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CLINICAL AND POPULATION STUDIES

Twenty-Five Novel Loci for Carotid Intima-Media 
Thickness: A Genome-Wide Association Study 
in >45 000 Individuals and Meta-Analysis of 
>100 000 Individuals
Ming Wai Yeung , Siqi Wang , Yordi J. van de Vegte, Oleg Borisov , Jessica van Setten , Harold Snieder , Niek Verweij,  
M. Abdullah Said , Pim van der Harst

OBJECTIVE: Carotid artery intima-media thickness (cIMT) is a widely accepted marker of subclinical atherosclerosis. Twenty 
susceptibility loci for cIMT were previously identified and the identification of additional susceptibility loci furthers our 
knowledge on the genetic architecture underlying atherosclerosis.

APPROACH AND RESULTS: We performed 3 genome-wide association studies in 45 185 participants from the UK Biobank study 
who underwent cIMT measurements and had data on minimum, mean, and maximum thickness. We replicated 15 known loci 
and identified 20 novel loci associated with cIMT at P<5×10−8. Seven novel loci (ZNF385D, ADAMTS9, EDNRA, HAND2, 
MYOCD, ITCH/EDEM2/MMP24, and MRTFA) were identified in all 3 phenotypes. An additional new locus (LOXL1) was 
identified in the meta-analysis of the 3 phenotypes. Sex interaction analysis revealed sex differences in 7 loci including a 
novel locus (SYNE3) in males. Meta-analysis of UK Biobank data with a previous meta-analysis led to identification of three 
novel loci (APOB, FIP1L1, and LOXL4). Transcriptome-wide association analyses implicated additional genes ARHGAP42, 
NDRG4, and KANK2. Gene set analysis showed an enrichment in extracellular organization and the PDGF (platelet-derived 
growth factor) signaling pathway. We found positive genetic correlations of cIMT with coronary artery disease rg=0.21 
(P=1.4×10-7), peripheral artery disease rg=0.45 (P=5.3×10-5), and systolic blood pressure rg=0.30 (P=4.0×10-18). A negative 
genetic correlation between average of maximum cIMT and high-density lipoprotein was found rg=−0.12 (P=7.0×10-4).

CONCLUSIONS: Genome-wide association meta-analyses in >100 000 individuals identified 25 novel loci associated with cIMT 
providing insights into genes and tissue-specific regulatory mechanisms of proatherosclerotic processes. We found evidence 
for shared biological mechanisms with cardiovascular diseases.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words:  carotid intima-media thickness ◼ genetics ◼ genome-wide association study ◼ meta-analysis ◼ population genetics

Cardiovascular disease is a leading cause of death 
worldwide with atherosclerosis as the underlying 
cause of most cases.1 Atherosclerosis is charac-

terized by the accumulation of lipids in the subintimal 
space of medium-sized and large arteries. A fibrous 
cap is formed on the atherosclerotic plaque due to the 

proliferation of smooth muscle cells and matrix deposi-
tion.2 Plaques can gradually impede the blood flow, even-
tually leading to ischemia of end-organ tissues. Rupture 
of plaques due to unstable, thin caps and subsequent 

See accompanying editorial on page 502
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thrombosis can lead to abrupt occlusion of the artery, 
causing a stop of the blood flow and thereby ischemia 
and necrosis of the tissue following the occlusion.3 This 
process is the underlying pathophysiological mecha-
nism of major cardiovascular events, such as myocardial 
infarction4 and ischemic stroke,5 which are both leading 
causes of mortality and disability in developed countries.6

Due to the long preceding phase of atherosclerosis, 
it can take decades before the clinical presentation of 
symptoms. An early detection of atherosclerotic plaque 
formation may aid in the risk stratification and identifica-
tion of individuals at high risk of atherosclerotic cardio-
vascular diseases, such as myocardial infarction, coronary 

artery disease (CAD), and peripheral artery disease (PAD). 
Noninvasive imaging techniques such as ultrasound mea-
surement of the carotid artery intima-media thickness 
(cIMT) can detect subclinical atherosclerosis and is widely 
accepted as an index of atherosclerosis severity.7 Increased 
cIMT has been associated with higher risk of cardiovascu-
lar diseases.8,9 Twin studies suggest a substantial genetic 
component in cIMT,10 and previous genome-wide associa-
tion studies (GWAS) of cIMT have identified 20 genetic 
loci linked to known genes as well as novel candidate 
genes associated with atherosclerosis.11–13 In the current 
study, we aimed to identify additional genetic loci to further 
our knowledge on the genetic architecture of increased 
cIMT using a large population-based study.

METHODS
Please see the Major Resources Table in the Supplemental 
Material. The data that support the findings of this study are avail-
able from the corresponding author upon reasonable request.

Study Population
The UK Biobank study is a population-based prospective 
cohort in the United Kingdom in which ≈500 000 individuals 
aged between 40 and 69 years were included between 2006 
and 2010. All participants have given informed consent for 
this study. The UK Biobank has ethical approval from North 
West–Haydock Research Ethics Committee (REC reference: 
16/NW/0274). Details of the UK Biobank study have been 
described in detail previously.14 This research has been con-
ducted using the UK Biobank Resource under Application 
Number 15031.

Nonstandard Abbreviations and Acronyms

AAA	 abdominal aortic aneurysm
CAD	 coronary artery disease
CARDIoGRAMplusC4D	� Coronary Artery Disease 

Genome-Wide Replica-
tion and Meta-Analysis 
Plus the Coronary Artery 
Disease Genetics

CHARGE	� Cohorts for Heart and 
Aging Research in 
Genomic Epidemiology

cIMT	� carotid artery intima-media 
thickness

cIMTmax	 average of maximum cIMT
cIMTmean	 average of mean cIMT
cIMTmin	 average of minimum cIMT
DBP	 diastolic blood pressure
GERA	� Genetic Epidemiology 

Research on Adult Health 
and Aging

GLGC	� Global Lipids Genetics 
Consortium

GWAS	� genome-wide association 
study

HDL-C	� high-density lipoprotein 
cholesterol

LDL-C	� low-density lipoprotein 
cholesterol

MAGMA	� Multi-Marker Analysis for 
Genomic Annotation

MTAG	� Multi-Trait Analysis of 
GWAS

PAD	 peripheral artery disease
SBP	 systolic blood pressure
SNP	� single nucleotide 

polymorphism
TWAS	� transcriptome-wide asso-

ciation study
VSMC	� vascular smooth muscle cell

Highlights

•	 Leveraging data from over 45 000 UK Biobank par-
ticipants, we discovered 22 novel genetic loci and 
replicated 15 known loci associated with carotid 
intima-media thickness from genome-wide associa-
tion study.

•	 Meta-analysis of >100k individuals combining UK 
Biobank data and a previous meta-analysis yielded 
three additional novel loci.

•	 Interaction analysis revealed presence of sex-spe-
cific effects in one of the novel loci and six previ-
ously reported loci.

•	 Expression analyses revealed many prioritized 
genes enriched in endothelial cells and smooth 
muscle cells.

•	 Positive genetic correlations between carotid intima-
media thickness and respectively peripheral artery 
disease, coronary artery disease, ischemic stroke 
and systolic blood pressure were observed; A nega-
tive genetic correlation was found between carotid 
intima-media thickness and high-density lipoprotein 
cholesterol.
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cIMT Measurements
At the time of analyses, cIMT measurements were available for 
46 705 participants who had completed the second follow-up 
visit for the UK Biobank. The cIMT measurements were derived 
automatically from the 2-dimensional carotid scan using a 
CardioHealth Station (Panasonic Biomedical Sales Europe BV, 
Leicestershire, United Kingdom). A total of 4 cIMT measure-
ments were taken, namely at 120° and 150° for the right carotid 
and 210° and 240° for the left carotid artery. For each angle, 
the minimum, mean and maximum values were recorded.15

Quality control of cIMT measurements was performed by the 
UK Biobank, validated both internally and externally using a set of 
predefined criteria.15,16 cIMT measurements that did not pass the 
quality control, either with cIMT values of zero or as indicated by 
the corresponding quality control flags (field IDs 22682, 22683, 
22684, 22685) were excluded from the analyses. Measurements 
collected at the second follow-up visit (imaging visit) were consid-
ered for the current analysis. Average values of the cIMT of the 
four angles were taken as the final cIMT measurements, namely 
average of minimum cIMT (cIMTmin), average of mean cIMT (cIM-
Tmean), and average of maximum cIMT (cIMTmax).

Genotyping and Imputation
Genotype data for 488 377 participants were available in the UK 
Biobank study. Two custom Affymetrix Axiom (UK Biobank Lung 
Exome Variant Evaluation or UK Biobank) genotyping arrays with 
>95% common content were used. Imputation was performed 
using Haplotype Reference Consortium as the primary reference 
panel with addition of merged UK10K and 1000 Genome phase 
3 reference panels. Quality control of samples and variants, as well 
as of the imputation was performed by the Wellcome Trust Centre 
for Human Genetics.17 The current study was performed on the 
imputed data supplied by the UK Biobank. Individuals with over-
all missingness >5% or excessive heterozygosity, and individuals 
whose genetically inferred sex did not match with the reported 
sex, were excluded from the analyses. Additionally, variants with 
a minor allele frequency <0.5% or an INFO-score  (imputation 
information score) smaller than 0.3 were excluded.

Genome-Wide Association Studies
A transethnic GWAS (demographics shown in Table S1 in the 
Supplemental Material) was performed on 3 averaged cIMT 
measurements; cIMTmin, cIMTmean, and cIMTmax, using BOLT-LMM 
v2.3.1.18 A linear mixed model was fitted for each of the inverse 
rank normalized cIMT measurements. GWAS analyses were 
adjusted for age at the time of the imaging visit, sex, genotyping 
array, and the first 30 principal components (provided by UK 
Biobank) to adjust for population stratification. Individuals with 
missing information on any of the covariates were excluded 
from the GWAS analyses. To obtain a set of independent sin-
gle nucleotide polymorphisms (SNPs) associated with cIMT 
phenotypes, clumping was performed on variants (lead vari-
ants) that passed the genome-wide significance threshold of 
P<5×10-8 based on linkage disequilibrium (LD) r2>0.005 and 
2.5-Mb distance using the clumping procedure in PLINK 1.9.19 
A locus was defined as a 1-Mb region surrounding the most 
significant variant. The nearest protein-coding gene and any 
additional gene within 10 kb of each locus’ lead variant were 
annotated to the locus.

Statistical Fine-Mapping
To further refine the signals detected in GWAS, we applied statis-
tical fine-mapping across a 1-MB region around the lead variant 
for each of the loci identified to prioritize putative causal vari-
ants. Bayesian fine-mapping was performed on summary statis-
tics of cIMTmean using FINEMAP (v1.4).20 A shotgun stochastic 
search method was used to produce 95% credible sets under 
the assumption of several causal variants (k) from 1 up to 5, 
each with estimated posterior probabilities which jointly summed 
up to 1. We considered the variants in the top causal configura-
tion under k with the highest posterior probabilities as the likely 
causal variants. For each likely causal variant, we searched for 
coding variants in high LD (R2 > 0.8) with dbNSFP (database for 
nonsynonymous SNPs’ functional predictions, v.4.2).21

Meta-Analysis of cIMT Measurements
Meta-analysis of the UK Biobank and the largest GWAS meta-
analysis of cIMT previously published by the CHARGE (Cohorts 
for Heart and Aging Research in Genomic Epidemiology)/
UCLEB (UCL-LSHTM-Edinburgh-Bristol)  consortia (71 128 
European participants from 31 studies)12 was performed for 
cIMTmax using Multi-Trait Analysis of GWAS (MTAG)22; MTAG is 
a tool for analysis of multiple GWAS summary statistics which 
applies a generalized inverse-variance-weighted meta-analysis 
that allows for sample overlap. Additionally, a second meta-
analysis of the 3 cIMT measurements within the UK Biobank 
was performed with MTAG. All MTAG analyses were performed 
on common variants (minor allele frequency >0.01) with an 
INFO-score >0.3 under the assumption of perfect genetic cor-
relation and equal heritability (with the options --perfect_gen-
cov and --equal_h2).

Sex Interaction Analysis
To examine if there are sex-specific differences in the genetic 
loci associated with cIMT, we performed sex-stratified GWAS on 
all 3 cIMT traits. We systematically tested the difference between 
the effect size estimates obtained from the stratified GWAS. A 
P value (Psexdiff) was obtained using the following test statistics23:

t
Beta Beta

SE SE r SE SE
sex

male female

male female sex male f

=
−

+ − ⋅ ⋅2 2 2 eemale

where rsex was the Spearman rank correlation coefficient between 
sexes across all variants included in the sex-stratified GWAS. We 
examined the sex-specific effects on loci either identified in the 
main GWAS or sex-stratified GWAS, and a locus was consid-
ered to demonstrate sex difference if Psexdiff passed Bonferroni-
corrected threshold (=0.05/number of loci tested).

Transcriptome-Wide Association Study
To prioritize genes identified in GWAS, we incorporated expres-
sion quantitative trait loci data and performed a transcriptome-wide 
association study (TWAS). Tissue-specific expression levels of the 
genes were predicted using a model trained on an external ref-
erence panel with both genotype and expression data available; 
associations between the predicted expression levels and cIMT 
phenotypes were then tested on a genic level. We performed the 
TWAS using the Unified Test for Molecular SignaTures method with 
imputation models pretrained on data from the Genotype-Tissue 



CLINICAL AND POPULATION 
STUDIES - AL

Yeung et al Genetic Analysis of Carotid Intima-Media Thickness

Arterioscler Thromb Vasc Biol. 2022;42:484–501. DOI: 10.1161/ATVBAHA.121.317007� April 2022    487

Expression project.24,25 Briefly, gene expression levels were imputed 
by training a multivariate lasso regression model taking all available 
tissues into considerations (separate penalty terms for within-tis-
sue and cross-tissue effects which allow different effect directions 
in different tissues). Imputed gene expressions were then used 
for the association tests with the cIMT traits (TWAS). Association 
analyses were performed on three arterial tissues, namely aorta, 
coronary and tibial, to obtain tissue-specific result (arterial TWAS). 
Given that the relatively smaller sample size for arterial tissues may 
restrict the power to detect potential associations, a joint test com-
bining the test statistics of 44 tissues was calculated using the 
Generalized Berk-Jones test (cross-tissue TWAS).24

Multi-Marker Analysis for Genomic Annotation
In addition to TWAS, we applied Multi-Marker Analysis for 
Genomic Annotation (MAGMA) tool to conduct gene-based 
tests as well as a gene set analysis.26 Briefly, gene-based test 
with summary statistics involves computation of a gene-level test 
statistics by combining that of all variants within a gene, after 
which gene-based P was derived from an approximate sampling 
distribution estimated from a reference dataset. The gene-based 
statistics were then aggregated to predefined sets for associa-
tion tests with cIMT traits, with LD between genes corrected by 
computing gene correlation matrix using the reference dataset. 
MAGMA analysis was done via the platform Functional Mapping 
and Annotation of GWAS v1.3.6a with MAGMA v1.08a, using 
default settings. Gene-based analyses were done with an SNP-
wide mean model and the gene set analysis was performed 
using 15 496 gene sets (5500 curated gene sets and 9996 
Gene Ontology terms respectively) from MsigDB v7.0.27,28 We 
applied Bonferroni corrections to assess the statistical signifi-
cance of results from all gene-based and gene set analyses.

Heritability Estimation of cIMT and Genetic 
Correlation With Cardiovascular Diseases and 
Risk Factors
The heritability of cIMT measurements was estimated using 
the restricted maximum likelihood algorithm from the BOLT-
LMM software. The proportion of additive variance explained by 
the lead variants was estimated by fitting a multivariable linear 
regression model on the cIMT measurements, assuming an addi-
tive genetic model. To investigate the shared genetic component 
between cIMT and vascular diseases namely, abdominal aortic 
aneurysm (AAA), CAD, stroke, and PAD as well as cardiovascu-
lar diseases (CVD) risk factors, we estimated genetic correla-
tions between cIMT phenotypes and the diseases/risk factors 
both within our data and with the addition of external cohorts 
using linkage disequilibrium score regression (LDSC) v1.0.1.29 
The CVD risk factors investigated in the current study include 
diastolic blood pressure (DBP), systolic blood pressure (SBP), 
HDL-C (high-density lipoprotein cholesterol), LDL-C (low-den-
sity lipoprotein cholesterol), total cholesterol, and triglyceride 
levels. Ascertainment of AAA, CAD, ischemic stroke, and PAD 
in the UK Biobank was based on a combination of hospital inpa-
tient and self-reported records during an interview with a trained 
nurse (Table S2 in the Supplemental Material). Measurements of 
CVD risk factors in the UK Biobank are described in the supple-
ment (Supplementary Method). Genetic associations of the car-
diovascular disease were done within the subset of unrelated 

UK Biobank participants that was not included in the cIMT 
GWAS. With regards to the analysis using external cohorts, we 
used summary statistics data from the CARDIoGRAMplusC4D 
(Coronary Artery Disease Genome-Wide Replication and Meta-
Analysis Plus the Coronary Artery Disease Genetics) consor-
tium, a meta-analysis with 60 801 CAD cases and 123 504 
controls to estimate the genetic correlation between cIMT and 
CAD.30 Summary statistics of the transethnic meta-analysis 
MEGASTROKE collaboration (60 341 cases; 454 450 controls) 
were used for the genetic correlation between cIMT and stroke 
including its subtypes.31 The summary statistics from transeth-
nic analysis on the GERA (Genetic Epidemiology Research on 
Adult Health and Aging) cohort consisting of 99 785 individuals 
were used for the genetic correlation with blood pressure traits.32 
For the analysis with lipid traits, we used the summary statistics 
from the meta-analysis (joint analysis of Metabochip and GWAS 
with a total of 188 577 individuals) from the GLGC (Global Lipids 
Genetics Consortium).33 We additionally compared the cIMT loci 
with the loci identified for these cardiovascular diseases using 
Functional Mapping and Annotation of GWAS, which searched 
the GWAS Catalog (version e96_r2019-09-24) for variants in 
high LD (R2>0.6) with lead variants in our GWAS.34

RESULTS
Study Population Characteristics
Out of 502 493 UK Biobank participants, we included 
45 185 individuals with available cIMT measurements that 
passed the quality control and had available genetic data 
(Figure S1 in the Supplemental Material). Baseline charac-
teristics of the study population are shown in Table S1 in 
the Supplemental Material. This population consisted of a 
majority of White participants (96.6%) along with partici-
pants of Asian descent (1.4%), African descent (0.6%), of a 
mixed descent (0.5%), and of other/unknown ethnic back-
ground (0.6%). Overall, the mean (SD) cIMTmin was 0.58 
(0.11) mm, the mean cIMTmean was 0.69 (0.13) mm, and the 
mean cIMTmax was 0.80 (0.15) mm. Smaller cIMT measure-
ments were observed in women compared with men with 
cIMTmin 0.57 (0.10) versus 0.60 (0.12), cIMTmean 0.67 (0.11) 
versus 0.71 (0.14), and cIMTmax 0.77 (0.13) versus 0.83 
(0.16). The cIMT measurements were strongly correlated 
(r2 0.86-0.96; Figure S2 in the Supplemental Material).

Novel Loci Associated With cIMT
A total of 11 247 984 variants were tested in the current 
analyses. A total of 2837 variants in 30 loci were associ-
ated with cIMTmin, 2781 variants in 30 loci with cIMTmean, 
and 1789 variants in 25 loci with cIMTmax. A summary of 
all loci that were identified can be found in Table 1. Among 
these, a total of 20 loci have not been reported in previ-
ous studies. Moreover, all loci except 5q31.3 (NR3C1) and 
12q21.31 (RASSF9) remained significantly associated with 
the cIMT phenotypes at a stringent Bonferroni adjusted 
P<1.67×10-8 (5×10-8/3). Replication of loci identified in 
the current study in a previous large meta-analysis of the 
CHARGE consortium12 can be found in Table S3 in the 
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Table 1.  Independent Loci Identified for All cIMT Measurements

Locus 
number

      cIMTmin cIMTmean cIMTmax
Closest 
geneSNP Chr Position Region EA/NEA EAF Beta (SE) P value Beta (SE) P value Beta (SE) P value

1 rs222476 2 42659267 p21 T/C 0.030 0.095 (0.017) 1.60×10-8* 0.086 (0.017) 2.70×10-7 0.08 (0.017) 1.50×10-6 COX7A2L, 

KCNG3

2 rs6744377 2 102069748 q11.2 T/A 0.184 0.046 (0.008) 6.50×10-9* 0.039 (0.008) 3.20×10-7 0.031 (0.008) 3.90×10-5 RFX8

3 2:216300905_
ACCCG_A

2 216300905 q35 ACCCG/A 0.463 −0.039 (0.006) 2.20×10-9* −0.036 (0.006) 3.30×10-9* −0.032 (0.006) 3.40×10-7 FN1

4 rs1553085 3 21976118 p24.3 A/G 0.330 0.038 (0.006) 2.60×10-9* 0.038 (0.006) 6.00×10-10* 0.034 (0.006) 4.50×10-8* ZNF385D

 rs7628630 3 21977337 p24.3 G/A 0.329 0.038 (0.006)* 3.60×10-9* 0.038 (0.006) 7.00×10-10* 0.034 (0.006) 4.20×10-8* ZNF385D

5 rs4611812 3 64699445 p14.1 C/T 0.584 0.039 (0.006) 1.40×10-10* 0.039 (0.006) 5.50×10-11* 0.035 (0.006) 3.70×10-9* ADAMTS9

 rs6795735 3 64705365 p14.1 C/T 0.582 0.039 (0.006) 9.90×10-11* 0.039 (0.006) 4.20×10-11* 0.035 (0.006) 3.90×10-9* ADAMTS9

6 rs10305838 4 148400256 q31.22 T/C 0.855 −0.051 (0.009) 2.10×10-10* −0.052 (0.008) 7.90×10-11* −0.046 (0.008) 5.50×10-9* EDNRA

7 rs4235201 4 174677572 q34.1 G/T 0.759 −0.04 (0.007) 4.00×10-9* −0.04 (0.007) 2.40×10-9* −0.039 (0.007) 1.60×10-8* HAND2

 rs188848834 4 174681501 q34.1 C/T 0.748 −0.04 (0.007) 3.30×10-9* −0.04 (0.007) 4.10×10-9* −0.038 (0.007) 5.30×10-8 HAND2

8 rs224805 5 81683739 q14.2 A/G 0.051 0.096 (0.014) 4.70×10-12* 0.091 (0.013) 6.30×10-12* 0.079 (0.013) 2.20×10-9* ATP6AP1L

9 rs310503 5 82891552 q14.2 G/T 0.661 −0.035 (0.006) 1.60×10-8* −0.038 (0.006) 3.80×10-10* −0.037 (0.006) 2.10×10-9* VCAN

10 rs72801051 5 142685670 q31.3 A/T 0.840 −0.043 (0.008) 1.30×10-6 −0.046 (0.008) 3.90×10-8* −0.043 (0.008) 6.00×10-7 NR3C1

11 rs11242713 6 1668142 p25.3 G/A 0.530 −0.037 (0.006) 5.70×10-9* −0.036 (0.006) 2.20×10-9* −0.034 (0.006) 5.10×10-8 GMDS

12 rs342988 7 35467026 p14.2 C/T 0.278 0.046 (0.007) 3.20×10-12* 0.052 (0.007) 1.70×10-15* 0.054 (0.007) 2.10×10-16* TBX20

13 rs2912062 8 6485295 p23.1 C/G 0.704 0.056 (0.007) 1.30×10-17* 0.054 (0.006) 1.60×10-17* 0.047 (0.006) 2.60×10-13* MCPH1

 rs3020263 8 6487449 p23.1 G/A 0.718 0.056 (0.007) 2.20×10-17* 0.055 (0.007) 8.10×10-18* 0.049 (0.007) 9.30×10-14* MCPH1

14 rs2980478 8 8088230 p23.1 T/C 0.527 −0.042 (0.006) 2.70×10-12* −0.041 (0.006) 4.10×10-12* −0.039 (0.006) 1.10×10-10* ZNF705B

15 rs10096511 8 10810451 p23.1 A/G 0.472 0.046 (0.006) 9.30×10-15* 0.044 (0.006) 3.00×10-14* 0.04 (0.006) 7.70×10-12* XKR6

15 rs11250097 8 10811829 p23.1 T/C 0.467 0.045 (0.006) 2.10×10-14* 0.045 (0.006) 1.30×10-14* 0.041 (0.006) 2.00×10-12* XKR6

 rs4314618 8 10816772 p23.1 A/A 0.471 0.046 (0.006) 1.30×10-14* 0.045 (0.006) 1.10×10-14* 0.041 (0.006) 4.80×10-12* XKR6

16 rs4739742 8 81308435 q21.13 T/C 0.558 0.035 (0.006) 3.80×10-9* 0.032 (0.006) 4.80×10-8* 0.027 (0.006) 5.00×10-6 ZBTB10

 rs9632837 8 81318125 q21.13 C/G 0.578 0.036 (0.006) 3.80×10-9* 0.033 (0.006) 3.10×10-8* 0.029 (0.006) 1.30×10-6 ZBTB10

17 8:123413770_ 
GA_G

8 123413770 q24.13 GA/G 0.545 0.036 (0.006) 2.60×10-9* 0.037 (0.006) 6.50×10-10* 0.034 (0.006) 1.90×10-8* ZHX2

 rs10110725 8 123415086 q24.13 T/A 0.543 0.036 (0.006) 3.80×10-9* 0.037 (0.006) 6.10×10-10* 0.034 (0.006) 1.30×10-8* ZHX2

18 rs6470156 8 124579985 q24.13 G/A 0.721 −0.056 (0.007) 2.80×10-17* −0.056 (0.007) 2.90×10-17* −0.05 (0.007) 3.80×10-14* FBXO32

19 rs10817556 9 116775859 q32 C/T 0.661 −0.037 (0.006) 2.80×10-9* −0.031 (0.006) 3.00×10-7 −0.026 (0.006) 3.00×10-5 ZNF618

20 rs11371318 10 28230429 p12.1 G/GAA 0.509 −0.028 (0.006) 5.40×10-6 −0.031 (0.006) 1.30×10-7 −0.033 (0.006) 1.20×10-8* ARMC4

21 rs2150562 10 30162423 p11.23 A/G 0.311 0.039 (0.006) 1.80×10-9* 0.04 (0.006) 3.10×10-10* 0.037 (0.006) 7.40×10-9* SVIL

 rs914279 10 30170487 p11.23 T/G 0.416 0.039 (0.006) 4.10×10-10* 0.038 (0.006) 2.10×10-10* 0.033 (0.006) 2.60×10-8* JCAD

22 rs2019090 11 103668962 q22.3 A/T 0.294 0.041 (0.007) 1.10×10-9* 0.046 (0.006) 3.20×10-12* 0.046 (0.007) 3.80×10-12* PDGFD

 rs796784254 11 103669291 q22.3 T/ TTATTGAA 0.295 0.041 (0.007) 1.30×10-9* 0.046 (0.006) 3.00×10-12* 0.046 (0.007) 3.10×10-12* PDGFD

23 rs11172113 12 57527283 q13.3 T/C 0.590 −0.042 (0.006) 4.90×10-12* −0.038 (0.006) 2.60×10-10* −0.03 (0.006) 1.40×10-6 STAT6, 

LRP1

24 rs61930625 12 86167409 q21.31 C/T 0.755 −0.029 (0.007) 9.80×10-6 −0.036 (0.007) 7.60×10-8 −0.038 (0.007) 2.80×10-8* RASSF9

25 rs9515203 13 111049623 q34 T/C 0.741 −0.059 (0.007) 2.90×10-18* −0.059 (0.007) 1.50×10-18* −0.056 (0.007) 9.70×10-17* COL4A2

26 15:48737340_ 
CACATATATATAT_C

15 48737340 q21.1 CACATA 
TATATAT/C

0.908 0.067 (0.011) 9.10×10-11* 0.063 (0.01) 1.50×10-10* 0.053 (0.01) 1.10×10-7 FBN1

 rs2455925 15 48893649 q21.1 T/C 0.906 0.066 (0.01) 6.80×10-11* 0.061 (0.01) 2.60×10-10* 0.05 (0.01) 3.00×10-7 FBN1

27 rs7176966 15 62817568 q22.2 A/G 0.536 −0.03 (0.006) 1.50×10-7 −0.034 (0.006) 4.50×10-9* −0.033 (0.006) 1.30×10-8* TLN2

 rs4774437 15 62834113 q22.2 A/G 0.543 −0.031 (0.006) 8.60×10-8 −0.034 (0.006) 3.00×10-9* −0.032 (0.006) 1.70×10-8* TLN2

28 rs35633915 16 75408954 q23.1 T/TA 0.411 −0.044 (0.006) 8.20×10-13* −0.044 (0.006) 1.40×10-13* −0.04 (0.006) 2.70×10-11* CFDP1

 rs1808435 16 75425819 q23.1 T/C 0.411 −0.044 (0.006) 9.00×10-13* −0.044 (0.006) 1.30×10-13* −0.04 (0.006) 2.30×10-11* CFDP1

29 rs7500448 16 83045790 q23.3 A/G 0.750 0.037 (0.007) 6.10×10-8 0.038 (0.007) 1.60×10-8* 0.035 (0.007) 5.60×10-7 CDH13

30 rs488327 16 88989005 q24.3 T/C 0.662 0.05 (0.006) 5.00×10-16* 0.049 (0.006) 1.00×10-15* 0.047 (0.006) 5.40×10-14* CBFA2T3

31 rs12051555 17 12447601 p12 A/C 0.917 −0.083 (0.011) 1.10×10-14* −0.083 (0.011) 5.70×10-15* −0.074 (0.011) 2.80×10-12* MYOCD

(Continued )
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Supplemental Material. Of the 20 novel loci identified in the 
current study, 15 lead variants had P<0.05 in the external 
cohort with consistent direction of effect. Conversely, we 
looked up previously reported associations in the current 
result. Association results of the five previously reported 
loci that were not replicated in the current analysis are pro-
vided in Table S4 in the Supplemental Material.

Comparing the 3 GWAS that were performed in the 
current study, there was a high degree of overlap in the 
loci identified at P<5×10-8 (Figure 1). Notably, cIMTmin and 
cIMTmean shared 27 out of 30 loci, whereas 22 out of 25 
loci identified for cIMTmax were also detected for cIMTmean. 
A total of 22 loci overlapped between the 3 GWAS, 7 of 
which are novel: 3p24.3 (ZNF385D), 3p14.1 (ADAMTS9), 
4q31.22 (EDNRA), 4q34.1 (HAND2), 17p12 (MYOCD), 
22q11.22 (ITCH, EDEM2, MMP24), and 22q13.2 
(MRTFA). Association results by each cIMT measurement 
are provided in Table S5 through S7 in the Supplemen-
tal Material. Regional association plots for each locus are 
provided in Figure S4 in the Supplemental Material.

To refine the signals identified at these loci, we performed 
statistical fine-mapping using FINEMAP and then looked up 
the coding variants in high LD (R2>0.8) with the fine-mapped 
variants in the dbNSFP database. The closest gene(s) of the 
fine-mapped variants were the same as the lead variants for 
the majority of loci except for the locus at 2p21—the fine-
mapped variant rs6736913 is close to EML4 (Table S8 in 
the Supplemental Material). Additional signals were identi-
fied by FINEMAP at 5q31.3 (rs258811, intronic variant of  
ARHGAP26), at 12q13.3 (rs7484541, intronic variant of 
R3HDM2), and at 16q23.1 (rs4888367, intronic variant 
of BCAR1). A total of nine coding variants were found in 
dbNSFP for 8 loci (Table S8 in the Supplemental Material).

MTAG Analysis
A total of 6 725 452 variants were analyzed in the meta-anal-
ysis of UK Biobank and the CHARGE/UCLEB consortia. 

The GWAS-equivalent sample sizes estimated by MTAG 
under the assumptions of LD score regression were 31 887 
for UK Biobank cohort and 68 366 for the CHARGE/
UCLEB consortia data. Table 2 presents the loci identified 
in this meta-analysis. Of the 15 loci identified, 10 were also 
detected in the main individual GWAS within the UK Bio-
bank cohort (Figure 1); loci at 6q24.2 (AIG1) and 7q22.3 
(PIK3CG) were reported in the CHARGE/UCLEB consortia 
meta-analysis. Three novel loci are 2p24.1 (APOB), 4q12 
(FIP1L1), and 10q24.2 (LOXL4), although suggestive evi-
dence for association (P<5×10-7) was already reported in 
the CHARGE/UCLEB consortia meta-analysis for APOB 
and LOXL4. The regional plots of these loci are presented in 
Figure S5 in the Supplemental Material.

Meta-analysis of 7 320 435 variants within the UK 
Biobank across all cIMT measurements revealed 23 
loci, 22 of which were the overlapping loci detected in 
the individual GWAS (Figure 1). The signal at 15q24.1 
(LOXL1), which did not pass the genome-wide sig-
nificance threshold in the individual GWAS, was ampli-
fied in the meta-analysis (tagged by rs12441130, 
Beta=−0.033, SE=0.006, PMTAG=7.87×10-9). The 
regional plot of this new locus is presented in Figure 
S6 in the Supplemental Material. The stop-lost variant 
rs12441130 was also prioritized by FINEMAP as the 
most probable causal variant in this region.

Sex-Specific Loci
Sex-stratified GWAS identified 12, 14, and 8 loci for cIMT-

min, cIMTmean, and cIMTmax, respectively, among female partic-
ipants; among male participants, there were 9, 7, and 7 loci 
for cIMTmin, cIMTmean, and cIMTmax respectively. All of these 
loci were reported in the main GWAS except for one male-
specific locus at 14q32.13 tagged by rs1209079 (SYNE3). 
These sex-stratified associations were then submitted to 
the interaction analysis. Out of 42 loci examined, 7 showed 
significant differences (Psexdiff <0.05/42=1.19×10-3) 

31 rs740854 17 12449192 p12 A/G 0.915 −0.081 (0.011) 3.50×10-14* −0.081 (0.011) 1.00×10-14* −0.074 (0.011) 2.40×10-12* MYOCD

32 rs112009052 19 41099501 q13.2 T/A 0.986 −0.188 (0.026) 1.30×10-12* −0.183 (0.026) 3.20×10-12* −0.178 (0.026) 2.90×10-11* SHKBP1, 

LTBP4

32 rs111689747 19 41333152 q13.2 G/A 0.988 −0.194 (0.028) 2.90×10-12* −0.192 (0.028) 4.40×10-12* −0.189 (0.028) 2.10×10-11* CYP2A6

33 rs1065853 19 45413233 q13.32 G/T 0.921 0.119 (0.011) 4.40×10-27* 0.126 (0.011) 4.70×10-31* 0.13 (0.011) 7.60×10-32* TOMM40, 
APOE, 

APOC1

34 rs369739453 20 32968411 q11.22 CT/C 0.563 0.037 (0.007) 2.00×10-8* 0.038 (0.006) 7.00×10-9* 0.038 (0.007) 5.60×10-9* ITCH

34 rs6120880 20 33829406 q11.22 C/G 0.568 −0.038 (0.006) 5.70×10-10* −0.035 (0.006) 4.30×10-9* −0.033 (0.006) 5.90×10-8 EDEM2, 

MMP24

35 rs5757983 22 40920236 q13.2 C/G 0.468 −0.033 (0.006) 2.00×10-8* −0.035 (0.006) 1.10×10-9* −0.033 (0.006) 1.60×10-8* MRTFA

GRCh37 (Genome Reference Consortium Human genome build 37) positions are given. Chr indicates chromosome; cIMT, carotid artery intima-media thickness; 
cIMTmax, average of maximum cIMT; cIMTmean, average of mean cIMT; cIMTmin, average of minimum cIMT; EA, effective allele; EAF, effective allele frequency; NEA, nonef-
fective allele; and SNP, single nucleotide polymorphism. 

*Significant association with P<5×10-8.

Table 1.  Continued

Locus 
number

      cIMTmin cIMTmean cIMTmax
Closest 
geneSNP Chr Position Region EA/NEA EAF Beta (SE) P value Beta (SE) P value Beta (SE) P value
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Figure 1. Overview of independent loci identified for carotid intima-media thickness (cIMT).
A, Overlaps of independent loci identified between genome-wide association study (GWAS) for three cIMT phenotypes. Each locus is 
marked with the nearest protein-coding gene to the lead variant. Genes marked in bold red font were the closest genes from the respective 
lead variants of novel loci. B, Candidate genes from main GWAS, meta-analyses, and sex interaction analysis were manually grouped into 
functional categories relevant to atherosclerosis. Genes marked in bold red font were from novel loci; *genes discovered in the meta-analysis 
of UKB (UK Biobank) and CHARGE (Cohorts for Heart and Aging Research in Genomic Epidemiology)/UCLEB (UCL-LSHTM-Edinburgh-
Bristol) consortia; †discovered in meta-analysis of three cIMT measurements; ‡sex-specific locus; §genes discovered in transcriptome-wide 
association study (TWAS) not belonging to any GWAS loci. Parts of the figure were modified from materials provided by Servier Medical art, 
licensed under a Creative Common Attribution 3.0 Generic License (http://servier.com/Powerpoint-image-bank).  max indicates average of 
maximum cIMT; mean, average of mean cIMT; and min, average of minimum cIMT.
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between female and male participants (Table S9 and Figure 
S7 in the Supplemental Material). Two loci 5q14.2 (VCAN, 
HAPLN1) and 8p23.1 (MCPH1) have been reported in 
previous sex-stratified analysis on cIMTmean.

13 Among the 
5 new loci, 17p12 (MAP2K4/MYOCD) were significantly 
associated with cIMTmean and cIMTmax in females only, 
whereas associations at 14q32.13 (SYNE3) and the 3 loci 
at 8p23.1 (SOX7, GATA4/C8orf49, ZNF705B) were only 
significant in males.

Gene Expression Analyses
Test statistics were available for 15 004 out of 17 290 
genes in the cross-tissue analysis on all 44 tissues. 
From the cross-tissue analysis, we identified 42, 49, 
and 42 genes with P<3.33×10-6 (0.05/15 004) for 
cIMTmin, cIMTmean, and cIMTmax, respectively (Table S10 
in the Supplemental Material). Among these prioritized 
genes, 35 genes were identified for all three cIMT 
measurements and were located primarily on chro-
mosome 8, chromosome 16, and 20 nearby the loci 
identified in the GWAS (Figure 2). Numerous prioritized 
genes, namely PINX1, BCAR1, CDFP1, and CBFA2T3, 
have been previously associated with cIMT. Although 
some of the genes prioritized in the TWAS are also the 
nearest protein-coding gene to the lead variant in the 
GWAS (XKR6 at 8p23.1, PDGFD at 11q23, LRP1 at 
12q13.3, TLN2 at 15q22.2, CDH13 at 16q23.3, ITCH, 
and MMP24 at 20q11.22), TWAS put forward addi-
tional candidate genes such as XRCC4 at 5q14.2, and 
ST13 at 22q13.2 among the GWAS loci. A new asso-
ciation represented by KANK2 at 19p13.2, which was 
not found at the GWAS stage, was identified through 

the cross-tissue TWAS (Figure 2, Figures S8 and S9 in 
the Supplemental Material).

Figure 3 depicts the results of the single-tissue tests for 
cIMTmean with 3 arterial tissues (aorta, coronary, and tibial). 
A total of 30 genes were prioritized, with 17 from the aorta, 
16 from the coronary artery, and 20 from the tibial artery 
that passed the Bonferroni-corrected P value thresholds 
(4.18×10-6, 4.12×10-6, and 4.14×10-6 respectively; Table 
S11 in the Supplemental Material). Genes that were con-
sistently prioritized in arterial tissues include ERI1, MSRA, 
and SLC35G5 on chromosome 8; ARHGAP42 on chromo-
some 11; LRP1 on chromosome 12; CDH13 and NDRG4 
on chromosome 16; and DMPK as well as DMWD on chro-
mosome 19. Of note, LRP1 and CDH13 were also identi-
fied in the GWAS; ARHGAP42 and NDRG4, uncovered in 
arterial-specific TWAS, did not belong to any GWAS loci.

We also performed colocalization analysis with the sum-
mary data-based Mendelian randomization (Supplementary 
Methods). Among the 9 significant genes in summary data-
based Mendelian randomization analysis (Table S12 in the 
Supplemental Material), the majority was also prioritized 
in either cross-TWAS (TLN2 and BCAR1), arterial TWAS 
(ARHGAP42 and LRP1), or both (CDH13). Summary data-
based Mendelian randomization analysis also identified 
SVIL which was first reported in a previous GWAS.13

Finally, we examined the expression of the genes priori-
tized on a single-cell level in human carotid atherosclerotic 
plaques samples. UMAP (Uniform Manifold Approximation 
and Projection) clustering of 6191 cells from 38 patients 
yielded 18 distinct cell populations including endothelial cells, 
smooth muscle cells, and various immune cells (Figure S10 in 
the Supplemental Material). Of the 76 genes with expression 
data available, 14 genes were highly expressed in smooth 

Table 2.  Independent Loci for cIMTmax in the Meta-Analysis of UKB and CHARGE/UCLEB Consortia

SNP Chr Position Region EA NEA EAF Beta (SE) P value Closest gene

rs515135 2 21286057 p24.1 T C 0.181974 −0.005 (0.001) 8.34×10-9 APOB

rs17676309 3 64730121 p14.1 T C 0.416517 −0.004 (0.001) 2.44×10-8 ADAMTS9

rs2616434 4 54616649 q12 A G 0.484602 0.004 (0.001) 4.41×10-8 FIP1L1

rs224895 5 81626280 q14.2 A G 0.949766 −0.01 (0.002) 1.06×10-9 ATP6AP1L

rs7749040 6 143605795 q24.2 T C 0.39218 0.004 (0.001) 1.64×10-9 AIG1

rs343029 7 35498200 p14.2 A G 0.219358 0.005 (0.001) 1.90×10-9 HERPUD2

rs17477177 7 106411858 q22.3 T C 0.787046 −0.005 (0.001) 1.85×10-10 PIK3CG

rs2912063 8 6486033 p23.1 A G 0.707682 0.005 (0.001) 1.34×10-10 MCPH1

rs7004066 8 10600743 p23.1 A G 0.462982 0.005 (0.001) 1.17×10-13 SOX7

rs3935838 8 123404664 q24.13 T C 0.539233 0.005 (0.001) 1.59×10-11 ZHX2

rs7006122 8 124608614 q24.13 T G 0.623677 −0.004 (0.001) 1.20×10-8 KLHL38

rs55917128 10 100023359 q24.2 T C 0.562667 0.004 (0.001) 1.30×10-8 LOXL4

rs3851740 16 75387578 q23.1 T C 0.432393 −0.004 (0.001) 4.46×10-10 CFDP1

rs11864991 16 89001430 q24.3 A G 0.645761 0.006 (0.001) 1.67×10-10 CBFA2T3

rs390082 19 45416831 q13.32 T G 0.894577 0.01 (0.001) 1.12×10-14 TOMM40, APOE, APOC1

GRCh37 (Genome Reference Consortium Human genome build 37) positions are given. CHARGE indicates Cohorts for Heart and Aging Research in Genomic Epi-
demiology; Chr, chromosome; cIMT, carotid artery intima-media thickness; cIMTmax, average of maximum cIMT; EA, effective allele; EAF, effective allele frequency; NEA, 
noneffective allele; SNP, single nucleotide polymorphism; UCLEB, the UCL-LSHTM-Edinburgh-Bristol consortium; and UKB, UK Biobank.
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muscle cells (AIG1, EDNRA, FBN1, FBXO32, FDFT1, 
KANK2, LRP1, LTBP4, PDGFD, PPP1R3B, STAT6, SVIL, 
TLN2, and VCAN) and 9 were highly expressed in endothe-
lial cells (ADAMTS9, BCAR1, CDH13, COL4A1, COL4A2, 
JCAD, NDRG4, SOX7, and SVIL).

Gene-Based and Gene Set Analysis
Gene-based analyses with MAGMA yielded 44, 54, and 
35 genes with P<2.63×10-6 (0.05/18 991) for cIMT-

min, cIMTmean, and cIMTmax, respectively (Table S13 in the 

Supplemental Material). We additionally performed gene 
prioritization using DEPICT (Data-Driven Expression Pri-
oritized Integration for Complex Traits)  and found only 
GATA4 had a false discovery rate of <5% (Table S14 in 
the Supplemental Material). An overview of gene prioriti-
zation results for GWAS loci identified in the UK Biobank 
is presented in Table S15 in the Supplemental Material.

Three gene sets passed the Bonferroni-corrected sig-
nificance threshold in the gene set analyses for cIMT mea-
surements. These included gene sets related to formation 
and functions of structural protein collagen, platelet-derived 

Figure 2. Miami plot of average of mean carotid intima-media thickness.
A shows genome-wide association study (GWAS) results, whereas B shows results from cross-tissue transcriptome-wide association study 
(TWAS). Orange dots: variants passing genome-wide significance threshold (P<5×10–8) in GWAS; Blue dots: genes passing significance 
threshold after Bonferroni correction (P<3.3×10–6) in TWAS.
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growth factor signaling pathway, as well as a gene set 
within the 20q11 amplicon identified in breast tumor sam-
ple. The top 10 gene sets for each cIMT measurements 
are provided in Table S16 in the Supplemental Material.

Heritability of cIMT
Using the BOLT-REML algorithm, we estimated the 
SNP-heritability (hSNP

2 ) to be 0.263 (SE=0.013), 0.284 
(SE=0.013), and 0.248 (SE=0.013) for cIMTmin, cIMTmean, 
and cIMTmax, respectively. Consistent with phenotypic 
correlation, the cIMT measurements showed very high 
genetic correlations: cIMTmin and cIMTmean: rg =0.989 
(SE=0.003); cIMTmin and cIMTmax: rg =0.975 (SE=0.009); 
cIMTmean and cIMTmax: rg =0.996 (SE=0.002).

A weighted genetic risk score was constructed for 
each cIMT phenotype, consisting of a summation of the 

number of effect alleles multiplied by their effect esti-
mate for the respective sentinel SNPs. We found the 
fractions of cIMT variance explained by the weighted 
genetic scores of the genome-wide significant SNPs 
were 2.3%, 2.2%, and 1.8% for cIMTmin, cIMTmean, and 
cIMTmax, respectively.

Shared Genetic Components With CVD and 
Risk Factors
When testing the genetic correlation with the cardiovas-
cular diseases, the strongest correlations were found for 
cIMTmax and the weakest for cIMTmin (Table  3). Among 
the 3 diseases, the strongest genetic correlations with 
cIMT were observed for PAD: rg =0.33 (P=0.005), 0.39 
(P=0.0004), 0.45 (P=5.3×10-5) for cIMTmin, cIMTmean, and 
cIMTmax, respectively. Positive genetic correlation with 

Figure 3. Circular Manhattan plots of transcriptome-wide association study (TWAS) results in arterial tissues for average of 
mean carotid intima-media thickness.
Single-tissue TWAS was performed using Genotype-Tissue Expression data on aorta, coronary artery, and tibial artery tissue. Red dotted line: 
Bonferroni-corrected significance thresholds. Highlighted are the genes that were significant in all arterial tissues. Part of the figure was modified 
from materials provided by Servier Medical art, licensed under a Creative Common Attribution 3.0 Generic License. Chr indicates chromosome.
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CAD was observed for all cIMT measurement in UK 
Biobank with the highest correlation for cIMTmax: rg=0.21 
(P=1.4×10-7); a similar trend but lower correlations were 
observed using data from the CARDIoGRAMplusC4D 
cohort. Positive genetic correlations between ischemic 
stroke and cIMT measurements were observed using 
the summary statistics from the MEGASTROKE con-
sortium with the highest correlation for cIMTmax: rg=0.23 

(P=1.4×10-5), whereas no significant correlation was 
observed with other stroke subtypes within the MEGA-
STROKE data nor with stroke within the UK Biobank 
cohort. Likewise, we found no significant genetic correla-
tions with AAA within the UK Biobank cohort. Among the 
correlation with CVD risk factors, we found significant 
positive correlations between all cIMT measurements 
and SBP in both GERA and UK Biobank cohort with 

Table 3.  Genetic Correlation Analyses With Cardiovascular Diseases and Risk Factors

Cardiovascular disease/
risk factor

  cIMTmin cIMTmean cIMTmax

h2 SE rg SE P value rg SE P value rg SE P value

           

Abdominal aortic aneurysm

  UKB 0.009 0.001 −0.060 0.076 4.28×10-1 0.045 0.073 5.32×10-1 0.065 0.075 3.86×10-1

Coronary artery disease

  CARDIoGRAMPlusC4D 0.066 0.005 0.050 0.046 2.81×10-1 0.107 0.043 1.26×10-2 0.135 0.042 1.10×10-3

  UKB 0.045 0.003 0.160 0.042 2.00×10-4* 0.184 0.040 4.55×10-6* 0.214 0.041 1.42×10-7*

Peripheral artery disease

  UKB 0.006 0.001 0.332 0.118 4.80×10-3 0.386 0.109 4.00×10-4* 0.449 0.111 5.29×10-5*

Any stroke

  UKB 0.002 0.001 0.081 0.152 5.96×10-1 0.144 0.147 3.28×10-1 0.202 0.158 2.02×10-1

Cardioembolic stroke

  MEGASTROKE 0.007 0.001 0.117 0.078 1.31×10-1 0.128 0.073 8.18×10-2 0.136 0.076 7.53×10-2

Ischemic stroke

  MEGASTROKE 0.013 0.001 0.161 0.054 3.00×10-3 0.207 0.052 6.77×10-5* 0.232 0.053 1.42×10-5*

Large artery stroke

  MEGASTROKE 0.004 0.001 0.147 0.121 2.24×10-1 0.180 0.117 1.23×10-1 0.222 0.123 7.11×10-2

Small vessel stroke

  MEGASTROKE 0.007 0.001 0.113 0.077 1.42×10-1 0.123 0.076 1.03×10-1 0.135 0.080 9.30×10-2

Diastolic blood pressure

  GERA 0.113 0.008 −0.066 0.072 3.54×10-1 −0.032 0.065 6.19×10-1 0.003 0.064 9.59×10-1

  UKB (LDSC) 0.121 0.005 −0.004 0.056 9.40×10-1 0.042 0.050 4.04×10-1 0.083 0.049 9.08×10-2

Systolic blood pressure

  GERA 0.127 0.008 0.264 0.062 2.02×10-5* 0.272 0.059 3.41×10-6* 0.280 0.060 3.69×10-6*

  UKB (LDSC) 0.132 0.005 0.268 0.036 6.19×10-14* 0.285 0.034 9.39×10-17* 0.301 0.035 4.01×10-18*

High-density lipoprotein

  GLGC 0.236 0.036 −0.003 0.033 9.17×10-1 −0.054 0.032 9.54×10-2 −0.093 0.034 6.90×10-3

  UKB (LDSC) 0.218 0.022 −0.026 0.034 4.37×10-1 −0.077 0.033 2.00×10-2 −0.118 0.035 7.00×10-4*

Low-density lipoprotein

  GLGC 0.201 0.049 −0.008 0.050 8.67×10-1 −0.006 0.050 9.09×10-1 0.002 0.053 9.68×10-1

  UKB (LDSC) 0.166 0.050 −0.084 0.084 3.14×10-1 −0.066 0.081 4.11×10-1 −0.048 0.083 5.62×10-1

Total cholesterol

  GLGC 0.215 0.046 −0.033 0.063 5.99×10-1 −0.036 0.063 5.72×10-1 −0.040 0.068 5.56×10-1

  UKB (LDSC) 0.140 0.038 −0.103 0.074 1.66×10-1 −0.100 0.075 1.83×10-1 −0.099 0.080 2.19×10-1

Triglyceride

  GLGC 0.270 0.058 −0.006 0.046 8.93×10-1 0.029 0.048 5.41×10-1 0.051 0.052 3.18×10-1

  UKB (LDSC) 0.188 0.028 −0.046 0.054 3.90×10-1 0.012 0.055 8.29×10-1 0.056 0.060 3.52×10-1

CARDIoGRAMplusC4D indicates Coronary Artery Disease Genome-Wide Replication and Meta-Analysis Plus the Coronary Artery Disease Genetics; cIMT, carotid 
artery intima-media thickness; cIMTmax, average of maximum cIMT; cIMTmean, average of mean cIMT; cIMTmin, average of minimum cIMT; GERA, Genetic Epidemiology 
Research on Adult Health and Aging; GLGC, Global Lipids Genetics Consortium; h2, SNP-heritability estimated from LDSC; LDSC, linkage disequilibrium score regres-
sion; rg, genetic correlation; SNP, single nucleotide polymorphism; and UKB, UK Biobank.

*Significant association after Bonferroni correction with P<7.9×10-4.
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the highest correlation for cIMTmax: rg=0.30 (P=4.0×10-

18) observed in the UK Biobank. A negative correla-
tion was observed for cIMTmax with HDL-C: rg=−0.12 
(P=7.0×10-4).

The shared genetic background was evident from 
overlaps of loci between the current GWAS and previous 
GWAS on CVD/risk factors as listed in GWAS Catalog.34 
Studies reported association of APOB with CAD,35 pulse 
pressure,36 LDL-C,37–43 and total cholesterol.42,44 ADAMTS9 
has been implicated in previous GWAS of CAD,35 DBP, 
SBP32,45 as well as total cholesterol level.43 Association 
with CAD,35,46,47 ischemic large artery stroke,31,46 intracra-
nial aneurysm,48 PAD,49 pulse pressure,32,50,51 and SBP32,52 
were previously reported for endothelin receptor gene 
EDNRA. AIG1 was found to be associated with pulse pres-
sure.51 TBX20 was found associated with DBP in a large 
meta-analysis on blood pressure traits.36,50 PIK3CG was 
found to be associated with CAD,35 DBP,51 SBP,32,45,52,53 and 
pulse pressure.32,51,54–57 The region at 8p23.1, marked by 2 
loci in the current study (ZNF705 and XKR6), was associ-
ated with CVD risk factors namely, pressure traits includ-
ing DBP,32,45 SBP32,45,51–53 and pulse pressure,32,51 and 
lipid traits, including LDL-C43 and triglycerides.58,59 Numer-
ous studies also reported this region may be associated 
with the interplay between CVD risk factors.60,61 ARMC4 
was found to be associated with SBP.36,52 Several stud-
ies reported PDGFD to be associated with CAD.35,53,62,63 
LRP1 has been reported to be associated with AAA64 as 
well as cervical artery dissection65 and CAD.35 In addition 
to the association with CAD,35,63 the COL4A1/COL4A2 
region has also been found to be associated with ischemic 
stroke (small vessel).31 The FBN1 gene, whose detrimen-
tal mutation leads to genetic connective disorder Marfan 
syndrome, perhaps expectedly, was found to associate 
with pressure traits as well as aneurysms and dissec-
tions.66,67 The signal identified at TLN2 was also a locus for 
DBP and pulse pressure.51 Association with CAD35,53 and 
blood pressure traits32,50–53 were reported for the locus 
at 16q23.1 (CFDP1) as well as 16q23.3 (CDH13). The 
locus 19q13.32 (TOMM40/APOE/APOC1) is a widely 
replicated locus for lipid traits including apolipoproteins 
levels,68 LDL-C,33,37–40,42,43,69–77 HDL-C,33,42–44,56,72,74,76,78 total 
cholesterol,33,42,43,56,72,74–76,78 triglycerides42 as well as for 
CAD.35,47,63 Table S17 shows the 14 cIMT variants which 
were also significantly associated with CAD from the meta-
analysis of UK Biobank and CARDIoGRAMplusC4D.35

DISCUSSION
We investigated the genetic architecture of cIMT, a 
widely used marker of preclinical atherosclerosis, by 
performing GWAS in over 45 000 individuals of the UK 
Biobank. We performed secondary analyses includ-
ing sex-stratified analysis and the meta-analysis of the 
three cIMT measurements which revealed one addi-
tional novel locus, respectively. We also conducted a 

meta-analysis combining the UK Biobank data and the 
CHARGE/UCLEB consortia data (GWAS-equivalent 
sample size=100 253) which resulted in 3 additional 
new loci. In total, we identified 25 novel loci associated 
with cIMT. We followed up with our findings by a series of 
bioinformatic analyses including statistical fine-mapping, 
expression analyses, gene-based analyses to refine the 
signals and prioritize candidate genes in the respective 
loci. Gene set analysis revealed enrichment of candidate 
genes in biological pathways related to structural com-
ponents and formation of extracellular matrix, regulation 
of angiogenesis as well as lipid metabolism. Our results 
provide novel leads to dissect the complex process of 
atherosclerosis and targets of therapy.

Comparison With Previous Studies
The results confirm previous reports on genetics of 
cIMT traits. We replicated all SNPs associated with 
cIMTmean, and all except one (rs11025608) for cIMTmax 
in a previous GWAS that used a proportion of the cur-
rent UK Biobank samples.13 We also confirmed 7 of 11 
loci that were identified in the CHARGE/UCLEB con-
sortia meta-analysis, including 31 studies with various 
study designs.12 These include variants at ATP6AP1L, 
MCPH1, SGK223 (moderate LD of 0.267 between 
the 2 lead variants rs11785239 and rs2980478 near 
ZNF705B identified in the current analysis), ZHX2, 
PINX1, CBFA2T3, and APOE. In addition to replicating 
these 15 previously reported loci, we report an addi-
tional 25 novel GWAS loci for cIMT, thereby doubling 
the number of loci associated with cIMT. It is of note 
that ADAMTS9 was previously found in colocalization 
analysis and EDNRA was associated with carotid plaque 
in the mentioned meta-analysis.12 Moreover, our TWAS 
analyses suggested a link between cIMT and KANK2 
from cross-tissue analysis, as well as ARHGAP42 and 
NDRG4 from arterial-specific analysis, which were sig-
nals that had not been identified by GWAS.

Biological Insights of Selected Candidate 
Genes
Based on the multiple findings of the current study, 
either by proximity to the lead variants, identification of 
nonsynonymous coding variants in high LD or various 
gene-based prioritization analyses (Table S15 in the 
Supplemental Material) as well as existing literature, we 
discuss the candidate genes more relevant to vascular 
biology below. Various candidate genes identified in the 
present GWAS have known effects on atherosclerosis 
progression, for instance through their relation with vas-
cular remodeling, extracellular matrix organization, and 
abnormal lipid metabolism (Figure  1). Other than the 
Nikolsky breast cancer 20q11 amplicon, whose region 
coincides with the locus at 20q11.22 in our GWAS, gene 
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sets prioritized in the enrichment analysis with MAGMA 
revolve mainly around remodeling of connective tissues. 
Both collagen IV with COL4A1/COL4A2 (encoding 2 of 
the 6 alpha chains) and peptidyl lysine oxidases (LOXL1 
and LOXL4) are involved in the organization of extracellu-
lar matrix (crosslinking of collagen fibrils). Current analy-
sis also identified fellow extracellular matrix components 
fibrillin-1 (FBN1, the gene responsible for the congenital 
connective disorder Marfan syndrome) and fibronectin-1 
(FN1). It is of note that both ADAMTS9 and MMP24 
encode metalloproteinases also involved in maintenance 
of extracellular matrix. ADAMTS9 belongs to the same 
subgroup as ADAMTS1 as this group cleaves the proteo-
glycan versican, a structural component of the extracel-
lular matrix encoded by VCAN.79 Antiangiogenic activity 
of ADAMTS9 has been reported with a gene knockdown 
study,80 whereas in human studies, ADAMTS9 has been 
associated with an interaction effect with smoking in cor-
onary artery calcification81 and higher serum ADAMTS9 
levels have been found in CAD patients.82 MMP24 
encodes a metalloproteinase which activates gelatinase 
A, another matrix metalloproteinase expressed in vascu-
lar cells and encoded by MMP2.83 Extensive studies on 
both animal and human arteries suggest an important 
role of MMP2 in vascular remodeling by degrading colla-
gen IV at basement membrane which facilitates vascular 
smooth muscle cell (VSMC) migration.84,85 It is worth not-
ing that increased MMP activities were observed which 
contributes to aortic aneurysm formation in human86 and 
mouse87,88 with defective FBN1 via interaction with the 
large latent complex (of which fibrillin binding protein 
LTBP4  [latent transforming growth factor beta-binding 
protein 4] is a member). This further suggests involvement 
of metalloproteinases in arteriopathy. Altered metallopro-
teinases activities at atherosclerotic lesions may be attrib-
uted to endothelial to mesenchymal transition promoted 
by FBXO32.89,90 In the current study, we also identified 
another endothelial to mesenchymal transition associ-
ated gene: heart and neural crest derivatives-expressed 
2 (HAND2) encodes a transcription factor involved in 
embryonic cardiogenesis and postnatal ventricular struc-
tural remodeling91 but has also been implicated in the 
regulation of angiogenesis.92 Loss-of-function mutations 
of HAND2 were previously associated with familial dilated 
cardiomyopathy93 and congenital heart defects.94

In addition to degradation of extracellular matrix, 
atherosclerosis also involves accumulation of VSMC at 
the lesion site. The PDGF signaling pathway, identified 
in the gene set analysis, is important for migration and 
proliferation of VSMC. Notably, STAT6, a gene close to 
the new locus identified on chromosome 12, encodes 
for one of the members of the PDGF pathway, whereas 
LRP1 at the same locus encodes for a signaling recep-
tor, a known modulator of the PDGF signaling path-
way and has been found to be an important protein in 
maintaining vascular wall integrity.95,96 Interestingly, a 

recent study reported SMILR, a long noncoding RNA 
located in the consistently replicated locus at 8q24.14 
(ZHX2), as important mediator for VSMC proliferation 
in atherosclerosis upon activation by the PDGF signal-
ing pathway.97 Of note, the PDGF receptor alpha gene 
(PGDFRA) is located in the novel locus detected in the 
meta-analysis of UK Biobank and CHARGE/UCLEB 
consortia in the current study.

Other novel genes identified in the current study 
may also be involved in regulation of VSMC prolifera-
tion, including CDH13,98,99 TLN2,100 KANK2, NDRG4, 
MYOCD, MRTFA, and EDNRA. KN motif and ankyrin 
repeat domains 2 (KANK2), which was found through 
the cross-tissue TWAS, encodes a protein with roles in 
cytoskeletal formation. KANK2 was found to be more 
expressed in smooth muscle cells and endothelial cells in 
atherosclerotic plaques and has been reported to inter-
act with talins.101,102 It has been proposed as a candidate 
causal gene for CAD in a recent study.103 Animal stud-
ies reported the role of NDRG4 in cell proliferations in 
brain104 and the heart105 as well as in VSMCs via PDGF 
signaling pathway.106 Myocardin (MYOCD) encodes a 
nuclear protein that is expressed in cardiomyocytes and 
smooth muscle cells–containing tissues and has been 
shown to regulate inflammatory and lipid metabolism, 
both important to the pathogenesis of atherosclerosis, 
in VSMCs.107,108 Myocardin-related transcription factor A 
(MRTFA) encodes a protein that interacts with myocar-
din. A previous study in a Japanese population reported 
an association between MRTFA and a higher risk of CAD 
as well as with the severity of CAD.109 In mouse models, 
MRTFA was reported to be associated with the accu-
mulation of proatherogenic macrophages in atheroscle-
rotic plaques.110 Endothelin receptor type A (EDNRA), 
expressed in smooth muscle cells, encodes a receptor 
for endothelin-1, the most potent endogenous vasocon-
strictive peptide. Numerous studies have found binding 
of endothelin-1 to the receptor promotes cell prolifera-
tion contributing to atherosclerosis.111 eQTL (expression 
quantitative trait loci) analyses in the current study pri-
oritized other vascular molecules related to vascular tone 
regulation, Rho GTPase-activating protein 42 (ARH-
GAP42) and ARHGAP26 (closest gene of fine-mapped 
variant at chromosome 5), although its link to atheroscle-
rosis is unclear.112

The loci at 8p23.1 have been consistently reported 
to be associated with cIMT, although the exact genes 
involved and the associated molecular mechanisms 
remain unclear. Among genes in this region, the X Kell 
blood group complex subunit-related family member 6 
(XKR6) gene was not only found in all three GWAS but 
also in TWAS and MAGMA analyses for all cIMT mea-
surements. Although the exact function of XKR6 is cur-
rently unknown, a recent study reported associations 
between XKR6, CAD, and ischemic stroke.113 Interest-
ingly, this region was also found significant in the sex 
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interaction analysis with the male-specific effects. Among 
the highlighted genes are GATA4 and SOX7, which were 
also prioritized in MAGMA, TWAS, and DEPICT. Studies 
in individuals with rare 8p23.1 duplication/deletion syn-
drome suggested possible involvement of both genes in 
cardiovascular malformations among the patients.114–116

Strengths and Limitations
A major strength of this study is the use of a large sam-
ple size from a single cohort. This study is the largest 
single-sample study of cIMT to date. Previous studies 
have meta-analyzed various cohorts which were het-
erogenic in population and phenotyping.12 By using a 
single cohort with a standardized method for cIMT mea-
surements and rigid quality control, our analyses likely 
suffer less from heterogeneity. There is no consensus 
on the optimal cIMT assessment in the literature with 
reporting of mean or maximum cIMT values most com-
mon, although it has been suggested measurement of 
maximum values may be more susceptible to sampling 
error.117,118 In the current study, we analyzed all cIMT val-
ues available in the UK Biobank, namely cIMTmin, cIMTmean, 

and cIMTmax, which may facilitate comparison with other 
literature. Second, we performed not only GWAS but also 
sought to further characterize and prioritize genes from 
loci identified in GWAS by performing follow-up analyses 
leveraging external datasets. This allowed us to gather 
additional evidence, also in specific arterial tissues, for 
multiple genetic loci and provide additional insights into 
other novel loci that were not identified by GWAS but 
maybe interesting candidate genes for cIMT. The com-
bination of evidence from these multiple data sources 
warrants further study of these genes in future (experi-
mental) studies. The current study also has limitations. 
First, our analyses were performed in mostly Europeans, 
which may limit the generalizability of our results to other 
ethnic groups. Second, TWAS analyses have intrinsic lim-
itations due to their methodology. The method is based 
on the prediction of the genetically-regulated component 
of gene expression and does not consider other factors 
that influence the expression (environmental and techni-
cal components). Additionally, false-positive signals may 
have arisen due to co-regulation of gene expression and 
TWAS may suffer in power to detect true risk genes in 
tissues not related to the trait.119 We, therefore, presented 
TWAS results on 3 arterial tissues (aorta, coronary, and 
tibial) which are mechanistically most relevant to cIMT. 
The prediction of gene expression in TWAS is based 
on the external reference panel which has a limited size 
of available samples for several tissues. The models 
for coronary artery, aorta, and tibial artery are based on 
200 to 600 samples, which limits the definitive power of 
expression prediction. To tackle this issue, we additionally 
applied a TWAS approach that utilizes a joint imputation 
of gene expression in multiple tissues.24

Conclusions
In conclusion, the present study characterized the genetic 
architecture underlying cIMT and identified 25 novel loci. 
We found sex differences in 7 cIMT loci. We prioritized 
genes that are potentially more relevant for cIMT through 
extensive-expression analyses using external datasets 
(Genotype-Tissue Expression and AtheroExpress). Gene 
set analyses provided additional evidence for candidate 
genes and highlighted biological pathways. Finally, we 
found shared genetic components between cIMT and 
various cardiovascular diseases and risk factors, namely 
CAD, PAD, SBP, and HDL-C. These findings warrant fur-
ther investigation for the role of these genetic loci in the 
development and treatment options of atherosclerosis.
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