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Background: White matter hyperintensities (WMH) are a hallmark of
cerebrovascular disease. They are often found in middle-aged individuals and
are associated with a greater risk of stroke and vascular dementia. Although
traditional cardiovascular risk factors are linked to WMH, some individuals with
low vascular risk according to conventional scales still show WMH burden,
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1 Introduction

10.3389/fneur.2025.1667424

suggesting an increased vulnerability. This study aimed to elucidate the biological
mechanisms underlying the presence of WMH in cognitively unimpaired (CU)
middle-aged and older individuals with low cardiovascular risk.

Methods: We included 1,072 CU participants from the ALFA study with a low
cardiovascular risk profile for late-life dementia (CAIDE-I score < 9). We defined a
multi-stage exploratory study design to reveal the potential biological pathways
driving WMH in the study sample. First, we estimated the genetic predisposition
to WMH using polygenic scoring (PRSymn) and used this score as a predictor
of: (@) WMHV as a subclinical quantitative measure of global and regional WMH
burden and (b) pathological WMH levels (pathological: Fazekas score > 2), as a
qualitative measure of clinically relevant WMH. Covariate-adjusted Spearman’s
rank correlation tests evaluated the association between the PRSymy and
regional and global WMH volumes (WMHV), while a logistic regression model
was performed to explore the association with pathological WMH. Second,
group-stratified partial correlations (CAIDE-specific factors) were explored to
identify homogeneous groups with persistent genetic associations with WMH,
beyond the presence of cardiovascular risk factors. Third, an enrichment analysis
of the PRS-annotated genes unveiled the biological mechanisms leading to
WMH burden. Finally, based on the enrichment analysis, we examined the role
of cardiometabolic traits as biomarkers of WMHV.

Results: Genetic predisposition to WMH was associated with larger global and
regional WMHV after adjusting for age and sex, specifically in frontal areas.
In this group, larger WMHV were associated with poorer executive function.
Group-stratified analyses showed significant correlations particularly among
older participants, those with hypercholesterolemia and those with lower
educational attainment. Gene-set enrichment involved vascular, neuronal and
cellular pathways, and blood pressure measurements partially mediated the
association between the genetic risk for WMH and the actual WMHV.
Interpretation: These findings support a polygenic contribution to
cerebrovascular burden and nominate cardiac function as a biological link
along the heart-brain axis. While the PRSyuy is not yet clinically actionable,
our results propose and prioritize hemodynamic monitoring as an early,
testable intervention in genetically susceptible individuals, to help prevent
cerebrovascular damage and downstream cognitive impairment in healthy
participants with low cardiovascular risk profile.

KEYWORDS

cardiovascular risk, white matter hyperintensities, blood pressure measurement,
polygenic risk score, cerebrovascular disease, dementia, risk factors

WMH burden (11), which, independently of age and other risk
factors, increased the risk of deterioration and functional dependence

White matter hyperintensities (WMH) are a well-established
markers of cerebral small vessel disease (CSVD). Different
pathophysiological pathways have been proposed to explain their
appearance (1), mainly categorized into vascular (e.g., due to ischemia/
hypoperfusion) and non-vascular (e.g., due to gliosis, axonal loss)
origin. Age and hypertension are the main risk factors for WMH (2,
3), but other cardiovascular risk factors (CVRF) (4), such as
cholesterol (5) and obesity (6) also play a significant role.

WMH contribute to cognitive impairment (CI) and
neurodegeneration, and have a major clinical impact in the general
population, increasing the risk of stroke, cognitive decline and
dementia (7, 8). In longitudinal studies involving cognitively healthy
elderly individuals (9), larger WMH have been associated with worse
cognitive performance, even when controlling for the effect of CVRF
(10). Remarkably, authors identified a pathological threshold for
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among participants without baseline complaints (9). These findings
suggest that, beyond the presence of WMH as a common feature of
aging, there is a clinically relevant level of WMH severity that predicts
global functional decline, and the study of cardiovascular risk factors
may not be sufficient to mechanisms underlying the presence of WMH.

Given these implications, more research is needed to
understand the mechanisms throughout WMH impair cognition
and brain health. WMH are a frequent comorbidity in Alzheimer’s
disease (AD) (1, 12-14). Recent studies have shown increased
WMH burden in AD patients when compared to mild cognitive
impaired (MCI) individuals and cognitively unimpaired (CU) older
adults (15). Nonetheless, dementia in older adults typically lies on
a continuum between AD and vascular dementia (VaD) (16-18),
with frequent co-pathologies and overlapping phenotypes. At
preclinical stages of the AD (19), WMH and AD pathology
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accumulate and interact in a spatio-temporal way across the whole
disease continuum (20). Recent findings suggest that, in cognitively
normal and MCI older adults, vascular burden is primarily related
to larger frontal WMHY, whereas AD core CSF biomarkers are
mainly linked to temporal and parietal WMH (21). These patterns
imply that, at preclinical stages of AD, WMH burden may reflect
both vascular and AD-specific processes. Therefore, targeting
modifiable vascular pathways in pre-symptomatic individuals with
abnormal CSF profiles could help to reduce cerebrovascular burden,
improve brain health and open a new window for targeted
preventive strategies in AD participants, for which available
treatments still present specific challenges, such as stringent
eligibility criteria and safety monitoring of the participants
(van (22)).

To explore additional therapeutic targets, the evaluation of
WMH should extend beyond modifiable risk factors alone. WMH
are a strong heritable phenotype (~40 to 70%) (23) and share
common genetic risk factors with AD and other dementias (24,
25). For instance, several studies have found significant associations
between the APOLIPOPROTEIN E gene (APOE) €4 allele and
larger WMHYV in cognitively unimpaired (CU) individuals (4, 26,
27). However, contrary to the previous findings, others have
suggested that there may be no association or even a reverse
association between the APOE-¢4 allele and white matter lesions
in AD patients (28). These results should be cautiously interpreted,
as heterogeneous vascular risk profiles may play a role in
developing WMH in the absence of the APOE-¢4 allele in
AD. Beyond APOE, genome-wide association studies (GWAS) have
identified novel genetic variants associated with WMH burden and
microstructure (29, 30), which suggested a polygenic architecture
of WMH (31). Interestingly, recent studies have found a positive
association between higher polygenic risk of WMH and increased
risk of both CSVD and AD (32). Genetic architecture of WMH has
been linked to genetic loci that are implicated in inflammatory and
glial proliferative pathways, variants mapped to genes implicated
in AD, intracerebral hemorrhage, neuroinflammatory diseases and
glioma, as well as blood pressure regulation (30). Specifically,
recent studies found that genes associated with WMHV closer to
the ventricles (i.e., periventricular WMH), which are highly linked
to elevated systolic blood pressure (SBP), were mostly involved in
vascular function and ischemic stroke (33). On the other hand,
genes associated with more peripheral WMHYV (i.e., deep WMH),
which are highly linked to arterial hypertension (both SBP and
diastolic blood pressure (DBP)), were mostly involved in vascular,
astrocyte and neuronal function. These findings suggest separate
causes for periventricular and deep WMH, which they both have
been associated with cognitive decline and obesity and
gait dysfunction.

However, less is known about the causes and consequences of WMH
lesions in asymptomatic cognitively healthy individuals. In our
ALzheimer’s and FAmilies (ALFA) cohort (34), characterized by
individuals healthier than an age-matched cohort, but with a high
proportion of AD patients’ offsprings, we found a high prevalence of
incidental findings in MRI, remarkably for severe WMH being prevalent
in 8% of the sample (35). In a study including ALFA participants, we also
found that larger WMHYV were associated with worse cognitive outcomes
(36). Nonetheless, the mechanisms contributing to cerebrovascular
disease in these healthy asymptomatic populations still remain unclear.
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Given the lack of research, the urgency to identify additional
therapeutic targets to improve cognitive outcomes, and the suitability
of the ALFA cohort to examine cerebrovascular imaging features in
the context of dementia prevention, the present work adopts a multi-
stage exploratory study design to examine the biological mechanisms
underlying the presence of WMH in CU middle-aged and older
individuals of the ALFA cohort (34), at low cardiovascular risk for
late-life dementia but elevated genetic risk for AD. By selecting
participants with low cardiovascular risk, based on the Cardiovascular
Risk Factors, Aging, and Incidence of Dementia I (CAIDE-I) risk
score (CAIDE-I score < 9), but enriched with AD-related genetic risk
factors, we obtain a suitable cohort for studying the genetic influences
of WMH, minimizing the impact of known modifiable risk factors
and increasing the likelihood of identifying potential pathways
related to cerebrovascular burden in individuals at risk of AD. First,
we assessed whether the genetic predisposition to WMH, assessed
through the polygenic risk score of WMH (PRSym), was a proxy for
larger global and regional WMHYV as well as a proxy of clinically
defined WMH pathological levels in the study sample. Second, we
examined in which specific groups of individuals, the PRSy\y was
persistently associated with WMHV even in presence of specific
CVRE Third, we explored the biological mechanisms associated with
WMH by performing an enrichment analysis of the genes annotated
to the genetic variants included in the PRSyyy. Lastly, based on the
enriched biological pathways observed in the enrichment analysis,
we investigated the role of lipids and blood pressure (BP)
measurements as potential biomarkers of WMH.

2 Methods
2.1 Study population

Participants of this study are part of the ALFA study composed of
2,743 CU european individuals aged between 45 to 75 years old, most
of them offspring of AD patients. Participants had a Clinical Dementia
Rating score equal to 0 and were excluded if they had major psychiatric
disorders or other diseases that could affect cognition, neurological
disorders, brain injury (i.e., head trauma with parenchymal lesion or
extra axial macroscopic large vessel ischemic stroke or hemorrhagic
stroke) that could affect cognition, or family history of AD with
suspected autosomal dominant pattern. Although individuals with
recent neurological disorders and brain injury were excluded,
cardiovascular and endocrino-metabolic comorbidities were self-
reported by 30 and 42% of the participants, respectively, being both
current hypertension and dyslipidemia the most prevalent. However,
80% of individuals had a BMI < 30 and 74% a measured systolic blood
pressure (SBP) <140, indicating a lower risk of developing
cardiovascular disease. For a full detailed description of the ALFA
study and its inclusion and exclusion criteria see (34).

2.2 Standard protocol approvals,
registrations, and patient consents

The ALFA study protocol and informed consent were approved
by an independent Ethics Committee “Parc de Salut Mar,” Barcelona,
and is registered at Clinicaltrials.gov (Identifier: NCT01835717).
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2.3 Sociodemographic, lifestyle and clinical
factors

Sociodemographic, lifestyle and clinical factors were collected.
Participants were considered to have hypertension when (i) the
measured systolic blood pressure was above 140 mmHg, (ii) they were
under an antihypertensive treatment or (iii) it was self-reported. Body
mass index (BMI) was derived from the height and weight and
individuals were classified as underweight (BMI < 18.5), normal
weight (18.5 < BMI < 24.9), overweight (25 < BMI < 29.9), and obese
(BMI < 30). Physical activity was measured using the Spanish short
version of Minnesota Leisure Time Physical Activity Questionnaire
(37). Since total cholesterol levels were not available for all the
participants, individuals were classified as hypercholesterolemic when
they self-reported either the presence of dyslipidemia or the use of
(e.g.
atorvastatina, pitavastatina). Educational attainment was determined

medication (lipid modifying therapies simvastatina,

by assessing the number of years of formal education completed.

2.4 Cardiovascular risk for late-life
dementia: CAIDE score

Specific sociodemographic, lifestyle and clinical risk factors were
included in the CAIDE-I risk score predicting 20-year risk for late-life
dementia (Supplementary Figure 1). In the standard protocol for the
CAIDE score computation (38), variables are dichotomized or
categorized in tertiles based on standard cutoffs. In ALFA, participants
were assigned a score depending on the group they belonged to for
each one of the vascular risk factors (4); Supplementary Table 1). In
the current study, individuals scoring below 10 (CAIDE-I score < 9)
were classified as low-risk for developing dementia late in life and were
included in the final sample of the study. Individuals with a CAIDE-I
score >9 were excluded from the study (Supplementary Figure 2).

2.5 Cognitive measures in the sample

A total of 758 individuals from the study sample (n = 1,072) had
available information on cognitive function. Verbal episodic memory
was evaluated through the Spanish validated version A of the Free and
Cued Selective Reminding Test (FCSRT) (39). The FCSRT consists of
the learning and retention of a list of 16 semantically unrelated words
through a controlled learning process that uses semantic encoding
(40). Moreover, executive functioning was evaluated using the
Wechsler Adult Intelligence Scale-WAIS-IV (41). We calculated
composites for episodic memory and executive functioning domains
by averaging the normalized scores of the tests included in the FCSRT
and WAIS-IV, respectively. More details can be found in
Supplementary Results.

2.6 Genetic data acquisition, quality
control and imputation

DNA was obtained from blood samples through a salting out
protocol. Genotyping was performed with the Illumina Infinium
Neuro Consortium (NeuroChip) Array (build GRCh37/hg19). The
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NeuroChip array is a custom genotyping Illumina platform enriched
for neurological and neurodegenerative disease-related variants
(170 K). Quality control was performed using PLINK software.
Imputation was performed using the Michigan Imputation Server
with the haplotype Reference Consortium Panel (HRC r1.1 2016) (42)
following default parameters and established guidelines. A full
description of the genotyping, quality control and imputation
procedures is available elsewhere (43).

2.7 Polygenicity of white matter
hyperintensities

Polygenicity of WMH was calculated using the PRSice version 2
tool (44). Summary statistics from a recent GWAS for WMH (29)
were obtained to compute the PRSyy (Supplementary Table 2). We
explored the joint effect of single nucleotide polymorphisms (SNPs)
displaying a significance of 5-107%, to guarantee enough variability in
the sample while maintaining the most significant loci related to
WMH. For the PRS computation, we first applied the clumping
method, which consisted on retaining the single nucleotide
polymorphisms (SNPs) with the smallest p-value in each 250 kb
window and removing the SNPs that were in linkage disequilibrium
(r*> 0.1). After removing the highly correlated SNPs, the PRSy\y was
computed by adding up the alleles carried by participants, weighted
by the SNP allele effect size from the GWAS, and normalizing by the
total number of alleles (Supplementary Tables 2, 3). A total number of
25 SNPs remained in the computation of the PRS, out of 708 with a
significance below 5 x 107°. To further explore the contribution of
genetic factors beyond APOE, the same PRSyy was re-calculated
excluding the APOE region (PRSwwgmoaror) (chrl19:45,409,011-
45,412,650; GRCh37/hg19).

2.8 Magnetic resonance imaging
acquisition and WMH volume
quantification

MRIs were acquired on a Philips Ingenia CX 3 T MRI scanner.
The MRI protocol included a high resolution a 3D T1-weighted
sequence (voxel size = 0.75 x 0.75 x 0.75 mm, TR/TE = 9.9/4.6 ms,
Flip Angle =8°) and a 3D fluid attenuation inversion recovery
(T2-FLAIR) TR/TE/
IR = 5000/312/1700 ms). All scans were visually assessed for quality

scan (voxel size=1 x 1 X 1mm,
and incidental findings by a trained neuroradiologist (35). A Bayesian
algorithm was used to quantify WMHV (mm®) from T1-weighted and
T2-FLAIR MRI scans (45). Regional WMHYV were quantified at five
different distances from the ventricles and for six different regions in
both the right and left hemispheres. We worked with regional volumes
in the frontal, temporal, parietal and occipital lobes, as well as in the
basal ganglia. We did not include the infratentorial region. To reduce
dimensionality, regional WMH were categorized into three subtypes
based on the distance from the ventricles (periventricular, deep and
juxtacortical). Volumes were averaged across hemispheres to produce
a single regional measure with equal hemisphere weighting, as
pronounced WMH asymmetry is typically associated with clinical
populations (46). Volumes were adjusted for total intracranial volume
(TIV). Similarly, global WMHYV was expressed as the average volume
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between right and left hemispheres and normalized by TIV. All MRIs
were visually assessed by a trained neuroradiologist who was blinded
to the APOE genotype of the participants. Images were rated using
modifications of the Fazekas Scale (11), which separately categorizes
WMH load in a pathological level based on a scale ranging from 0 to
3 (0, none or a single punctate WMH lesion; 1, multiple punctate
lesions; 2, beginning confluency of lesions (bridging); and 3, large
confluent lesions). WMH pathological levels were defined based on
the cut-off of 2 (Fazekas score <2: non-pathological WMH, Fazekas
score > 2: pathological WMH) (9, 47, 48).

2.9 Available cardiometabolic traits

2.9.1 Lipid levels in serum

Biochemical analyses of lipids were performed on serum samples
by the Reference Laboratory of Catalunya. Measurements for
triglycerides (TG), total cholesterol (Tchol), low density lipoprotein
(LDL) and high density lipoprotein (HDL) levels were available for a
reduced study sample (N = 237, 22% of the total sample). LDL levels
were calculated through the Friedewald formula (49). Lipid levels
were categorized as pathologic or non-pathologic based on standard
reference ranges for high blood cholesterol treatment in adults (50).
Pathological levels were considered when Tchol 2240 mg/dL, LDL >
160 mg/dL, TG  >200 mg/dL and  HDL <40 mg/dL
(LDL = Tchol-HDL + TG/5). To account for potential variability in
serum lipid measurements due to biological, dietary or
pharmacological influences, a binary classification of dyslipidemia was
applied. Participants were classified as dyslipidemic if they either self-
reported hypercholesterolemia, used lipid-modifying treatments or
displayed pathological lipid levels. Conversely, participants were
classified as non-dyslipidemic if the previous conditions were not met.
A total of 173 were classified as displaying dyslipidemia for HDL
(73%), 155 for LDL (66%), 165 for Tchol (70%) and finally, 158 for TG
(66.6%). More details about grou p composition can be found in
Supplementary Results.

2.9.2 Blood pressure measurements

SBP, DBP and heart rate (HR; cardiac frequency) were available
for a total of 754 individuals (70% of the study population). These
measurements reflected systemic arterial pressure measured at rest.
SBP measures the BP when the heart is beating, while DBP refers to
the BP when the heart is resting. Both indices were measured per
mmHg. HR was reported as the number of heart beats per minute.
Measures were obtained at two different times in the same visit. We
worked with the averaged value. We derived additional metrics from
these measurements: Pulse pressure (PP = SBP - DBP), Mean arterial
pressure (MAP = DBP + 1/3(SBP - DBP)), and Rate-pressure product
(RPP = HR x SBP). RPP is an indirect index of myocardial oxygen
consumption that predicts cardiac function and mortality in patients
with cardiovascular disease (51). MAP refers to the average arterial
pressure throughout one cardiac cycle, systole, and diastole, and it is
influenced by cardiac output and systemic vascular resistance. MAP
is the closest surrogate for cerebral perfusion pressure over the cardiac
cycle. Finally, PP refers to the pulsatile component of arterial pressure
and correlates with arterial stiffness and excessive transmission of
pressure. Both steady measurements (SBP, DBP, MAP) and pulsatile
components (HR, PP, RPP) independently predict mortality (52).
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More details about BP measurements distribution can be found in
Supplementary Results.

2.10 Statistical analysis

A descriptive analysis of the study sample was performed using
chi-square tests for categorical variables and parametric (¢-test) and
non-parametric tests (Wilcox test) for continuous normally and
non-normally distributed variables, as appropriate. Moreover,
non-parametric tests (Mann-Whitney and Kruskal Wallis) were
performed to explore differences in the median value for the PRSyyu
and WMHYV between risk groups for each CAIDE-I component. An
extended descriptive characterization of the sample included the
cross-sectional evaluation of the relationship between WMHYV and
cognitive functioning. Analyses were not included as a part of the
main design, but explained and presented in Supplementary Results.

A multi-stage exploratory design was defined to explore the
biological mechanisms linked to WMH, including: (1) validation of
the PRSwyy as a proxy of larger WMHYV and clinically defined
pathological WMHY, (2) identification of individuals for whom
genetics were still predicting larger WMHYV even in presence of
cardiovascular risk factors, (3) examination of biological pathways
leading to WMH and (4) exploration of potential biomarkers of WMH.

The first step aimed to test whether the polygenic risk score of
WMH was a proxy of larger WMHV and clinically defined
pathological WMH in the sample. When working with global and
regional WMHV (quantitative outcome) we applied covariate-
adjusted Spearman’s rank correlation test (partial Spearman) (53) to
examine the association with larger WMHYV, both globally and
regionally. This non-parametric approach was selected because of the
highly asymmetric and skewed distribution of WMHV and
log-transformed WMHY, as well as the non-linear association
between the PRS-WMH and WMHYV. Details can be found in
Supplementary Methods. Partial correlations were adjusted for age
and sex by computing Spearman correlations between the probability-
scaled residuals (54) of PRSyyi and WMHYV regressed on age and sex.
Sensitivity analyses were performed adjusting the models for the
CAIDE-I score and hypertension status. To assess the specific impact
of APOE-€4 carriership, we conducted the same partial correlations
between the PRS-WMH and WMHYV using the PRSy; that excluded
the APOE region (PRSwwmmoaror) While additionally adjusting for
APOE-¢4 carriership. When working with the clinical definition of
pathological WMH levels, we performed a logistic regression model
to explore the association with the genetic predisposition to WMH
adjusting for age, sex and hypertension.

The second step consisted of identifying the profile of the
participants for whom genetics were persistently related to larger
WMHY even in presence of WMH-related cardiovascular risk factors
(CAIDE-I components). For each CAIDE-I component, we classified
individuals into more homogeneous groups based on the absence or
presence of the risk factors. Individuals who belonged to the
“underweight” group (n = 3) were excluded and a binary variable was
created to classify individuals as obese and non-obese (cut-off point
BMI> 30). Individuals were classified as being active (=150 min) or
inactive (<150 min) based on the time of physical activity per week. For
quantitative variables, the classification was based on the distribution of
the values in the sample. Based on the distribution of the age, participants
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were divided into three groups: (i) 45-54 years old group, (ii) 55-64 years
old group and (iii) 65-77 years old group. Similarly, individuals were
classified into low (0-6 years), intermediate (7-9 years) and high (>
10 years) education groups. First, a chi-square test was used to compare
the cardiovascular risk profile of individuals classified into different
groups within each cardiovascular risk factor. Second, stratified partial
Spearman’s rank correlation tests were performed to assess the
correlation between the PRSyu; and global WMHYV in each group for
the seven CAIDE-I components. Models were adjusted for age and sex
when required.

The third step aimed to reveal the biology behind the
PRS- Therefore, genetic variants associated with WMH (p < 5 x
107°) were annotated to their nearest genes (distance of 10 kb) using
biomaRt package in R as well as the snpXplorer algorithm, which
allowed for a deeper characterization and functional interpretation of
the effects of genetic variants (55). More details can be found in
Supplementary Methods. An enrichment analysis was conducted to
identify the primary biological pathways (Gene Ontology; GO terms)
linked with the genes that confer higher risk of WMH by using
clusterProfiler 4.6 package (56) in R. One-sided version of Fisher’s
exact test was used to determine whether known biological functions
were overrepresented in the gene list and to calculate the probability
of observing a set of genes in a particular biological pathway by
chance. Enrichment analysis was performed based on the list of
SNP-annotated genes pre- and post-clumping. Results are displayed
for the post-clumped SNPs list, which is cohort-specific. Nonetheless,
a more detailed exploration of the biological mechanisms linked to
WMH, invariant across cohorts and non-influenced by cohort-specific
aspects, can be found in Supplementary Methods.

Finally, based on the enrichment analysis results, we planned to
examine potential biomarkers of WMH, mainly focusing on two main
mechanistic pathways underlying the polygenicity of WMHV: (a)
lipid-related mechanisms, due to the observed results in the
non-cohort specific enrichment analysis, and (b) vascular-related
mechanisms, due to the observed results in the cohort-specific
enrichment. We first proposed (a) lipid levels in serum as potential
biomarkers of WMHYV. Nonetheless, only a subset of individuals had
available measurements (N = 237, 22% of the total sample). This loss
in sample size and, in consequence, in statistical power, complicated
the possibility to extend the analyses to further explore a potential
mediation role between the genetic architecture of WMH and
WMHYV. Results and potential sources of bias were described in
Supplementary Results. Secondly, we proposed (b) a set of blood
pressure measures as potential biomarkers of WMHYV. A total of 754
individuals (70%) had available information for SBP, DBP and HR,
which facilitated further explorations. Partial correlations were used
to explore the association between the hemodynamic variables and
WMBHY, after adjusting for age and sex. Sensitivity analyses included
hypertension as a covariate, to assess the direct effect of blood pressure
measurements on WMHYV. We also explored the association between
the PRS of WMH and blood pressure measures, adjusting for age and
sex. Given the significant associations observed between blood
pressure measures, WMHYV and the PRSyx, we investigated whether
these hemodynamic measures mediate the relationship between the
PRSwwm and both global and regional WMHV. WMHYV values were
transformed using the bestNormalize R package (57), and causal
mediation effects were estimated with the mediation R package All the
analyses were performed using the R software version 4.2.2.
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3 Results

3.1 Characterization of the study sample:
demographics, WMH profile and cognitive
vulnerability to WMHV

The included 1,072  individuals
(Supplementary Figure 2) at low risk to develop dementia late in
life, where 64.3% (N = 689) were women. The median age of the
sample was 59 years [IQR 53; 64] and the median value for total
years of education was 14 [IQR 11; 17] (Table 1). We observed

significant differences when comparing between non-pathological

study  sample

and pathological groups based on WMH severity. In the group
displaying pathological WMH, individuals were older (p < 0.001),
had higher risk to develop dementia late in life based on the
CAIDE score (p < 0.001), and there was a higher percentage of
hypertensive (p < 0.001) individuals. They also displayed higher
TIV (p = 0.001) and global WMHYV (p < 0.001), which increased
with higher Fazekas
Non-significant

scores (Supplementary Figure 3).
in the

predisposition to WMH between pathological WMH groups.

differences were found genetic

Nonetheless, when comparing between individuals with different
that
predisposition to WMH was higher in obese, hypercholesterolemic

cardiovascular risk profiles, we observed genetic
and hypertensive individuals compared to the non-risk
counterparts within each group (Supplementary Figure 4). Global
WMHYV increased across all age ranges and was higher in
hypertensive individuals and women when compared to their
counterparts (Supplementary Figure 5). Additionally, in the
individuals with low cardiovascular risk and available cognitive
measurements (n = 758), WMHYV were associated with poorer
executive function independently of aging- and AD-related
cortical thickness, hypertension, neurodegeneration and other
risk factors. Detailed results are

main provided in

Supplementary Results.

3.2 The polygenic risk score of WMH,
beyond APOE effect, is a proxy of larger
WMHYV in individuals at low
cardiovascular risk for late-life dementia,
although it is not indicative of
pathological WMH levels

Partial correlations showed that genetic predisposition to
WMH was positively associated with larger global WMHY, even
after adjusting for the effect of age and sex (p = 0.090 [0.029,
0.149], p = 0.004; Figure 1; Table 2A). Sensitivity analyses showed
that results were still significant after adjusting the model for
hypertension status (p = 0.082 [0.021, 0.142], p = 0.008), CAIDE-I
score (p =0.090 [0.030, 0.150], p=0.003) and APOE-¢4
carriership (p =0.062 [0.001, 0.122], p =0.048; Figure 1A;
Table 2). Regarding regional WMH, the PRSy\ was associated
with larger periventricular WMHYV in frontal (p = 0.088 [0.028,
0.147], p = 0.004), occipital (p = 0.093 [0.034, 0.152], p = 0.002)
and temporal (p = 0.062 [0.092, 0.122], p = 0.043) areas, larger
WMHYV in all deep areas except basal ganglia, and finally
juxtacortical frontal (p = 0.065 [0.006, 0.125], p = 0.032) areas
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TABLE 1 Demographic and cardiovascular characteristics of the study sample, stratifying by pathological WMH levels.

Sociodemographic and

Sample of the study

Non-pathological

Pathological WMH

clinical factors N =1,072 WMH (Fazekas >2, N = 83)
(Fazekas <2, N = 980)
Sex 0.108
Men 383 (35.728%) 344 (35.102%) 37 (44.578%)
Women 689 (64.272%) 636 (64.898%) 46 (55.422%)
Age 59.000 [53.000; 64.000] 58.000 [53.000; 63.000] 64.000 [60.000; 67.000] <0.001
Categorical Age <0.001
47-55yo 377 (35.168%) 365 (37.245%) 10 (12.048%)
56-64 yo 469 (43.750%) 427 (43.571%) 36 (43.373%)
65-77 yo 226 (21.082%) 188 (19.184%) 37 (44.578%)
Years of Education 14.000 [11.000; 17.000] 14.000 [11.000; 17.000] 14.000 [11.000; 17.000] 0.539
Categorical Education 0.986
5-10yr 225 (20.989%) 206 (21.020%) 18 (21.687%)
11-14 yr 317 (29.571%) 290 (29.592%) 24 (28.916%)
15-18 yr 530 (49.440%) 484 (49.388%) 41 (49.398%)
APOE ¢4 carriership 0.211
Allele ¢4 Carriers 415 (38.713%) 374 (38.163%) 38 (45.783%)
Allele €4 Non-Carriers 657 (61.287%) 606 (61.837%) 45 (54.217%)
CAIDE-I score 5.000 [4.000; 7.000] 5.000 [4.000; 7.000] 7.000 [5.000; 8.000] <0.001
Hypertension <0.001
Hypertensive 163 (15.205%) 136 (13.878%) 26 (31.325%)
Non-Hypertensive 909 (84.795%) 844 (86.122%) 57 (68.675%)
Body Mass Index 0.051
Underweight 3(0.280%) 3(0.306%) 0 (0.000%)
Normal Weight 443 (41.325%) 416 (42.449%) 23 (27.711%)
Overweight 471 (43.937%) 419 (42.755%) 47 (56.627%)
Obese 155 (14.459%) 142 (14.490%) 13 (15.663%)
Hypercholesterolemia 0.132
Hypercholesterolemic 270 (25.187%) 250 (25.510%) 28 (33.735%)
Non-Hypercholesterolemic 802 (74.813%) 730 (74.490%) 55 (66.265%)
Minutes of physical activity (per 2011.875 [1012.875;
month) 3514.375] 1998.438 [983.250; 3531.656] 2452.500 [1139.375; 3413.438] 0.400
Physical activity 0.515
Active (=150 min/week) 1,037 (96.735%) 946 (96.531%) 82 (98.795%)
Inactive (<150 min/week) 35 (3.265%) 34 (3.469%) 1(1.205%)
PRS-WMH —0.002 [—0.005; <0.001] —0.002 [—0.005; <0.001] —0.001 [—0.004; 0.001] 0.168
1441538.539 [1332020.471; 1438698.539 [1329745.167; 1517769.830 [1379781.759;
Total intracranial volume 1561860.173] 1554750.589] 1622791.098] 0.001
WMH volume 0.001 [0.001; 0.002] 0.001 [0.001; 0.002] 0.006 [0.004; 0.009] <0.001
Fazekas scale <0.001
NA 9 (0.840%)
0 343 (31.996%) 343 (35.000%) 0 (0.000%)
1 637 (59.421%) 637 (65.000%) 0 (0.000%)
2 73 (6.81%) 0 (0.000%) 73 (87.952%)
3 10 (0.933%) 0 (0.000%) 10 (12.048%)
Blood pressure and cardiac indicators
(n =746)
(Continued)
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TABLE 1 (Continued)

Sociodemographic and
clinical factors

Sample of the study
N =1,072

Non-pathological
WMH
(Fazekas <2, N = 980)

Pathological WMH
(Fazekas >2, N = 83)

p-value

SBP 125 [114; 138] 124 [113; 138] 138 [125; 147] <0.001
DBP 79.0 [72.0; 85.4] 78.8 [72.0; 85.0] 84.2 [77.0; 91.0] 0.001
HR 68.5 [61.6; 75.5] 68.5 [61.5; 75.5] 69.5 [63.0; 78.9] 0.222
MAP 94.7 [87.0; 102] 94.2 [86.7; 101] 100 [94.3; 108] <0.001
RPP 8,614 [7,437; 9,833] 8,539 [7,400; 9,766] 9,616 [8,351; 10,793] <0.001
pp 46.5 [37.5; 56.0] 46.0 [37.4; 55.0] 53.5 [43.0; 65.0] <0.001
Time between clinical evaluation and

MRI scan 3.58 [3.11; 4.33] 3.595 [3.123; 4.363] 3.422 [3.089; 3.970] 0.058

TIV, Total Intracranial Volume; MRI, Magnetic Resonance Imaging; WMH, White Matter Hyperintensities; yo, years old; yr, years; SBP, Systolic blood pressure; DBP, Diastolic blood pressure;
HR, Heart rate; MAP, Mean arterial pressure; RPP, Rate-pressure product; PP, Pulse pressure. Median and interquartile range were reported for continuous non-normally distributed variables.
Counts and percentage were reported for categorical variables. TIV was defined as mm’. WMH volume was adjusted for TIV and expressed for each 100 mm’. There were 9 missing values for
the Fazekas scale score. p-values below the established significance level (.05) are highlighted in bold.

A. Global WMHV ]

+age + Sex
0.029-0.149], p=0.004

+age + Sex + Hypertension
[0.021-0.142], p=0.008 |
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+age + Sex + CAIDE-|
| [0.03-0.15], p=0.003 |

+age + Sex + APOE-e4 carriers

[0.001-0.122), p=0.048 |

|
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FIGURE 1

Covariate adjusted Spearman'’s rank correlation test assessing the association between both (A) global and (B) regional WMHV and the genetic
predisposition to WMH. The main model included age and sex as covariates. Sensitivity analyses additionally included hypertension status, the CAIDE-I
score and APOE-E4 carriership (PRSWMHNoAPQOE as predictor). (A) A forest plot was used to display the results of the partial correlation between the
PRS of WMH and global WMHV. Confidence intervals and p-values were reported. (B) Bullseye plots were used to indicate the correlation between the
PRS of WMH and regional WMHYV. Concentric circles indicate the distance of the lesion, from internal layers referring to periventricular WMHV to more
external layers referring to juxtacortical WMHV. Significant correlations (nominal p < 0.05) were indicated by colouring the cells in the bullseye plot.
Gray areas indicate non-significant correlations. The asterisk indicates FDR <. 05.

(Figure 1B; Table 2). Only the association between the PRS of
WMH and periventricular WMHYV in both the frontal and
occipital lobes remained significant after FDR correction
(Table 2). Results from the logistic regression model did not show
a significant association between higher genetic predisposition to
WMH pathological ~WMH (p=0471;
Supplementary Table 4). The odds of displaying pathological
WMH levels were higher with age (OR =2.028, p < 0.001) and
history of hypertension (OR =1.863, p =0.02;
Supplementary Table 4).

and levels

positive

Frontiers in Neurology

3.3 The polygenic risk score of WMH
reflects higher WMH volume in
cardiometabolic risk groups, despite low
cardiovascular risk for late-life dementia

Genetic predisposition to WMH was positively associated with
larger WMHYV in non-hypertensives (p =0.095 [0.029, 0.161],
p=0.005) and non-obese (p =0.09 [0.025, 0.154], p=0.007)
individuals at low cardiovascular risk for late-life dementia (Table 3;
Figure 2). Non-hypertensive individuals were mainly younger
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TABLE 2 Results for the covariate-adjusted Spearman’s rank correlation test between the PRS of WMH and both WMHV.

Model p p-value Low CI High ClI
Global WMHV
PRS-WMH|WMH volume~ age_scan + Sex 0.090 0.004 0.029 0.149
PRS-WMH|WMH volume~ age_scan + Sex + Hypertension 0.082 0.008 0.021 0.142
PRS-WMH|WMH volume~ age_scan + Sex + CAIDE-I 0.090 0.003 0.030 0.150
PRS-WMH,,spor | WMH volume ~age_scan+Sex+APOE-¢4 carriership 0.062 0.048 0.001 0.122
Adjusted
Regional WMHV p-value Low ClI High CI p-value
Model 0
PRS-WMH~periventricular basal.ganglia~ age_scan + Sex 0.030 0.315 —0.029 0.090 0.363
PRS-WMH-~deep basal.ganglia~ age_scan + Sex 0.031 0.302 —0.028 0.091 0.363
PRS-WMH ~juxtacortical basal.ganglia~ age_scan + Sex 0.021 0.489 —0.038 0.079 0.524
PRS-WMH-~periventricular frontal~ age_scan + Sex 0.088 0.004 0.028 0.147 0.030
PRS-WMH-~periventricular parietal~ age_scan + Sex 0.056 0.072 —0.005 0.116 0.108
PRS-WMH-~periventricular occipital~ age_scan + Sex 0.093 0.002 0.034 0.152 0.030
PRS-WMH-~periventricular temporal~ age_scan + Sex 0.062 0.043 0.002 0.122 0.081
PRS-WMH-~deep frontal~ age_scan + Sex 0.077 0.011 0.017 0.135 0.055
PRS-WMH~deep parietal~ age_scan + Sex 0.068 0.026 0.008 0.128 0.065
PRS-WMH~deep occipital~ age_scan + Sex 0.070 0.023 0.009 0.130 0.065
PRS-WMH-~deep temporal~ age_scan + Sex 0.075 0.016 0.014 0.135 0.060
PRS-WMH-~juxtacortical frontal~ age_scan + Sex 0.065 0.032 0.006 0.125 0.069
PRS-WMH~juxtacortical parietal~ age_scan + Sex 0.059 0.054 —0.001 0.119 0.090
PRS-WMH ~juxtacortical occipital~ age_scan + Sex 0.054 0.083 —0.007 0.114 0.113
PRS-WMH ~juxtacortical temporal~ age_scan + Sex 0.003 0.922 —0.057 0.063 0.922
Model 1
PRS-WMH-~periventricular basal.ganglia~ age_scan + Sex + Hypertension 0.023 0.455 —0.037 0.082 0.525
PRS-WMH~deep basal.ganglia~ age_scan + Sex + Hypertension 0.028 0.366 —0.032 0.087 0.458
PRS-WMH ~juxtacortical basal.ganglia~ age_scan + Sex + Hypertension 0.020 0.504 —0.039 0.079 0.540
PRS-WMH-~periventricular frontal~ age_scan + Sex + Hypertension 0.079 0.010 0.019 0.139 0.075
PRS-WMH-~periventricular parietal~ age_scan + Sex + Hypertension 0.049 0.117 —0.012 0.109 0.164
PRS-WMH-~periventricular occipital~ age_scan + Sex + Hypertension 0.088 0.004 0.028 0.147 0.060
PRS-WMH~periventricular temporal~ age_scan + Sex + Hypertension 0.051 0.101 —0.010 0.111 0.164
PRS-WMH-~deep frontal~ age_scan + Sex + Hypertension 0.068 0.024 0.009 0.128 0.094
PRS-WMH~deep parietal~ age_scan + Sex + Hypertension 0.063 0.042 0.002 0.123 0.105
PRS-WMH-~deep occipital~ age_scan + Sex + Hypertension 0.067 0.032 0.006 0.127 0.096
PRS-WMH~deep temporal~ age_scan + Sex + Hypertension 0.070 0.025 0.009 0.130 0.094
PRS-WMH~juxtacortical frontal~ age_scan + Sex + Hypertension 0.059 0.053 —0.001 0.118 0.114
PRS-WMH-~juxtacortical parietal~ age_scan + Sex + Hypertension 0.048 0.120 —-0.013 0.108 0.164
PRS-WMH ~juxtacortical occipital~ age_scan + Sex + Hypertension 0.056 0.069 —0.004 0.116 0.129
PRS-WMH~juxtacortical temporal~ age_scan + Sex + Hypertension 0.000 0.999 —0.060 0.060 0.999
Model 2
PRS-WMH-~periventricular basal.ganglia~ age_scan + Sex + CAIDE-I 0.032 0.295 —0.028 0.091 0.340
PRS-WMH-~deep basal.ganglia~ age_scan + Sex + CAIDE-I 0.034 0.268 —0.026 0.093 0.335
PRS-WMH ~juxtacortical basal.ganglia~ age_scan + Sex + CAIDE-I 0.023 0.447 —0.036 0.081 0.479
PRS-WMH-~periventricular frontal~ age_scan + Sex + CAIDE-I 0.090 0.003 0.030 0.149 0.023
PRS-WMH~periventricular parietal~ age_scan + Sex + CAIDE-I 0.056 0.070 —0.005 0.116 0.102
PRS-WMH-~periventricular occipital~ age_scan + Sex + CAIDE-I 0.089 0.003 0.030 0.148 0.023

(Continued)

Frontiers in Neurology 09 frontiersin.org



Genius et al.

TABLE 2 (Continued)
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Adjusted

Low CI High ClI p-value

PRS-WMH-~periventricular temporal~ age_scan + Sex + CAIDE-I 0.062 0.045 0.001 0.122 0.084
PRS-WMH~deep frontal~ age_scan + Sex + CAIDE-I 0.078 0.010 0.019 0.137 0.050
PRS-WMH~deep parietal~ age_scan + Sex + CAIDE-I 0.068 0.027 0.008 0.128 0.068
PRS-WMH-~deep occipital~ age_scan + Sex + CAIDE-I 0.070 0.024 0.009 0.130 0.068
PRS-WMH~deep temporal~ age_scan + Sex + CAIDE-I 0.075 0.016 0.014 0.135 0.060
PRS-WMH-~juxtacortical frontal~ age_scan + Sex + CAIDE-I 0.065 0.032 0.005 0.124 0.069
PRS-WMH ~juxtacortical parietal~ age_scan + Sex + CAIDE-I 0.058 0.058 —0.002 0.118 0.097
PRS-WMH~juxtacortical occipital~ age_scan + Sex + CAIDE-I 0.055 0.075 —0.006 0.115 0.102
PRS-WMH ~juxtacortical temporal~ age_scan + Sex + CAIDE-I 0.004 0.899 —0.056 0.064 0.899
Model 3

PRS-WMH,,spop~periventricular basal.ganglia~ age_scan + Sex + APOE_e4_ 0.034 0.259 —0.025 0.094 0.363
carriership

PRS-WMH,,,spor~deep basal.ganglia~ age_scan + Sex + APOE_e4_carriership 0.052 0.091 —0.008 0.111 0.228
PRS-WMH,,,spor~juxtacortical basal.ganglia~ age_scan + Sex + APOE_e4_ 0.013 0.671 —0.046 0.071 0.671
carriership

PRS-WMH,,,spor~periventricular frontal~ age_scan + Sex + APOE_e4_carriership 0.062 0.041 0.002 0.122 0.123
PRS-WMH, apop~periventricular parietal~ age_scan + Sex + APOE_e4_carriership 0.034 0.266 —0.026 0.094 0.363
PRS-WMH,,,spor~periventricular occipital~ age_scan + Sex + APOE_e4_ 0.064 0.035 0.005 0.124 0.123
carriership

PRS-WMH,,apop~periventricular temporal~ age_scan + Sex + APOE_e4_ 0.040 0.191 —0.020 0.099 0.358
carriership

PRS-WMH,,apor~deep frontal~ age_scan + Sex + APOE_e4_carriership 0.067 0.027 0.008 0.127 0.123
PRS-WMH,,,spor~deep parietal~ age_scan + Sex + APOE_e4_carriership 0.071 0.021 0.010 0.131 0.123
PRS-WMH, apoe~deep occipital~ age_scan + Sex + APOE_e4_carriership 0.022 0.478 —0.039 0.082 0.598
PRS-WMH,,,spor~deep temporal~ age_scan + Sex + APOE_e4_carriership 0.075 0.017 0.014 0.136 0.123
PRS-WMH,,,spor~juxtacortical frontal~ age_scan + Sex + APOE_e4_carriership 0.047 0.128 —0.013 0.106 0.274
PRS-WMH,apor~juxtacortical parietal~ age_scan + Sex + APOE_e4_carriership 0.038 0.217 —0.022 0.098 0.362
PRS-WMH,, apop~juxtacortical occipital~ age_scan + Sex + APOE_e4_carriership 0.016 0.599 —0.044 0.077 0.671
PRS-WMH,,,spor~juxtacortical temporal~ age_scan + Sex + APOE_e4_carriership 0.013 0.664 —0.047 0.073 0.671

CI, confidence interval; OR, Odds Ratio; p, Covariate-adjusted Spearman’s correlation coefficient; SE, standard error. Age and PRS-WMH were standardized when included in the logistic
regression model. The non-pathological group served as the reference category for WMH pathological levels in the logistic regression model. p-values below the established significance level

(.05) are highlighted in bold.

(p=126x10""), with a higher proportion of non-obese
(p=8.60x10""") and non-hypercholesterolemic (p =1.69x10"")
participants and higher percentage of women (p = 5.14x10™"*) when
compared to their counterparts (Supplementary Figure 6). Non-obese
individuals were physically more active (p = 4.66x107"*) than their
counterparts, characterized by a higher percentage of low educated
(p =0.02) and non-hypertensive (p = 8.60x10~") individuals, when
compared to obese group (Supplementary Figure 7). Moreover, genetic
predisposition to WMH was positively associated with larger WMHV
in women (p = 0.081 [0.007, 0.154], p = 0.031), hypercholesterolemic
individuals (p = 0.19 [0.072, 0.303], p = 0.002) and participants with
less than 11 years of education (p = 0.205 [0.075, 0.328], p = 0.002;
Table 3; Figure 2). Women were characterized by a higher percentage
oflow educated (p = 3.74x10~"") and non-hypertensive (p = 5.14x10~%)
In the
hypercholesterolemic group we observed a higher proportion of old

individuals than men (Supplementary Figure 8).
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(p = 3.42x107") and hypertensive participants (p = 1.69x10~"") when
compared to their counterparts (Supplementary Figure 9). In the group
with lower educational attainment (5-10 years) we found a higher
proportion of non-obese individuals (p=0.02), and women
(p =3.74x107"; Supplementary Figure 10). Similarly, in participants
older than 55 years, WMHYV were positively correlated with a higher
genetic predisposition to WMH (56-64 years-old group: p = 0.137
[0.047, 0.225], p = 0.003; 65-77 years-old group: p = 0.144 [0.017,
0.267], p = 0.027; Table 3; Figure 2). In the group of individuals older
than 55, we found a higher proportion of physically active participants
than in the youngest group (p=3.81x10""). Moreover, older
participants were characterized by a higher percentage of hypertensive
(p = 3.42x107") and hypercholesterolemic (p = 1.26x107") individuals
when compared to their counterparts (Supplementary Figure 11).
Regarding physical activity, genetic predisposition to WMH was
positively associated with larger WMHYV in both groups, although the

frontiersin.org



Genius et al.

correlation was stronger in the inactive group (p = 0.207 [0.045, 0.368],
p =0.013) than in the active one (p = 0.072 [0.007, 0.137], p = 0.031;
Table 3; Figure 2). The inactive group was mainly characterized by a
higher proportion of young (p = 3.81x10°%), obese (p = 4.66x10~"*)
and low-educated (p = 0.05) individuals when compared to the active
group (Supplementary Figure 12).

3.4 Genetic factors conferring higher risk
to WMH are mainly involved in vascular,
cellular and neural function highly
interconnected through lipid-regulatory
mechanisms

Most of the SNPs included in the PRSyyy after clumping (n = 25)
were located in chromosomes 2, 6, 10, 16, and 17. Among them,
around 25% (n = 6) had a regulatory role and were found to be
eQTLS;
Supplementary Table 5). These SNPs have been related to several
GWAS-catalog specific traits, such as AD, C-reactive protein, HDL,
WM
microstructure, cerebral amyloid deposition, hypertension and

associated with gene expression levels (i.e.,

parental longevity, serum alanine aminotransferase,
amyloid-f 42 levels (Supplementary Results). The majority of genes
mapped to these SNPs relate to additional traits such as hemoglobin
measurement, mean corpuscular hemoglobin concentration, coronary
artery disease, diverticular disease and hematocrit, among others.
Enrichment analysis of the genes identified significantly enriched
biological pathways (p < 0.05) mainly involved in neuronal structure
and synaptic organization and vascular-related processes, mainly
3
Supplementary Table 5). From a general overview, the enrichment
analysis results of the non-cohort specific SNPs related to WMHY,

suggest an overall contribution of these genes into lipoprotein

related to brain-blood barrier and transport (Figure

metabolic processes (Supplementary Table 6).

3.5 Blood pressure measurements are
associated with larger WMHV and higher
polygenic risk of WMH

The association between cardiometabolic traits and WMHYV was
explored. Partial Spearman’s rank correlation test showed a significant
correlation between both SBP (p = 0.087 [0.016, 0.157], p = 0.016) and
DBP (p =0.115 [0.043, 0.185], p= 0.002) with higher WMHV
(Table 4), even when adjusting for hypertension status (Figure 4A).
Similarly, MAP (p =0.114 [0.043, 0.183], p= 0.002) and RPP
(ppp =0.111 [0.039, 0.182], p = 0.003) also displayed significant
correlations with larger WMHYV (Table 4), even after controlling for
hypertension status (Figure 4A). HR (p =0.071 [—0.003, 0.145],
p=0.06) and PP (p = 0.041 [~0.032, 0.112], p = 0.272) showed the
same positive trend, but results did not reach statistical significance
(Table 4; Figure 4A). At a regional level, SBP was significantly
associated with WMHYV in frontal and parietal areas (FDR < 0.05), as
well as with periventricular WMH in basal ganglia (p = 0.092 [0.019,
0.164], FDR = 0.03; Figure 4B; Supplementary Table 7). DBP positively
correlated with juxtacortical and deep WMHYV in frontal and parietal
regions, as well as with periventricular WMH in the basal ganglia and
frontal, occipital and temporal regions (FDR <0.05; Figure 4B;
Supplementary Table 7). Similarly, RPP and MAP were positively
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correlated with frontal and parietal WMHYV. Additionally, MAP was
also positively correlated with periventricular WMHYV in the basal
ganglia and the temporal lobe. Non-significant correlations were found
between regional WMHV and neither HR nor PP (Figure 4B;
Supplementary Table 7). The PRS of WMH was uniquely significantly
associated with higher RPP (f =0.074 [0.004, 0.145], p = 0.038;
Supplementary Table 8). Nonetheless, a positive trend was also
observed for the association between the PRSy,; and DBP (= 0.070
[=0.001, 0.140], p = 0.051) and MAP (B =0.067 [—0.002, 0.136],
p = 0.058), although results did not reach statistical significance
(Supplementary Table 8). Finally, in a subset of participants with
available lipids measurements (N = 237), displaying dyslipidemia based
on either self-reported hypercholesterolemia, use of medication or
Tchol >240 mg/dL, was inversely associated with WMHYV. Further
description of the results and the sample characteristics can be found
in Supplementary Results.

3.6 Diastolic blood pressure and mean
arterial pressure partially mediate the
association between the PRS of WMH and
WMHYV in low cardiovascular risk
individuals

Based on the aforementioned significant associations between the
PRS of WMH and BP measurements, as well as on the statistically
significant correlations between WMHYV and the PRSyyyy (Table 2A),
mediation analyses were explored. Results showed that DBP (Prop.
mediated = 0.06, p = 0.04) and MAP (Prop.mediated = 0.08, p < 0.001)
partially mediated the association between the genetic predisposition
to WMH and the observed WMHYV both in the whole sample (Table 5;
Figure 5). Same partially mediated paths were observed for the subset
of non-hypertensive individuals (Figure 5), regardless of the fact that
they displayed lower median values for DBP and MAP when
compared to hypertensive individuals (Supplementary Results). Ata
regional level, both DBP and MAP partially mediated the association
between the PRSywu and periventricular frontal (DBP: Prop.
mediated = 0.07, p = 0.04; MAP: Prop.mediated = 0.095, p < 0.001),
periventricular occipital (DBP: Prop.mediated = 0.074, p = 0.04; MAP:
Prop.mediated = 0.058, p < 0.001) and juxtacortical frontal (DBP:
Prop.mediated = 0.010, p = 0.04; MAP: Prop.mediated = 0.105,
p =0.04) WMHYV (Figure 6; Supplementary Table 9). Additionally,
RPP partially mediated the association between the PRS of WMH and
deep parietal WMHYV (Prop.mediated = 0.113, p < 0.001; Figure 6;
Supplementary Table 9). In non-hypertensive individuals, the three
metrics mediated the association between the PRS of WMH and deep
parietal WMHYV (DBP: Prop.mediated = 0.087, p = 0.04; MAP: Prop.
mediated = 0.092, p < 0.001; RPP: Prop.mediated = 0.076, p < 0.001;
Supplementary Figure 13; Supplementary Table 10). Additionally,
MAP (Prop.mediated =0.071, p< 0.001) and RPP (Prop.
mediated = 0.096 p < 0.001) partially mediated the association
between the PRSy; and deep frontal WMHV. RPP partially mediated
the association between the PRS of WMH and periventricular frontal
WMHYV (Prop.mediated = 0.082, p < 0.001; Supplementary Figure 13;
Supplementary Table 10). Finally, DBP was additionally partially
mediating the association between genetic risk of WMH and
periventricular temporal WMHYV (Prop.mediated = 0.061, p = 0.04)
13;

in non-hypertensive individuals (Supplementary Figure

Supplementary Table 10).
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TABLE 3 Results for the covariate-adjusted Spearman'’s rank correlation test assessing the association between WMHV and PRS-WMH stratifying by the

CAIDE-components.

Groups Model p p-value Low CI High ClI
Women PRS-WMH|WMH volume ~ age_scan 0.081 0.031 0.007 0.154
Men PRS-WMH|WMH volume ~ age_scan 0.1 0.061 —0.005 0.202
Hypertensive PRS-WMH|WMH volume ~ age_scan + Sex 0.023 0.763 —0.128 0.174
Non-Hypertensive PRS-WMH|WMH volume ~ age_scan + Sex 0.095 0.005 0.029 0.161
Hypercholesterolemic PRS-WMH|WMH volume ~ age_scan + Sex 0.19 0.002 0.072 0.303
Non-Hypercholesterolemic PRS-WMH|WMH volume ~ age_scan + Sex 0.052 0.148 —0.018 0.121
Obese PRS-WMH|WMH volume ~ age_scan + Sex 0.064 0.451 —0.102 0.225
Non-Obese PRS-WMH|WMH volume ~ age_scan + Sex 0.09 0.007 0.025 0.154
Age 47-55 yo PRS-WMH|WMH volume ~ Sex —0.001 0.984 —0.105 0.103
Age 56-64 yo PRS-WMH|WMH volume ~ Sex 0.137 0.003 0.047 0.225
Age 65-77 yo PRS-WMH|WMH volume ~ Sex 0.144 0.027 0.017 0.267
Education 5-10 yr PRS-WMH|WMH volume ~ age_scan + Sex 0.205 0.002 0.075 0.328
Education 11-14 yr PRS-WMH|WMH volume ~ age_scan + Sex 0.061 0.287 —0.051 0.172
Education 15-18 yr PRS-WMH|WMH volume ~ age_scan + Sex 0.065 0.136 —0.02 0.15
Active PRS-WMH|WMH volume ~ age_scan + Sex 0.072 0.031 0.007 0.137
Inactive PRS-WMH|WMH volume ~ age_scan + Sex 0.207 0.013 0.045 0.358

CI, confidence interval; p, Covariate-adjusted Spearman’s correlation coefficient. p-values below the established significance level (.05) are highlighted in bold.

4 Discussion

In this study, we explored potential biomarkers of WMH in a
sample of CU middle-aged and older individuals at low cardiovascular
risk for dementia, for whom larger WMHYV were associated with
lower executive function. This setting enabled the investigation of the
biological processes associated with developing WMH in CU
participants in the context of AD prevention, without major
confounding effects of cardiovascular risk factors. Our findings show
that vascular mechanisms lead to WMH and demonstrate that blood
pressure measures in midlife, independently of the clinical definition
of hypertension, were associated with larger WMHYV. These results
underscore the potential of genetics for identifying middle-aged and
older at-risk asymptomatic populations susceptible to benefiting from
stricter hypertension control to further prevent cognitive decline.

In the sample of the study, which was characterized by displaying
low cerebrovascular burden but still contributing to poorer EFE, the
polygenic risk of WMH was significantly associated with actual global
and regional WMHY, specifically in the frontal lobe. WMH risk was
mainly driven by vascular, neuronal and cellular processes. The
construction of the PRS incorporated suggestive genome-wide
significant hits (i.e., p = 5-107°) previously reported to be associated
with WMHYV (29). Most of the genome-wide significant SNPs were
located in chromosomes 2 (e.g., STONI, COG2), chr6 (e.g.,
PLEKHG]I, FHL5), chr10 (e.g., PRTFDCI1, SH3PXD2A), chr16 (e.g.,
C160rf95, SLC38A1) and chrl7 (e.g., DCAKD, TRIM65). These loci
have been associated with other traits beyond WMH, such as AD,
HDL, cerebral amyloid deposition, hypertension and coronary artery
disease, among others (29). In the WMH-GWAS of reference (29),
post-GWAS analyses showed that genome-wide significant hits
mapped to genes predominantly involved in the regulation of atrial
cardiac muscle cell action potential and post-embryonic eye
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morphogenesis. Non-cohort specific gene-set enrichment analysis
(i.e., inclusion of pre-clumping SNP-annotated genes) revealed lipid-
regulatory mechanisms as main biological pathways associated with
risk of WMH.

Based on the enriched biological pathways, we explored two main
mechanisms as mediating pathways in the association between the genetic
vulnerability to WMH and the actual WMHYV. First, we explored the
potential mediating role of dyslipidemia status. Nonetheless, less than
25% of the sample had available lipid measurements, which made the
mediation analysis not possible. However, when we performed the
association models between dyslipidemia status and WMHYV, we
observed that dyslipidemia was negatively associated with WMHYV,
contrary to what we hypothesized. The definition of dyslipidemia was
based on either self-reported hypercholesterolemia status, use of
medication or lipid levels in serum. Therefore we should cautiously
interpret these findings in our sample, where around 30% of the
participants were using lipid-modifying medication. Results in this subset
of the study sample lead us to hypothesize that either (a) we did not have
robust cross-sectional lipid measurements to define dyslipidemia status,
due to the influential effect of sustained use of medication over time; or
that (b) dyslipidemia status was not a good proxy of the lipidic-related
mechanisms linking genetic vulnerability to WMHYV (e.g., cholesterol
efflux (58) or other different from lipid levels); or finally that (c) based on
the sample characteristics, other measurements could be driving this
genetic vulnerability in the sample. Although, there is evidence in the
literature on the association between lipid levels and WMHYV (5, 59, 60)
as well as on the use of statins and its contribution on reducing
cerebrovascular burden (61) and the incidence of cardiovascular events
(62), we could not prove any of these findings with the available data.

Second, we explored the potential mediating role of BP
measurements, as vascular transport and transport across the blood-
brain barrier (BBB) emerged as two important pathways in the
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FIGURE 2
Stratified covariate-adjusted Spearman’s rank correlation test assessing the association between WMHV and PRS-WMH in individuals at low
cardiovascular risk for late-life dementia. Models were stratified by CAIDE-I components. Age and sex were included as covariates when required.
Confidence intervals and p-values were reported.

cohort-based enrichment analysis. Results showed that in the study
sample, as well as in the subset of non-hypertensive individuals,
hemodynamic measures of blood flow were partially mediating the
association between genetic vulnerability to WMH and
WMHYV. Specifically, DBP and MAP were partially mediating the
association between higher genetic risk of WMH and larger global WMH
burden. DBP, MAP and RPP also acted as partial mediators in the
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relationship between the genetic risk of WMH and regional WMHYV,
especially in periventricular frontal and parietal areas. Recent population-
based studies including European adults, have shown that elevated MAP
and PP, are associated with larger WMHYV and white matter injury (63).
A potential mechanistic explanation, proposed by Kaul and Rubinstein
(64), suggests that elevated PP and MAP contribute to WMH by inducing
BBB dysfunction through microvascular permeability, as well as activation
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TABLE 4 Results for the covariate-adjusted Spearman'’s rank correlation test assessing the association between blood pressure measurements and

global WMHV.
Model P p-value Low CI High CI
DBP| WMHYV ~ age_scan + Sex 0.115 0.002 0.043 0.185
SBP| WMHYV ~ age_scan + Sex 0.087 0.016 0.016 0.157
HR| WMHYV ~ age_scan + Sex 0.071 0.06 —0.003 0.145
PP| WMHYV ~ age_scan + Sex 0.041 0.272 —0.032 0.112
RPP| WMHYV ~ age_scan + Sex 0.111 0.003 0.039 0.182
MAP| WMHYV ~ age_scan + Sex 0.114 0.002 0.043 0.183

CI, confidence interval; p, Covariate-adjusted Spearman’s correlation coefficient. p-values below the established significance level (.05) are highlighted in bold.

of proinflammatory genes, that promote an ischemic environment in the
brain, facilitating amyloid-f deposition and white matter injury.
Regarding the role of DBP, in a recent study (65) authors found that before
the age of 50, DBP is strongly associated with WMH, and later on, both
concurrent and past elevated SBP and DBP measurements impact
WMHY, with SBP showing a greatest contribution to WMH severity. In
our sample, although SBP was associated with both regional and global
WMH burden, DBP appeared to play a central mediating role between
participants’ genetic vulnerability and their current cerebrovascular
burden. While SBP may likely reflect cumulative damage, influenced by
arterial stiffening and age, DBP may be a more sensitive intermediary
linking inherited vascular vulnerability to ongoing cerebrovascular
changes, as supported by combined transcriptome-wide association
studies with colocalization analyses that linked WMH risk to artery-
specific and extracellular-matrix genes (29). These observations reinforce
the link between expression levels of specific genes and WMHY,
strengthening the mechanistic chain from genetic vulnerability of WMH
to WMHYV through arterial-related events.

To further examine the stability of the aforementioned
association between the genetic risk of WMH and global WMHY,
we aimed to identify genetically vulnerable groups for whom the
association between the PRSyy and WMHYV remained consistent,

Frontiers in Neurology

regardless of the vascular risk profile. Results showed that higher
genetic risk of WMH was associated with larger WMHYV in risk
groups defined by older age, low educational attainment and
hypercholesterolemia. A recent study identified hyperlipidemia as
one of the greatest modifiable risk factors for WMH (66). These
findings underscore the potential role of lipid metabolism
dysfunction in the development of WMH (67). In the study sample,
hypercholesterolemic individuals were older and had a higher

prevalence of hypertensive individuals compared to the

group.
hypertension were not driving the association between WMHYV and

non-hypercholesterolemic Nonetheless, age and
the PRSyym in hypercholesterolemic, as the correlation remained
significant after adjusting for both risk factors. This observation
proposes hypercholesterolemic individuals as a vulnerable
population for higher cerebrovascular burden. According to the
observed association in individuals with low educational
attainment, a study showed a direct negative association between
education and WMHYV in the general population (2). This negative
association could be explained by differences in socioeconomic (68)
and lifestyle factors (69) between low- and high-educated
individuals that contribute to the presence of WMH. Finally, the
PRSyui Was also associated with larger WMHYV in individuals older
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Covariate adjusted Spearman’s rank correlation test assessing the association between blood pressure measurements and both (A) global and

(B) regional WMHV. The main model included age and sex as covariates. Sensitivity analyses additionally included hypertension status, which was
defined based on both the use of antihypertensive and SBP levels. (A) A forest plot was used to display the results of the partial correlation between the
blood pressure measurements and global WMHV. Confidence intervals were reported (a = 0.05, 95% Cl). Dashed line indicates no correlation (p = 0).
(B) Bullseye plots were used to indicate the correlation between the blood pressure measurement and regional WMHV. Concentric circles indicate the
distance of the lesion, from internal layers referring to periventricular WMHV to more external layers referring to juxtacortical WMHV. Significant
correlations (nominal p < 0.05) were indicated by colouring the cells in the bullseye plot. Gray areas indicate non-significant correlations. The asterisk
indicates FDR <. 05. HR, Heart Rate; MAP, Mean Arterial Pulse; PP, Pulse Pressure; RPP, Rate-pressure Product; DBP, Diastolic blood pressure; SBP,
Systolic blood pressure.

TABLE 5 Results for the mediation analysis exploring the mediator role of DBP, RPP and MAP in the association between the PRS of WMH and WMHV.

Effect Estimate p-value Low CI High ClI
DBP

ACME 0.008 0.040 0.001 0.020
ADE 0.109 <0.001 0.051 0.164
Total Effect 0.117 <0.001 0.063 0.174
Proportion Mediated 0.062 0.040 0.008 0.241
RPP

ACME 0.008 0.080 0.000 0.018
ADE 0.111 <0.001 0.056 0.164
Total Effect 0.119 <0.001 0.061 0.171
Proportion Mediated 0.070 0.080 0.001 0.171
MAP

ACME 0.010 <0.001 0.001 0.022
ADE 0.106 <0.001 0.055 0.155
Total Effect 0.116 <0.001 0.064 0.172
Proportion Mediated 0.082 <0.001 0.013 0.252

CI, confidence interval; ACME, Average Causal Mediation Effect; ADE, Average Direct Effect. p-values below the established significance level (.05) are highlighted in bold.

than 55 years. Age is the main non-modifiable risk factor for = larger WMHYV in the non-risk group for hypertension, the main
WMH. These radiological features are common in healthy middle-  modifiable risk factor of WMH. A recent multi ancestry meta-
aged individuals, with a prevalence ranging from 40 to 70% in the  analysis of WMH-GWAS (71) showed new loci significantly
fifth decade of age (70). On the contrary, the PRSyy was related to  associated with WMHYV independently of hypertension status,
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Mediation analysis results exploring the mediator role of blood pressure measurements in the association between the PRS of WMH and WMH in the
whole sample of study as well as in non-hypertensive individuals Confidence intervals were reported (a = 0.05, 95%Cl). Significant mediated pathways
were highlighted with a yellow star symbol. ACME, Average Causal Mediation Effect; ADE, Average Direct Effect.
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FIGURE 6

Mediation analysis results exploring the mediator role of DBP, MAP and PP in the association between the PRS of WMH and WMH in the whole sample
of study. Confidence intervals were reported (a = 0.05, 95%Cl). Significant mediated pathways were highlighted with a yellow star symbol. ACME,
Average Causal Mediation Effect; ADE, Average Direct Effect; DBP, Diastolic blood pressure; MAP, Mean arterial pressure; PP, Pulse pressure.

suggesting the relevant role of genetics explaining the presence of
WMHY even in groups clinically defined as non-risk groups (i.e.,
normotensive individuals). Moreover, significant associations
between the PRSyyy and larger WMHYV were also found in the
non-risk group for obesity, in women, and in both groups for
physical activity. It is possible that, in that case of non-obese
individuals, genetic susceptibility to WMH could manifest in
“relatively favorable” environments, whereas in the high-risk group
other modifiable risk factors had a major impact. According to the
observed association between higher genetic risk of WMH and
larger WMHYV in women, sex-specific vascular biology and lipid
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signaling could differentially impact cerebrovascular burden in
women, increasing its risk for larger WMH via vascular
processes (72).

Finally, our analysis evaluating the association between the
PRSyui and pathological WMH levels, suggested that genetic risk of
WMH correlated with the continuous WMHYV but may not be a good
tool to predict WMH severe cases, at least in a sample with low
cerebrovascular burden and at low cardiovascular risk. The lack of
association between the PRS of WMH and pathological WMH levels
could be attributed to the sample size or to the dichotomisation of the
variable. The study sample included a small proportion of participants

frontiersin.org



Genius et al.

having Fazekas scores greater than one (~8%). This limited number of
pathological cases affected the sample size when categorizing
individuals into severity groups, thereby reducing the statistical power
of the analysis. Finally, SNPs included in the computation of the
PRSywn were obtained from a community-based GWAS that worked
with WMH as a continuous outcome (29). Therefore, the effect of
these SNPs does more likely sum up to an additive genetic risk score
related to continuous WMHY, rather than WMH pathological levels.
Altogether these factors may collectively contribute to the lack of
association with WMH severity.

Overall, this study identified mechanistic pathways leading to
larger WMHY and genetically vulnerable populations that, regardless
of their vascular risk profile, displayed higher genetic vulnerability for
cerebrovascular burden. Our study emphasizes the suitability of the
ALFA study, composed of CU individuals enriched with genetic
factors for dementia, to identify mechanisms related to cerebrovascular
burden in the context of AD prevention, as remarkably, WMH already
relate to poorer EF in this healthy sample. Although we did not follow
an hypothesis-driven approach, our data-driven multi-stage
exploratory framework succeeded in identifying the biological
pathways leading to higher WMHYV in a cohort at higher risk of
AD. The results of the study highlight the role of BP measures in the
presence of WMH among CU asymptomatic individuals that display
a healthier cardiovascular profile than expected from an age-matched
cohort selected from the general population, as the ALFA study did
not include individuals with relevant medical pathology or
neurological diseases (34). Nonetheless, we should cautiously interpret
these results, as they might not be generalizable to general populations,
for which genetic vulnerability to cerebrovascular disease through
these mechanisms can be confounded or decreased by co-occurring
factors (e.g., obesity, smoking, diabetes).

In summary, our results suggest that in absence of acute WMH
burden, cognitive impairment or risk for dementia, genetic
information can be used to identify genetically vulnerable
populations and potential biomarkers of WMH. Therefore,
screening and long-term follow-up of these clinically healthy yet
genetically susceptible populations are essential for effective
preventive strategies. These findings can serve as the basis of future
hypothesis-driven studies, specifically proposing hemodynamic
monitoring to reduce cerebrovascular burden and prevent cognitive
decline and dementia in genetically vulnerable populations.

Nonetheless, this study also presents some limitations. The ALFA
cohort is a cognitively healthy research-volunteer cohort, which biases
the selection of participants towards healthier profiles than those
identified in general population-based studies. While ALFA offers a
suitable cohort to examine underlying mechanisms occurring in CU
individuals at preclinical stages of AD, it lacks generalizability to general
populations. The replicability of the PRS and generalizability of the
observations should be further explored in larger cohorts of cognitively
healthy participants with similar cardiovascular profiles. Moreover, the
PRS was computed based on the SNPs associated with WMH in
European populations. Therefore, generalizability to non-European
requires dedicated validation. Additionally, the use of the PRS in the
context of this study served for identifying at-risk individuals and
revealing vascular mechanisms leading to WMH, but it should not be
interpreted as a clinical tool to classify cases of WMH severity.
Moreover, beyond the WMH-GWAS-specific variants included in the
PRy other disease-related genetic factors may be associated with
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WMHYV. Therefore, exploring a larger set of genetic variants or a global
PRS for cerebrovascular risk, could reveal alternative pathways leading
to larger WMH. Regarding group vulnerabilities, results of the stratified
models should be interpreted with caution due to the limited sample
size within the risk groups and the absence of a multivariate approach
to comprehensively define the cardiovascular risk profile of genetically
susceptible individuals to cerebrovascular burden. However, the
stratified non-parametric approach allowed us to explore the potential
effect modification of risk factors by identifying subgroup-specific
patterns in the association between the PRSyy and WMHY, informing
hypotheses about interactions that could be tested in parametric
models when model assumptions are fulfilled. Additionally, our results
can not inform about the complex interplay between modifiable and
non-modifiable risk factors contributing to WMH severity. The present
study has a cross-sectional design and does not evaluate the relative
contribution of genetics to the rate of progression of WMHYV. We are
currently working with a smaller study sample, with available WMHV
measured at two different time points, to better understand how both
genetics and modifiable risk factors contribute to WMH progression
and how it impacts cognitive performance over a 3-year period.

In conclusion, our study identified middle-aged and older
individuals with no cognitive impairment who are genetically at risk
of cerebrovascular disease, primarily through mechanisms involving
cardiac function and systemic arterial pressure. These findings
highlight a potential therapeutic pathway, via hemodynamic
monitoring and the maintenance of stable BP, that may help reduce
cerebrovascular burden and support brain health in CU asymptomatic
individuals with a low cardiovascular risk profile.
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Glossary

AD - Alzheimer’s disease

ALFA - ALzheimer’s and FAmilies
APOE - Apolipoprotein E

BMI - Body mass index

CAIDE - Cardiovascular Risk Factors, Aging, and Incidence
of Dementia

CU - Cognitively unimpaired

CVD - Cardiovascular Disease

CSVD - Cerebral Small Vessel Disease
CVREF - Cardiovascular Risk Factors
DNA - Deoxyribonucleic acid

DBP - Diastolic blood pressure

GWAS - Genome-wide association studies

HDL - High-density lipoprotein

Frontiers in Neurology

21

10.3389/fneur.2025.1667424

HR - Heart rate

LDL - Low-density lipoprotein

MAP - Mean arterial pressure

MRI - Magnetic resonance imaging
PP - Pulse pressure

PRS - Polygenic risk score

RPP - Rate-pressure product

SBP - Systolic blood pressure

SNP - Single nucleotide polymorphism
Tchol - Total cholesterol

TG - Triglycerides

TIV - Total intracranial volume
WMH - White matter hyperintensities

WMHYV - White matter hyperintensities volumes
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