stroke center between January 2018 and
April 2021. Inclusion criteria were as follows: age>18,
ischemic stroke diagnosed by both clinical symptoms
and imaging findings, with an onset within two weeks.
Exclusion criteria encompassed non-first ever stroke
patients, pre-existing neurological or psychiatric disor-
ders, cerebral tumors, history of substance abuse, severe
MRI (magnetic resonance imaging, MRI) artifacts, CTA
artifacts, mortality during follow-up or loss to follow-up.

Clinical data

Demographic and clinical characteristics were collected,
including age, sex, smoking status, alcohol consump-
tion, presence of hypertension, hyperlipidemia, diabe-
tes mellitus and atrial fibrillation. Clinical assessments
included the National Institutes of Health Stroke Scale
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A total of 899 ischemic stroke patients were
enrolled in this study from January 1, 2018 to
April 30,2021
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Exclude n =222

(1) Previous neurological or psychiatric disorder
(n=83)

A total of 677 ischemic stroke patients were
included in final analysis

|
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(2) Severe MRI artifacts (n=12)

(3) Contraindication to MR examination (n=2)
(4) Lost to follow-up (n=116)

(5) Death (n=9)

Recurrence stroke patients
(n=52)

Non-recurrence stroke patients
(n=625)

Fig. 1 Study population flowchart

Table 1 Magnetic resonance sequences parameters

Scanner Sequence TR (ms) TE (ms) Thickness (mm) Spacing (mm) FOV (mm*mm) Matrix

MR 1 Axial TTWI 2259 254 5 1.5 240 *240 256%192
Axial T2WI 5582 1M1 5 1.5 240 *240 256*192
Axial Flair 8589 88.8 5 1.5 240 *240 256%192
Axial DWI 3203 839 5 1.5 240 *240 96*96

MR 2 Axial TTWI 2048 11.96 5 1.5 230 %230 288*192
Axial T2WI 4107 88.2 5 1.5 230*230 288%192
Axial Flair 7500 96.66 5 1.5 230 *230 288%192
Axial DWI 2800 754 5 1.5 230 *230 128%128

TR: repetition time, TE: echo time, FOV: field of view, MR 1: EXCITE HD 1.5 T MRI; GE Healthcare, MR2: uMR780 3.0 T MRI; United Imaging Healthcare

(NIHSS) scores at admission, the Trial of Org 10,172 in
Acute Stroke Treatment (TOAST) classification [15],
acute interventions (thrombolysis, embolectomy), and
medications prescribed post-discharge (antiplatelets,
anticoagulants, statins). Outcomes were measured using
the modified Rankin Scale (mRS) at 90 days post-stroke.
Smoking status was defined as current (=1 cigarette/
day in past year) or former smoker. Alcohol consump-
tion was defined as current (212 g ethanol/day) or for-
mer drinker. Hypertension: systolic BP =140 mmHg and/
or diastolic BP 290 mmHg, or antihypertensive medica-
tion use. Diabetes mellitus: fasting glucose >7.0 mmol/L,
HbAlc>6.5%, or hypoglycemic therapy. Hyperlipidemia:
total cholesterol>6.2 mmol/L, LDL>4.1 mmol/L, or
lipid-lowering medication. A study flow chart detailing
these components is depicted in Fig. 1.

Head CTA acquisition
A comprehensive CTA protocol was employed using
the SOMATOM Force CT scanner (Siemens Medical

Solutions), involving NCCT and CTA of the head and
neck. A contrast agent (320 mg iodine/mL; Jiangsu Hen-
grui Medicine Co., Ltd., Jiangsu, China) was administered
intravenously, followed by a saline flush, with parameters
adjusted for optimal imaging quality as detailed in the
protocol.

Brain MRI acquisition

MRI data were acquired using two scanners: the EXCITE
HD 1.5 T MRI (GE Healthcare) and the uMR780 3.0 T
MRI (United Imaging Healthcare). The protocol com-
prised axial T2-weighted imaging, T1-weighted imaging
(T1-WI), T2FLAIR (fluid-attenuated inversion recovery),
and diffusion-weighted imaging (DWI). Detailed scan
parameters are provided in Table 1.

Outcome assessment

Recurrent ischemic stroke was defined as the emergence
of a novel neurological deficit or deterioration of an exist-
ing neurological deficit accompanied by newly identified
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discrete lesions on DWI [16]. All instances of ischemic
stroke recurrence were confirmed at our stroke center or
documented in diagnostic reports from other stroke cen-
ters. We assessed the mRS at 90 days and documented
stroke recurrence within one year after the qualifying
event in-person or by telephone interviews with patients
or their caregivers.

Cerebral vessels segmentation

Cerebrovascular segmentation was performed on head
CTA image following these steps: (1) Enhancement of
blood vessels structures was achieved using the Jerman
enhancement filter [13, 17], which advanced the multi-
scale Hessian filtering with a novel enhancement function
and promoted better and uniformed responses for vessels
of different sizes and varying contrast, e.g. at bifurcations;
(2) The enhanced vascular image was then binarized as
the initial segmentation mask for CTA, level-set method,
which allowed multi-object segmentation in one plane,
was conducted to obtain the accurate boundary of ves-
sels for each CTA slice; (3) The segmentation outcomes
were preliminarily evaluated by two experienced neuro-
radiologists to configure batch processing parameters,
followed by a thorough visual inspection to identify and
correct deficiencies such as insufficient vascular branches
or non-vascular tissue inclusions. (4) Final adjustments
were made manually using ITK-SNAP software (http://
www.itk-snap.org), ensuring accuracy in the segmented

Original CTA

Correction

Auto Vessels Mask

Auto Brain Mask
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cerebral vessels images (All cerebral vessels segmentation
details were shown in Fig. 2).

Cerebral vessels morphology features extraction

The segmentation results of intracranial blood vessels
were obtained by combining the segmentation results of
blood vessels with brain masks, enabling direct calcula-
tion of vascular volume and cerebral vascular density.
The Skeleton 3D toolbox (Skeleton3D Calculates the
3D skeleton of an arbitrary binary volume using parallel
medial axis thinning. Detailed code is available at: https:/
/github.com/phi-max/skeleton3d-matlab) was utilized to
extract the centerline of blood vessels from the segmen-
tation results, facilitating the calculation of vessels length
feature. Morphological features including cerebral vessels
volume, length, radius, density, tortuosity, and branch-
ing were quantified. Cerebral vascular density is defined
as the ratio between segmented intracranial arterial vol-
ume from CTA and brain volume. Cerebral vessels radius
represents the distance from a point on the centerline to
the outermost boundary of blood vessels, where average
radius denotes an overall calculation for all points on the
centerline. Cerebral vessels tortuosity quantifies twisting
through a ratio between shortest path length and actual
length. Blood vessels branch number refers to bifurcation
points in blood vessels (Definition of Cerebral Vessels
Morphology Features was shown in Fig. 3). Each individ-
ual’s radius distribution (or histogram) comprises radius

Intracranial Vessels

Correction Vessels Mask

Fig. 2 Cerebral vessels segmentation pipeline. The Jerman enhancement filter highlighted blood vessels structures. An automatic segmentation tech-
nique then merged the CTA data with the enhanced images using a level-set-based approach. ITK-SNAP software verified the accuracy of the segmented
images. The segmentation results of intracranial blood vessels were integrated with brain masks to calculate vascular volume and cerebral vascular den-
sity. Finally, the Skeleton 3D toolbox extracted the centerlines of blood vessels, enabling accurate vessels length calculation
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Branch

Radius

Vessel Morphology

Fig. 3 Definition of Cerebral Vessels Morphology Features. (1) Cerebral Vessels Density: Ratio of segmented intracranial arterial volume (derived from CTA)
to total brain volume. (2) Vessel Radius: Distance from the vessel centerline to the outermost boundary. Average radius is computed as the mean value
across all centerline points. (3) Vessel Tortuosity: Ratio of the shortest path length to the actual vessel length. (4) Branch Number: Total count of bifurcation
points in the vascular network. Note: CTA=Computed Tomography Angiography. Schematic diagram created by the authors to illustrate morphological

feature definitions and do not represent specific patient data

values at all points along their respective centerlines. All
data processing was performed on MATLAB (version
2019a, MathWorks, Natick, Massachusetts, USA).

WMHs segmentation and extraction

We employed an automated deep learning-based pipeline
for WMH segmentation and extraction, implemented as
follows:

Our study utilizes the nnU-Net deep learning frame-
work  (https://github.com/MIC-DKFZ/nnUNet) [18],
nnU-Net is a state-of-the-art, self-configuring frame-
work for biomedical image segmentation that automates
the entire pipeline, including preprocessing, network
architecture design, training, and postprocessing. Then,
we trained with manually annotated T1-WI and FLAIR
images from our previous studies [19, 20]. The trained
model is subsequently employed for the segmenta-
tion and extraction of white matter hyperintensities in
our study. Furthermore, by referencing the brain region
divisions in the UBO Detector [21], we obtain the peri-
ventricular (PV-WMHs) and deep white matter hyper-
intensities (D-WMHs), as well as the white matter
hyperintensities in the frontal, temporal, parietal, occipi-
tal lobes, brainstem and cerebellum. A distance threshold
of 10 mm from the ventricular border was employed to
identify PV-WMHs and deep white matter hyperinten-
sities D-WMHs [21]. The volumes of PV-WMHs (PV-
WMHYV), D-WMHs(D-WMHYV), and WMHs in different
lobes were quantified. In cases where one hemisphere
was affected by infarct lesions that also exhibited hyper-
intensities, we referred to the contralateral hemisphere
to minimize confusion. A total of 14 WMHYV parameters
were obtained (Table 2).

The study acquired a comprehensive set of six vessels
morphology features, encompassing volume, length,
radius, density, tortuosity, and branching. Moreover, the

degree of stenosis in the offending vessels on the same
hemisphere as the infarction lesion (including segments
C1-C7 of the internal carotid artery, A1-A3 of the ante-
rior cerebral artery, M1-M2 of the middle cerebral artery,
and P1-P2 of the posterior cerebral artery) was evaluated
by two neuroradiologists. The stenotic vessels were cat-
egorized into 4 groups by the grade of stenosis: normal
(<30%), mild (30-49%), moderate (50-69%), or severe
(=70%) [22].

Statistical analysis

The statistical analysis was performed with R software
(version 3.6.2, http://www.R-project.org). The rms pa
ckage was used for Cox proportional hazards regres-
sion, nomograms, and decision curve analysis (DCA).
The Hmisc package was used for comparisons between
C-indexes. The reported statistical significance levels
were all two-sided, with a P-value <0.05 representing sta-
tistical significance.

We applied Spearman correlation for evaluating rela-
tionships between WMHs volume and cerebral vessels
features. Group differences based on recurrent stroke
presence were assessed via the Mann-Whitney U and
chi-square or Fisher’s exact tests as appropriate. All con-
tinuous variables, including WMHY, vessels morphology
features and age, were classified into high-risk or low-risk
groups according to stroke recurrence event by using
Kaplan-Meier survival analysis, whose optimal threshold
was identified corresponding to the minimum P-value.
Multivariate Cox hazards regression (backward step-
down selection) was used to select the features and con-
struct the prediction model. The clinical characteristics
model (model 1), the cerebral vessels morphology fea-
tures model (model 2), the clinical characteristics com-
bined with vessels morphology features model (model
3), the quantitative WMHs model (model 4), the clinical
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Table 2 Demographic, clinical, cerebral vessels morphological and white matter hyperintensities characteristics in acute ischemic
stroke patients

Variables Non-recurrence  Recurrence P
(n=625,92.3%) (n=52,7.7%)
Age (years) / 652+115 678+11.0 0.12
Gender Male 439 (70.24%) 37 (71.15%) 0.89
Female 186 (29.76%) 15 (28.85%)
Drinking n (%) 100 (16.00%) 4 (7.69%) 0.11
Smoking n (%) 236 (37.76%) 19 (36.54%) 0.86
Hypertension n (%) 430 (68.80%) 36 (69.23%) 0.95
Diabetes mellitus n (%) 242 (38.72%) 23 (44.23%) 043
Hyperlipidemia n (%) 173 (27.68%) 15 (28.85%) 0.86
Atrial fibrillation n (%) 52 (8.32%) 3(5.77%) 0.52
Stroke subtype (TOAST) LAA 280 (44.80%) 29 (55.77%) 0.23
CE 43 (6.88%) 6 (11.54%)
SVO 254 (40.64%) 14 (26.92%)
Other 7(1.12%) 0 (0.00%)
Underdetermined 41 (6.56%) 3(5.77%)
NIHSS / 324294 3.1+£25 0.88
mRS at 90days / 10+£14 08+1.0 0.29
Thrombolysis n (%) 44 (7.04%) 1 (1.92%) 0.16
Embolectomy n (%) 3(0.48%) 0 (0.00%) 0.62
Anticoagulants administered post-discharge n (%) 20 (3.20%) 3(5.77%) 033
Antiplatelets administered post-discharge n (%) 576 (92.16%) 43 (82.69%) 0.02
Cerebral vessels morphological features Volume (mm?3) 63+4.7 54+24 0.05
Length (mm) 129+6.7 109453 0.03
Radius (mm) 1.0£0.1 1.0+0.1 0.46
Tortuosity (ratio) 14+0.1 14+0.1 037
Dense (ratio) 0.008+0.003 0.007£0.003 0.07
Branch (count) 8.6+6.1 6.8+38 0.02
Arterial Stenosis Normal (n, %) 315 (50.40%) 21 (40.38%) 0.15
Mild (n, %) 138 (22.08%) 11 (21.15%)
Moderate (n, %) 78 (12.48) 9 (17.30%)
Serve (n, %) 94 (15.04%) 11 (21.15%)
The volume of white matter hyperintensities volume Whole Brain WMHSs volume(mm?) 120+89 14.7+7.1 0.04
periventricular WMHs volume (mm?) 36.2+20.7 440+20.5 <0.01
Deep WMH volume (mm?) 71474 88+5.7 0.13
Left frontal lobe WMHSs volume (mm?) 45+75 45+42 0.96
Right frontal lobe WMHSs volume (mm?) 9.5+12.8 125+123 0.10
Left temporal lobe WMHSs volume (mm?) 3.8+69 39+63 0.96
Right temporal WMHs volume (mm?) 42+87 42+8.1 0.97
Left parietal lobe WMHs volume (mm?) 76+8.1 10.8+10.2 <0.01
Right parietal lobe WMHSs volume (mm?) 94+99 122+102 0.05
Left occipital lobe WMHs volume (mm?) 88+10.7 96+99 0.64
Right occipital lobe WMHSs volume (mm?) 46+6.7 40433 0.56
Left cerebellum WMHs volume (mm?3) 06+06 03+05 0.64
Right cerebellum WMHs volume (mm?) 06+05 03+04 0.60
Brainstem WMHs volume (mm?3) 74+03 52+0.7 0.68

TOAST: Trial of Org 10,172 in Acute Stroke Treatment; LAA: large artery atherosclerosis; CE: cardioembolic; SVO: small vessels occlusion; NIHSS: the National Institutes
of Health Stroke Scale score; mRS: modified Rankin Scale; WMHs: white matter hyperintensities

P-values: < 0.01 for values below 0.01

characteristics combined with WMHs model (model The performance of the six different models was com-
5), and the integrated model of WMHs, cerebral vessels pared. The Harrell concordance index (C-index) was
and clinical characteristics (model 6) were ultimately calculated to demonstrate the discrimination perfor-
constructed. mance, along with the concordance probability estimate
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considering the high degree of censoring in our data (1
indicates perfect concordance; 0.5 indicates no better
concordance than chance) [23]. The optimal prediction
model nomogram was presented. Additionally, a DCA
was employed to assess the clinical utility of the predic-
tive models.

Results

Demographic and clinical characteristics

Among the 899 subjects with ischemic stroke, 222 were
excluded from the study because of the following rea-
sons: (1) previous neurological or psychiatric disorders
(n=83); (2) severe MRI artifacts (n=12); (3) contraindi-
cation to MR examination (n=2); (4) lost to follow-up
(n=116) and (5) death (z=9).

Consequently, a total of 677 patients were included in
the final analysis, with a mean age of 65.4+11.46 years.
Among them, 52 patients (7.7%) experienced recurrence
of ischemic stroke within one year after the qualify-
ing event. Regarding the subtype of ischemic stroke, the
one-year recurrence rates for large artery atherosclero-
sis (LAA), cardioembolic (CE), small vessels occlusion
(SVO), other causes, and undetermined causes were
9.4%, 12.2%, 5.2%, 0%, and 6.8% respectively. Patients
with recurrent stroke (mean age: 67.8 + 10.96) were older
than those without recurrence (mean age: 65.22 + 11.486).
There were no significant differences observed between
the recurrence and non-recurrence groups in terms of
smoking status, alcohol consumption, presence of hyper-
tension, hyperlipidemia, diabetes mellitus, atrial fibrilla-
tion, NIHSS score on admission, stroke subtype, mRS at
90 days or anticoagulants administered post-discharge
(Table 2). However, we did find that lack of antiplatelets
administered post-discharge was associated with a higher
risk of recurrence (P <0.05) (Table 2).

The correlation between WMHV and morphological
features of cerebral vessels

The analysis revealed a negative correlation between
WMHY in various spatial distributions and the volume,
length, density, and branching of cerebral vessels. Con-
versely, cerebral vessels tortuosity and radius showed a
positive correlation with WMHYV. (Fig. 4).

Prediction model construction

Six prediction models were constructed to assess stroke
recurrence risk, with their performances detailed in
Table 3. Survival curves for the models are depicted in
Fig. 5.

Model 1 utilized multiple Cox proportional hazard
regression analysis, revealing that post-discharge anti-
platelet use was significantly associated with a reduced
stroke recurrence risk (Hazard Ratio [HR]=0.323, 95%
Confidence Interval [CI]: 0.151-0.691, P=0.004).
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Model 2 indicated, through similar analysis, that an
increased number of cerebral vessels branches was sig-
nificantly associated with a lower risk of recurrence
(HR=0.921, 95% CI: 0.861-0.986, P=0.018).

In Model 3, antiplatelet therapy post-discharge
(HR=0.333, 95% CI: 0.154—0.721, P=0.005) and a higher
number of cerebral vessels branches (HR=0.910, 95% CI:
0.848-0.976, P=0.008) were identified as significant pre-
dictors for reduced stroke recurrence risk.

Model 4 findings, through multiple Cox regression,
demonstrated significant associations of D-WMHV
(HR=0.696, 95% CI: 0.548-0.885, P=0.003) and WMHYV
in various brain regions with recurrence risk, highlight-
ing specific areas like the right frontal (HR=1.046, 95%
CIL 1.000-1.094, P=0.048) and bilateral parietal lobes
(right parietal lobes: HR=1.128, 95% CI: 1.049-1.213,
P=0.031; left parietal lobes: HR=1.058, 95% CI: 1.005—
1.113, P=0.001) as significant factors.

In Model 5, stroke subtype (HR =0.759, 95% CI: 0.593—
0.972, P=0.029), post-discharge antiplatelet therapy
(HR=0.421, 95% CI: 0.204-0.870, P=0.019), and specific
WMHV metrics like D-WMHV (HR=0.646, 95% CI:
0.501-0.834, P=0.001) and WMHYV in frontal and pari-
etal lobes(right frontal lobes: HR =1.055, 95% CI: 1.008—
1.105, P=0.021; right parietal lobes: HR=1.077, 95%
CI: 1.020-1.136; left parietal lobes: HR=1.162, 95%Cl:
1.073-1.260, all P<0.05) were found to significantly
influence recurrence risk.

Model 6 integrated several variables including cere-
bral vessels length (HR=0.943, 95%CI:0.895-0.992,
P=0.024), stroke subtype (HR=0.757, 95% CI: 0.592—
0.967, P=0.026), antiplatelet therapy post-discharge
(HR=0.311, 95% CI: 0.142-0.680, P=0.003), and WMHV
in multiple brain regions (D-WMHV[HR =0.660, 95% CI:
0.510-0.853, P=0.002], right frontal WMHV[HR = 1.054,
95% CI: 1.006-1.104, P=0.027], bilateral parietal lobe
WMHYV [right parietal: HR=1.074, 95% CIL: 1.018-
1.133; left parietal: HR=1.147, 95%CIL: 1.060—1.243, all
P<0.05]). This model illustrated significant associations
with recurrence risk.

Incremental value of cerebral vessels morphology features
and WMHs in stroke recurrence prediction

The nomogram was generated combining clinical charac-
teristics, cerebral vessels morphology features, WMHV
(Fig. 6). C-indexes for the different models are listed in
Table 3. The integrated model, demonstrated superior
prognostic capability, achieving a higher C-index than
models based solely on clinical characteristics, cerebral
vessels morphology, or WMHs. The DCA illustrates the
integrated nomogram has a higher overall net benefit in
predicting one-year risk of ischemic stroke recurrence
compared other predictive models.
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Fig.4 Heatmap of the correlation between cerebral vessels morphologic features and white matter hyperintensities volume varying spatial distribution.
The color code indicated the correlation. The embedded text showed the P value. The asterisk (*) indicated P value <0.05. W1: the whole brain white
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Discussion
The results of this study underscore the significant cor-
relation between clinical characteristics, cerebral vessels
morphology, and WMHYV, and their combined impact
on the risk of stroke recurrence. The findings suggest
that the model based on quantitative WMHs data signifi-
cantly outperforms those based solely on clinical or cere-
bral vessels morphological factors in predicting one-year
stroke recurrence risk. The inclusion of cerebral vessels
morphological features increases the model’s predictive
accuracy for one-year stroke recurrence risk assessment.
A systematic review and meta-analysis [24], encom-
passing 26 studies conducted between 1997 and 2019,
revealed that the recurrence rate of stroke varied from 5.7
to 51.3%. Recurrent stroke was predominantly observed
in cases of LAA and CE strokes. The one-year recur-
rent rate for all acute ischemic stroke subtypes within
this population was found to be consistent with previous

research at 7.7%. Furthermore, our study also identified
LAA and CE as the most prevalent stroke subtypes. This
study also demonstrates that adherence to antiplatelet
therapy post-discharge significantly reduces the risk of
stroke recurrence. This is in line with previous research
indicating an inverse relationship between antiplatelet
therapy at discharge and stroke recurrence rates [25]. It is
hypothesized that non-adherence to antiplatelet therapy
for secondary prevention is associated with an increased
risk of ischemic stroke recurrence.

WMHs of presumed vascular origin are the most com-
mon neuroimaging feature of small vessels disease [26].
WMHs may manifest as superficial manifestations of
cerebrovascular disease, while their underlying mecha-
nism involves pathological changes in cerebral vessels,
leading to morphological alterations. The observed vari-
ance in WMHs, reflecting distinct underlying cerebral
parenchymal changes, may be linked to cerebrovascular
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Table 3 Bivariate Cox regression analysis between variables and stroke recurrence within one year after ischemic stroke
Prediction model  Variables Hazard ratio  95%Cl for hazard P C-index  95%(Cl for
ratio C-index
Lower Upper Lower  Upper
Model 1 Stroke subtype 0.813 0.639 1.034 0.091 0.636 0.555 0717
Atrial fibrillation 0.351 0.100 1236 0.103
Thrombolysis 0.244 0.034 1.775 0.164
Age 1.023 0.997 1.050 0.087
Antiplatelets administered post-discharge 0.323 0.151 0.691 0.004
Model 2 Cerebral vessels branch 0.921 0.861 0.986 0018  0.601 0.526 0.676
Model 3 Cerebral vessels branch 0910 0.848 0976 0008  0.692 0615 0.768
Stroke subtype 0.809 0.636 1.030 0.085
Atrial fibrillation 0314 0.088 1.119 0.074
Thrombolysis 0.215 0.030 1.567 0.129
Drinking 0440 0.158 1.225 0.116
Antiplatelets administered post-discharge 0.333 0.154 0.721 0.005
Model 4 Whole Brain WMHSs volume 1.102 0.998 1217 0.056  0.680 0.603 0.757
Deep WMHs volume 0.696 0.548 0.885 0.003
Right frontal lobe WMHs volume 1.046 1.000 1.094 0.048
Left parietal lobe WMHs volume 1.128 1.049 1.213 0.001
Right parietal lobe WMHSs volume 1.058 1.005 1.113 0.031
Model 5 Stroke subtype 0.759 0.593 0972 0029 0725 0.659 0.791
Drinking 0.391 0.138 1.108 0.077
Antiplatelets administered post- discharge 0421 0.204 0.870 0.019
Whole Brain WMHSs volume 1.107 1.000 1.225 0.050
Deep WMHs volume 0.646 0.501 0.834 0.001
Right frontal lobe WMHSs volume 1.055 1.008 1.105 0.021
Left parietal lobe WMHs volume 1.162 1.073 1.260 <0.001
Right parietal lobe WMHSs volume 1.077 1.020 1.136 0.007
Model 6 Cerebral vessels length 0.943 0.895 0.992 0.024 0750 0.684 03817
Stroke subtype 0.757 0.592 0.967 0.026
Drinking 0.391 0.138 1.107 0.077
Atrial fibrillation 0.340 0.094 1.227 0.100
Thrombolysis 0.251 0.034 1.842 0.174
Antiplatelets administered post- discharge  0.311 0.142 0.680 0.003
Whole Brain WMHSs volume 1.106 0.998 1.225 0.055
Deep WMHs volume 0.660 0510 0.853 0.002
Right frontal lobe WMHs volume 1.054 1.006 1.104 0.027
Left parietal lobe WMHs volume 1.147 1.060 1.243 0.001
Right parietal lobe WMHSs volume 1.074 1.018 1.133 0.009

The clinical characteristics model (model 1), the quantitative white matter hyperintensities (WMHs) volume model (model 2), the cerebral vessels morphology
features model (model 3), the clinical characteristics combined with WMHs volume model (model 4), the clinical characteristics combined with cerebral vessels
morphology features model (model 5), and the integrated model of WMHs volume, cerebral vessels and clinical characteristics (model 6) were ultimately constructed

morphological alterations, as supported by evidence
from a study in young adults linking WMHs counts to
cerebral vessels density [13, 14]. Our findings confirm the
association between WMHs and various morphological
characteristics of cerebral vessels, indicating that changes
in vessels volume, length, density, branching, and tortu-
osity correlate with WMHs burden. Previous research
in young adults without clinical signs of cerebrovascu-
lar disease showed an association between an increased
number of modifiable cardiovascular risk factors and
higher cerebral vessels density and caliber [14]. A study
demonstrated the increase in age was found negatively

associated with number of branches while positively
associated with tortuosity, which remained after adjust-
ing for cardiovascular risk factors [27]. Li et al. [28],
revealed that mean length of lenticulostriate artery (LSA),
mean tortuosity of LSAs, dilated LSAs, and normalized
wall index are associated with large single subcortical
infarction. The inverse relationship between branch ves-
sels density and recurrent stroke risk may reflect the role
of pial collateral networks. Enhanced branching pat-
terns and vessels density on CTA could indicate robust
collateral circulation, which has been shown to preserve
perfusion during ischemic events [29]. These collaterals
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Fig.5 Kaplan-Meier survival curves analysis according to six different prediction models for patients with ischemic stroke. A significant association of the
six prediction models with the disease-free survival was shown in the graph (All P<0.05 by log-rank test). (A) The clinical characteristics model (model 1),
(B) the cerebral vessels morphology features model (model 2), (C) the clinical characteristics combined with vessels morphology features model (model
3), quantitative WMHs-based model in training cohort, (D) the quantitative WMHs model (model 4). (E) the clinical characteristics combined with WMHs
model (model 5), (F) the integrated model of WMHs, cerebral vessels and clinical characteristics (model 6)
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potentially mitigate stroke recurrence by providing alter-
native blood flow pathways, thereby reducing ischemic
burden. While our study did not directly measure collat-
erals, prior evidence supports this mechanistic link [30].
Further research using dynamic angiographic techniques
is warranted to confirm this hypothesis. A recent study
utilizing a mouse model of bilateral common carotid
artery stenosis (BCAS) noted a significant reduction in
vessels length density and volume fraction within the
damaged white matter region of BCAS mice [31]. Addi-
tionally, mouse models of chronic hypoperfusion have

demonstrated that cerebrovascular alterations can lead
to white matter damage and cognitive deficits, support-
ing the hypothesis that cerebral vessels morphology may
influence cerebrovascular event outcomes through its
association with WMHV.

A recent large-scale study involving over 7000 patients
convincingly demonstrated that the burden of WMHs
serves as an independent risk factor for stroke recur-
rence [16], corroborating our findings. The relationship
between WMHs and stroke outcomes remains elusive,
with current hypotheses suggesting that severe WMHs
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may contribute to larger infarct volumes and increased
susceptibility to acute ischemia [32], disrupt key neu-
ronal networks [33], and reflect systemic vascular risk
factors influencing stroke outcomes [34]. Our research
further examines the association between stroke recur-
rence risk and WMHYV in different brain regions, affirm-
ing the strong links between total WMHYV, and specific
regional volumes in the right frontal and bilateral parietal
lobes, and stroke recurrence risk.

Our study possesses several notable strengths. Cere-
bral morphological alterations are evidently associated
with cerebral events, and the quantitative assessment
of cerebral vessels morphology can enhance interpret-
ability. WMHs segmentation was performed using the
nnU-Net deep learning framework. Unlike traditional
U-Net variants requiring manual hyperparameter tuning,
nnU-Net dynamically adapts to new datasets through
heuristic rules and empirical optimizations, ensuring
robust performance without task-specific modifications.
Additionally, we identified WMHs with diverse spatial
distributions encompassing periventricular and deep
regions as well as various lobes. This comprehensive
evaluation combined with complex clinical characteris-
tics provides novel insights into the relationship between
these factors and stroke recurrence risk.

The study has several limitations. Firstly, the research
was conducted in a single institution, which may limit the
generalizability of the findings. External validation with
datasets from various stroke centers is necessary to con-
firm the robustness of our predictive model. Secondly,
the exclusion of patients who died, were lost to follow-up,
or presented with suboptimal image quality may intro-
duce selection bias. Future studies will aim to mitigate
this by conducting more extensive longitudinal follow-
ups. Thirdly, the utilized image thickness in FLAIR and
T1-WI was 5 mm, potentially compromising segmenta-
tion accuracy. While normalization of T1-WI and co-
registration with FLAIR sequences were performed to
address this, the precision of segmentation would ben-
efit from the employment of 3D T1-weighted imaging
and thinner FLAIR sequences for verification. Lastly,
while CT angiography is a valuable non-invasive tool for
assessing cerebral arteries, it has lower spatial resolu-
tion compared to digital subtraction angiography (DSA),
particularly for evaluating distal arterial segments and
small perforator vessels. This limitation may affect the
comprehensive assessment of vascular morphology and
collateral circulation, potentially influencing the study’s
findings. Future studies incorporating DSA or high-reso-
lution MRI could further validate these results.

In conclusion, the study posits that the lack of antiplate-
let therapy post-discharge, decreased cerebral vessels
length and branching, along with increased overall and
periventricular WMHs burden significantly correlates
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with an elevated risk of recurrent ischemic stroke within
one year. The quantitative analysis of cerebral vascular
features and WMHs may provide a new neuroimaging
approach for predicting stroke recurrence.
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WMHs White matter hyperintensities
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TIA Transient ischemic attack
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LAA Large artery atherosclerosis

CE Cardioembolic

SVO Small vessels occlusion

HR Hazard Ratio

LSA Lenticulostriate artery

BCAS Bilateral common carotid artery stenosis
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