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Background: Silent cerebral small vessel disease (CSVD), marked by white matter hyperintensities (WMHs), are
commonly detected incidentally on neuroimaging. Emerging evidence links early brain microstructural changes
to modifiable cardio-cerebrovascular risks, even without neurological symptoms. This study aimed to explore the
relationship between cardio-cerebrovascular risk, white matter tract integrity, and cognitive performance in
asymptomatic adults, using QRISK3 profiling, diffusion tensor imaging (DTI), and neurocognitive evaluation.
Methods: Sixty neurologically asymptomatic adults (mean age: 39.8 + 11.5 years) with low to moderate QRISK3
scores underwent standardized neurocognitive assessment 3T brain MRI, including DTI sequences. Lesion-guided
region-of-interest (ROI) tractography was used to assess six bilateral white matter tracts commonly affected in
CSVD: the anterior and superior corona radiata and the superior longitudinal fasciculus (SLF).

Results: WMHs were identified in 20 individuals (33.3 %). Their presence was significantly associated with aging,
systolic blood pressure, hypertension, and QRISK3 score (p < 0.05). While no significant cognitive impairment
was observed, processing speed was negatively correlated with age and QRISK3. Although DTI metrics such as
fractional anisotropy (FA) and mean diffusivity (MD) did not significantly differ across groups, tract-specific
analysis revealed that higher QRISK3 scores were significantly associated with reduced white matter integrity
in the left SLF.

Conclusion: These findings highlight the presence of early, subclinical white matter alterations in individuals at
cardio-cerebrovascular risk, even in the absence of neurological symptoms. The integration of tract-specific DTI
analysis with vascular risk profiling may provide a sensitive approach for detecting preclinical CSVD and guiding
early intervention strategies in at-risk populations.

1. Introduction

Cerebral small vessel disease (CSVD) encompasses a spectrum of
pathological, clinical, and radiological abnormalities linked to damage
in the brain’s microvasculature, particularly small penetrating arteries
and arterioles (50-500 pm) that supply subcortical structures [1,2]. It is
a major cause of parenchymal brain injury, most notably in deep white
matter, and is frequently associated with pathology in distal lep-
tomeningeal and intracerebral vessels [3]. CSVD represents one of the
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most prevalent neurological conditions in aging populations, with
increasing incidence in developed societies [4,5].

Alarmingly, a hallmark of CSVD is the presence of so-called "silent" or
asymptomatic lesions, such as white matter hyperintensities (WMHSs)
and silent brain infarcts, often detected incidentally through magnetic
resonance imaging (MRI) [6,7]. On conventional T2-weighted MRI,
WMHs appear as diffuse areas of hyperintensity, but these changes
correlate only moderately with clinical parameters such as cognitive
function [8,9]. This limited correlation highlights the need for more
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sensitive imaging biomarkers to assess white matter integrity and dis-
ease progression. Besides, diffusion MRI (dMRI), particularly diffusion
tensor imaging (DTI), offers a more refined approach for investigating
early microstructural alterations in white matter i.e., subtle disruptions
in axonal and myelin integrity that preceded the appearance of overt
lesions such as WMHs visible on conventional MRI. These alterations can
be detected through DTI, where it provides quantitative metrics such as
fractional anisotropy (FA) and mean diffusivity (MD) which reflect
white matter tract integrity and have shown stronger associations with
cognitive impairments, especially in domains like executive function
and processing speed [10-12].

To date, the pathophysiology of CSVD extends beyond vessel-specific
alterations, involving systemic factors like chronic hypoperfusion,
impaired cerebrovascular reactivity, and blood-brain barrier (BBB)
dysfunction [13-16]. Yet, the influence of broader
cardio-cerebrovascular risk profiles on white matter structure, particu-
larly in asymptomatic individuals remains underexplored. QRISKS, is a
cardiovascular risk prediction algorithm developed in the United
Kingdom, which estimates 10-year risk of cardiovascular events by
integrating multiple variables including age, sex, ethnicity, systolic
blood pressure, total cholesterol/high density lipoprotein (HDL) ratio,
smoking status, diabetes, chronic kidney disease, atrial fibrillation,
rheumatoid arthritis, and other comorbidities. [17-19]. While originally
designed to predict cardiovascular events, its inclusion of diverse
vascular and metabolic factors makes it potentially relevant for assessing
cerebrovascular risk and early microvascular dysfunction in the brain.
Its potential relevance as a proxy for cerebral microvascular vulnera-
bility warrants investigation in the context of CSVD.

Hence, this study aims to address the critical need for early bio-
markers of CSVD by examining the associations between cardio-
cerebrovascular risk (as measured by QRISK3), white matter micro-
structural integrity (via DTI), and cognitive performance in a cohort of
asymptomatic individuals. By integrating vascular risk assessments with
advanced neuroimaging and comprehensive cognitive testing, we aim to
identify subtle, tract-specific white matter changes that may precede the
onset of overt clinical symptoms.

Finally, from an anatomical standpoint, this work contributes to the
mapping of vascular risk-related vulnerabilities across specific white
matter tracts. Understanding these relationships not only enhances the
anatomical framework of CSVD progression but also provides insight
into the neural substrates underlying early cognitive decline. Ultimately,
such findings could guide targeted interventions aimed at preserving
white matter health and mitigating long-term cognitive consequences.

2. Materials and methods
2.1. Ethics approval, sample size estimation, and subject recruitment

This study was conducted at Hospital Universiti Sains Malaysia
(HUSM), a tertiary referral center for neurological disorders located on
the east coast of Peninsular Malaysia, serving a catchment population of
over four million. Ethical approval was granted by the Human Research
Ethics Committee of Universiti Sains Malaysia (USM/JEPeM/
15030096).

Participant recruitment was carried out using convenience sampling
from individuals attending routine medical follow-up appointments at
the Family Medicine Clinic, HUSM. Prior to inclusion, demographic data
(age, sex, and race) and clinical variables (smoking status, diabetes
status, body mass index, and systolic blood pressure) were recorded.
These parameters were subsequently used to compute individual car-
diocerebrovascular risk scores using the QRISK3 algorithm.

Sample size was estimated based on the ability to detect a moderate
correlation (r = 0.35) between QRISK3 scores and DTI metrics such as
FA or MD, in line with previous studies assessing vascular risk and
neuroimaging (i.e., white matter microstructure) [20,21]. Using a
two-tailed test, an alpha level of 0.05, and 80 % power, the required
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sample size to detect this effect was calculated to be 58 subjects. The
bivariate normal model was used, and calculation was performed using
G*Power version 3.1.9.7. To account for potential data loss or
poor-quality imaging, we recruited 60 subjects. This sample size is also
adequate for multiple linear regression analyses involving up to 5 pre-
dictors, maintaining a subject-to-variable ratio above the recommended
minimum of 10:1 [21,22].

2.2. Cardio-cerebrovascular risk assessment

Cardio-cerebrovascular risk was assessed using the QRISK3 (2018)
online calculator (http://www.qrisk.org/index.php), developed by the
University of Nottingham and EMIS. This tool estimates the 10-year risk
of developing cardiovascular disease based on demographic and clinical
variables. Risk categories were defined as follows: low (<10 %), mod-
erate (10.1-20 %), and high (>20.1 %) [23]. Eligible subjects were
asymptomatic individuals aged 25-62 years, with no history of neuro-
logical disease and classified as having low to moderate cardiovascular
risk based on their QRISK2 scores.

Individuals with high cardiovascular risk (>20.1 %) or any prior
neurological diagnosis were excluded from the study. They were
excluded to minimize potential confounding from established or sub-
clinical cerebrovascular pathology that could independently influence
white matter integrity and cognitive performance. The primary aim of
this study was to investigate early subclinical brain microstructural
changes associated with low to moderate cardio-cerebrovascular risk in
an asymptomatic population. Including high-risk individuals could
obscure subtle associations due to a higher likelihood of existing
vascular burden, previous silent infarcts, or preclinical neurodegenera-
tive processes [24]. This exclusion criterion ensures a more homogenous
sample, enhancing the sensitivity of detecting early imaging biomarkers
relevant to CSVD prevention and risk stratification.

2.3. Neurocognitive assessment

Cognitive performance was assessed using the Wechsler Adult In-
telligence Scale — Fourth Edition (WAIS-IV), a standardized tool for
evaluating intellectual and memory functions [25]. Three composite
indices were analyzed to capture distinct cognitive domains relevant to
white matter integrity: (a) The perceptual reasoning index (PRI), which
assesses nonverbal reasoning and visuospatial problem-solving, was
derived from three subtests: Block design, matrix reasoning, and visual
puzzles; (b) the working memory index (WMI), reflecting attention,
mental manipulation, and sequential processing, was obtained through
the digit span and letter-number sequencing subtests; (c) the processing
speed index (PSI), which evaluates the speed of visual information
processing and graphomotor coordination, was calculated from the
coding and symbol Search subtests. Subtest scores from each index were
used for multimodal analyses to explore associations with white matter
integrity and cardio-cerebrovascular risk.

2.4. Diffusion MRI protocols

A Philips Achieva (Best, The Netherlands) 3T MRI machine with a
32-channel head coil (b-value: 1000 s/mm?2) was used for brain scanning
with the following acquisition parameters: For structural image acqui-
sition 3D-T1, echo time (TE)/repetition time (TR) = 10/678 ms,
reconstruction matrix = 512 x 512 x 40, field of view (FOV) = 230 mm,
voxel size = 0.45 mm x 0.45 mm, slice spacing = 0 mm, slice thickness
= 2.5 mm, flip angle = 70, and 180 contiguous sagittal slices orienta-
tion; for T2, TE/TR = 80/3000 ms, reconstruction matrix = 512 x 512
x 24, FOV = 230 mm, voxel size = 0.45 x 0.45, slice spacing = 1.0 mm,
slice thickness = 2.5 mm, and flip angle = 90; for 3D-fluid attenuated
inversion recovery (FLAIR), TE/TR = 125/11,000 ms, TI = 2800 ms,
reconstruction matrix = 512 x 512 x 24, FOV = 230 mm, voxel size =
0.45 mm x 0.45 mm, slice spacing = 0 mm, slice thickness = 2.5 mm,
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flip angle = 90, and 170 contiguous sagittal slices orientation; and for
DTI, a scheme of 32 directions with a b-value of 1000 s/mm?, TE/TR =
72/6951 ms, reconstruction matrix = 96 x 96, FOV = 240 mm, voxel
sizes = 2.5 mm X 2.5 mm, slice spacing = 0 mm, slice thickness = 2.5
mm, and flip angle 90. The total scanner time was 15-20 min, per the
subject’s ability.

2.5. Image analysis and evaluation of WMHs

WDMHs were topographically classified into periventricular and deep
WMHs, based on their anatomical location. Identification and differen-
tiation were made by assessing MRI signal characteristics hyperintense
on T2-weighted and FLAIR sequences (most reliably on FLAIR), and
hypointense on T1-weighted sequences as well as lesion size, shape,
border definition, and location, in accordance with previously estab-
lished radiological criteria and the STRIVE guidelines [8].

Two experienced neuroradiologists, blinded to all clinical data,
independently assessed the presence and severity of WMHs using the
Fazekas scale [26,27]. To assess reliability, intra- and inter-rater
agreement analyses were conducted on a random sample of 60 sub-
jects, with re-evaluations performed after an interval of over one month.
The inter-rater agreement yielded kappa (k) values of 0.96 (95 % CI:
0.80-1.00; p < 0.05) for deep WMHs and 0.86 (95 % CI: 0.70-1.00; p <
0.05) for cases with both periventricular and deep WMHs. Intra-rater
reliability was similarly high, with x = 0.95 and x = 0.90, respec-
tively, indicating excellent consistency.

Initial manual assessments were performed using MeVisLab Diffu-
sion Imaging in Radiology (MeDInria) software version 2.2 (Inria, Na-
tional Institute for Research in Digital Science and Technology, France)
[28]. To enhance objectivity and quantify WMHs burden, automated
lesion detection and segmentation were conducted using the Lesion
Segmentation Tool (LST) implemented in SPM12 (Wellcome Centre for
Human Neuroimaging, UCL), executed through MATLAB version
R2024b (MathWorks, Natick, MA, USA). The lesion growth algorithm
(LGA), with a threshold k = 0.15, was used for segmenting and calcu-
lating WMH volume and lesion count [29].

Based on MRI findings, subjects were categorized into two groups:
(1) asymptomatic individuals with normal-appearing white matter (no
WMHs), and (2) asymptomatic individuals presenting with WMHs.
Quantification of lesion count and volume followed validated methods
to ensure consistency and accuracy in WMHs burden assessment.

2.6. Region of Interest Analysis (ROI) and tractography

White matter tractography analysis was conducted using DSI Studio
(http://dsi-studio.labsolver.org) for both subjects with WMHs and those
without. A DTI reconstruction scheme was employed, with 32 diffusion
sampling directions acquired at a b-value of 1000 s/mm?. The in-plane
resolution was set at 2.5 mm, with a matching slice thickness of 2.5
mm. DTI preprocessing and tensor estimation were performed to enable
quantitative evaluation of white matter microstructural integrity.

Using anatomical references from FLAIR images, a voxel-based ROI
approach was applied to WMHs identified in the axial plane, followed by
regional tractography. Deterministic fiber tracking was conducted using
a validated algorithm in DSI Studio, with whole brain seeding [30]. The
tracking parameters included an angular threshold of 60°, a step size of
1.25 mm, and an automatically determined anisotropy threshold. Tracks
shorter than 30 mm were excluded, and 5000 seeds were generated per
subject to ensure robust fiber reconstruction.

The white matter tracts associated with WMHs were anatomically
defined using the Johns Hopkins University (JHU) ICBM-DTI-81 white
matter atlas, embedded in DSI Studio. This allowed for the identification
and classification of tract involvement based on standardized neuroan-
atomical labels. Tract-specific subgroup analyses were based on the
spatial distribution of WMHs. Only subjects whose WMHs were localized
to a specific tract (e.g., anterior corona radiata, superior longitudinal
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fasciculus) were included in the corresponding tract-based diffusion
analysis. As a result, the number of subjects analyzed per tract varied
depending on lesion location. To enable group comparisons, the same
anatomical regions were reconstructed in subjects without WMHs using
the same atlas-based ROI placement strategy. This approach ensured
anatomical consistency while focusing the analysis on regions directly
affected by WMH. Moreover, each tract-specific sample size reflects the
number of individual tracts reconstructed across subjects. Some partic-
ipants contributed more than one tract to the analysis if they had WMHs
in multiple tracts or bilaterally. Therefore, the total number of recon-
structed tracts does not equal the number of unique subjects. The
maximum number of subjects contributing to tract-specific analyses did
not exceed 20, corresponding to the group with WMHs.

Within each identified tract, quantitative DTI metrics, including FA
and MD, were extracted. These metrics were averaged over the recon-
structed tract volumes, allowing for assessment of microstructural
integrity and comparison between groups. This tract-based analysis
enabled a focused investigation into whether subtle microstructural
changes occur in anatomically vulnerable pathways, even in the absence
of radiologically apparent lesions, thus supporting the study’s aim of
identifying early CSVD-related changes.

2.7. Statistical data analysis

All statistical analyses were performed using Statistical Package for
Social Sciences (SPSS) version 26.0 (IBM Corp., Armonk, NY, USA). A
significance level of a = 0.05 was applied, with a 95 % confidence in-
terval (CI). Descriptive statistics, including means, standard deviations,
medians, and interquartile ranges (IQR), were computed to summarize
demographic and clinical data. Pearson’s correlation was used to assess
linear relationships between continuous variables. Group comparisons
were conducted using the independent sample t-test for normally
distributed data and the chi-square (y?) test for categorical variables. For
data not normally distributed, appropriate non-parametric tests were
applied as needed.

To visualize the interaction between continuous variables, a contour
plot analysis was performed using MINITAB version 17 (Minitab, LLC,
State College, PA, USA), illustrating the relationship between one or
more response variables and a set of quantitative predictors [31]. Mul-
tiple linear regression and logistic regression models were used to
explore associations among age, QRISK3 scores, neurocognitive per-
formance, and DTI metrics. All models were adjusted for relevant
covariates, including sex, ethnicity, and established cardiocere-
brovascular risk factors. Further regression analyses were performed to
examine the relationships between tract-specific DTI parameters (e.g.,
FA and MD values) and predictor variables (age, QRISK2 score, cogni-
tive indices), also controlling demographic and clinical covariates.

3. Results

3.1. Demographic and clinical characteristics of study subjects according
to WMHs status

Table 1 presents the demographic, clinical, and cognitive profiles of
the 60 asymptomatic subjects, stratified by the presence (n = 20) and
absence (n = 40) of WMHs. Subjects in the WMHs group were signifi-
cantly older than those in the group with absence of WMHs (46.6 + 12.2
vs. 36.0 £ 9.6 years, p < 0.001), with higher systolic blood pressure
(SBP) (141.3 + 16.6 mmHg vs. 122.8 + 10.4 mmHg, p < 0.001), and
significantly elevated QRISK3 scores (6.07 + 6.7 % vs. 1.20 & 1.4 %, p
< 0.001). Hypertension was also more prevalent in the WMHs group
(30.0 % vs. 7.5 %, p = 0.02). No significant differences were found in
sex, ethnicity, educational level, smoking status, body mass index (BMI),
cholesterol-to-HDL ratio, or other vascular risk factors such as diabetes,
atrial fibrillation, or hyperlipidemia.

Although the WMHs group showed a numerically higher proportion
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Table 1
Demographics and characteristics of the study subjects.
Variables Total (n = WMHs
60) Present (n = Absent (n = p-value
20) 40)
Age, yrs* 39.60 + 46.60 £12.2 36.0+9.6  p<0.0017
11.60
Sex, n (%) 0.841
Male 19 (31.7) 8 (40.0) 11 (27.5)
Female 41 (68.3) 12 (60.0) 29 (72.5)
Ethnicity, n (%) 0.190
Malay 54 (90) 18 (90.0) 36 (90.0)
Chinese 4(6.7) 1(5.0) 3(7.5)
Others 2(3.3) 1(5.0) 1(2.5)
Education level, n 0.306
(%)
Low? 5(8.3) 1(5.0) 4 (10.0)
Intermediate® 27 (45) 12 (60.0) 15 (37.5)
High® 28 (46.7) 7 (35.0) 21 (52.5)
Smoking, n (%) 0.374
Non-smoker 52 (86.6) 16 (80.0) 36 (90.0)
Ex-smoker 6 (10) 3 (15.0) 3(7.5)
Light smoker 1Q1.7) 0 (0) 1 (2.5)
Moderate smoker 1(1.7) 1(5.0) 0 (0)
Heavy smoker 0 (0) 0 (0) 0(0)
Type 2 Diabetes, n 0 (0) 0 (0) 0 (0) -
(%)
Family Historyd, n 15 (25) 12 (60.0) 3(7.5) 0.264
(%)
Atrial fibrillation, n 0 (0) 0 (0) 0 (0) -
(%)
Hyperlipidemia, n 0 (0) 0 (0) 0 (0) -
(%)
Hypertension, n (%) 9 (25) 6 (30.0) 3(7.5) 0.020 #
CHO to HDL ratio * 3.88 + 3.62 £ 0.63 4.01 £1.12 0.200
0.99
SBP (mmHg) * 128.9 £ 141.3 £16.6 122.8 + p<0.001*
15.4 10.4
BMI (kg/mz) * 24.7 £ 4.4 25.8 +£ 3.5 242+ 4.7 0.20
QRISKS3 score (%) * 2.83 + 6.07 £ 6.7 1.20+ 1.4 p<0.001#
4.42
WAIS-1V Indices *
PRI 102.9 + 100.8 +10.9 103.0 + 0.571
12.9 13.9
WMI 108.5 + 107.3 £13.1 108.1 + 0.933
19.1 19.9
PSI 103.7 + 98.6 +12.0 103.7 + 0.210
139 14.6

Note: data values are presented as number of subjects (n), with percentage (%) in
parentheses; light smoker (<10) ; Moderate smoker (10-19) ; Heavy smoker
(>20) ; * Data are means + standard deviations; * None, primary or secondary
education;  Higher secondary or vocational; ¢ university or higher professional
education; 9 Angina or heart attack in a 1st degree relative <60 years of age, n
(%). Subgroups according to the presence or absence of white matter hyper-
intensities (WMHs) were compared using the x? test and the independent sample
t-test. #p = significant difference [2-tailed] at the <0.05 level). BMI, body mass
index; CHO, Cholesterol; HDL, High-Density Lipoprotein; PRI, Perceptual
Reasoning Index; PSI, Processing Speed Index; SBP, Systolic Blood Pressure;
WAIS-1V, Weschler Adult Intelligence Scale Version IV; WMI, Working Memory
Index.

of individuals with a family history of cardiovascular disease (60.0 % vs.
7.5 %), this difference did not reach statistical significance (p = 0.26 >
0.05), possibly due to the small sample size. Moreover, neurocognitive
performance, as measured by the WAIS-1IV indices, also did not differ
significantly between groups. However, a trend toward lower scores in
the PSI was observed in the WMHs group (98.6 + 12.0 vs. 103.7 + 14.6,
p=0.21 > 0.05), suggesting potential early functional impact associated
with WMHs. These findings highlight the relationship between elevated
cardiocerebrovascular risk and the presence of WMHs, even in an
asymptomatic, community-based population.
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3.2. WMHs profiles

As summarized in Table 1, a total of 20 subjects (33 %; mean age:
46.6 + 12.2 years) were identified as having WMHs. Notably, the me-
dian lesion volume and lesion count were 0.00 mL and 0, respectively,
because over 50 % of participants did not have any detectable WMHs.
However, the interquartile ranges extend above zero (interquartile
range [IQR]: 0.00-0.16 mL), with 25 % of subjects exhibiting lesion
volumes equal to or greater than 1 mL, reflecting the distribution of
lesion burden in those with WMHs. This statistical pattern is common in
datasets with a substantial proportion of zero values and a skewed dis-
tribution among positive cases. Moreover, the median number of WMH
lesions was 0 (IQR: 0-4); in over half of the subjects with WMHs, the
total lesion count was >1. Regarding severity, 12 subjects (55.6 %) were
rated as Fazekas scale 2, while 8 (44.4 %) were classified as Fazekas
scale 1. The spatial distribution of WMHs is illustrated in Fig. 1. All
subjects with WMHs demonstrated deep WMHs, located in subcortical
white matter distant from the lateral ventricles. Additionally, 13 sub-
jects (72.2 %) exhibited a mixed pattern, with both deep and periven-
tricular WMHs, whereas none had isolated periventricular lesions.

3.3. Risk factors associated with the presence of WMHs

The characteristics of subjects with and without WMHs are listed in
Table 1. The association was corrected for multivariable non-
collinearity. The model fit assessment was performed using the
Hosmer-Lemeshow goodness-of-fit test, fitted for age and QRISK3 (p >
0.05). Therefore, we found that age had a linear association with
QRISK3 score (standardized p coefficients, 0.75 [95 % CI: 1.44 to 2.36],
p < 0.05), hence, increased subjects’ age will have a higher QRISK3
score (see contour plot in Fig. 1F). After adjusting covariates such as sex
and age, the presence of WMHs was significantly increased with age
(odd ratio [OR] per standard error, 0.91; 95 % CI: 0.86 to 0.97) and was
more prevalent in subjects with higher QRISK3 score (OR, 0.65; 95 % CI:
0.48 to 0.88). WMHs are also associated with cardio-cerebrovascular
risk factors such as hypertension and an increase in SBP (see Table 2).

Based on Table 1, subjects with WMHs demonstrated lower neuro-
cognitive performance after adjusting for covariates including age and
QRISK3 scores; however, these differences were not statistically signif-
icant. Notably, PSI showed a significant negative linear association with
age (standardized § = —0.55, 95 % CI: —0.94 to —0.38, p < 0.05) and
also QRISKS3 score (standardized f = —0.37, 95 % CI: —1.91 to —0.34, p
< 0.05), indicating that increased age and higher cardio-cerebrovascular
risk were associated with reduced processing speed performance. This
relationship is further visualized in the contour plots in Fig. 1(F and G).
However, as shown in Table 2, the presence of WMHs was not signifi-
cantly associated with increased odds of reduced neurocognitive per-
formance across the measured cognitive domains.

3.4. Cerebral white matter microstructural integrity

Three bilateral white matter tracts such as the ACR, superior corona
radiata (SCR), and SLF were selected for analysis based on the frequency
and distribution of WMHs observed in the MRI scans of study subjects.
This yielded a total of six tract-specific ROIs: right ACR (RACR, n = 7),
left ACR (LACR, n = 7), right SCR (RSCR, n = 4), left SCR (LSCR, n = 4),
right SLF (RSLF, n = 5), and left SLF (LSLF, n = 3) (see Fig. 2).

White matter integrity was assessed using DTI parameters, whereby
subjects with WMHs exhibited lower FA and higher MD across all
selected tracts compared to those without WMHs, although these dif-
ferences did not reach statistical significance (see Table 3). Similarly,
axial diffusivity (AD) and radial diffusivity (RD) values varied between
groups but were not significantly different from one another.

Correlation analysis revealed that FA was negatively associated with
age and QRISKS3 score (low to moderate strength), while AD showed a
weak negative correlation with age (Table 4). However, no significant
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Fig. 1. Left column (A-D): Spatial distribution of white matter hyperintensities (WMHs) on fluid attenuated inversion recovery (FLAIR) images using the lesion
segmentation tool (LST) with the lesion growth algorithm (LGA). Bright yellow overlays indicate statistically probable WMH voxels. (A) A normal brain scan without
WMHs. (B) A case showing isolated deep WMHs (white arrows). (C-D) Cases showing both periventricular and deep WMHs (white arrows). Right column (E-G):
Contour plots illustrating the relationship between WMHs, QRISK3 score, age, and Processing Speed Index (PSI). (E) WMHs plotted against age and QRISK3 score.
The red box (dark green region) highlights increased WMH burden in individuals aged >55 years with QRISK3 scores >10 %. (F) WMHs plotted against age and PSI.
The red box shows that individuals aged >55 years with lower PSI scores (<110) exhibit increased WMH burden. (G) WMHs plotted against QRISK3 and PSI. The red
box indicates that subjects with higher QRISK3 scores (>10 %) and lower PSI scores (<110) are more likely to have a greater WMHs load.

associations between these DTI metrics and age or QRISK3 were
confirmed in further regression analysis. Notably, a linear regression
model identified a significant association between QRISK3 score and all
four diffusion parameters (FA, MD, AD, RD) in the left SLF (LSLF).
Additionally, FA in most of the selected tracts showed a positive, albeit
non-significant, correlation with cognitive performance across all WAIS-
IV indices (PRI, WMI, and PSI) (Table 4). MD and RD were not signifi-
cantly correlated with any cognitive domain, while AD showed a posi-
tive correlation with PRI only. These findings indicate that, in this
cohort, DTI-derived measures of white matter integrity were not

significantly associated with neurocognitive performance, although
trends in FA suggest potential functional relevance.

4. Discussion

This study provides novel insights into early white matter micro-
structural changes associated with CSVD in an asymptomatic,
community-based population. Our findings demonstrate that WMHs and
associated DTI alterations can be detected even in relatively young in-
dividuals with low to moderate QRISK3 scores, emphasizing the silent
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Table 2
Association between potential risk factors and presence of white matter hyper-
intensities (WMHSs).

Risk factors WMHs

Present (n = 20) versus absent (n = 40)

Multiple Logistic Regression”

OR (95 % CI) p-value

Age" 0.91 (0.86-0.97) 0.03°
Family History® 2.07 (0.58-7.46) 0.261
Hypertension 5.50 (1.19-25.54) 0.03°
Systolic blood pressure (SBP)* 0.89 (0.83-0.95) p<0.001°
Body mass index (BMI) 0.92 (0.80-1.05) 0.20
QRISK3 Score 0.65 (0.48-0.88) p<0.001°
WAIS-IV PRI 1.01 (0.94-1.08) 0.882
WAIS-IV WMI 0.98 (0.93-1.03) 0.400
WAIS-IV PSI 1.04 (0.98-1.11) 0.163

CI, confidence interval; ePVS, enlarged perivascular spaces; OR, odds ratio; PRI,
perceptual reasoning index; PSI, processing speed index; WAIS, Weschler Adult
Intelligence Scale version IV; WMI, working memory index;.

@ Adjusted for age and gender;.

b per one-year;.

¢ Angina or heart attack in a 1st degree relative <60 years of age;.

d per mmHg;.

¢ p = significant difference (2-tailed) at 0.05 level.

and progressive nature of CSVD. Notably, increased age, SBP, hyper-
tension, and QRISK3 scores were significantly associated with the
presence of WMHs. While cognitive scores did not significantly differ
between groups, lower processing speed was linked to both higher age
and QRISK3 scores, suggesting early functional vulnerability despite
subclinical presentation.

4.1. White matter microstructural alterations in CSVD: A DTI and
neuroanatomical perspective

Our tract-based DTI analysis offers a neuroanatomically grounded
perspective on early white matter changes in CSVD. Furthermore,
advanced DTI metrics including: (1) FA, where lower values indicate
reduced fiber integrity due to axonal or myelin damage [32,33]; (2) MD,
with higher values reflecting increased extracellular water diffusion,
often associated with tissue degeneration [34]; (3) AD RD, which
respectively reflect diffusion along and perpendicular to the axonal axis
and provide insights into axonal and myelin integrity [35,36]. These
parameters may offer pathophysiological insight, for example, increases
in RD have been linked to demyelination, whereas reductions in AD may
reflect axonal degeneration [37,38].

We focused on three bilateral white matter tracts, such as the ACR,
SCR, and SLF, selected based on the spatial overlap with WMHs iden-
tified through lesion segmentation. These tracts represent major pro-
jection and association fibers critical for cognitive processing, attention,
executive function, and sensorimotor integration, and are known to be
highly vulnerable to microvascular injury due to their distal perfusion
territory and high myelin content [39,40].

The anterior and superior corona radiata are projection fibers
involved in the relay of information between cortical and subcortical
structures. Damage to these fibers has been previously associated with
declines in motor coordination, processing speed, and working memory
hallmarks of early vascular cognitive impairment [41,42]. The SLF, a
major association pathway linking the frontal, parietal, and temporal
lobes, plays a key role in language, attention, and working memory [43].
In particular, our finding that QRISK3 was significantly associated with
lower FA and higher MD in the left SLF (LSLF) points to this tract as a
region of early vulnerability to subclinical vascular burden.

Importantly, our ROI-based tractography approach, guided by
WMHs lesion location, provides greater anatomical specificity than
whole-brain voxel-based analyses or conventional region-of-interest
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placement. While voxel-wise approaches such as tract-based spatial
statistics (TBSS) provide robust whole-brain comparisons, they may
average over heterogeneous tract segments and miss localized changes
that reflect early pathology [44,45]. Our method allowed us to detect
subtle tract-specific alterations within a framework that respects both
structural and functional connectivity.

From a neuroimaging methods standpoint, DTI offers unique sensi-
tivity to the integrity of white matter microstructure by quantifying
direction-dependent water diffusion. Compared to conventional MRI,
which primarily detects gross tissue changes (e.g., WMHs or infarcts),
DTI reveals microstructural disruptions in axonal membranes, myelin
sheaths, and extracellular space changes that often precede the
appearance of visible WMHs. When compared to other neuroimaging
modalities, T2-weighted and FLAIR MRI are sensitive to WMHs but
limited in quantifying subtle changes and distinguishing lesion severity
[8]. Magnetization transfer imaging (MTI) and myelin water imaging
(MWI) are more specific to myelin integrity but are less widely available
and technically demanding [46,47]. Besides, quantitative susceptibility
mapping (QSM) and arterial spin labeling (ASL) provide insight into iron
content and perfusion deficits, respectively, but do not directly charac-
terize fiber microstructure [48,49]. In contrast, DTI provides a practical,
widely available, and non-invasive technique for in vivo white matter
assessment with strong anatomical resolution, particularly when com-
bined with tractography [50,51].

Our findings are consistent with postmortem and histological
studies, which have documented white matter rarefaction, arterio-
losclerosis, and demyelination in regions corresponding to the ACR and
SLF in patients with CSVD [52,53]. Histopathology has shown that these
changes may occur even in the brains of individuals without clinically
manifest stroke or dementia, supporting our assertion that microstruc-
tural damage precedes functional decline [54-56]. Studies combining
DTI with postmortem validation have confirmed that decreased FA
correlates with demyelination and axonal loss, and that MD correlates
with increased extracellular fluid due to gliosis and perivascular edema
[57,58].

Therefore, the current study strengthens the evidence that DTI-based
tract analysis can serve as a sensitive biomarker of preclinical CSVD. The
identification of tract-specific associations with vascular risk profiles,
particularly QRISK3, adds a clinically actionable layer, potentially
guiding early preventive strategies in midlife populations.

4.2. Cognitive function and white matter integrity: early functional
signatures of vascular risk

Although cognitive performance did not significantly differ between
subjects with and without WMHs, our findings suggest early and func-
tionally relevant changes in processing speed that may precede overt
cognitive impairment. In particular, the PSI demonstrated a significant
negative correlation with age and QRISK3 score, reinforcing its sensi-
tivity as a marker of early cerebrovascular compromise. This aligns with
previous research identifying processing speed as one of the earliest
cognitive domains affected in CSVD, even before memory or executive
dysfunction becomes apparent [59,60].

Processing speed relies on efficient communication across distrib-
uted neural networks, particularly within frontoparietal white matter
tracts, which include the corona radiata and SLF [61,62], precisely the
tracts examined in this study. Subtle disruptions in these pathways, as
reflected in reduced FA, may lead to inefficient signal conduction and
slower information processing, even in the absence of a gross lesion
burden. The correlations observed between FA values and all three
WAIS-1V indices i.e., PRI, WMI, and PSI though not statistically signifi-
cant, were directionally consistent with prior DTI literature. FA has been
shown to positively correlate with processing speed and working
memory in both healthy aging populations and patients with vascular
cognitive impairment [63,64]. This supports the hypothesis that white
matter tract integrity underlies cognitive performance, particularly in
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ROI-white matter tractography
Sagittal

Coronal

Fig. 2. From left: the first rows show axial fluid attenuated inversion recovery (FLAIR) images with white matter hyperintensities (WMHs) voxel outputs from the
lesion segmentation tool (LST) (axial FLAIR-LST) showing right anterior corona radiata (RACR) lesion (red arrow) and RACR tractography (axial, sagittal and
coronal-rostral view). The second rows show FLAIR images with WMHs voxel outputs from the LST showing the right superior corona radiata (RSCR) lesion (red
arrow) and RSCR tractography (axial, sagittal and coronal-rostral view). The third row shows FLAIR images with WMHs voxel outputs from the LST showing right
superior longitudinal fasciculus (RSLF) lesion (red arrow) and RSLF tractography (axial, sagittal and coronal-rostral view). The blue, red, and green colors on the
second and third rows of the figures represent white matter fibers running along the inferior—superior, right-left, and anterior-posterior orientations, respectively.
Notes: LST followed the native Statistical Parametric Mapping (SPM) and Matrix Laboratory (MATLAB) orientations for producing JPEG images; hence, the original
radiological view (left on right) obtained from the magnetic resonance imaging (MRI) scanner was shifted to neurological view (right on right) as a reminder of
viewing interpretation. FLAIR, fluid-attenuated inverse recovery; RACR, right anterior corona radiata; RSLF, right superior longitudinal fasciculus; RSCR, right

superior corona radiata; ROI, region of interest.
domains that coordinated
communication.

Interestingly, while MD, AD, and RD showed little to no relationship
with cognitive scores, FA consistently demonstrated stronger correla-
tions. This may be due to FA’s higher sensitivity to anisotropic water
diffusion, which is disrupted by both demyelination and axonal damage
processes common in early CSVD [65]. It is possible that MD, AD, and
RD reflect later-stage or more regionally diffuse pathology that has not
yet manifested in our asymptomatic sample. The left SLF (LSLF) again
emerged as the most consistently implicated tract, linking vascular risk
(QRISK3), white matter changes (lower FA/higher MD), and PSI, further
highlighting its importance in early CSVD-related cognitive changes.
Collectively, these findings provide evidence that tract-specific micro-
structural degradation particularly within the LSLF may precede and
predict decline in processing speed, serving as a potential biomarker of
early CSVD-related cognitive vulnerability.

depend on rapid, interregional

4.3. Integrating vascular risk, tract-specific imaging, and cognitive
function

This study introduces a novel and clinically relevant framework that
integrates cardio-cerebrovascular risk profiling (QRISK3), tract-specific

DTI analysis, and neurocognitive assessment to investigate early CSVD
pathology in an asymptomatic, middle-aged population. Most prior
studies on CSVD have been conducted in older adults or individuals with
clinically manifest cognitive impairment [66,67]. In contrast, our study
of population i.e., free of stroke, dementia, or significant comorbidities
demonstrates that white matter changes and early cognitive slowing can
be detected well before clinical symptoms emerge.

One of the most innovative aspects of this study’s approach is the use
of WMH-guided ROI tractography, targeting specific fiber pathways
based on lesion location rather than relying solely on generic templates
or whole-brain statistics. This method allows for precise anatomical
localization of microstructural changes and provides more direct insight
into the functional implications of lesion topography [50,51]. The
finding that higher QRISK3 scores are significantly associated with
reduced FA and increased MD specifically in the LSLF provides both
pathophysiological insight and translational relevance.

Moreover, QRISK3 has begun to be widely used in clinical settings to
assess cardiovascular risk, yet its potential role as a proxy for cerebro-
vascular health has not been thoroughly investigated [17-19]. This
study’s findings suggest that even modest increases in QRISK3 below
clinical thresholds for intervention may already be associated with ce-
rebral white matter disruption, particularly in tracts involved in
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Table 3
Comparison of the integrity of selected white matter between subjects with and
without white matter hyperintensities (WMHs).
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Table 4
Correlation and multiple linear regression profile of study variables with white
matter integrity.

Tract parameters (Mean +_SD) T-Statistics (df) p-Value Variables and r ()
. . tracts
Without WMHs ~ With WMHs FA MD AD RD
RACR Age
FA 0.42 £ 0.03 0.42£0.03  0.35(37.94) 0.727 RACR —0.43* -0.13 —0.23* 0.00 (1.46)
MD 0.82 + 0.07 0.84 £0.08 -0.59(33.83)  0.560 (1.23) (~0.78) (~2.52)
AD 1.23 +0.13 1.24+0.14 -0.34(3539)  0.733 LACR —0.42% -0.14 —0.23* -0.01
RD 0.63 + 0.05 0.64 £0.06  —0.86(32.21)  0.395 1.15) (~1.96) (~2.44) 2.74)
RSCR -0.38% -0.11 —0.20% 0.03 (0.16
LACR (0.16)
FA 0.42 + 0.02 0.42£0.27  0.45 (34.42) 0.649 ©.17) (053 ©43)
’ ’ ’ ’ ’ : ’ LSCR —0.40% -0.13 -0.21* -0.02
MD 0.82 + 0.08 0.83+£0.08 -0.24(38.36)  0.812 (~0.80) (~0.26) ©.74) (~1.26)
w0 miw mom omess em o we ake o e o
. - . . el . . (-0.32) (~0.85) (~0.72) 0.27)
RSCR LSLF -0.37* -0.16 —0.24* -0.07
FA 0.46 + 0.03 0.46 £0.02  —0.06 (48.00)  0.955 (2.76) 1.18) (~5.73) (4.81)
MD 0.81 + 0.07 0.81 £0.07  —0.05(37.40)  0.958 QRISK3
AD 1.26 + 0.13 1.26 £0.12  —0.02 (40.09)  0.987 .
RACR —0.28* 0.05 —0.04 0.16 (4.84)
RD 0.59 + 0.04 0.59 £0.05  —0.09 (34.21)  0.923 (3.90) (0.67) (=7.32)
LSCR LACR -0.26% 0.05 —-0.03 (4.26)  0.15
FA 0.46 + 0.02 0.46 £0.02  0.17 (41.85) 0.866 (-1.87) (-1.41) (~2.42)
MD 0.82 + 0.07 0.83+£0.08 —0.30(34.89)  0.765 RSCR —0.24* 0.05(1.44)  -0.03 0.16 (0.63)
AD 1.26 + 0.12 1.27+0.13  -0.16(36.26)  0.875 (0.47) (~1.86)
RD 0.59 £ 0.05 0.60 £0.06  —0.45(33.64)  0.655 LSCR -0.30% 0.05(1.81)  -0.03(0.69)  0.14
(-0.41) (~0.97)
RSLE RSLF ~0.35* 0.07 ~0.02(5.14)  0.18
FA 0.40 + 0.02 0.40 £ 0.03  0.68 (34.32) 0.499 (_2.04) C0.75) (3.47)
MD 0.77 £ 0.07 0.78 £0.08  -0.24(34.15)  0.813 LSLE 20.35% (4.09  0.06 (3.075)  —0.03 017 8.11%)
AD 1.13 4 0.11 1.14+0.12  —0.00(35.76)  0.998 % (-9.09%)
RD 0.59 + 0.05 0.60 £0.06  —0.49 (32.15)  0.627 .
PRI
LSLE RACR 0.45% 015 0.24% (8.21)  0.03
FA 0.41 + 0.02 0.41 £0.03  0.94 (34.30) 0.355 (3.55) (L0.21) (_4.79)
MD 0.78 + 0.07 0.78 £0.08  -0.13(33.43)  0.897 LACR 0.45% (1.69)  0.14(0.67)  0.23* 0.03 (1.75)
AD 1.15 +0.11 1.15+0.12  0.14 (34.98) 0.892 (3.15)
RD 0.59 + 0.05 0.60 £0.06  —0.41(31.77)  0.683 RSCR 0.33* (261) 014 0.21% 0.05 (4.25)
Notes: AD, axial diffusivity; FA, fractional anisotropy; LACR, left anterior corona (=0.07) (=7.64)
* *
radiata; LSCR, left superior corona radiata; LSLF, left superior longitudinal LSCR (()'31903) 0.16 (0.76) 0.23* (5.11) ?.02765)
fa.scicgll'.ls; MD, mea'n diffusivit'y; RACR, right.anterior coro'na radiata.; RD, rac'iial RSLF 0. 45;* 0.12 (0.41) 0.21% (0.49) 0.0 2
diffusivity; RSCR, right superior corona radiata; RSLF, right superior longitu- (~0.06) (~1.47)
dinal fasciculus; WMH, white matter hyperintensity, p = significant difference. LSLF 0.42* (0.57) 0.16 (1.27) 0.24% 0.07 (1.49)
(~1.67)
cognitive efficiency. This positions QRISK3 as a valuable early risk WMI
stratification tool not only for cardiovascular events but also for pre- RACR 0.28* 0.03(0.08)  0.09 (1.20) ~0.06
clinical CSVD. (-0.80) (0.30)
. _
Furthermore, the demonstration of tract-specific vulnerability (e.g., LACR (()'730214) 0.01(0.21)  0.08(2.30) (32'0;90)
LSLF) in association with vascular risk adds to the growing body of RSCR 0.14(-1.17)  0.00 0.05 (0.44) 20.06
evidence that CSVD is not merely diffuse and global but may target (—0.92) (-0.17)
specific white matter circuits depending on vascular architecture, LSCR 0.25% (1.95)  0.00 (0.14) 0.06 (-4.05)  —0.07
perfusion dynamics, and metabolic demand. This tract-based vulnera- (.13
. . . . RSLF 0.36* -0.00 0.08 (5.10) -0.11
bility framework may help identify early therapeutic targets and (-1.85) (0.07) (_4.89)
monitor treatment response in future preventive trials [68,69]. In LSLF 0.28* (0.23)  0.00 (0.98) 0.07 (—0.27)  —0.06
summary, this study provides new evidence that bridges systemic (0.59)
vascular risk and focal neuroanatomical change, using non-invasive pSI
imaging and clinically accessible tools. It sets the stage for early, tar- RACR 0.28* (0.49) —0.04 0.04 (-0.79)  —0.14
geted CSVD risk identification and intervention, especially in in- (~0.79) 1.47)
dividuals who are cognitively intact but at risk. LACR 0.27* ~0.05 0.03 (3.85) ~0.15
(-1.68) 0.82) (~3.95)
RSCR 0.20* —0.06 0.01 (0.35) -0.15
4.4. Limitations and future directions (=0.73) (0.51) (0.24)
LSCR 0.31% (2.10)  -0.06 0.02(-4.71)  -0.16
hile thi dv offers i insichts i Iv whi (0.90) (3.25)
While this study offers important insights into early white matter RSLF 0.35* —0.07 0.02 (0.81) “018
microstructural alterations in asymptomatic individuals with car- (~0.14) (0.54) (~1.22)
diocerebrovascular risk, several limitations should be acknowledged to LSLF 0.33* -0.03 0.05 (6.11) -0.13
(~2.02) 0.99) (~4.10)

contextualize the findings and guide future research. Firstly, our study
sample had a relatively young mean age (mean 39.8 years), which may
limit generalizability to older populations where CSVD is more preva-
lent. However, this younger cohort was intentionally selected to inves-
tigate preclinical, early-stage microstructural changes before the
accumulation of a substantial WMHs burden and overt cognitive

Notes: r = Pearson correlation coefficient; § = standardized beta coefficients; *p
= significant difference (2-tailed) at the 0.01; AD, axial diffusivity; CD, cluster
differentiation; FA, fractional anisotropy; LACR, left anterior corona radiata;
LSCR, left superior corona radiata; LSLF, left superior longitudinal fasciculus;
MD, mean diffusivity; PRI, perceptual reasoning index; PSI, processing speed



Z.M. Hein et al.

index; RACR, right anterior corona radiata; RD, radial diffusivity; RSCR, right
superior corona radiata; RSLF, right superior longitudinal fasciculus; WMI,
working memory index.

impairment. Future studies should include broader age ranges to vali-
date these findings in older adults with higher vascular risk profiles.
Secondly, the relatively small sample size, particularly within tract-
specific subgroups (e.g., 3-7 subjects per ROI), limits the statistical
power to detect subtle associations, especially in DTI metrics [70,71].
This also restricts the generalizability of our findings to broader pop-
ulations. Future studies with larger, more diverse cohorts are essential to
validate the observed relationships and improve confidence in the
tract-specific inferences.

Third, the cross-sectional design precludes causal inference.
Although we observed correlations between age, QRISK3 scores, and
white matter integrity, we cannot determine whether these changes
preceded, coincided with, or followed the development of WMHs and
cognitive changes. Longitudinal follow-up is necessary to examine the
temporal progression of microstructural damage, WMHs accumulation,
and cognitive decline, and to determine whether early DTI alterations
predict long-term outcomes such as vascular cognitive impairment or
dementia.

Fourth, while DTI provides sensitive and non-invasive insights into
white matter structure, it has known limitations. The tensor model as-
sumes a single fiber direction per voxel, which may oversimplify com-
plex fiber architectures, particularly in crossing fiber regions like the
corona radiata and SLF [72]. More advanced diffusion models such as
neurite orientation dispersion and density imaging (NODDI) [73],
diffusion kurtosis imaging (DKI) [74], or free-water imaging could offer
deeper pathophysiological insights by distinguishing between demye-
lination, axonal loss, and extracellular water content. Additionally,
integrating perfusion imaging (e.g., arterial spin labelling, ASL) [75],
cerebral small vessel reactivity (e.g., BOLD-based CVR mapping) [76],
or magnetization transfer ratio (MTR) imaging [77,78] may provide a
more comprehensive understanding of CSVD.

Fifth, although we used QRISK3 as a vascular risk stratification tool,
it does not capture all CSVD-relevant variables, such as inflammatory
markers, homocysteine levels, blood-brain barrier integrity, or genetic
predisposition (e.g., APOE €4 and NOTCH3). Future studies should
explore multimodal risk profiling, integrating systemic, neuroimaging,
and fluid biomarkers to enhance predictive precision.

Finally, although we observed trends linking FA to cognitive per-
formance, the absence of significant group-level cognitive impairment
may reflect the early-stage nature of CSVD in this cohort or ceiling ef-
fects in the cognitive assessments. Future research may benefit from
using more sensitive neuropsychological batteries, computerized pro-
cessing speed tests, or functional MRI to detect subtle deficits.

Despite these limitations, this study lays important groundwork by
demonstrating that subtle, anatomically specific white matter changes
can be detected in cognitively intact, at-risk individuals using widely
available tools. This supports a preventive paradigm in CSVD research
shifting from identifying irreversible damage to detecting and modifying
early risk states. Future directions should include firstly longitudinal
multi-timepoint DTI studies to map the trajectory of tract-specific
microstructural decline. Second, multicenter population studies to
enhance external validity. Third, interventional trials to assess whether
lifestyle or pharmacological modifications (e.g., antihypertensives, sta-
tins, exercise) can mitigate white matter decline in high-risk but
asymptomatic individuals. Finally, machine learning approaches to
integrate neuroimaging, cognitive, and vascular risk data for personal-
ized CSVD prediction models.

5. Conclusion

This study highlights the presence of early white matter micro-
structural alterations in anatomically specific tracts among
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asymptomatic individuals with elevated vascular risk, particularly as
measured by QRISK3. Although conventional MRI-detected WMHSs were
not significantly associated with cognitive impairment, DTI revealed
subtle disruptions most notably within the LSLF that correlated with
increased age, vascular risk, and lower processing speed performance.
By integrating lesion-guided tractography, vascular risk profiling, and
cognitive testing, this study underscores the value of DTI as a sensitive
tool for detecting preclinical changes in CSVD. These findings advocate
for a shift toward early detection and prevention, particularly in middle-
aged adults with modifiable cardiocerebrovascular risk factors. Future
longitudinal and interventional research is warranted to validate these
tract-specific markers and establish their predictive utility in mitigating
long-term cognitive decline. Such approaches will be critical for devel-
oping precision strategies to identify, monitor, and treat individuals at
risk for CSVD before it becomes irreversible.
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