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Genetic risk factors underlying white matter
hyperintensities and cortical atrophy

A list of authors and their affiliations appears at the end of the paper

White matter hyperintensities index structural abnormalities in the cerebral
whitematter, including axonal damage. The lattermaypromote atrophy of the
cerebral cortex, a key feature of dementia. Here, we report a study of 51,065
individuals from 10 cohorts demonstrating that higher white matter hyper-
intensity volume associates with lower cortical thickness. The meta-GWAS of
white matter hyperintensities-associated cortical ‘atrophy’ identifies 20
genome-wide significant loci, and enrichment in genes specific to vascular cell
types, astrocytes, and oligodendrocytes. White matter hyperintensities-
associated cortical ‘atrophy’ showed positive genetic correlations with
vascular-risk traits andplasmabiomarkers of neurodegeneration, andnegative
genetic correlations with cognitive functioning. 15 of the 20 loci regulated the
expression of 54 genes in the cerebral cortex that, together with their co-
expressed genes, were enriched in biological processes of axonal cytoskeleton
and intracellular transport. The white matter hyperintensities-cortical thick-
ness associations were most pronounced in cortical regions with higher
expression of genes specific to excitatory neurons with long-range axons
traversing through the white matter. The meta-GWAS-based polygenic risk
score predicts vascular and all-cause dementia in an independent sample of
500,348 individuals. Thus, the genetics of white matter hyperintensities-
related cortical atrophy involves vascular and neuronal processes and
increases dementia risk.

Whitematter hyperintensities (WMH) are lesions of presumed vascular
origin, commonly found in the periventricular and deep white
matter1,2. WMHare one of themarkers of cerebral small vessel disease3

and are clinically associated with a higher risk of incident stroke,
dementia4–6, andmortality4. Their prevalence increases with age, being
present in ∼ 20% of individuals at the age of 60 years and in > 90% of
individuals at the age of 80 years7. WMH burden also increases with
modifiable vascular risk factors such as hypertension8, type 2 diabetes,
smoking, and obesity9–11.

Radiologically, WMH are defined as areas of increased signal
intensity in T2 or fluid-attenuated inversion recovery (FLAIR) imaging.
The pathobiology of WMH is not fully understood, but post-mortem
histology shows disrupted myelin, axons, altered water content, and
mild gliosis1,3. Injury of axons at the site of WMH may lead to

retrograde degeneration of neuronal bodies and dendritic arbour
within the cerebral cortex and thus promote cortical atrophy2.
Impaired axonal transport may contribute to this process by com-
promising the retrograde transport of various neurotrophic factors
from the axon terminals to the cell body12 and dendrites13. Previous
research in smaller studies (n < 2000 participants) reported mostly
inverse associations between WMH and cortical thickness14–23 (and
reviewed in ref. 2). Genetics and neurobiology of this relationship and
its links to dementia have not been studied.

Here, we investigate the relationship between WMH and cortical
thickness using a large sample of individuals with both imaging and
genetic data. We observe global and regional inverse associations
betweenWMHand cortical thickness. The genetics ofWMH-associated
cortical ‘atrophy’ is correlated positively with vascular risk factors and
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enriched in vascular and glial cell types. Regionswith the largestWMH-
associated cortical atrophy showhigher expressionof genes specific to
excitatory neurons projecting in the underlying white matter. Lastly,
we explore the polygenic risk score of WMH-associated cortical atro-
phy and dementia risk.

Results
Higher WMH load associates with lower cortical thickness
Here, we studied a sample of 51,065 stroke-free and dementia-free
individuals of European ancestry from 10 population-based cohorts
(38–48% men, mean age of 52–77 years across cohorts; Supplemen-
tary Table 1 and Supplementary Data 1). Higher WMH volume was
associated with lower cortical thickness (Fig. 1a). The association was
of the same direction in all 10 cohorts (Fig. 1a). The association was
adjusted for age, age2, sex, intracranial volume, and cohort-specific
covariates, and it remained significant when additionally adjusted for
vascular risk factors, i.e., bodymass index (BMI), hypertension, type2
diabetes, and cigarette smoking (Fig. 1b). The WMH-cortical thick-
ness association varied across regions of the cerebral cortex, par-
cellated according to the 34 regions of the Desikan-Killiany atlas; the
association was of the largest effect size in the insula24 (Fig. 1c, d).
Notably, the insula serves as a key node in multimodal integration
networks25 and a point of convergence for widespread cortical and
subcortical inputs26. Given this, it may be more vulnerable to axonal

damage of multiple long-range neurons forming afferent and effer-
ent connections.

Genetic vulnerability to WMH-associated cortical atrophy
First, to uncover genetic underpinnings of the WMH-insular cortical
thickness association, we performed a meta-GWAS on the shared
variance between WMH and thickness of the insula, which was calcu-
lated as the first principal component [PC1] of the two variables
(Fig. 2a). PC1 was loaded positively by WMH and negatively by insular
thickness, and, as such, we considered it to be an index of WMH-
associated ‘cortical atrophy’. The meta-GWAS of PC1 identified a total
of 20 genome-wide significant loci (Fig. 2b and SupplementaryData 2).
Of these 20 loci, 5 were ‘unique’ to WMH-associated cortical atrophy
(i.e., not reported previously as being associated with either WMH or
cortical thickness); additional 9 loci have been reported previously as
being associatedwith eitherWMHor cortical thickness, and6 loci have
been reported previously as being associated with both WMH and
cortical thickness (Supplementary Table 2).

Second, to explore the genetic overlap between PC1 (i.e., WMH-
associated cortical atrophy) and various cognitive, neurodegenerative,
psychiatric, and vascular-risk traits, we conducted linkage
disequilibrium-score regression analysis27. PC1 was negatively corre-
lated with the genetics of general cognitive ability and positively cor-
related with the genetics of stroke, type 2 diabetes, higher BMI, and

Fig. 1 | Association between white matter hyperintensities and cortical thick-
ness. Forrest plot and meta-analytic summary statistic for the effect of WMH
volume on mean cortical thickness within a baseline- (a) and fully-covariate
adjusted model, including vascular risk factors (b). Meta-analytic effect sizes of
WMH-cortical thickness association per cortical region are shown as a forest plot

(c) and plotted on the surface of the cerebral cortex using ggseg76 (d). For (a–c),
two-sided t tests were used to evaluate the null hypothesis of no WMH-cortical
thickness association; results with FDR-corrected p-values (adjusted for regions
andmodels) less than 0.05 aremarked by solid diamonds; and error bars represent
95% confidence intervals. The exact p-values are available in the Source Data.
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two plasma markers of neurodegeneration, i.e., amyloid-precursor
protein (APP) and neurogranin (Fig. 2c, d). Fragments of APP (amyloid
β) are the major constituent of AD-associated amyloid plaques, and
mutations or duplications of APP are implicated in familial AD28–30. APP
and its fragmentsmay also function as long-distance sensors of cellular
activity/damage, and regulators of axonal transport (among others),

whichmay be particularly important in large neurons31. Elevated levels
of neurogranin in cerebrospinal fluid may indicate synaptic
dysfunction32 and the levels are also elevated inplasma following acute
brain injury33.

Third, to identify which cell types mediate the genetic vulner-
ability to WMH-associated cortical atrophy, we tested if genes

Fig. 2 | Genetic underpinnings of the WMH-cortical thickness association.
a Schematic representation of the shared variance between WMH volume and
insular cortical thickness captured via principal component 1 (PC1). b Summary
statistics of the meta-GWAS of PC1. A two-sidedWald test was used to evaluate the
null hypothesis of no SNP-PC1 association. The genome-wide significance level of
5e-08 is indicated by the red horizontal line. Each independent genome-wide sig-
nificant variant is annotated, and its cis-eQTL-regulated genes are listed below
variant rsID. The exact p-values are available in Supplementary Data 2. c LD-score
regression estimates between the GWAS of PC1 and vascular risk factors, and
neurodegenerative/psychiatric traits (error bars represent standard error, *
p <0.05, two-sided test). d LD-score regression between GWAS of PC1 and plasma
protein levels of select neurodegeneration-related markers (error bars represent

standard error, * nominal p <0.05, two-sided test). e Cell-type-specific enrichment
of polygenic signals from theGWASof PC1, using single-cell disease relevance score
testing35. Filled in colour represents Monte Carlo-based Z statistics. DIAB Diastolic
Blood Pressure, T2D Type 2 Diabetes, BMI Body Mass Index, SYSBP Systolic Blood
Pressure, CAD Coronary Artery Disease, AD Alzheimer’s Disease, MDD Major
Depressive Disorder, SCZ Schizophrenia, BD Bipolar Disorder, NRGN neurogranin,
APP amyloid precursor protein, SV2A Synaptic vesicle protein 2, GFAP Glial fibril-
lary acidic protein, VCAM1 Vascular cell adhesion protein 1, PDGFRB platelet-
derived growth factor receptor beta, TREM2 Triggering receptor expressed on
myeloid cells 2. These genes were a priori selected as related to biomarkers of
neurodegeneration77. For (c–e), the exact p-values are available in the Source Data.
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annotated to the meta-GWAS loci were enriched in genes specific to
any of the 19 transcriptionally defined cell types derived from the Allen
Institute’s SMARTseqv4 single-nucleus RNA sequencing dataset34.
Single-cell disease-relevance score testing35 implicated astrocytes,
oligodendrocytes, pericytes, vascular leptomeningeal cells (VLMC),
oligodendrocyte precursor cells (OPC), and endothelial cells (Fig. 2e).
These cell types include those forming small vessels (astrocytes,
pericytes, and endothelial cells) and providing physical protection and
tropic support to axons that constitute the deep white-matter tracks
(oligodendrocytes)1,2. As such, these cell types may tie small vessel
injury to axons traversing through the white matter and, in turn, to
neuronal cell bodies and dendritic arbour in the cerebral cortex.

Cortical cell types and biological processes of WMH-associated
cortical atrophy
First, to revealwhich cell types in the cerebral cortexmay contribute to
WMH-associated cortical atrophy,we employed a cell-type enrichment
method34,36. This approach exploits the spatial relationship– across the
34 regions of the Desikan-Killiany atlas – between the observed inter-
regional variation in the effect size of the WMH-cortical thickness
association (Fig. 1c, d) and inter-regional variation in the expression of
genes specific to the above-specified 19 transcriptionally defined cor-
tical cell types34. In this analysis, the most significant cell types were
subtypes of excitatory neuronswith cell bodies in cortical layers 2, 3, 5,
and 6 (ExcNeuIT, EcxNeuL6b, ExcNeuL56ITCar3, and ExcNeu56NP;
Fig. 3a, b). Neurons from these layers have extensive long-range axonal
projections traversing through the white matter (intra- and inter-
hemispheric)37. Genes specific to these excitatory neurons showed
higher expression in cortical regions, demonstrating larger negative
WMH-cortical thickness associations. In contrast, genes specific to
another subtype of excitatory neurons, EcxNeuL4IT, which have cell
bodies in layer 4 and have fewer axonal projections traversing through
the white matter, did not show this relationship (Fig. 3a, b). Con-
sistently, layer 4 excitatory neurons are expanded within the cortical
regions receiving thalamic sensory input37,38, such as the primary visual
primary somatosensory cortices, which – in the present study –

demonstrated smaller effect sizes of the WMH-cortical thickness
associations (Fig. 1c, d).

Second, to uncover biological processes of WMH-associated
cortical atrophy in the cerebral cortex, we analysed 54 genes whose
cortical expression was regulated39 by 15 of the 20 identified meta-
GWAS loci of PC1 (Supplementary Data 2). Co-expression analysis of
these 54 genes using cortical bulk RNA sequencing data from 5 inde-
pendent datasets with 534 unique donors40 showed that the most
positively co-expressed genes were enriched in biological processes
related to cytoskeleton and cellular transport (e.g., ‘cytoskeletal
organisation’, ‘cell polarity’, ‘organelle localisation’, and ‘intracellular
transport [protein and organelle]’; Fig. 3c and Supplementary Fig. 1).
Given the polarised morphology of neurons, axonal transport is
essential for normal neuron functioning41,42. Defects in axonal trans-
port have been implicated in multiple neurodegenerative diseases as
an early pathological feature42. Additional enriched biological pro-
cesses were ‘axonogenesis’, ‘cellular component disassembly’, ‘cata-
bolic processes’, and ‘cellular respiration’ (Fig. 3c).

Polygenic risk score of WMH-associated cortical atrophy
increases the risk for vascular and all-cause dementia
To examine whether genetic vulnerability to WMH-associated cortical
atrophy was associated with a higher risk of dementia, we tested if a
polygenic risk score (PRS) generated from the meta-GWAS summary-
statistics of PC1 was associatedwith a higher risk of vascular dementia,
all-cause dementia, and/or Alzheimer’s disease. In an independent
sample of 500,348participants from theFinnGen study43, we show that
the PRS was associated with a higher risk of vascular dementia (3624
cases) and all-cause dementia (21,257 cases) but not late-onset

Alzheimer’s disease (9690 cases). Specifically, individuals in the top
decile of the PRS showed a 52% higher risk of vascular dementia
(p = 8.3 × 10−8) and an 18% higher risk of all-cause dementia
(p = 1.7 × 10−6) compared with those in the bottom decile of the PRS.
The 6% risk increase in Alzheimer’s disease did not reach statistical
significance (p = 0.27) (Fig. 4).

Discussion
The present study of 51,065 individuals from 10 independent cohorts
with brain imaging data shows that WMH burden associates inversely
with thickness of the cerebral cortex. Our meta-GWAS on the shared
variance between WMH and cortical thickness, together with a series
of in silico analyses employing single-nuclei and bulk RNA sequencing
data from the human cerebral cortex, suggests that WMH-associated
cortical atrophy involves smallvesselforming cells and oligoden-
drocytes and impacts – in the cerebral cortex – excitatory neurons
with long-range axonal projections traversing through the white mat-
ter. PRS based on this meta-GWAS predicts a higher risk of vascular
dementia and all-causedementia in an independent sample of 500,348
individuals.

Our results strongly support the relationship between the com-
bined WMH-thickness phenotype (i.e., PC1) and processes related to
the cerebral vasculature. We observed: (i) the positive genetic corre-
lations of PC1 with vascular risk factors, (ii) the polygenic signals from
theGWASof PC1were enriched (amongothers) in genes specific to cell
types forming small vessels, i.e., endothelial cells, pericytes and
astrocytes, and (iii) the PC1 PRS was associated most strongly with
vascular dementia. Our findings can be interpreted in two (mutually
non-exclusive) ways: (i) vascular changes in white matter lead to its
damage and, in turn, cortical atrophy, via, for example, impaired
axonal transport; and (ii) WMH are an index of impaired cerebral
vasculature, including the vasculature in the cerebral cortex, which
leads to cortical atrophy. Our results cannot speak to either the
directionality of such possible relationships or the relative contribu-
tions of the two hypothetical pathways.

The present study was cross-sectional, and thus the observed
association between WMH and cortical thickness does not imply
causality. Our Mendelian Randomisation (MR) analyses were incon-
clusive, indicating causal effects of WMH on insular cortical thickness
with the ‘inverse variance-weighted’ method only (Supplementary
Data 3). Although the causality of the WMH-insular cortical thickness
association is not proven, we did observe an inverse association
between the PRS of WMH and insular cortical thickness (Supplemen-
tary Table 3). In addition, we observed some genetic overlap between
the two variables: 15 of the 20 GWAS-significant loci of PC1 were
associated not only with PC1 but also withWMH and cortical thickness
(at p <0.05, Supplementary Data 4), and 6 of these were reported
previously as GWAS-significant loci of both WMH and cortical thick-
ness (Supplementary Table 2).

All our meta-GWAS and related analyses were performed using
PC1 derived fromWMHand thickness of the insula, which was a region
of the cerebral cortex demonstrating the largest negative effect size of
the WMH-cortical association. We chose the insula based on the sta-
tistical significanceand the consistency of the association across the 10
cohorts in terms of its directionality and spatial distribution across the
cortex. While the exact reasons for the insula showing the strongest
associationwithWMH remain uncertain, it may be related to its role as
a key node inmultimodal integration networks25, whichmay make the
insula’smultiple long-range neurons that form its afferent and efferent
fibres and traverse through thewhitemattermore vulnerable to axonal
damage. Nonetheless, we performed supplementary analyses using
PC1 derived from WMH and global (mean) cortical thickness, and the
results were quite similar: (i) all GWAS-significant loci of PC1 derived
with insular cortical thickness were also associated with PC1 derived
with the mean cortical thickness (at p < 6 × 10−3, Supplementary
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Data 5); (ii) genetic correlations with cognitive, neurodegenerative,
psychiatric, and vascular-risk traits showed similar patterns (Supple-
mentary Fig. 2); and (iii) the PRS-associated risks for dementia were
similar; for vascular dementia, for example, the risk was 52% higher in
individuals with the top (vs. bottom) decile of the PRS with insular
cortical thickness, and it was 33% higher in individuals with the top (vs.

bottom) decile of the PRS with the mean cortical thickness (Supple-
mentary Fig. 3).

The present study was performed in individuals of European
ancestry. The lack of other ethnicities is a limitation of this study, as
other multi-ethnic research of complex genetic traits indicates that
simple trans-ethnic transferability of the results may be limited. For
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example, the Pearson correlation of effect sizes of BP loci between
European and African ancestries was only 0.3743. Another potential
limitation is the fact that WMH and cortical thickness were assessed
with varying methods (e.g., 1.5 T or 3 T MRI scanners) across cohorts.
Although the WMH-cortical thickness associations showed consistent
direction of effect and spatial distribution across the cerebral cortex,
we cannot entirely exclude the possibility that the varying methods
impacted our findings.

In conclusion, the present study shows that the genetics of WMH-
associated cortical atrophy involves vessel-forming cells, astrocytes,
and oligodendrocytes. The regional variation of WMH burden on
cortical thickness variedwith expression specific to excitatory neurons
with long-range axonal projections traversing through the white mat-
ter. Genetic vulnerability to WMH-associated cortical atrophy increa-
ses the risk for vascular and all-cause dementia.

Methods
Ethics
Ethics oversight of this study was provided by the SickKids Research
Ethics Board (#1000073323). Individual cohort protocols were
approved by the respective institutional review boards or equivalent
organisations, and all participants provided written informed consent
(see Supplement Note 1 for details).

Participants
We studied the genetics and neurobiology of the WMH-associated
cortical atrophy in 51,065 participants from 10 cohort studies,
including those collaborating in the Cohorts of Heart and Aging
Research in Genomic Epidemiology (CHARGE) Consortium44 and the
UK Biobank45. All the individuals, aged between 19 and 100 years,
were stroke- and dementia-free and of European ancestry (a brief
description of the cohorts and basic characteristics of their partici-
pants are provided in Supplement Note 1). We constructed a poly-
genic score of WMH-associated cortical atrophy and studied its

associations with dementia in up to 500,348 individuals from the
FinnGen cohort43.

Neuroimaging measures
Thickness of the cerebral cortex was assessed from T1-weighted mag-
netic resonance images of the brain using FreeSurfer46. Mean cortical
thickness and cortical thickness at each of the 34 regions parcellated
based on theDesikan-Killiany atlas47 were analysed. The total volume of
WMH was assessed from T2-weighted/FLAIR images (Supplemen-
tary Data 1).

Statistical analyses
Associations betweenWMHand cortical thicknesswere examined using
linear regression models. Prior to model fitting, WMH and cortical
thickness variables were inverse normal transformed. We fitted the
regression models using a simple covariate structure (basic models)
and a more complete covariate structure (fully adjusted models) to
test if the associations are independent of cardiometabolic risk factors
previously associated with WMHs and/or cortical thickness, namely
hypertension, type 2 diabetes, BMI, and smoking. The basic covariates
were linear and quadratic age, intracranial volume, and cohort-specific
MRI-related covariates (e.g., MRI site). Cohorts that included related
individuals used mixed-effects models that adjusted for family struc-
ture. The effect estimates from individual cohort analyses were then
meta-analysed using the inverse-variance method with random effects
that incorporate heterogeneity in the estimates. Sex-specific analyses
were not conducted in this study.

Genome-wide association analysis of the shared variance between
WMH and cortical thickness In each cohort, the shared variance
between WMH and cortical thickness was derived using principal
component analysis of the 2 variables. Principal component 1 (PC1),
loaded positively by WMHs and negatively by cortical thickness, was
considered an index of ‘WMH-associated cortical thinning’. PC1
adjusted for basic covariateswasused tofit linear regressionmodels to

Fig. 3 | Cell types in the cerebral cortex mediating the WMH-cortical thickness
association. a Results from cell-type enrichment analysis across the cerebral cor-
tex. Associationbetweengene specificity for a given cell type (x-axis) and the gene’s
correlation coefficient between its expression and effect sizes of the WMH-cortical
thickness association across the 34 cortical regions. The black line represents linear
regression fit, and the colour represents the density of data points. b Effect sizes
and confidence intervals from this cell-type enrichment analysis using a Pearson’s
correlation coefficient (two-sided p-value). cGene ontology enrichment analysis of

genes co-expressedwith genes regulated by genome-wide significant variants from
the GWAS of PC1. Each node represents a significant biological process. Clusters of
terms with high similarity are linked by edges, and manually annotated with an
overarching/representative biological process ExcNeu excitatory neuron, InhNeu
inhibitory neuron, OPC oligodendrocyte precursor cell, VLMC vascular leptome-
ningeal cells; FDR correctedp-values **** < 0.5 × 10−10, *** < 0.5 × 10−06, ** < 0.5 × 10−04,
* < 0.5 × 10−2; and the exact p-values are available in the Source Data.

Fig. 4 | Association between polygenic risk score (PRS) of WMH and insular
thickness-derived PC1 and the risk of each vascular dementia, all-cause
dementia, and late-onset Alzheimer’s disease. The odds ratios were calculated in
FinnGen (consisting of a total of 500, 348 individuals) by comparing each of the top

nine PRS deciles to the lowest decile and adjusting for age, sex, the first 10 genetic
principal components and genotyping arrays. Error bars represent 95% confidence
intervals. The exact p-values are available in the Source Data.
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test the association between PC1 and allele dosage of SNPs. Additive
genetic effects were assumed. The regression models were adjusted
for sex, the first 10 genetic principal components (to account for
genetic relatedness), and/or cohort-specific covariates (adjustments
for age were done at the level of PC1 derivation). In cohorts including
familymembers, linearmixed-effectsmodels were used to account for
family structure. The cohort-specific GWAS results were examined for
quality control with Easy QC software (v9.0)48: genetic variants with a
minor allele frequency (MAF) < 0.05, low imputation quality (R2 <0.4),
and available in < 10,000 individuals were removed from further ana-
lyses. The results weremeta-analysedwithMETAL49 under fixed effects
models with a sample-sized method (i.e., using z-scores and their
directions). The top SNPs were additionally meta-analysed under a
modified random effect model50.

Genetic correlations of PC1 GWASWe used linkage disequilibrium
(LD)-score regression analysis27 to test the genetic correlations
between PC1 and vascular-risk (systolic blood pressure51, diastolic
blood pressure51, stroke52, BMI53, diabetes54, coronary artery disease55),
psychiatric (schizophrenia56, major depression57, bipolar disorder58)
and neurodegenerative (Alzheimer’s disease59) disorders and general
intelligence60. Plasma protein-level GWASs were obtained from the
Pharma Proteomics Project using individuals from the UK Biobank61.

Cell-type enrichment analysis of PC1 GWAS We used single-cell
disease relevance score (scDRS)35 to test the enrichment of the PC1
GWAS signals within the single-cell RNAseq dataset from the Allen
Brain Institute. Briefly, this approach uses the top 1000 genes asso-
ciated with PC1 (derived using MAGMA v1.09b62) and computes an
aggregate expression of PC1-genes within each nucleus and cell type.
These scores are compared with control scores (using random sets of
genes and nuclei/cell types) to compute cell-level and cell-type-level p-
values.

Functional enrichment analysis of PC1 GWAS. For this, we exam-
ined the genes whose expression in the cerebral cortex was regulated
by GWAS-identified SNPs. To identify those genes, we performed (cis-)
eQTL mapping using MetaBrain (https://www.metabrain.nl/, accessed
Jan 2023), where Bonferroni FDR correction was applied to variants
eQTL-eGene tested models, rather than all eQTL-eGene pairs39. Then,
for each of the cis-eQTL-regulated genes, we identified the genes that
were co-regulated (or co-expressed) in the human cerebral cortex, as
measured in 5 independent datasets including a total of 534 donors
aged 0-102 years, as we did in refs. 40,63. The co-expression strengths
were measured by the effect estimates of the linear mixed models
regressing the expression level of each cis-eQTL gene against the
expression of each of the other genes, adjusting for database and
doner-ID as random effects, and donor age and sex as fixed effects.
Models were fitted to the gene-expression data harmonised across 5
databases, for which the expression values were log-transformed and
normalised across regions and databases to adjust for differences in
age ranges, sampling regions, and technical methods as described in
ref. 40. We then selected the top 0.5% of the positively co-expressed
(i.e., estimate > 0) genes as the final set for Gene-Ontology biological
process (GO-BP) enrichment analysis, which was performed using the
ClusterProfiler R package64.

Cell-type enrichment analysis of the WMH-cortical thickness
association This was performed using the cortical, single-nucleus
gene-expression data from Allen Human Brain Atlas65. The gene
expression data were mapped to the 34 cortical regions of the
Desikan-Killiany Atlas66, and genes were filtered for consistency using
an internal donor-to-median filter, and an external interregional-
correlation filter, using gene expression data from the BrainSpan67.
From the initial 20,737 genes, 2511 genes remained for further ana-
lyses. Next, for each of the filtered genes, cell-type specificity was
calculated for 19 cell types using the human cortical single nuclei
RNAse data from the Allen Brain Institute34. An aggerate measure of
cell specificity was quantified using the CELLEX package (v 1.2.2)68.

For each cell type, we calculated the Pearson correlation coefficients
between the interregional profiles of WMH-cortical thickness asso-
ciation estimates and interregional profiles of gene expression for all
the filtered genes. Then we assessed the relationship between a
gene’s specificity for a given cell type and the correlation of the
gene’s expression with WMH-cortical thickness association by two
methods: linear association and top cell-specific gene enrichment.
The linear enrichment test evaluates the linear association between
increasing cell-type gene specificity and its effect on the correlation
between expression and WMH-cortical thickness. The top-specific
gene method evaluates the mean of the top 100 cell type-specific
gene’s correlation (between expression andWMH-cortical thickness)
against randomly bootstrapped sets of genes. Both methods con-
verged on the same significant cell types of interest, and only the
effect estimate from the linear approach is shown in Fig. 3b. P-values
were adjusted for multiple testing of 19 cell types using the
Benjamini-Hochberg false-discovery procedure69.

Polygenic risk score (PRS) of PC1 (i.e., WMH-associated cortical
atrophy)We built a genome-wide PRS of PC1 (derived from WMH and
thickness of the insular cortex) using PRS-CS (v1.1.0)70 as implemented
in the FinnGen PRS-CS pipeline (described at https://github.com/
FINNGEN/CS-PRS-pipeline). PRS-CS computes SNP effect sizes using
high-dimensional Bayesian regression with continuous shrinkage (CS)
priors, leveraging GWAS summary statistics and a linkage dis-
equilibrium (LD) reference panel. Here, we used GWAS summary sta-
tistics of both PC1 of WMH and insular thickness and PC1 of WMH and
the mean cortical thickness along with the European LD reference
panel from the 1000 Genomes Project. Both PRSs were categorised
into deciles, and the associations with vascular dementia, all-cause
dementia, and late-onset Alzheimer’s disease were evaluated in R
(v4.4.0) using logistic regression by comparing each of the upper nine
PRSdecileswith the lowest decile and adjusting for age, sex, thefirst 10
genetic principal components, and genotyping arrays. The genotyping
details are available in the Supplement.

Mendelian randomisation (MR) to test the causal effects of WMH
on the thickness of the insular cortex Two-sample MR analyses were
performed, where genetic variants were used as instrumental vari-
ables to determine if higher WMH (exposure) causes lower cortical
thickness (outcome) by using 2 sets of genetic association summary
statistics. For exposures, we used summary statistics from the GWAS
of WMH by Sargurupermraj et al.6 and from the GWAS conducted in
the UK Biobank participants included in this study (UKBB). For out-
comes, we used summary statistics for each insular thickness and
mean cortical thickness that were obtained from the meta-GWAS of
all cohorts in the present study and from the GWAS of the UKBB
participants included in the present study. For the MR, three sets of
exposure-outcome summary statistics were considered: Sargur-
upremraj-UKBB, Sargurupremraj-all cohorts, and UKBB-UKBB. The
causal effects were evaluated utilising 2-sample MR methods imple-
mented in the ‘TwoSampleMR’ package71,72.

PRS of WMH We constructed PRS of WMH utilising the pruning
and p-value thresholding (P + T) shrinkage strategy implemented in
PRSice-2 (v2.3.5)73. The base-data for WMH were from the GWAS by
Sargurupremraj, et al.6, and target genotype and phenotype data
were from the UKBB participants in this study. Sets of independent
SNPwere obtainedby pruning based on the LD structure of the target
genotype. To avoid bias due to sample overlap (i.e., some UKBB
participants were included in both datasets), the degree of sample
overlap was estimated and used to adjust the base-data summary
statistics with EraSOR74. PRS was computed based on SNPs with
p-values below 11 thresholds (5e-08, 1e-07, 1e-06, 1e-05, 1e-04, 1e-03,
0.05, 0.01, 0.5, 0.1, and 1). To enhance the statistical power in
detecting PRS of WMH vs. cortical thickness associations, we used
the first principal component (PRSPCA) of the resulting set of PRS to
test these associations as proposed in ref. 75. Associations were
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evaluated by regressing PRS or PRSPCA on thickness values adjusted
for the basic-model covariates, MRI site, and the first 10 genetic
principal components in R (v4.4.0).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The summary statistics from the meta-GWAS generated in this study
have been deposited in the following database: https://figshare.com/
articles/dataset/White_matter_hyperintensities_and_cortical_atrophy_
genetic_risk_factors_and_underlying_neurobiology/27038320. Allen
Human Brain Atlas gene expression, as parcellated in the Desikan-
Killiany atlas is shared here: https://figshare.com/articles/dataset/Cell-
specific_gene-expression_profiles_and_cortical_thickness_in_the_human_
brain/4752955. Allen Human multiple cortical snRNAseq data was
downloaded from here: https://portal.brain-map.org/atlases-and-data/
rnaseq/human-multiple-cortical-areas-smart-seq. GWAS for plasma
protein levels were downloaded from: https://www.synapse.org/
Synapse:syn51364943/wiki/. Source Data are provided as a source
data file. Source data are provided in this paper.
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