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ABSTRACT: Cerebral small vessel disease (CSVD), which is linked to age and vascular risk factors, is a
prominent cause of vascular cognitive impairment and an important contributor to stroke incidence. The
therapeutic management of vascular risk factors has failed to reduce the incidence of CSVD, and a trend toward
an increasing prevalence of CSVD forms accompanied by neurodegeneration has been observed. These changes,
driven primarily by aging and other poorly understood risk factors, coupled with the lack of pathogenetic
therapy and specific biomarkers for disease progression, underscore the need for further molecular genetic
research into CSVD. Advances in MRI-based CSVD diagnosis have enhanced the translational potential of such
studies. The use of high-throughput technologies, such as next-generation sequencing (NGS) and tandem mass
spectrometry (MS/MS), combined with meta-analytical approaches that integrate data from large, multi-ethnic
cohorts, has enabled the identification of the first reproducible genetic determinants underlying various CSVD
MRI markers, as well as their cell-type-specific expression patterns and roles in molecular processes. However,
the identification of candidate therapeutic targets remains challenging, largely due to a lack of standardized
experimental design for population-based studies. This review highlights key findings from large-scale
population-based and multi-omics genetic research that hold promise for significant advancements in CSVD

treatment.
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Introduction

Cerebral small vessel disease (CSVD) is strongly
associated with aging and vascular risk factors and is
recognized as one of the most socially significant chronic
diseases of the 21st century due to its high prevalence and
substantial contribution to disability [1,2]. CSVD is
implicated in more than 25% of ischemic strokes, most
spontaneous intracerebral hemorrhages, up to 45% of
dementia cases, as well as gait disturbances and emotional
disorders in the elderly [2-6].

CSVD arises from pathology of the brain's small
vessels—penetrating arterioles, venules, and capillaries—
that constitute the neurovascular unit (NVU) and the
blood-brain barrier (BBB). The classical paradigm of
CSVD pathogenesis centers on arterial hypertension,
leading to arteriolosclerosis and, consequently, cerebral
ischemia and hypoxia [7-12]. For decades, the primary
therapeutic strategy for CSVD has focused on blood
pressure control. However, this approach is ineffective at
preventing dementia and offers questionable protection
against delayed brain injury; while it reduces white matter
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hyperintensity burden, it is associated with increasing
global cerebral atrophy [13].

Simultaneously, risk factor modification has altered
the clinical and pathological signs of CSVD. This shift is
characterized by a decrease in manifestations related to
severe arterial hypertension, an increase in cases without
arterial hypertension, and a rise in mixed forms with co-
existing neurodegeneration [14—-17].

In 2013, the diagnostic STRIVE criteria (STandards
for Reportlng Vascular changes on nEuroimaging) were
established to diagnose CSVD based on MRI markers that
reflect key histopathological features of cerebral small
vessel injury, including white matter hyperintensities,
lacunes, recent small subcortical infarcts, enlarged
perivascular spaces, microbleeds, and brain atrophy) [4].
The STRIVE criteria enabled the study of CSVD in
general populations, even at preclinical and early stages
of the disease. However, they have not demonstrated a
strong association with the severity and spectrum of
clinical manifestations [18].

Recent  histopathological, neuroimaging, and
experimental studies have provided evidence for the
significant role of non-ischemic mechanisms in the
development of modern CSVD, including endothelial
dysfunction, increased BBB permeability,
neuroinflammation, glymphatic dysfunction,
neurodegeneration, and alterations in the molecular
composition and architecture of the extracellular matrix
(ECM) [19,20]. Emerging evidence implicates NVU
dysfunction as a key driver of cognitive decline [6], a
potential target for Alzheimer's disease pathogenesis [21],
and a contributor to mixed cognitive disorders [22].
However, the insights gained into these mechanisms,
along with the possibilities of in vivo MRI diagnostics for
detecting slowly progressing pathology within a
"therapeutic window," have not yet translated into the
development of disease-modifying treatments for CSVD
[23].

All the aforementioned trends underscore the critical
importance of molecular genetics research in CSVD,
which originated with the study ofits hereditary forms. To
date, at least 15 genes associated with monogenic forms
of CSVD have been identified, accounting for up to 5% of
diagnosed cases [24]. The growing availability of high-
throughput sequencing is accelerating the discovery of
novel genes and pathogenic mutations for these hereditary
forms. Detailed studies of monogenic CSVD have
highlighted the critical role of Notch signaling in vascular
smooth muscle cell dysfunction, the TGF-f pathway in
regulating the ECM composition of cerebral vessels, and
type IV collagen in maintaining the stability of the
vascular basement membrane. Furthermore, population-
based genetic studies are refining our understanding of the
frequency and phenotypic spectrum of pathogenic

variants associated with hereditary CSVD [25]. Notably,
several independent studies have demonstrated that
pathogenic NOTCH3 variants—which cause cerebral
autosomal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy (CADASIL), the most common
monogenic CSVD form—are approximately 100 times
more prevalent in the general population than the clinical
prevalence of CADASIL itself [26]. These findings
suggest that modifying factors, potentially including
epigenetic regulation, play a crucial role in determining
clinical penetrance and shaping CSVD pathogenesis.
However, insights from monogenic forms of CSVD
have limited translational potential for developing
effective therapies for the much more prevalent sporadic
cases. Research efforts have now established the
necessary foundation for large-scale population-based
and multi-omics studies of sporadic CSVD, creating
unprecedented opportunities to elucidate its complex
etiology. This review provides a concise overview of the
reproducible genetic findings related to key diagnostic
MRI features of CSVD, as defined by the STRIVE
criteria, and to MRI markers of microstructural white
matter damage, which hold promise for a potential
breakthrough in the treatment of age-related CSVD.

Materials and methods

A comprehensive literature search was conducted using
the PubMed electronic database to identify relevant
publications for this review. The search covered articles
published from January 1, 2012, to July 31, 2025, to
capture the most recent and relevant research. To maintain

a focus on age-related CSVD, studies on other
neurological conditions were excluded, including
vasculitides, migraine, neurodegenerative diseases,

monogenic CSVD forms, atherosclerotic small vessel
disease, vascular malformations, demyelinating diseases,
and leukodystrophies. Although large genetic studies of
all-cause ischemic stroke or vascular dementia were
identified, only those containing specific data on CSVD
were included to avoid overlap with more specialized
reviews.

The search strategy was implemented in phases. The
initial phase aimed to identify existing systematic reviews
to establish the current understanding of the field. The
query [("GWAS" OR "genomics" OR "genetics") AND
"small ~ vessel disease"] was used with the
"Review/Systematic Review" filter, yielding 9 relevant
reviews after applying exclusion criteria. The second
phase focused on identifying original genome-wide
association  studies (GWAS), transcriptome-wide
(TWAS), proteome-wide (PWAS), and epigenome-wide
(EWAS) association studies for individual CSVD MRI
markers as defined by the STRIVE criteria. The search for
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white matter hyperintensities (WMH) utilized the
terms [("GWAS" OR "EWAS" OR "TWAS" OR "PWAS"
OR '"genetic risk factor” OR '"genome-wide” OR
"proteome") AND ("white matter hyperintensity” OR
"white matter hyperintensities” OR "WMH" OR
"leukoaraiosis”)], which identified 20 relevant articles.
For lacunes and lacunar strokes, the query [("GWAS" OR
"EWAS" OR "TWAS" OR "PWAS" OR "genetic risk
factor" OR "genome-wide" OR "proteome") AND
("lacunar stroke" OR "lacunes") AND "small vessel
disease"] was used, retrieving 8 studies. A subsequent
search for other STRIVE features employed the
string [("GWAS" OR "EWAS" OR "TWAS" OR
"PWAS" OR "genetic risk factor" OR "genome-wide" OR
"proteome") AND ("perivascular space" OR "cortical
atrophy” OR '"cerebral microbleeds" OR "lobar
hematoma" OR "deep intracerebral hemorrhage")],
identifying 7 additional articles. The final phase aimed to
capture integrative multi-omics research on CSVD using
the search string [("multiomics” OR "proteomic” OR
"proteome” OR "transcriptome” OR "transcriptomic” OR
"epigenetic” OR '"epigenome" OR "methylome" OR
"methylation” OR "chromatin") AND ("small vessel
disease")], which led to the inclusion of 11 articles. In
total, this multi-tiered search strategy identified 55
publications for in-depth analysis.

Population-based genetic studies of CSVD: challenges
and prospects

The search for genetic determinants of age-related CSVD
began in the 2010s with genome-wide association studies
(GWAS), which investigate associations between
common genetic variants—primarily single-nucleotide
polymorphisms (SNPs), small insertions and deletions
(indels) —and MRI features of CSVD. The increasing
availability of high-resolution MRI, along with the
development of novel neuroimaging techniques, has
influenced the design of recent GWAS. In particular,
these studies now incorporate diffusion tensor imaging
(DTI) metrics to assess microstructural damage in
normal-appearing white matter (NAWM), such as
fractional anisotropy (FA) and mean diffusivity (MD). To
date, CSVD GWAS are being conducted on large, multi-
ethnic population-based cohorts comprising up to 40,000
patients. These advances have been facilitated by several
major international consortia, including:

- MarkVCID (Markers of Vascular Contributions to
Cognitive Impairment and Dementia), established
to investigate biomarkers associated with the
effects of vascular pathology on cognitive function;

- MEGASTROKE, which focuses on identifying
genetic risk factors for stroke subtypes, particularly
lacunar stroke;

- CHARGE (Cohorts for Heart and Aging Research
in Genomic Epidemiology) - a consortium
established to identify genetic determinants of
common chronic diseases associated with aging.

Furthermore, samples from major international
biobanks, such as the UK Biobank (which contains
biospecimens from over 500,000 participants), are now
actively utilized for CSVD GWAS. The standardization
of data collection, processing, and storage for clinical,
neuroimaging, and biospecimen data is a cornerstone of
biobanking that significantly enhances the reproducibility
of findings from population-based genetic studies.

For all STRIVE criteria of age-related CSVD and
standard DTI metrics of NAWM microstructural damage,
several independent GWAS have been conducted (Fig.1)
[27]. These studies have identified significant
polymorphisms (p value <5 x 10—8) in dozens of genetic
loci. Notably, some of these loci overlap with genes
harboring mutations responsible for monogenic CSVD
forms (Fig. 1). The majority of CSVD-associated GWAS-
significant polymorphisms are located in non-coding
genomic regions, where they exert regulatory effects
through cis (local) and trans (distant) mechanisms on gene
expression [28]. Consequently, GWAS are now
increasingly integrated with transcriptome-wide (TWAS)
and proteome-wide (PWAS) association studies [29] (Fig.
2). Mapping GWAS-significant polymorphisms to
expression quantitative trait loci (eQTL) further enables
the investigation of CSVD pathogenesis through cell-
type-specific molecular pathways [30].

TWAS have demonstrated that CSVD-associated
polymorphisms primarily influence gene expression in
endothelial cells. These findings are particularly relevant
for early MRI manifestations of CSVD, such as isolated
white matter hyperintensities (WMH) and microstructural
changes in NAWM. At later CSVD stages, characterized
by the development of lacunes and cortical atrophy,
CSVD-associated polymorphisms exert a greater
influence on genes expressed in vascular smooth muscle
cells, pericytes, oligodendrocytes, and astrocytes [27].

By integrating TWAS and PWAS data, researchers
can now classify genes from CSVD-associated GWAS
loci into specific functional categories, including the
regulation of BBB permeability, cellular processes
(differentiation, aging, and apoptosis), organization of the
matrisome and its interaction with cells, transmembrane
molecular transport, and myelination. Mendelian
randomization approaches help evaluate causal
relationships between the growing number of CSVD-
associated polymorphisms and established vascular risk
factors for CSVD, such as arterial hypertension, diabetes
mellitus, and dyslipidemia, thereby identifying candidate
genes with hidden pathogenic potential. For example,
CSVD-associated polymorphisms located within genes
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regulating extracellular matrix (ECM) composition have
been shown to exhibit the weakest association with
vascular risk factors [27].
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Figure 1. Genetic loci with the most reproducible GWAS-significant polymorphisms associated with key MRI features of

CSVD.

Furthermore, the growing number of CSVD-
associated polymorphisms identified by GWAS has
enabled the construction polygenic risk scores (PRS),
which are used to calculate the risk of developing CSVD
manifestations in independent population-based cohorts.
For instance, a PRS based on polymorphisms associated
with CSVD-related cortical atrophy was shown to predict
an increased risk of wvascular dementia, but not
Alzheimer's disease, in a large-scale study involving over
500,000 individuals [32]. Similarly, a PRS for WMH was
associated with more pronounced alterations in fractional
anisotropy (FA) and mean diffusivity (MD) in the
NAWM of a cohort comprising 1,700 young volunteers
[33].

Despite the identification of dozens of GWAS-
significant polymorphisms for all STRIVE-defined
features of CSVD, translating these large-scale genetic
findings into specific therapeutic targets remains
challenging. A key limitation of existing GWAS is their
focus on individual STRIVE-defined features
predominantly  isolated = WMH-—which  confines
discoveries primarily to the early stages of the disease.

Furthermore, the effectiveness and reproducibility of
these studies are hampered by the lack of standardized
methods for quantifying and characterizing the spatial
distribution of MRI features, particularly when they co-
occur in advanced CSVD. Since the 2020s, a trend has
emerged toward spatial stratification of MRI signs in
GWAS design, for example, by separately analyzing deep
and periventricular WMH [34], or enlarged perivascular
spaces in distinct regions such as the temporal lobes and
basal ganglia [31]. Notably, this refined approach
significantly increases the yield of GWAS-significant
polymorphisms.

In recent years, a trend has emerged toward
implementing integrated statistical pipelines designed to
translate findings from population-based genetic studies
into actionable targets for disease-modifying therapy. A
prominent example is the framework established by the
GIGASTROKE consortium, which proposed a
methodology for identifying candidate drug targets for
various ischemic stroke subtypes, including lacunar
stroke [35]. This translational pipeline typically involves
several key steps. First, disease-associated gene and
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protein expression profiles (from TWAS and PWAS) are
analyzed for enrichment against known pharmacological
targets using international databases such as GREP,
DrugBank, or ChEMBL. Subsequently, a correlation
analysis assesses the effect of relevant pharmacological
compounds on candidate target expression, comparing it
to the expression changes induced by the disease itself
using tools like the Trans-Phar software. To evaluate the
risk of potential side effects, the analysis is expanded to
test for associations between candidate target expression
and a broad spectrum of disease-related clinical
phenotypes, thereby identifying potential disease
complications or adverse effects of systemic therapy

Bulk RNA-sequencing
Single cell sequencing

Tandem mass spectrometry

through phenome-wide association studies (PheWAS).
This comprehensive statistical approach generates a
shortlist of robust candidate molecular targets for
subsequent validation of their pathogenic role and
therapeutic potential in animal and cellular models. This
strategy is now being actively incorporated into recent
CSVD GWAS. For instance, one study suggested that the
antidepressant mirtazapine and the microtubule-
stabilizing peptide davunetide could modulate the
expression of TWAS-significant genes associated with
enlarged perivascular spaces in the deep cerebral
hemispheres [31].

STRIVE-criteria
DTI metrics (FA/MD)

Scores of cognitive/gait

Diff.
A . impairment etc
Gene/Protein Expression CSVD :
a ORA
expression Phenotype
P GSEA M
TWAS
PWAS
. eQTL GWAS J
|
(ll;ell-tt).'pe slp elc iﬁtcity l \ Mendelian randomization
unctional clusters R
Pol k
Epigenetic regulation CSVD Izn};%i(l:;wr: msoc((l);zs
Genotype

NGS-sequencing of
sporadic CSVD cases

Monogenic
CSVD forms

Figure 2. Population-based genetic studies as a promising approach for discovering new biomarkers of age-related CSVD.
Abbreviations: STRIVE - STandards for ReportIng Vascular changes on nEuroimaging; DTI - diffusion tensor imaging; FA/MD —
fractional anisotropy/mean diffusivity of normal-appearing white matter; ORA - over-representation analysis; GSEA - gene set
enrichment analysis; TWAS - transcriptome-wide association studies; PWAS - proteome-wide association studies; GWAS - genome-
wide association studies; eQTL - expression quantitative trait loci; NGS — next generation sequencing.

A critical next step in developing disease-modifying
therapies is the validation of candidate molecular targets
in cellular and animal models. This is typically achieved
using gene knockdown or RNA interference to confirm
their role in CSVD pathogenesis and to evaluate targeted
pharmacological interventions. However, a significant
challenge arises from the limitations of existing
experimental models. Leading researchers emphasize that
while current animal models replicate certain features and
mechanisms of CSVD, they fail to recapitulate the full
pathological and clinical spectrum of the human disease.
Furthermore, these models often lack systematic

characterization using neuroimaging markers that align
with the STRIVE criteria [36, 37]. Commonly used
models in CSVD research include spontaneously
hypertensive stroke-prone rats (SHRSP) and models of
chronic cerebral hypoperfusion, such as bilateral common
carotid artery stenosis (BCCAS) or occlusion (BCCAO).
The severe hypertension and diffuse hypoxia induced in
these models do not fully mirror the features of modern
CSVD, which often presents in the context of managed
vascular risk factors. Consequently, models that focus on
endothelial dysfunction may hold greater translational
promise for replicating contemporary CSVD. For
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instance, mice with a heterozygous deficiency in
endothelial nitric oxide synthase (eNOS*/) develop
lacunar infarcts, increased BBB permeability, and
cerebral hypoperfusion under conditions of mild
hypertension, mirroring key aspects of the human
condition [38, 39]. The ongoing development of more
relevant CSVD models necessitates the adoption of a
standardized research protocol. Such a protocol should
integrate in vivo or ex vivo MRI to verify STRIVE-
defined features and diffusion metrics, complemented by
comprehensive assessments of endothelial dysfunction,
BBB integrity, neuroinflammation, hypoxia/ischemia,
and cognitive and motor function [36, 40].

The following section provides a detailed
examination of population-based genetic studies for
specific CSVD MRI markers.

Population-based genetic studies of WMH and
NAWM microstructural damage

White matter hyperintensities (WMH) remain the most
extensively studied MRI marker in CSVD, with the the
strongest associations reported in GWAS [31,34,41],
largely due to their high prevalence in population-based
cohorts [42—44]. The heritability of WMH is estimated to
be as high as 80%, a figure largely driven by the
involvement of deep occipital white matter [45].

19p13.3
[ (ApoE)

16q22.1
| (zccHc14)
\

\ 18p11.21

The  most  significant and  reproducible
polymorphisms map to the 17q25.1 locus, which
encompasses genes such as TRIM47 and

TRIM65[31,34,41]. These genes encode E3 ubiquitin
ligases involved in regulating endothelial inflammatory
responses. WMH-associated polymorphisms correlate
with reduced TRIM47 and increased TRIM6S5 expression
[31]. Experimentally, TRIM47 knockdown increases
endothelial permeability [46,47], while TRIM47-deficient
mice exhibit reduced brain and lung tolerance to oxidative
stress and viral infection [48,49]. The 17q25.1 locus also
contains other genes implicated in proliferation,
differentiation, apoptosis, and cellular aging. Among
these is H3F3B gene encoding histone H3.3, which
encodes histone H3.3—a protein thataccumulates with
age and regulates chromatin organization [50]. These
findings highlight the importance of investigating the
epigenetic regulation of GWAS-identified loci. It is
noteworthy that epigenetic research in age-related CSVD
remains considerably less developed compared to
Alzheimer's disease and other neurodegenerative
disorders. While 17g25.1 locus is the primary GWAS-
significant region for deep WMH [34], periventricular
WMH demonstrate additional associations that overlap
with those for other CSVD MRI markers [31, 33, 51, 52]

(Fig. 3).

5q31.2
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6p21.31
(zFP57a)

Figure 3. Overlap of GWAS-significant loci across CSVD MRI markers. Abbreviations:
DWMH/PWMH - deep/periventricular white matter hyperintensities; ICH — intracerebral
hemorrhages; MB — microbleeds; SWS — small vessel strokes (lacunar infarcts); PWS -
perivascular spaces; FA/MD — fractional anisotropy/mean diffusivity of normal-appearing white
matter; CT - cortical thickness. Numbers on the figure indicate unique significant loci for each of

the MRI criteria.
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For WMH that co-occur with other MRI signs of age-
related CSVD, the 2q33.2 locus (ICAIL-NBEALI)
emerges as a key shared genetic risk region.
Polymorphisms within this locus have been associated
with autoimmune diseases, coronary artery disease, and
vascular risk factors. CSVD-associated polymorphisms at
this locus correlate with increased expression of /ICAIL
and NBEALI in brain and vascular tissues, where they are
hypothesized to exert protective effects by suppressing
excitotoxicity and inflammation [33]. Both proteins are
involved in vesicular transport and the synthesis of
complex biomolecules, including ECM components. This
underscores the importance of investigating post-
translational modifications in the pathogenesis of age-
related CSVD.

The growing availability of diffusion tensor imaging
for clinical research has facilitated the first GWAS on
microstructural changes in NAWM. The most significant
polymorphisms associated with DTI metrics are located at
the 5q14 (VCAN) and 5q31 (HBEGF) loci. The protein
products of these genes, versican and heparin-binding
EGF-like growth factor, are ECM components and play
critical roles in angiogenesis and vascular wall repair
[53,54].

Mean diffusivity (MD), one of the most sensitive
MRI markers of CSVD-related cognitive impairment
[55], is associated with significant polymorphisms at the
17921.31 locus near the MAPT gene, which encodes the
tau protein and is linked to tauopathies. These
polymorphisms are associated with a generalized
upregulation of genes across the 17q21 locus within the
walls of cerebral arteries of various calibers [33]. The
17921.31 locus also harbors polymorphisms identified as
significant in GWAS for neurodegenerative diseases [56].
In mouse models of Alzheimer's disease, phosphorylated
tau deposition has been observed along perivascular
spaces of small vessels [57]. Excess tau is internalized by
endothelial cells, leading to cellular senescence, BBB
disruption, reduced luminal diameter of small vessels, and
intermittent blood flow [58]. Thus, the 17q21.31 locus
may represent a key genetic link in the development of
mixed cognitive disorders.

Population-based genetic studies of other CSVD MRI
signs

In contrast to WMH, other CSVD MRI features
demonstrate substantially lower heritability and rarely
occur in isolation. These factors have limited the number
of reproducible genetic determinants identified in GWAS
for these markers [31,59].

For lacunar infarcts, GWAS-significant
polymorphisms are predominantly implicated in the
differentiation, maturation, and apoptosis of pericytes and

oligodendrocyte precursor cells, which are critical for
myelination [60]. The most significant and reproducible
associations map to the 16q24.2 locus. This association
remains significant after adjustment for vascular risk
factors and influences the expression of the transcriptional
regulator ZCCHC14 in small vessels [50,61]. Disruption
of'this locus has been linked to neurodevelopmental delay,
autism spectrum disorder, and capillary dysplasia [62].
The region also contains polymorphisms associated with
migraine and general ischemic stroke risk.

Beyond the 2q33 and 16q24 loci shared with WMH,
lacunar infarcts show significant associations with
polymorphisms at the 3p22 locus, which are associated
with reduced expression of the nearby gene ULK4 in brain
tissue and vessels [50]. Experimentally, ULK4
knockdown has been shown to reduce neuronal
myelination by nearly half [63]. Further validation is
required for other recently identified polymorphisms near
genes additionally associated with hereditary connective
tissue disorders (SLC39413, involved in zinc transport),
monogenic CSVD forms (HTRAI, encoding a serine
protease, and COL4A2, encoding a collagen subunit), and
ischemic stroke (SLC25A444, a mitochondrial branched-
chain amino acid transporter; FOXF2, a regulator of
pericyte differentiation and proliferation, SH3PXD2A4,
involved in ECM degradation).

Current genetic studies of cerebral microbleeds
(CMBs) are underpowered for GWAS due to limited
cohort sizes. However, the association between APOE
polymorphisms—well-known  for  their role in
Alzheimer's disease risk—and an increased risk of lobar
hemorrhage has been consistently replicated [64,65].
GWAS investigating mixed CSVD phenotypes that
combine hemorrhagic features with other MRI markers
are currently ongoing [51]. For deep hemorrhages that co-
occur with lacunar infarcts, significant polymorphisms
have been identified at the 1q22 (SLC25A444-PMF1),
2q33.2 (ICAI1L-NBEALI), and 13934 (COL4A42) loci.
These variants are associated with reduced expression of
the nearby genes in neurons and large artery walls. These
loci are predominantly expressed in endothelial cells,
pericytes, and vascular smooth muscle cells [51].

The most recent GWAS in CSVD have begun to
explore enlarged perivascular spaces (PVS) and cortical
atrophy, although though these findings await
confirmation through meta-analysis. The heritability of
PVS is notably high in white matter (up to 80%), moderate
in the basal ganglia (~40%), but remains low (<5%) in the
hippocampus and brainstem [66]. GWAS profiles for
enlarged PVS implicate genes associated with hereditary
leukodystrophies (GFAP, SLCI1343, PNPTI), ECM
organization, and endothelial differentiation [31].
Significant polymorphisms correlate with reduced
expression of LPARI (encoding a lysophosphatidic acid
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receptor) in vascular tissues and decreased [TGBS5
(encoding integrin subunit beta 5) levelsin blood [31].
Reduced blood levels of ITGB5 have also been associated
with accelerated cognitive decline and cortical atrophy in
patients with dementia [67,68].

For insular cortical atrophy associated with WMH,
over 20 GWAS-significant loci have been identified [32].
More than half of these loci show overlapping genetic
associations with both isolated WMH and established
vascular risk factors. These loci are highly expressed in
cells of the neurovascular unit, particularly astrocytes.
Furthermore, fifteen of the 20 loci influence gene
expression in cortical neurons, affecting processes such as
cytoskeleton organization, axonal transport, and neuronal
polarization.
Prospects of multi-omics
research

in age-related CSVD

Findings from population-based association studies are
now being augmented by investigations into tissue-
specific protein and gene expression profiles, alongside
analyses of epigenetic factors such as DNA methylation,
chromatin accessibility, non-coding RNA expression, and
post-translational modifications. The application of multi-
omics technologies in age-related CSVD is still in its early
stages, lagging behind their established use in identifying
therapeutic targets for neurodegenerative and major
cardiovascular diseases.

Despite existing challenges, including high data
variability and limited reproducibility, initial milti-omics
studies on cohorts ranging from dozens to hundreds of
patients with age-related CSVD have been published. A
prominent trend is the integration of multi-omics data
with high-resolution MRI, including standard DTI
metrics.

Single-cell RNA sequencing has enabled cell-type-
specific profiling of the NVU in white matter samples
from healthy volunteers and patients with vascular
dementia. A distinct population of endothelial cells
exhibiting a senescent phenotype was identified
exclusively in vascular dementia patients, present in both
lesioned and normal-appearing white matter. This finding
suggests that endothelial dysfunction may precede white
matter damage detectable by neuroimaging and
histopathology [69].

Integrative analyses of large-scale biobank data,
powered by modern machine learning, are beginning to
elucidate the relationship between CSVD progression and
the plasma proteome. A landmark study profiling
approximately 3,000 plasma proteins in 53,000
individuals from the UK Biobank (mean age 57 years,
with ~15 years of follow-up) identified significant
associations with 720 diseases, including the ICD-10

category “other specified cerebrovascular diseases,”
which encompasses CSVD (affecting approximately
1,000 individuals) [70]. The resulting proteome-phenome
atlas revealed that this disease category is associated with
proteins involved in inflammatory responses, protein
transport (notably IGF transport) and protein metabolism,
ECM organization, with over 1,000 proteins
demonstrating altered expression levels (p < 0.05).
According to the atlas, epidermal growth factor receptor
(EGFR) demonstrated the strongest protective association
(Odds Ratio, OR = 0.34), although this effect was non-
specific, as it was observed for 90 other conditions. A
similar protective effect was associated with tetranectin
(CLEC3B, OR =0.40) and integrin alpha-V (ITGAV, OR
= 0.41). Tetranectin, which is involved in plasmin-
mediated ECM remodeling, shows reduced plasma levels
in various cancers, cardiovascular diseases, and
neurological disorders, including multiple sclerosis and
Parkinson's disease [71]. Integrin alpha-V, a key regulator
of cell migration and ECM structure, is similarly depleted
in plasma of individuals with cognitive impairment and
dementia [68]. Conversely, the strongest positive
associations for "other specified cerebrovascular
diseases" were observed for non-specific stress and
inflammatory  proteins, notably the  urokinase
plasminogen activator surface receptor (PLAUR, OR =
2.95) and adrenomedullin (ADM, OR = 2.94) [70].

Additional causal insights have been provided by
mendelian randomization analysis of large European
proteomic biobanks, such as the Iceland 36K study
(n=35,892) and the UK Biobank Proteomics(n=34,557).
These studies investigated associations between nearly a
thousand proteins related to endothelial dysfunction and
inflammation and core CSVD MRI features,
includinglacunes, white matter hyperintensities, enlarged
perivascular spaces, DTI metrics of NAWM, and cerebral
microbleeds) [72]. Among the 13 proteins identified—
which were primarily implicated in pro-inflammatory
platelet and complement activation—five (EPHA2,
METAPID, FLT4, COL2A1, TIMD4) were also linked to
cognitive impairment. Two of these, the tyrosine kinase
receptor EPHA?2 and phosphatidylserine receptor TIMD4,
showed positive but non-specific associations with the
"other specified cerebrovascular diseases" category [70].
Both EPHA2 and TIMD4 are established prognostic
markers for atherosclerosis progression, sepsis,
myocardial infarction, and ischemic stroke [73, 74].
Collectively, these findings underscore that despite
significant advances in cohort size, proteomic breadth,
and analytical power, defining specific biomarkers for
CSVD progression remains contingent upon functional
validation in dedicated experimental models.

Only a limited number of studies have investigated
differential protein expression in the peripheral blood of
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CSVD patients. One analysis of approximately 800
plasma proteins compared to 58 patients with pronounced
CSVD MRI features to 38 healthy controls, identifying 52
differentially expressed proteins. These proteins were
functionally enriched in peptidase regulation, localization
to the collagen-containing ECM and circulating
microparticles, and involvement in hemostasis, IGF
transport, and platelet degranulation [75].

A cerebrospinal fluid (CSF) proteomic study of over
850 individuals, one-third of whom exhibited various
CSVD MRI features (including WMH, lacunes, and
CMBs), has further enriched this landscape [76]. The
study identified a group of proteins with increased
expression in CSVD, which were found to be most
enriched in endothelial cells and smooth muscle cells of
medium-caliber cerebral arteries. The most significant
finding was elevated CSF levels of matrix metallo-
proteinases (notably MMP12), elastin, and collagen
proteins in the early stages of CSVD, primarily in cases
with isolated WMH. MMP12 plays a key role in cleaving
elastin and other ECM components, a process that, under
pathological conditions, can compromise vessel wall
integrity and elasticity. The co-occurrence of WMH with
CMBs was associated with increased expression of
proteins related to immune response and cellular
adhesion, whereas the presence of lacunes was linked to
the upregulation of non-specific stress-induced proteins.
Furthermore, the expression of certain —specifically
those expressed in oligodendrocyte precursor cells and
involved in axonal guidance, synaptogenesis, and
neuronal signaling—was higher in cases with lacunes and
microbleeds compared to those with isolated WMH.
Collectively, these proteomic data complement findings
from population genetic studies, underscoring the pivotal
role of ECM remodeling in early CSVD and highlighting
compensatory, stress-induced processes, such as
remyelination at more advanced stages characterized by
lacunes and microbleeds.

Epigenetic alterations in cerebral small vessel disease
—including changes in genome-wide DNA methylation,
chromatin architecture, and histone modifications—
represent the most understudied domain within multi-
omics research on this pathology. Key challenges include
the high cost of sample processing and sequencing under
epigenetic protocols, which constrains the scale of
population-based studies. Furthermore, epigenetic signs
are highly susceptible to pre-analytical variables, such as
temperature fluctuations, mechanical stress, and light
exposure during sample storage and processing, all of
which can introduce significant confounding effects. An

additional layer of complexity stems from the
heterogeneity of CSVD MRI phenotypes, which
complicates the stratification of epigenetically

homogeneous patient subgroups.

In patients with CSVD, increased WMH volume,
after adjustment for modifiable risk factors, has been
consistently associated with accelerated epigenetic aging,
as calculated frommethylation profiles of CpG islands
across the genome [77,78]. A comprehensive epigenome-
wide association study (EWAS) investigated the
relationship between CpG methylation patterns and
isolated WMH volume in a multi-ethnic population cohort
of approximately 10,000 participants [79]. Among the
450,000 CpG sites analyzed in peripheral blood, a
significant association was found between WMH and and
methylation at the ¢g24202936 locus near the
SEPTIN7PI1 gene, alongside 11 other conditionally
significant differentially methylated CpG loci, including
one near the TRIM67 gene; however, these results were
not replicated in an independent population cohort.
Pathway analysis revealed that the organization of
intercellular interactions was the most enriched molecular
process among the differentially methylated CpG loci.
The heritability of methylation levels for target CpG loci
was reliably estimated at approximately 40%. The
analysis also identified 46 differentially methylated
regions (DMRs) associated with CSVD. These included a
region near SH3PXD2A—a gene previously established
in GWAS for its role in all ischemic stroke subtypes—as
well as regions overlapping known hypertension
susceptibility genes (ENPEP, SLC35F3,SLC4544). A
subset of 13 DMRs was successfully replicated in an
independent population cohort. Functional enrichment
analysis indicated that these DMRs were primarily
involved in immune response pathways.

Conclusions

Molecular genetic research into age-related CSVD
significantly lags behind comparable efforts in
neurodegenerative disorders, despite its substantial
contribution to cognitive impairment and disability in the
aging population. This disparity underscores a critical
need to elevate awareness of CSVD within the scientific
community and to systematically integrate high-
throughput technologies, biobanking principles, and
consortium-based  collaborations into  mainstream
research of CSVD.

Initial findings reveal the dynamic nature of CSVD
pathogenesis, which sequentially involves different
components of the NVU. Endothelial dysfunction appears
to dominate the early stages, characterized by isolated
WMH, while dysfunction of pericytes, oligodendrocytes,
and astrocytes becomes more prominent in advanced
stages with lacunes and microbleeds. The most
reproducible genetic polymorphisms identified through
GWAS remain significant even after adjusting for
established vascular risk factors. TWAS further

Aging and Disease * Volume 18, Number 1, February 2027 9



Shlapakova PS., et al.

Genetic Determinants of Cerebral Small Vessel Disease

underscore the pivotal role of ECM remodeling in early
CSVD and highlight protective mechanisms—such as the
suppression of neuroinflammation, neuronal
remyelination, and the regulation of cellular aging—in
later disease stages.

There is an urgent need to develop more standardized
methodologies for population-based association studies,
particularly for complex, mixed CSVD MRI phenotypes
and their relationship with epigenetic regulation. Current
evidence emphasizes the importance of investigating the
structure of the cerebral small vessel ECM and its
interactions with posttranslational modifications and
senescent cell phenotypes. Ultimately, a key factor for the
success of future molecular genetic studies will be the
development and validation of a robust animal model that
faithfully recapitulates the spectrum of age-related
CSVD.
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