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Arteriosclerosis, Thrombosis, and Vascular Biology

CLINICAL AND POPULATION STUDIES  ©

Carotid Intima-Media Thickness

Novel Loci, Sex-Specific Effects, and Genetic Correlations With Obesity and
Glucometabolic Traits in UK Biobank

Rona J. Strawbridge, Joey Ward, Mark E.S. Bailey, Breda Cullen, Amy Ferguson, Nicholas Graham, Keira J.A. Johnston,
Laura M. Lyall, Robert Pearsall, Jill Pell, Richard J. Shaw, Rachana Tank, Donald M. Lyall, Daniel J. Smith

OBJECTIVE: Atherosclerosis is the underlying cause of most cardiovascular disease, but mechanisms underlying atherosclerosis
are incompletely understood. Ultrasound measurement of the carotid intima-media thickness (cIMT) can be used to measure
vascular remodeling, which is indicative of atherosclerosis. Genome-wide association studies have identified many genetic
loci associated with cIMT, but heterogeneity of measurements collected by many small cohorts have been a major limitation
in these efforts. Here, we conducted genome-wide association analyses in UKB (UK Biobank; N=22 179), the largest single
study with consistent cIMT measurements.

APPROACH AND RESULTS: We used BOLT-LMM software to run linear regression of cIMT in UKB, adjusted for age, sex, and
genotyping chip. In white British participants, we identified 5 novel loci associated with cIMT and replicated most previously
reported loci. In the first sex-specific analyses of cIMT, we identified a locus on chromosome 5, associated with cIMT in
women only and highlight VCAN as a good candidate gene at this locus. Genetic correlations with body mass index and
glucometabolic traits were also observed. Two loci influenced risk of ischemic heart disease.

CONCLUSIONS: These findings replicate previously reported associations, highlight novel biology, and provide new directions for
investigating the sex differences observed in cardiovascular disease presentation and progression.

VISUAL OVERVIEW: An online visual overview is available for this article.

Key Words: atherosclerosis ® carotid artery ® coronary artery disease ® diabetes, type 2 ® genetics, association studies
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of cardiovascular events and is characterized by vas-

cular remodeling, incorporation of lipids into the vessel
wall, and subsequent inflammation.'? Atherosclerosis is a
systemic process that precedes clinical presentation of car-
diovascular events, such as stroke, by decades. Indeed, evi-
dence of vascular remodeling indicative of atherosclerosis
has been observed as early as in adolescent age groups.®

Atherosclerosis is the underlying cause of the majority

See accompanying editorial on page 297

Atherosclerosis can be noninvasively assessed by
ultrasound measurement of the carotid artery vessel wall,
specifically the intima-media thickness (carotid intima-
media thickness [cIMT]). In some cases, cIMT assessment
is used for monitoring after cardiovascular events, such as
stoke, but could also be useful for screening individuals at
high risk of cardiovascular events. Currently, use is limited
as it requires specialist equipment and training, and high-
quality data analysis is laborious. Measurement of cIMT
has been performed for research purposes, predomi-
nantly in cohorts recruited for the study of cardiovascular
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GWAS of IMT in UK Biobank

Nonstandard Abbreviations and Acronyms

Highlights

BMI body mass index

ciMT carotid intima-media thickness
DBP diastolic blood pressure

GWAS genome-wide association study
HDL high-density lipoprotein

IMTmax  average of maximum cIMT values
IMTmean average of mean cIMT values

LD linkage disequilibrium

SBP systolic blood pressure
SNPs single nucleotide polymorphisms
UKB UK Biobank

disease. Although undeniably useful, the use of clinical
cohorts does not cover the whole spectrum of atheroscle-
rotic burden in the population.

Genetic analyses of clinical cohorts have begun to iden-
tify single nucleotide polymorphisms (SNPs) associated with
increased cIMT,*” which paves the way for better under-
standing of processes leading to cardiovascular events. A
limitation for these studies (N=68000) has been hetero-
geneity in recruitment and ultrasound methodology, which
could lead to failure to detect some true genetic effects. In
this respect, UKB (UK Biobank) provides an unprecedented
opportunity to analyze IMT measurements in a very large
cohort (N=22000) with consistent recruitment and stan-
dardized cIMT measurements, analysis, and quality control.

We, therefore, set out primarily to identify genetic variants
associated with cIMT in a large general population cohort. A
secondary aim was to investigate the possibility of sex-spe-
cific genetic effects on IMT. Here, we demonstrate replica-
tion of previously reported associations, genetic correlations
with cardiometabolic traits, novel biology and provide new
directions for investigating the sex differences observed in
cardiovascular disease presentation and progression.

METHODS

The individual-level data that underlie the findings of this study
are available from UKB. Summary statistics resulting from this
study are available from the corresponding author upon request.

Study Population

The UKB study has been described in detail previously®® In
brief, UKB recruited =500 000 participants from the United
Kingdom between 2006 and 2010. Participants attended 1 of
the 22 recruitment centers across the United Kingdom where
they provided a blood sample for DNA extraction and biomarker
analysis and completed questionnaires covering a wide range of
medical, social and lifestyle information. All participants provided
informed consent, and the study was conducted in accordance
with the Helsinki Declaration. Generic approval was granted by
the National Health Service National Research Ethics Service

Arterioscler Thromb Vasc Biol. 2020;40:446-461. DOI: 10.1161/ATVBAHA.119.313226

+ This is the largest genome-wide association study
using consistent carotid intima-media thickness
(cIMT) phenotyping to date.

* We identified 2 novel loci for average of mean cIMT
values, 1 novel locus for average of maximum cIMT val-
ues, and 1 for average of mean cIMT values—average
of maximum carotid intima-media thickness values.

* In the first sex-specific analysis of average of mean
cIMT values we identified a women-specific locus.

* Genetic correlations with previous IMT meta-
analyses, obesity, and glucometabolic traits were
identified.

» VCAN and SVIL were highlighted as good candidate
genes in 2 of the novel loci.

(approval letter dated May 13, 2016, Ref 16/NW/0274) and
the study conducted under UKB projects No. 7165 (Principal
Investigator J. Pell) and No. 6553 (Principal Investigator D. Smith).

Phenotyping

cIMT measurements were recorded at an imaging visit, 4 to 8 years
after the recruitment. Starting in 2014, participants were invited to
participate in an imaging assessment, which also included record-
ing of anthropometric measurements and completion of ques-
tionnaires covering a wide range of medical, social, and lifestyle
information (repeated from the baseline visit). cMT phenotyping
began in 2015, in a pilot phase, where n=2272 individuals were at
imaged at 18 centers (with 8 centers accounting for 98% of the
sample) with extensive manual quality control being conducted.
Subsequently, manual quality control was deemed unnecessary,
and all centers began recruiting and recording automated mea-
surements (with 10 centers accounting for 93% of the sample).
Details of the protocol are available at https://biobank.ctsu.ox.ac.
uk/crystal/label.cgi?id=101. In brief, ultrasound measurements
of the far wall, at 2 angles on each of the left and right, of the
distal common carotid artery with automated software recording
images and measurements of mean and maximum intima-media
(UKB data fields 22670-22681). Recruitment for imaging is
ongoing, but to date (2019), N=25769 individuals have ultra-
sound measurements of the cIMT. Three measures were calcu-
lated: The average of 4 mean measures (2 for each of the left
and right carotid arteries) was calculated for the mean (average
of mean cIMT values [IMTmean]); the maximum IMT (average of
maximum cIMT values [IMTmax]), where the largest of the 4 maxi-
mum IMT measures was used; the mean of 4 maximum measures
(2 for each of the left and right carotid arteries) was calculated
(IMTmean-max), for comparison with previous analyses.*® Where
>1 value was missing due to poor quality of the image, the partici-
pant was excluded from analyses. Values were expressed in mm
and natural log-transformed for normality before analysis.

In the follow-up assessment, anthropometric measures,
lifestyle variables, medication, and disease history was again
recorded including age, weight, waist circumference, hip cir-
cumference, waist:hip ratio, body mass index (BMI), systolic
and diastolic blood pressure (SBP and DBP respectively),
hypertension (defined as SBP >140 mm Hg or DBP >90 mm
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Hg or antihypertensive medication), probable type 2 diabetes
mellitus (T2D, coding as per Eastwood et al'®), ischemic heart
disease (ISH, defined as heart attack or angina diagnosed by a
doctor, data field 6150), stroke (defined as stroke diagnosed by
a doctor, data field 6150). Corrected SBP and DBP, reflecting
probable untreated levels, were calculated as per Ehret et al.'!
These contemporary values were used in the analysis of cIMT.

Genotyping

DNA was extracted from blood samples provided by partici-
pants, using standard protocols. Details of the UKB genotyping
and imputation procedures have been described previously.'2'®
Briefly, the full genetic data release (March 2018) was used for
this study. Genotyping, preimputation quality control, imputation,
and postimputation quality control were conducted centrally by
UKB, according to standard procedures.

Statistical Analyses
Descriptive statistics and Spearman rank correlations were con-
ducted using Stata. Only individuals of self-reported white British
ancestry were included in the genome-wide association study
(GWAS) to maximize homogeneity. BOLT-LMM software was
used to conduct genetic association analyses, to calculate herita-
bility estimates and estimates of ;.. IMTmean and IMTmax val-
ues were natural logarithm-transformed for normality, and genetic
association analyses were conducted, adjusted for age, sex, and
genotyping array (primary analysis) or age and genotyping array
(secondary analyses). BOLT-LMM software models relatedness
between individuals; therefore, genetic principle components
were not included as covariates. SNPs were excluded if minor
allele frequency <0.01, Hardy-Weinberg equilibrium A<1x10%,
or imputation score <0.3. Genome-wide significance was set at
P<Bx 1078, with suggestive evidence of association being set at
<110, After quality control, there were 22 179 participants
with IMT and genetic data for analysis.

Genetic  association results were visualized using
FUMA software'* and LocusZoom software.'®

A meta-analysis of sex-specific analyses was conducted to
assess differences in effect sizes, using GWAMA software.'8!7

For analysis of ISH and stroke, only unrelated individuals
of self-reported white British ancestry who were not included
in the cIMT GWAS were analyzed. Genetic association analy-
sis was conducted in PLINK software,'® using a logistic model
and assuming additive genetic effects and adjusting for age, sex,
population structure (genetic principal components 1-8), chip,
T2D, BMI, and current smoking.

Linkage Disequilibrium and Genetic

Correlations

Linkage disequilibrium (LD) between analyzed SNPs in each GWAS-
significant locus was calculated and visualized in a random subset
of 10 000 white British individuals (or 5000 individuals where the
locus is computationally too large with 10 000 individuals) included
in the cIMT subset, using Haploview (default settings).'

Genetic correlations between IMTmean and IMTmax and rel-
evant cardiometabolic traits were calculated using previously pub-
lished summary statistics and LD score regression.® IMT summary
statistics were provided by the CHARGE (Cohorts for Heart and
Aging Research in Genomic Epidemiology) consortium (http://
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www.chargeconsortium.com/). Data on glycaemic traits were con-
tributed by MAGIC (Meta-Analysis of Glucose and Insulin-Related
Traits Consortium) investigators and were downloaded from www.
magicinvestigators.org. T2D data were contributed by the DIAGRAM
(Diabetes Genetics Replication and Meta-Analysis) consortium
(http://diagram-consortium.org/downloadshtml). Summary sta-
tistics for lipid traits were downloaded from the Global Lipids
Genetics Consortium website (http://lipidgenetics.org/). Data on
anthropometric traits were downloaded from the GIANT (Genetic
Investigation of Anthropometric Traits) consortium website (http://
portals.broadinstitute.org/collaboration/giant/index.php/Main_
Page). Coronary artery disease data were downloaded from the
CARDIoGRAMplusC4D (Coronary Artery Disease Genome Wide
Replication and Meta-Analysis Plus the Coronary Artery Disease
Genetics) consortium (http://www.cardiogramplusc4d.org/). Blood
pressure data were provided by the International Consortium for
Blood Pressure Genetics (https://www.ncbinlm.nih.gov/projects/
gap/cgibin/study.cgi?study_id=phs000585.v1.p1).

Data Mining

The GWAS catalog (https://www.ebiacuk/gwas/, accessed
20190717) was used to identify previously reported associations
with significant loci. All SNPs with at least suggestive evidence
of association (FA<1x10%) within significantly associated loci
were assessed for deleterious effect using the Ensemble variant
effect predictor?’ GWAS-significant SNPs and those predicted
by variant effect predictor to have at least moderate impact were
assessed for effects on genotype expression patterns of nearby
genes using the Genotype-Tissue Expression project? Functions
of highlighted genes were explored using the National Centre
for Biotechnology Information Gene platform (https://www.ncbi.
nlm.nih.gov/gene/, accessed 20190717) and literature identified
using National Centre for Biotechnology Information PubMed
(https://www.ncbinlm.nih.gov/pubmed/, accessed 20190717).

RESULTS

Demographic characteristics of the UKB cIMT subset
are presented in Table 1. The UKB cIMT subset consists
of 48.3% men. Women were slightly younger (average
62.4 years) and were healthier (average BMI, 26.1 kg/
m? and SBP 132 mm Hg; % with hypertension, 53.8) and
smoked less (% smokers, 3.1) compared with men (aver-
age, 63.9 years; BMI, 270 kg/m?; 141 mm Hg; % hyper-
tension, 69.0; smokers, 4.2). Values for both IMTmean
and IMTmax were lower in women than in men. Mea-
surements of IMTmean and IMTmax were highly corre-
lated (Spearman Rho=0.87, ”<0.0001 [full cIMT subset],
rho=0.868 A<0.0001 [men] and Rho=0.852 A<0.0001
[women]). IMTmean and IMTmax were significantly and
positively associated with classical risk factors, including
increasing age, obesity, and blood pressure (Table 2).

Primary Analysis: SNPs Associated With IMT___
and IMT__

Manhattan and QQ plots of the GWAS results are presented
in Figure 1. There was some evidence of inflation for both

Arterioscler Thromb Vasc Biol. 2020;40:446-461. DOI: 10.1161/ATVBAHA.119.313226



Strawbridge et al

Table 1. Demographics of the UKB Cohort With cIMT
Measurements
Men Women All
N (%) 10 708 (48.3) | 11 471 (51.7) 22179
Age,y 63.9 (7.6) 62.4 (7.3) 63.1 (7.5)
Weight, kg 83.8 (13.2) 69.2 (13.9) 76.2 (15.0)
Waist, cm 94.0 (10.4) 82.6 (11.5) 88.1 (12.4)
Hip, cm 101.2 (7.2) 101.4 (9.8) 101.3 (8.6)
WHR 0.93 (0.06) 0.81 (0.07) 0.87 (0.09)
BMI, kg/m? 27.0 (3.8) 26.1 (4.7) 26.5 (4.3)
SBP, mm Hg 141 (17) 134 (18) 137 (18)
DBP, mm Hg 80 (10) 77 (10) 79 (10)
Corrected SBP, mm Hg* 145 (19) 137 (20) 141 (10)
Corrected DBP, mm Hg* 83 (11) 79 (11) 81 (11)
IMTmean, mm 0.706 (0.135) | 0.658 (0.109) | 0.682 (0.125)
IMTmax, mm 0.952 (0.216) | 0.875 (1.86) | 0.912 (0.204)
IMTmean-max, mm 0.823 (0.159) | 0.764 (0.131) | 0.793 (0.148)
N hypertension 7320 (69.0) 6121 (563.8) | 13441 (61.2)
N on BPmedication 3026 (28.4) 1973 (17.3) 4999 (22.7)
N on lipid-lowering medi- | 3255 (34.5) 1681 (17.7) | 3255 (34.5)
cation
N probable t2d 614 (5.7) 325 (2.8) 939 (4.2)
N ISH 275 (2.6) 97 (0.9) 372 (1.7)
n current smoking 444 (4.2) 356 (3.1) 800 (3.6)

BMlindicates body mass index; BP, blood pressure; cIMT, carotid intima-media
thickness; DBP, diastolic BP; IMT, intima-media thickness; IMTmax, average of
maximum cIMT values; IMTmean, average of mean cIMT values; ISH, ischemic
heart disease; SBP, systolic BP; t2d, type 2 diabetes mellitus; UKB, UK Biobank;
and WHR, waist:hip ratio.

“Adjusted for blood pressure medication as per Ehret et al."'

IMTmean and IMTmax (A =1.15 and 1.10, respectively);
however, this is likely due to polygenicity rather than popu-
lation structure (linkage disequilibrium score regression
intercept [SE]=1.03 [0.03] for both phenotypes). Figure | in
the online-only Data Supplement demonstrates the genetic
homogeneity of the participants included in the analyses.

GWAS-significant evidence of association with IMT-
mean was observed for 176 SNPs in 8 loci (Figure 1A),
and 76 SNPs in 3 loci demonstrated GWAS-significant
evidence of association with IMTmax (Figure 1B). The
lead SNP for each locus is provided in Table 3. As BOLT-
LMM includes neighboring SNPs in the model (essen-
tially conditioning on other SNPs in the region), each
locus reported here is independent and contains only a
single signal. Effect sizes of all lead SNPs were compa-
rable with those previously reported (3, 0.0091-0.441).°

Of the 8 loci significantly associated with IMTmean
identified here, 4 are novel (chromosome 7, lead SNP
rs342988; chromosome 8 [124.6 Mb], rs34557926:;
chromosome 11, rs2019090; chromosome 19 [41.3
Mb], rs111689747; Figure 2A through 2D), and 4 have
previously been reported (Figure 2E through 2H).

In the previously reported loci, on chromosome 5 there
are a handful of SNPs which reach GWAS-significant

Arterioscler Thromb Vasc Biol. 2020;40:446-461. DOI: 10.1161/ATVBAHA.119.313226
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evidence for association with IMTmean, where the lead SNP
(rs758080886) is located 3417 kb from the previously
reported lead SNP rs224904.5 rs7568080886 is not avail-
able in the reference panel used by LocusZoom'™ and is,
therefore, not plotted; hence, this region is represented by
the previously reported SNF, rs224904. The LD between
rs76808088 and rs224904 is moderate (*=0.44); there-
fore, rs224904 is not a good proxy; however, this is the same
for all SNPs in the locus (Figure Il in the online-only Data
Supplement). On chromosome 8, rs2912062 is 0.738 kb
from the previously reported lead, rs2912063, and in high
LD (/=0.98), demonstrating that these SNPs represent the
same signal. On chromosome 16, the lead SNP, rsb61732,
is 22.3 kb from the previously reported lead, rs844396, with
moderate LD (”=066). The chromosome 19 lead here,
rs10658563, is 1.15 kb from the reported rs7412 but with
almost complete LD (”=0.99). The novel chromosome 19
locus is #4 Mb from this signal, and although long-range LD
is possible, the calculated LD between rs111689747 and
rs1065853 or rs7412 does not support this possibility (°=0).

There were 3 GWAS-significant loci for IMTmax. Of
these, 2 overlap with those for IMTmean: the lead SNPs
for IMTmean and IMTmax on chromosome 7 (rs342988
and rs11762074, respectively) are 26.9 kb apart with LD
of P=0.77. For chromosome 19, the locus not only over-
laps, but the lead SNP is the same for both traits. The
chromosome 11 for IMTmax (20.5 Mb) is distinct from
that for IMTmean (103.6 Mb; Figure 2I).

When considering SNPs significantly associated with
[IMTmean, the direction of effects on IMTmax are consistent
with those for IMTmean, and the magnitude is similar (Table |
in the online-only Data Supplement). The same is true for the
chromosome 11 IMTmax SNP, rs11025608, which shows a
similar effect size and direction in IMTmean (3, —0.008; [SE]
0.002; P=1.6x10%). Therefore, further analyses focused on
IMTmean for more robust comparisons with previous studies.

UKB IMT GWAS and the CHARGE Consortium
IMT GWAS Meta-Analysis

The largest GWAS meta-analysis of cIMT previously
published by the CHARGE consortium® included 68 962
individuals from 30 studies with a variety of recruitment
strategies, inclusion criteria, and measurements of cIMT.
In this study, IMTmean-max was analyzed. The range
of average ages was 377 to 78.8 years, and average
IMTmean-max was 0.50 to 1.13 mm. The single largest
study within the meta-analysis included 8663 individuals
(approximately evenly split between men and women).
The UKB study (N=22 179) is within the age and cIMT
ranges reported by the CHARGE consortium, albeit on the
younger and healthier end of the spectrum. IMTmean-max
in UKB was highly correlated with IMTmean (Rho=0.964;
P<0.0001) and IMTmax (Rho=0.931; A<0.0001). GWAS
results of IMTmean-max (Figure 1C) demonstrated similar
results to those for IMTmean, with 6 loci being identified.
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= Table 2. Correlations Between cIMT and Classical Cardiovascular Disease Risk Factors

E _‘ Men Women Al

g <| IMTmean IMTmax IMTmean IMTmax IMTmean IMTmax

: é’ Rho P Value Rho P Value rho P Value Rho P Value Rho P Value Rho | PValue

E g Age, y 0.385 <0.0001* | 0.320 | <0.0001* | 0.465 | <0.0001* | 0.397 | <0.0001* | 0.433 | <0.0001* | 0.369 |<0.0001*

‘._3' ; Weight, kg 0.062 <0.0001* | 0.117 | <0.0001* | 0.057 | <0.0001* | 0.121 | <0.0001* | 0.147 | <0.0001* | 0.204 |<0.0001*

E Waist, cm 0.109 <0.0001* | 0.169 | <0.0001* | 0.105 | <0.0001* | 0.176 | <0.0001* | 0.179 | <0.0001* | 0.243 |<0.0001*

= Hip, cm 0.073 <0.0001* | 0.122 | <0.0001* | 0.075 | <0.0001* | 0.134 | <0.0001* | 0.078 | <0.0001* | 0.130 |<0.0001*
WHR 0.100 <0.0001* | 0.1560 | <0.0001* | 0.087 | <0.0001* | 0.140 | <0.0001* | 0.190 | <0.0001* | 0.236 |<0.0001*
BMI, kg/m? 0.089 <0.0001* | 0.152 | <0.0001* | 0.073 | <0.0001* | 0.148 | <0.0001* | 0.105 | <0.0001* | 0.174 |<0.0001*
SBP, mm Hg —0.030 0.0054* | 0.001 0.9306 0.025 0.0145* | 0.051 | <0.0001* | 0.083 | <0.0001* | 0.117 |<0.0001*
DBP, mm Hg 0.237 <0.0001* | 0.216 | <0.0001* | 0.324 | <0.0001* | 0.297 | <0.0001* | 0.320 | <0.0001* | 0.308 |<0.0001*
Corrected SBP, mm Hgt 0.021 0.0534 0.055 | <0.0001* | 0.071 | <0.0001* | 0.099 | <0.0001* | 0.030 | <0.0001* | 0.061 |<0.0001*
Corrected DBP, mm Hgt 0.250 | <0.0001* | 0.239 | <0.0001* | 0.333 | <0.0001* | 0.313 | <0.0001* | 0.306 | <0.0001* | 0.286 |<0.0001*

BMIl indicates body mass index; cIMT, carotid intima-media thickness; DBP, diastolic blood pressure; IMT, intima-media thickness; IMTmax, average of maximum cIMT

values; IMTmean, average of mean cIMT values; SBP, systolic blood pressure; and WHR, waist:hip ratio.

*Indicates nominally significant values (P>0.05).
tAdjusted for blood pressure medication as per Ehret et al."'

Of these, 5 had the same lead SNP as for IMTmean, and 1
locus on chromosome 10 was novel (lead SNP rs2150562;
Table 3; Figure 2J). In the analysis of IMTmean, this locus
reached suggestive significance (=0.008, [SE]=0.002,
P=15x10%). All loci reaching GWAS-significance
(R<Bx10®) for IMTmean or IMTmax demonstrated at least
suggestive (F<1x109) significance with IMTmean-max
(Table I in the online-only Data Supplement).

The CHARGE meta-analysis reported 11 robustly associ-
ated loci® of which 9 lead SNPs were available in UKB (Table
Il'in the online-only Data Supplement). Seven of these dem-
onstrated significant (FA<0.05) associations with IMTmean
and IMTmean-max, with consistent effect directions, when
compared with the previous report® (Table Il in the online-only
Data Supplement). One SNP demonstrated a nonsignificant
association, and one demonstrated a significant association
but inconsistent direction (Table Il in the online-only Data
Supplement), for both IMTmean and IMTmean-max.

Of the lead SNPs identified in UKB, 11 were avail-
able in the CHARGE meta-analysis (Table Il in the
online-only Data Supplement). Of these, 10 were signifi-
cant (P<0.05) with consistent effect directions to those
reported in UKB. One lead SNP was not significant.
Effects sizes were generally 2- to 3-fold larger in UKB
than in the CHARGE meta-analysis. The effect sizes of
the cIMT-associated lead SNPs are summarized in Fig-
ure |llin the online-only Data Supplement.

Secondary Analyses: Sex-Specific Genetic
Effects on IMT

Sex-specific analyses suggest that the genetic variants
associated with IMTmean in men and women are distinctly
different (Figure 3): In men-only analyses (Figure 3A), 3
GWAS-significant loci were identified on chromosome 7
(rs35099106), chromosome 8 (6.4 Mb, rs2912063), and
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chromosome 19 (rs1065853), all of which overlap with
those identified in the primary (sex combined) analysis
(Table 3 and Figure 4). The chromosome 7 lead SNP is
in strong LD with that for IMTmax (rs11762074; =0.97)
but only moderate LD with the sex-combined IMTmean
lead SNP (rs342988; ’=0.64). The lead SNPs on chro-
mosome 8 and 19 are consistent either with the primary
analysis or with previously reported lead SNPs.

In an analysis of women (Figure 3B), only a locus on chro-
mosome 5 was GWAS-significant (Table 3 and Figure 4). The
lead SNP for this locus, rs309563, is ~1.2 Mb from, and dem-
onstrated no LD with, the lead sex-combined SNP for IMT-
mean (rs7568080886, /=0) or the previously reported lead
SNP for this locus (rs224904, =0, Figure Il in the online-
only Data Supplement), suggesting that it is a separate locus.

Effect directions for SNPs with suggestive evidence of
association were consistent between men and women. All
3 loci identified in the men-only analysis have concordant
effect directions (same direction of effect, but different
sizes between the sexes?), where effect sizes were halved
in women but at least nominal significance being observed
for most SNPs and suggestive significance noted for the
chromosome 19/APOE locus (Table IV in the online-only
Data Supplement). In contrast, the chromosome 5 locus
identified in the women-only analysis is a single-sex effect
locus,® that is to say it demonstrates nonsignificant associ-
ations in men (Table IV in the online-only Data Supplement).
In all 4 loci, SNPs demonstrated significant heterogene-
ity between men and women (with 12>0.75 and F<0.047;
Table IV in the online-only Data Supplement).

Impact of cIMT-Associated Variants on ISH and
Stroke in UKB

Demographic characteristics of the individuals
included in the analyses of ISH and Stroke are

Arterioscler Thromb Vasc Biol. 2020;40:446-461. DOI: 10.1161/ATVBAHA.119.313226
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Figure 1. QQ and Manhattan plots of results of the genome-wide association study of (A) average of mean carotid intima-
media thickness (cIMT) values (IMTmean), (B) average of maximum cIMT values (IMTmax), and (C) IMTmean-max.

presented in Tables IX and X in the online-only  of hypertension and blood pressure and lipid-
Data Supplement, respectively. Unsurprisingly, I1SH lowering medication. Two [MT-associated SNPs
and stroke cases had higher age, BMI, and rates (rs7568080886 and rs1065853) were nominally
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g Table 3. Lead SNPs in Loci Associated With cIMT
= GWAS
EE‘ A1 SNPs in
E 1 Analysis SNP CHR Locus* Genes Under the Locus A1l AO | Freq B SE x2 P Value Locus
[7)
gE IMTmean rs758080886 5 ATG10, RPS23, ATPGAPTL CA C |0.15 | 0.018 | 0.002 | 380.6 | 3.10x107® 1
=)
sex com-
:E’ bined rs342988t,§ 7 35423859- LOC401324 Cc T |0.28 | 0011 | 0.002 | 44.2 | 3.00x10 78
= 35528567
E rs2912062|| 8 6470650- MCPH1, MIR8055 ] G |0.71 | 0.012 | 0.002 | 56.2 | 6.70x10""* 56
(L] 6494850
rs345579261 | 8 124579985 | FBX023, KLHL38, ANAXA13 | C T | 064 | -0011 | 0.002 | 48.8 | 2.90x107"2 4
124608614
rs2019090t | 11 | 103660567- MIR4693 A T | 029 | 0.009 | 0.002 | 33.2 | 8.20x10~° 5
103673294
rs561732 16 88966667- CBFA2T3, LOC100129697, T C 0.65 | 0.009 | 0.002 | 34.8 | 3.60x10° 22
88989862 TRAPPC2L
rs111689747t | 19 | 41188985- CYP2AB, CYP2A7, CYP- G A | 0.99 | -0.044 | 0.007 | 41.5 | 1.20x107° 3
41371458 2G1PCYP2B7P, CYP2B6,
SNRFA, MIA, EGLN2, RAB4B,
MIA-RAB4B, RAB4B-EGLN2,
C190RFb54, ITPKC, ADCK4,
NUMBL, LTBP4, SHKBP1,
SPTBN4
rs1065853% 19 45412079- BCAM, PVRL2, TOMMA40, G T 0.92 | 0.021 | 0.003 | 60.8 | 6.20x10°"® 7
45426792 APOE, APOC1, APOC1P1,
APOC4-APOA2, APOC2,
CLPTM1, APOC4, RELB
IMTmax sex | rs11762074§ | 7 35428513- LOC401324 T C | 0.77 | -0.014 | 0.002 | 39 | 4.30x107"° 63
combined 35505204
rs11025608t | 11 PRMT3, SLC6A5 G T | 044 |-0.010 | 0.002 | 30.6 | 3.20x10°® 1
rs1065853% | 19 | 45389596- BCAM, PVRL2, TOMMA40, G T |0.92| 0026 | 0.003 | 56.1 | 6.90x10°14 1
45426792 APOE, APOC1, APOC1P1,
APOC4-APOA2, APOC2,
CLPTM1, APOC4, RELB
IMTmean | rs35099106 § | 7 35428513- LOC401324 C | CT | 024 | 0016 | 0.003 | 34.1 | 5.20x10~° 38
men 35505204
rs2912063|| 8 6470650- MCPH1, MIRS055 A G | 0.71 | 0.017 | 0.003 | 44.5 | 2.60x10™"" 24
6490544
rs1065853% 19 45412079- BCAM, PVRL2, TOMMA40, G T 0.92 | 0.027 | 0.004 | 39.1 | 4.00x10°" 2
45413233 APOE, APOC1, APOC1P1,
APOC4-APOA2, APOC2,
CLPTM1, APOC4, RELB
IMTmean rs3095631 5 82870033- VCAN, HAPLN1 A T |066| -0.01 | 0.002 | 37.6 | 8.90x10°1° 37
women 82933913

CHR indicates chromosome; cIMT, carotid intima-media thickness; GWAS, genome-wide association study; IMT, intima-media thickness; IMTmax, average of maximum
cIMT values; IMTmean, average of mean cIMT values; LD, linkage disequilibrium; SE, standard error of effect; and SN, single nucleotide polymorphism.

“Region bordered by GWAS-significant SNPs.

tNovel locus.

$Consistent lead SNP convincingly demonstrates that the same locus is being identified.

8LD between rs342988, rs11762074, and rs35099106 suggests that these SNPs represent 1 signal.

|ILD between rs2912062 and rs2912063 indicate that these SNPs are proxies.

(P<0.05) associated with stroke (Table XI in the  Genetic Correlations With Cardiovascular

online-only Data Supplement) but did not withstand
multiple testing correction (13 SNPs, P<0.0038).
Three IMT-associated SNPs were associated with
ISH, 2 of which survived multiple testing correction
(Table XI in the online-only Data Supplement). The
effects of rs2019090 and rs1065853 were in the
expected direction, with the allele associated with
increased IMTmean measures being associated with
increased risk of ISH.

452 February 2020

Phenotypes and Risk Factors

UKB IMTmean, IMTmax, and IMTmean-max GWAS
demonstrated significant genetic correlations with the
CHARGE GWAS IMTmean meta-analyses (regression
coefficient [rg}=0.74-0.82, Table 4)4% As the individu-
als included in the IMTmean, IMTmax, and IMTmean-max
analyses overlap completely was not possible to compare
these analyses. Significant positive genetic correlations

Arterioscler Thromb Vasc Biol. 2020;40:446-461. DOI: 10.1161/ATVBAHA.119.313226
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Figure 2 Continued. The lead single nucleotide polymorphism (SNP) is indicated by a purple diamond. Linkage disequilibrium (LD; 2)
between other SNPs and the lead SNP is indicated by color. Gray indicates LD is not known.

were observed between IMTmean and total obesity (BMI),
T2D, fasting glucose, and insulin (Table 4). For IMTmax,
positive correlations with total and central obesity (BMI and
waist:hip ratio adjusted for BMI respectively), T2D, fasting
glucose, and rheumatoid arthritis were observed (Table 4).
It was surprising to note that a significant positive associa-
tion with HDL (high-density lipoprotein) and a significant
negative association with fasting insulin was observed. It
is worth noting that the fasting insulin adjusted for BMI
demonstrated the expected direction or correlation, sug-
gesting that obesity influences the relationship between
IMTmax and fasting insulin levels. The significance of the
positive correlation between IMTmax and HDL is unclear.
Genetic correlations for IMTmean-max were similar to
those for IMTmean and IMTmax (Table 4).

454 February 2020

In men, similar to the sex-combined results, IMTmean
was positively genetically correlated with the CHARGE
IMTmean meta-analyses, total obesity, fasting glucose, and
fasting insulin. In women, only the genetic correlations with
the CHARGE meta-analyses survive false discovery rate
correction (Table V in the online-only Data Supplement).

Data Mining

The GWAS catalog was explored (using lead SNPs and
locus positions, as per Table 3) to identify previous associa-
tions with the cIMT-associated loci (Table VIin the online-only
Data Supplement). Chromosome 7 and chromosome 8 (6.4
Mb) have previously been associated with DBP?4?° whereas
chromosome 11, chromosome 13, and both chromosome
19 loci have previously been associated with coronary artery

Arterioscler Thromb Vasc Biol. 2020;40:446-461. DOI: 10.1161/ATVBAHA.119.313226
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Figure 3. QQ and Manhattan plots of results of the genome-wide association study of intima-media thickness mean in (A) men

only and (B) women only.

disease?® 2 or pulse pressure? or cIMTS The novel chromo-
some 10 locus has previously been associated with height.°
Atherosclerosis is considered a condition requiring both
fatty deposits and inflammation in the vascular wall. There-
fore it was interesting to note the reported associations of
chromosome 8 (6.4 Mb) and chromosome 11 with immune

Arterioscler Thromb Vasc Biol. 2020;40:446-461. DOI: 10.1161/ATVBAHA.119.313226

response®' or immune components® as well as the chro-
mosome 19 (45 Mb) locus with lipid (and other biomarker)
levels®3-%° and chromosome 7 with fatty liver disease.®!

The chromosome 19 locus includes the apolipoprotein
gene cluster (including APOE), which has been the focus of
much research into lipid levels, cardiovascular disease, and
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Figure 4. Regional plots for sex-specific average of mean carotid intima-media thickness value-associated loci.

Men-only loci on (A) chromosome (Chr) 7 (rs356099106), (B) Chr8 (rs2912063), (C) Chr19 (rs1065853) and the women-only locus on (D)
Chr5 (rs309563). The lead single nucleotide polymorphism (SNP) is indicated by a purple diamond. Linkage disequilibrium (LD; ) between
other SNPs and the lead SNP is indicated by color. Gray indicates LD is not known.

Alzheimer disease. In contrast, previous associations at the ~ The only unexpected finding was that the rs7412 allele asso-
chromosome 5, chromosome 8 (124 Mb) and chromosome ~ ciated with decreasing triglyceride levels*” was associated
16 loci have no obvious relevance to cIMT. For the vast major- ~ with increased cIMT; however, the authors suggest that the
ity of previous associations with relevant traits (Table VIinthe ~ skewed distribution of lipids in those homozygous for this
online-only Data Supplement), the effects on cIMT were in  allele might cause inflation of test statistics*” and that this
the expected direction: the alleles associated with increased ~ should be considered when interpreting results.

DBR, SBR pulse pressure, total cholesterol, low-density lipo- Of SNPs within significantly associated loci showing at
protein, APOE and lipoprotein A levels, and lipoprotein phos-  least suggestive evidence of association with IMTmean,
pholipase A2 activity were associated with increased cIMT, 13 SNPs were predicted?’ to have functional or coding
as were the alleles associated with decreased HDL levels.  effects (Table VII in the online-only Data Supplement).
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Table 4. Genetic Correlations Between IMTmean, IMTmax, and Cardiometabolic Traits and Risk Factors o
=
IMTmean IMTmax IMTmean-max —
wn =
rg SE P Value FDR-p rg SE P Value FDR-p rg SE P Value FDR-p E' :
(=]
CHARGE IMT- 0.82* | 0.07* | 6.39x1072°* | 1.5683x107?"* | 0.79* | 0.09* | 1.16x107'7™* | 2.79x107'¢* 0.78* | 0.07* | 1.11x107%* | 2.67x1072"* — E
mean 2018 o g
[ —}
CHARGE IMT- 0.77* | 0.08* | 2.08x1072%* | 2.44x1072"* | 0.74* | 0.10* | 1.71x107"%* | 2,.05x107"%* 0.74* | 0.08* | 4.16x10°2"* |5.00x10720** ,’Z 2
mean 2011 E
BMI 0.13* | 0.08* | 1.19x10™** | 9.50x10™** 0.22* | 0.04* | 7.72x107™* 6.17x107%* 0.18* | 0.04* | 38.85x1077* | 3.08x107° g
Fasting insulin 0.30* | 0.10* | 2.25x10™** | 1.08x107>* |—0.17* | 0.05 | 8.99x10** 1.91x107%* 0.835* | 0.10* | 4.82x107* | 2.89x10~%*
Type 2 diabetes 0.21* | 0.08* | 4.99x107%* | 2.00x10~** 0.28* | 0.09 1.15x107%* 4.62x107%* 0.25* | 0.07* | 5.39x10™** | 2.69%x107%*
mellitus
Fasting glucose 0.26* | 0.07* | 1.91x10™* | 1.15x107%* 0.50* | 0.14 2.20%x1074* 1.32%107%* 0.23* | 0.07* | 6.31x10™** | 2.62%x107%*
HDL —0.09 0.04 2.03%x1072 6.94x1072 0.17* | 0.06 | 4.76x107%* 1.63x107%* | —0.13* | 0.04* | 6.88x10~** | 2.36x107**
WHR adjBMI 0.10 0.05 4.10x1072 1.23x107" 0.24* | 0.09 | 6.40x10°%* 1.92x1072* 0.13* | 0.05* | 4.29x107%* | 1.29x10~>*
Rheumatoid 0.11 0.06 8.03x107? 2.14x107" 0.31* | 0.12* | 1.16x1072* 3.08x1072* 0.12 0.06 4.13%x107? 1.10x10~"
arthritis
Fasting insulin 0.10 0.10 3.17x10~" 6.34x10" 0.10 0.08 1.82x107" 3.64%x107" 0.16 0.10 9.18x1072 2.20x10~"
adjBMI
DBP 0.02 0.02 2.39%x10" 5.78x10~" 0.10 0.05 4,93%x1072 1.18x107" 0.03 0.02 1.08x10™" 2.35x107!
Smoking onset —0.15 0.15 3.29x10" 5.63x10~" [—0.09 0.08 3.04%x107" 5.21x107" | —0.24 0.15 1.13x107" 2.26x10~"
Triglycerides 0.03 0.04 4.04%107" 6.06x107" |[—0.15 0.17 3.72x107" 5.58%107" 0.06 0.04 1.19%107" 2.19x10~"
Ever Smoker 0.06 0.06 3.16x10~" 6.89x10~" 0.18 0.13 1.80x107" 3.93x10~" 0.09 0.06 1.46x107" 2.50x10~"
Cholesterol —0.06 0.06 3.22%107" 5.94x107" |—0.07 0.06 2.41x107" 4.46x107" | —0.09 0.07 1.78x10" 2.78x107"
SBP 0.02 0.02 4.32x10" 6.10x10" 0.06 0.08 4.18%x107" 5.89x107" 0.03 0.02 1.83x107" 2.75x10"
Ciggarettes per 0.05 0.11 6.42x10" 8.11x10~" 0.10 0.17 5.51x10~" 6.96x10" 0.11 0.11 3.10x10" 4.37x107"
day
Ulcerative collitis | —0.05 0.08 5.84x10" 7.12x107" 0.02 0.02 4.79x107" 6.39x10" | —0.07 0.07 3.29%x10" 4.39%x107"
Fasting proinsulin|  0.13 0.14 3.54%x107" 5.66x10~" |—0.08 0.08 3.24%x107! 5.18x10" 0.12 0.14 3.89x107! 4.92x107!
Cardiovascular | —0.07 0.21 7.59%107" 8.28x10~" |[—0.03 0.07 6.05x10~" 6.60x107" | —0.18 0.23 4.26x107" 5.11x107"
disease
LDL —0.01 0.05 7.80x107" 8.14x10" 0.01 0.02 6.43x10" 6.71x107" | —0.04 0.05 4.67x107" 5.33x107!
2 h glucose —0.02 0.12 8.62x10" 8.62x10~" |—0.01 0.06 8.92x10~" 8.92x10~" 0.06 0.12 5.92x10" 6.46x107"
Irritatable bowel | —0.02 0.05 7.18%x107" 8.20x10~" 0.08 0.15 5.71x10™" 6.53x107" | —0.02 0.05 6.69%x107" 6.98x107"
disorder
Crohn disease 0.02 0.06 716x107" 8.60x107" |—0.16 0.29 5.66x107" 6.79%107" 0.01 0.06 8.82x10" 8.82x107"

adjBMI indicates adjusted for BMI; BMI, body mass index; CHARGE, Cohorts of Heart and Aging Research in Genomic Epidemiology consortium; cIMT, carotid
intima-media thickness; DBP, diastolic blood pressure; FDR-P, false discovery rate-corrected Pvalue; HDL, high-density lipoprotein; IMT, intima-media thickness; IMTmax,
average of maximum cIMT values; IMTmean, average of mean cIMT values; LDL, low-density lipoprotein; rg, regression coefficient; SBP, systolic blood pressure; SE,
standard error of effect; and WHR, waist:hip ratio.

“Indicates nominally significant values (P>0.05).

Lead SNPs and those predicted by variant effect predic- (chromosome 19) has been widely studied in cardiovas-
tor to have functional or coding effects were assessed for cular (and other, notably Alzheimer) diseases,* whereas
evidence of genotype-specific effects on gene expression the function of MCPH1-AS1(CTD-2541M15.3; chromo-
levels (expression quantitative trait loci) in the Genotype- some 8) is thought to be as a regulator of MCPH1, a DNA
Tissue Expression project dataset (Table VIII in the online- damage response gene with no obvious role in vessel wall
only Data Supplement). Only rs2019090 on chromosome biology. Similarly, CBFA2T3 (chromosome 16) has docu-
11 demonstrated expression quantitative trait loci in & mented roles in cancer biology as a transcriptional repres-
tissue of obvious relevance, namely the aorta, where the g 14 again, there is no obvious role in vascular biology.
gg:;'?@rgf;g% T”ele was associated with mcreased VCAN (chromosome 5, women-only locus) is potentially
- .1 levels. Lack of knowledge about this . . . "~
\ , , o an interesting candidate gene. Its encoded product, ver
gene's role precludes interpretation of this finding. sican, is a chondroitin sulfate proteoglycan present in the
. adventitia and intima of normal blood vessels (reviewed in
Candidate Genes Wight and Merrilees®®). Versican protein levels have been
Of the genes highlighted by expression quantitative traitloci ~ shown to increase dramatically during progression of vas-
analysis (though in a tissue of unclear relevance), APOE  cular diseases including atherosclerosis.®® Versican exists
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as a variety of protein isoforms of different sizes, due to
alternative splicing, a variety of post-translational modifi-
cations, and proteolytic cleavage.®® The diverse effects of
versican in vascular pathology are likely determined by the
balance of different sized isoforms and partners in com-
plexes®3: larger molecules are better able to bind and thus
retain low-density lipoprotein L in the vessel wall; loss of
the largest versican isoform has been observed in aor-
tic aneurysms; various cytokines promote different sized
versican entities or versican degradation; smaller versican
isoforms could act directly as mitogens for arterial smooth
muscle cells; and the smallest isoform of versican influ-
ences elastic fiber formation and, therefore, vessel func-
tion. Therefore, it is interesting to note that the lead SNP
for the women-only locus is an expression quantitative
trait loci for a versican antisense molecule, VSCAN1-AST,
in testes, suggesting yet another mechanism regulating
versican expression, although the role of versican in the
testes is unknown. Full understanding of versican biology
is required before the impact of this SNP is predictable.

SVIL in the novel chromosome 10 locus encodes
supervilin, which is a cytoskeleton-regulating protein
that influences platelet reactivity.>* Supervillin levels have
been associated with platelet function in response to
shear stress (in humans and mice), with increased lev-
els of supervillin being associated with reduced thrombus
formation®; therefore, it was interesting to note that the
allele associated with increased IMTmean-max measures
(rs2150562-A) was associated with reduced SVIL levels
in the aorta (Table VIl in the online-only Data Supplement)
but not with heart disease or stroke outcomes (Table IX in
the online-only Data Supplement). However, the lead SNP
for IMTmean-max, rs2150562 is ~350 kb upstream of a
variant, which has been associated with platelet thrombus
formation, rs7070678% and LD between rs2150562 and
rs7070678 was O (R?). This suggests that the signal for
IMTmean-max is distinct from that associated with plate-
let function. There are multiple isoforms of supervillin, with
incompletely characterized functions.®® However, there is
evidence that at least 1 isoform influences cell migra-
tion and proliferation,®® which are of relevance to athero-
sclerosis pathology. How the genetic variants influence
Supervillin isoforms is as yet unclear.

DISCUSSION

Here, we present results from a GWAS of the largest
single study of cIMT to date, and the first sex-specific
analysis of cIMT. We identified 11 loci (5 of which were
novel) associated with cIMT (mean, max or mean-max)
and 1 locus specific for IMTmean in women. We also
found genetic correlations with obesity, glucometabolic,
and lipid traits, which suggest differences between sexes.

Many studies have reported the utility of cIMT measure-
ments as predictors of cardiovascular disease (reviewed
by Katakami et al®®), although whether predictive power is
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independent of traditional risk factors is still unclear. A large
part of the discrepancies in the literature is likely due to the
different protocols used (which part of the carotid artery is
measured, whether plaque is included or not, whether mean
or plaque [defined by a specific maximum value] is used) in
the analyses. It is worth noting that IMTmean-max is most
often analyzed, with IMTmax rarely being analyzed a quan-
titative trait, rather this measure is normally used to define
the presence of plaque (as described®). Although plaque is
clearly a relevant phenotype, we used the better-powered
continuous IMTmax values to explore the possibility of dif-
ferent genetic regulation and potentially different mecha-
nisms influencing mean and maximum cIMT measures.

Indeed it has been reported that IMTmean and IMT-
max differ in their predictive value®® Therefore, the partial
overlap in loci associated with IMTmean and IMTmax is of
interest. For the most part, SNPs influencing one pheno-
type also influence the other, but the relative importance of
each locus (or mechanism) differs. This hints at differences
in biology between the 2 measures, which is perhaps not
surprising: overall increases in vascular wall thickness could
indicate general vascular dysfunction, which is a component
of high blood pressure for example. Local increases in vas-
cular wall thickness are likely indicative of plaque formation,
which precede vessel occlusion and ischemic events.

Our results demonstrate that only a minority of SNPs
associated with cIMT measures have significant effects
on cardiovascular end points, namely ISH or stroke,
which is consistent with previous reports.® It was reassur-
ing to note that the 2 SNPs with effects on ISH had the
expected effects, with increased cIMT being associated
with increased risk of ISH and that one of these SNPs
was previously associated with myocardial infarction.?’

Sex-specific differences in cardiovascular disease are
well established; therefore, the distinctly different IMT-
mean GWAS results for men compared with women were
intriguing. The existence of a women-only locus, whereas
the men-only analysis largely resembled the sex-combined
analysis, is unexpected. It suggests that the sex-combined
results could be driven by the men. This is unlikely given the
fairly balanced sex distribution of the sample (48% men
versus 52% women); however, the larger variability in mea-
sures in men compared with women could cause this effect.
It has been observed that sex differences in IMT measures
can be attributed to sex differences in risk factors, such as
BMI and blood pressure.5” Despite UKB being =20 years
older than the subjects in that study, similar sex differences
in risk factors are observed here. It is also worth noting that
menopause status is associated both with cIMT measures
and cardiovascular risk factors.?#%° Menopause status was
not considered in the study, as direction of effect is unclear.
However, this factor would be worth considering for future
studies of sex differences.

Another noteworthy finding is the stronger effect of
APOE rs7412 in men compared with women ($=0.027
versus 0.016, respectively). To our knowledge, this is the
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first demonstration of a sex effect of APOE variation in a
cardiovascular disease phenotype, which is of value when
considering the relatively nascent concept of an aging,
sex, and APOE triad.%° Sex-specific differences in APOE-e
genotypes associations with Alzheimer disease have been
noted (summarized by Fisher et al®'), with female carriers
of APOE-e3/e4 demonstrating increased risk of Alzheimer
disease and faster decline than their male counterparts.
Indeed, this finding (a variant that increases risk of ath-
erosclerosis for men and Alzheimer disease for women)
supports the hypothesis that women have higher rates for
Alzheimer disease than men, at least partly because men
with cardiovascular disease die earlier than women: there-
fore, in the at-risk age-range for Alzheimer disease, men
have lower cardiovascular risk than women.®’

In line with known epidemiology and previous genetic
findings,® the genetic correlations between IMTmean,
IMTmax, or IMTmean-max and obesity and glucometabolic
traits are unsurprising. It is worth noting that genetic corre-
lations between coronary artery disease (ie, cardiovascular
end points) and fasting insulin or glucose are quite strong
but not reported due to their unimpressive P values (rg
0.23[se 0.11], ~=0.041 and 0.14 [0.09] P=0.095 respec-
tively).®® Rheumatoid arthritis demonstrates weak and
nonsignificant associations with coronary artery disease
(—0.06 [0.08], ~=0.438), but a moderate and nominally
significant association with IMTmax. Taken together these
findings suggest different mechanisms are important dur-
ing subclinical atherosclerosis compared with clinically
evident cardiovascular disease. The lack of genetic cor-
relations between IMTmean and lipid traits is unexpected
but may reflect the relative health, adherence to statin
therapy, or healthy diet of the general population sample
of UKB. Similarly, we cannot exclude the possibility that
the relative health or use of statin therapy contributes to
the unexpected positive correlation between IMTmax and
HDL. As this is the first time IMTmax has been analyzed
using a GWAS and genetic correlations, it is not possible
to validate or further explore this finding.

In comparison with the CHARGE consortium cIMT
meta-analysis, this study was smaller (N=22000 versus
N=68000) but used a phenotype that was recorded in a
consistent manner in all individuals, reducing heterogene-
ity in measurements. This is likely the reason for identifying
loci not reported by CHARGE as well as the larger effect
sizes reported here and is in line with previous observations
(eg, the C4D? and CARDIoGRAM findings®®). In light of
the recently identified issues with some genotyping in UKB
(exemplified by Wei et al®®), quality control measures for
lead SNPs are reported in Table XII in the online-only Data
Supplement. For all but one lead SNF, these measures indi-
cate no issues. Only rs11025608 should be viewed with
caution until replication of this signal has been conducted.

It should be noted that the location of measurements
relative to the bifurcation is not specified and that there is
some evidence of inflation of the GWAS statistics, for which
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there are a number of possible explanations. Polygenicity is
an obvious explanation and highly plausible, as it is observed
most complex traits. Although the pilot phase cIMT data
(n=2500) underwent manual quality control procedures, the
full IMT dataset (N=22 000) did not. Comparisons between
the quality controlled and non-quality controlled data in the
pilot study show very high correlation (IMTmean rho=1.0,
IMTmax rho=0.98); however, the possibility of noise in mea-
surements cannot be excluded. Despite this limitation, the
consistent effect sizes and directions of most previous IMT
loci suggest that this study is valid.

In conclusion, we have conducted a GWAS of cIMT
(mean and maximum measures) in the largest single study
sample to date, in which we identified 4 novel loci and vali-
dated 7 of 11 previously reported loci. We also report the
first sex-specific analysis of IMT, in which we identified a
novel women-only locus. Genetic correlations with obesity
and glucometabolic traits were observed, and VCAN was
highlighted as a plausible candidate gene in the women-only
locus. Overall, our findings represent an important stimulus
for the further elucidation of mechanisms of vascular pathol-
ogy, particularly differences between men and women, and
could contribute to stratified medicine approaches.

ARTICLE INFORMATION
Received August 1, 2019; accepted November 21, 2019.

Affiliations

From the Institute of Health and Wellbeing (RJ.S, JW, BC, AF, NG, KJAJ, LML,
RP,JP,RJS, RT, DML, DJ.S) and School of Life Sciences, College of Medical, Vet-
erinary and Life Sciences (ME.S.B, KJAJ), University of Glasgow, United Kingdom;
Health Data Research United Kingdom (RJ.S)); Cardiovascular Medicine Unit, Depart-
ment of Medicine Solna, Karolinska Institutet, Stockholm, Sweden (R.J.S.); and Division
of Psychiatry, College of Medicine, University of Edinburgh, United Kingdom (KJ.AJ.).

Acknowledgments

We thank all participants and staff of the UKB study (UK Biobank). This work
uses data provided by patients and collected by the National Health Service
as part of their care and support. The assistance of Rosie Brown (University of
Glasgow) in producing forest plots is highly appreciated

Sources of Funding

The UKB (UK Biobank) was established by the Wellcome Trust, Medical Re-
search Council, Department of Health, Scottish Government, and Northwest Re-
gional Development Agency. UKB has also had funding from the Welsh Assembly
Government and the British Heart Foundation. Data collection was funded by
UKB. RJ. Strawbridge is supported by a UK Research and Innovation-Health
Data Research UK Fellowship (MR/S003061/1). J. Ward is supported by the
John, Margaret, Alfred and Stewart Sim Fellowship for depression research from
the Royal College of Physicians of Edinburgh (173558). A. Ferguson is supported
by a Medical Research Council (MRC) Doctoral Training Programme Studentship
at the University of Glasgow (MR/K501335/1). KJ.A. Johnston is supported by
an MRC Doctoral Training Programme Studentship at the Universities of Glasgow
and Edinburgh. D.J. Smith acknowledges the support of a Lister Prize Fellowship
(173096) and MRC Mental Health Data Pathfinder Award (MC_PC_17217).

Disclosures
None.

REFERENCES

1. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N
Engl J Med. 2005;352:1685-1695. doi: 10.1066/NEJMra043430

February 2020 459

(o¢]
—
=
[—)
m
o
1
==
=

NOILYINdOd ANV TYJINITI




STUDIES - AL

=
S
=
—
—]
o
=
o=
o
=
=
—l
=
=
=

Strawbridge et al

2.

20.

460

Hansson GK. Inflammation and atherosclerosis: the end of a controversy.
Circulation. 2017;136:1875—-1877. doi: 10.1161/CIRCULATIONAHA.
117030484

. Ried-Larsen M, Grentved A, Moller NC, Larsen KT, Froberg K, Andersen LB.

Associations between objectively measured physical activity intensity in
childhood and measures of subclinical cardiovascular disease in adoles-
cence: prospective observations from the European Youth Heart Study. BrJ
Sports Med. 2014,;48:1502-1507. doi: 10.1136/bjsports-2012-091958

. Bis JC, Kavousi M, Franceschini N, Isaacs A, Abecasis GR, Schminke U,

Post WS, Smith AV, Cupples LA, Markus HS, et al; CARDIoGRAM Consor-
tium. Meta-analysis of genome-wide association studies from the CHARGE
consortium identifies common variants associated with carotid intima media
thickness and plaque. Nat Genet. 2011;43:940-947. doi: 10.1038/ng.920

. Natarajan P, Bis JC, Bielak LF, Cox AJ, Dorr M, Feitosa MF, Franceschini N,

Guo X, Hwang SJ, Isaacs A, et al; CHARGE Consortium. Multiethnic Exome-
Wide Association Study of subclinical atherosclerosis. Circ Cardiovasc
Genet 2016;9:511-520. doi: 10.1161/CIRCGENETICS.116.001572

. Franceschini N, Giambartolomei C, de Vries PS, Finan C, Bis JC, Huntley RP,

Lovering RC, Tajuddin SM, Winkler TW, Graff M, et al; MEGASTROKE Con-
sortium. GWAS and colocalization analyses implicate carotid intima-media
thickness and carotid plaque loci in cardiovascular outcomes. Nat Commun.
2018;9:5141. doi: 10.1038/s41467-018-07340-5

. Gertow K, Sennblad B, Strawbridge RJ, Ohrvik J, Zabaneh D, Shah S, Veglia F,

Fava C, Kavousi M, McLachlan S, et al. Identification of the BCAR1-CFDP1-
TMEM170A locus as a determinant of carotid intima-media thickness and
coronary artery disease risk. Circ Cardiovasc Genet 2012;56:656-665. doi:
10.1161/CIRCGENETICS.112.963660

. Matthews PM, Sudlow C. The UK biobank. Brain. 2015;138(pt 12):3463~

3465, doi: 10.1093/brain/awv335

. Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, Downey P,

Elliott P, Green J, Landray M, et al. UK biobank: an open access resource
for identifying the causes of a wide range of complex diseases of mid-
dle and old age. PLoS Med. 2015;12:e1001779. doi: 10.1371/journal.
pmed.1001779

. Eastwood SV, Mathur R, Atkinson M, Brophy S, Sudlow C, Flaig R,

de Lusignan S, Allen N, Chaturvedi N. Algorithms for the capture and adju-
dication of prevalent and incident diabetes in UK biobank. PLoS One.
2016;11:e0162388. doi: 10.1371/journal.pone.0162388

. Ehret GB, Ferreira T, Chasman DI, Jackson AU, Schmidt EM, Johnson T,

Thorleifsson G, Luan J, Donnelly LA, Kanoni S, et al; CHARGE-EchoGen
consortium; CHARGE-HF consortium; Wellcome Trust Case Control Con-
sortium. The genetics of blood pressure regulation and its target organs
from association studies in 342,415 individuals. Nat Genet. 2016;48:1171-
1184. doi: 10.1038/ng.3667

. UK Biobank. Genotype imputation and genetic association studies of uk bio-

bank, interim data release. 2015.

. UK Biobank. Genotyping of 500,000 uk biobank participants. Description of

sample processing workflow and preparation of DNA for genotyping. 2015.

. Watanabe K, Taskesen E, van Bochoven A, Posthuma D. Functional map-

ping and annotation of genetic associations with FUMA. Nat Commun.
2017,8:1826. doi: 10.1038/s41467-017-01261-5

. Pruim RJ, Welch RP, Sanna S, Teslovich TM, Chines PS, Gliedt TR,

Boehnke M, Abecasis GR, Willer CJ. LocusZoom: regional visualization
of genome-wide association scan results. Bioinformatics. 2010;26:2336—
2337. doi: 10.1093/bioinformatics/btq4 19

. Magi R, Morris AP. GWAMA: software for genome-wide association

meta-analysis. BMC Bioinformatics. 2010;11:288. doi: 10.1186/1471-
2105-11-288

. Magi R, Lindgren CM, Morris AP. Meta-analysis of sex-specific genome-

wide association studies. Genet Epidemiol 2010;34:846-853. doi:
10.1002/gepi.20540

. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D,

Maller J, Sklar F, de Bakker PI, Daly MJ, et al. PLINK: a tool set for whole-
genome association and population-based linkage analyses. Am J Hum
Genet 2007,;81:5569-575. doi: 10.1086/519795

. Barrett JC, Fry B, Maller J, Daly MJ. Haploview: analysis and visualiza-

tion of LD and haplotype maps. Bioinformatics. 2005;21:263-265. doi:
10.1093/bioinformatics/bth457

Bulik-Sullivan B, Finucane HK, Anttila V, Gusev A, Day FR, Loh PR, Duncan L,
Perry JR, Patterson N, Robinson EB, et al; ReproGen Consortium; Psychiat-
ric Genomics Consortium; Genetic Consortium for Anorexia Nervosa of the
Wellcome Trust Case Control Consortium 3. An atlas of genetic correlations
across human diseases and traits. Nat Genet 2015;47:1236-1241. doi:
10.1038/ng.3406

February 2020

21.

22.

23.

24,

26.

26.

27.

28.

29,

30.

31.

32.

33.

34.

35.

36.

GWAS of IMT in UK Biobank

McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GR, Thormann A,
Flicek P, Cunningham F. The ensembl variant effect predictor. Genome Biol.
2016;17:122. doi: 10.1186/513059-016-0974-4

Consortium GT. The genotype-tissue expression (gtex) project. Nat Genet.
2013;45:580-585. doi: 10.1038/ng.2653

Randall JC, Winkler TW, Kutalik Z, Berndt SI, Jackson AU, Monda KL,
Kilpelainen TO, Esko T, Magi R, Li S, et al; DIAGRAM Consortium; MAGIC
Investigators. Sex-stratified genome-wide association studies including
270,000 individuals show sexual dimorphism in genetic loci for anthro-
pometric traits. PLoS Genet 2013;9:e1003500. doi: 10.1371/journal.
pgen.1003500

Evangelou E, Warren HR, Mosen-Ansorena D, Mifsud B, Pazoki R, Gao H,
Ntritsos G, Dimou N, Cabrera CP, Karaman |, et al; Million Veteran Pro-
gram. Genetic analysis of over 1 million people identifies 535 new loci
associated with blood pressure traits. Nat Genet. 2018;50:1412-1425. doi:
10.1038/541588-018-0205-x

Warren HR, Evangelou E, Cabrera CP, Gao H, Ren M, Mifsud B, Ntalla I,
Surendran P, Liu C, Cook JP, et al; International Consortium of Blood Pres-
sure (ICBP) 1000G Analyses; BIOS Consortium; Lifelines Cohort Study;
Understanding Society Scientific group; CHD Exome+ Consortium;
ExomeBP Consortium; T2D-GENES Consortium; GoT2DGenes Consor-
tium; Cohorts for Heart and Ageing Research in Genome Epidemiology
(CHARGE) BP Exome Consortium; International Genomics of Blood Pres-
sure (iGEN-BP) Consortium; UK Biobank CardioMetabolic Consortium BP
working group. Genome-wide association analysis identifies novel blood
pressure loci and offers biological insights into cardiovascular risk. Nat
Genet. 2017;49:403-415. doi: 10.1038/ng.3768

Coronary Artery Disease Genetics C. A genome-wide association study in
europeans and south asians identifies five new loci for coronary artery dis-
ease. Nat Genet 2011;43:339-344. doi: 10.1038/ng.782

Nikpay M, Goel A, Won HH, Hall LM, Willenborg C, Kanoni S, Saleheen D,
Kyriakou T, Nelson CP, Hopewell JC, et al. A comprehensive 1,000 Genomes-
based genome-wide association meta-analysis of coronary artery disease.
Nat Genet. 2015;47:1121-1130. doi: 10.1038/ng.3396

van der Harst F, Verweij N. Identification of 64 novel genetic loci provides an
expanded view on the genetic architecture of coronary artery disease. Circ
Res. 2018;122:433-443. doi: 10.1161/CIRCRESAHA.117.312086

Giri A, Hellwege JN, Keaton JM, Park J, Qiu C, Warren HR, Torstenson ES,
Kovesdy CP, Sun YV, Wilson OD, et al; Understanding Society Scien-
tific Group; International Consortium for Blood Pressure; Blood Pres-
sure-International Consortium of Exome Chip Studies; Million Veteran
Program. Trans-ethnic association study of blood pressure determi-
nants in over 750,000 individuals. Nat Genet 2019;51:51-62. doi:
10.1038/s41588-018-0303-9

Kichaev G, Bhatia G, Loh PR, Gazal S, Burch K, Freund MK,
Schoech A, Pasaniuc B, Price AL. Leveraging polygenic functional enrich-
ment to improve GWAS power. Am J Hum Genet 2019;104:65-75. doi:
10.1016/}.ajhg.2018.11.008

Kuparinen T, Seppéla |, Jylhava J, Marttila S, Aittoniemi J, Kettunen J,
Viikari J, Kahonen M, Raitakari O, Lehtimaki T, et al. Genome-wide asso-
ciation study does not reveal major genetic determinants for anti-cyto-
megalovirus antibody response. Genes Immun. 2012;13:184-190. doi:
10.1038/gene.2011.71

Ramsuran V, Kulkarni H, He W, Mlisana K, Wright EJ, Werner L, Castiblanco J,
Dhanda R, Le T, Dolan MJ, et al. Duffy-null-associated low neutrophil counts
influence HIV-1 susceptibility in high-risk South African black women. Clin
Infect Dis. 2011;52:1248-1256. doi: 10.1093/cid/cir1 19

Kettunen J, Tukiainen T, Sarin AP, Ortega-Alonso A, Tikkanen E,
Lyytikdinen LP, Kangas AJ, Soininen P, Wiirtz P, Silander K, et al. Genome-
wide association study identifies multiple loci influencing human serum
metabolite levels. Nat Genet. 2012;44:269-276. doi: 10.1038/ng.1073
Chasman DI, Giulianini F; MacFadyen J, Barratt BJ, Nyberg F, Ridker PM.
Genetic determinants of statin-induced low-density lipoprotein cholesterol
reduction: the Justification for the Use of Statins in Prevention: an Interven-
tion Trial Evaluating Rosuvastatin (JUPITER) trial. Circ Cardiovasc Genet.
2012;56:257-264. doi: 10.1161/CIRCGENETICS.111.961144
Rasmussen-Torvik LJ, Pacheco JA, Wilke RA, Thompson WK, Ritchie MD,
Kho AN, Muthalagu A, Hayes MG, Armstrong LL, Scheftner DA, et al. High
density GWAS for LDL cholesterol in African Americans using electronic
medical records reveals a strong protective variant in APOE. Clin Trans! Sci.
2012;6:394-399. doi: 10.1111/}.1752-8062.2012.00446.x

Wu'Y, Marvelle AF, Li J, Croteau-Chonka DC, Feranil AB, Kuzawa CW, Li Y,
Adair LS, Mohlke KL. Genetic association with lipids in Filipinos: waist cir-
cumference modifies an APOAS effect on triglyceride levels. J Lipid Res.
2013;564:3198-3205. doi: 10.1194/jIrP042077

Arterioscler Thromb Vasc Biol. 2020;40:446-461. DOI: 10.1161/ATVBAHA.119.313226



Strawbridge et al

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48,

49,

50.

Arterioscler Thromb Vasc Biol. 2020;40:446-461. DOI: 10.1161/ATVBAHA.119.313226

Surakka |, Horikoshi M, Magi R, Sarin AP, Mahajan A, Lagou V, Marullo L,
Ferreira T, Miraglio B, Timonen S, et al; ENGAGE Consortium. The impact
of low-frequency and rare variants on lipid levels. Nat Genet. 2015;47:589—
597. doi: 10.1038/ng.3300

Kettunen J, Demirkan A, Wurtz P, Draisma HH, Haller T, Rawal R, Vaarhorst
A, Kangas AJ, Lyytikéinen LP, Pirinen M, et al. Genome-wide study for cir-
culating metabolites identifies 62 loci and reveals novel systemic effects of
LPA. Nat Commun. 2016;7:11122, doi: 10.1038/ncomms 11122

Nagy R, Boutin TS, Marten J, Huffman JE, Kerr SM, Campbell A
Evenden L, Gibson J, Amador C, Howard DM, et al. Exploration of haplo-
type research consortium imputation for genome-wide association studies
in 20,032 generation Scotland participants. Genome Med. 2017;9:23. doi:
10.1186/s13073-017-0414-4

Spracklen CN, Chen P, Kim YJ, Wang X, Cai H, Li S, Long J, Wu Y, Wang
YX, Takeuchi F, et al. Association analyses of East Asian individuals and trans-
ancestry analyses with European individuals reveal new loci associated with
cholesterol and triglyceride levels. Hum Mol Genet. 2017;26:1770-1784.
doi: 10.1093/hmg/ddx062

Zhu'Y, Zhang D, Zhou D, Li Z, Li Z, Fang L, Yang M, Shan Z, Li H, Chen J,
et al. Susceptibility loci for metabolic syndrome and metabolic components
identified in Han Chinese: a multi-stage genome-wide association study. J
Cell Mol Med. 2017;21:1106-1116. doi: 10.1111/jcmm.13042

Emilsson V, llkov M, Lamb JR, Finkel N, Gudmundsson EF, Pitts R, Hoover H,
Gudmundsdottir V, Horman SR, Aspelund T, et al. Co-regulatory networks
of human serum proteins link genetics to disease. Science. 2018;361:769—
773. doi: 10.1126/science.aaq1327

Smith EN, Chen W, Kahonen M, Kettunen J, Lehtiméki T, Peltonen L,
Raitakari OT, Salem RM, Schork NJ, Shaw M, et al. Longitudinal genome-
wide association of cardiovascular disease risk factors in the Bogalusa
heart study. PLoS Genet 2010;6:e1001094. doi: 10.1371/journal.
pgen.1001094

Mack S, Coassin S, Rueedi R, Yousri NA, Seppéla |, Gieger C, Schonherr S,
Forer L, Erhart G, Marques-Vidal F, et al; KORA-Study Group. A genome-
wide association meta-analysis on lipoprotein (a) concentrations adjusted
for apolipoprotein (a) isoforms. J Lipid Res. 2017;58:1834-1844. doi:
10.1194/jIrM076232

Southam L, Gilly A, Suveges D, Farmaki AE, Schwartzentruber J,
Tachmazidou |, Matchan A, Rayner NW, Tsafantakis E, Karaleftheri M, et al.
Whole genome sequencing and imputation in isolated populations identify
genetic associations with medically-relevant complex traits. Nat Commun.
2017;8:15606. doi: 10.1038/ncomms 15606

Yeo A, Li L, Warren L, Aponte J, Fraser D, King K, Johansson K, Barnes A,
MacPhee C, Davies R, et al. Pharmacogenetic meta-analysis of baseline
risk factors, pharmacodynamic, efficacy and tolerability endpoints from
two large global cardiovascular outcomes trials for darapladib. PLoS One.
2017;12:e0182115. doi: 10.1371/journal.pone.0182115

Hoffmann TJ, Theusch E, Haldar T, Ranatunga DK, Jorgenson E,
Medina MW, Kvale MN, Kwok PY, Schaefer C, Krauss RM, et al. A large
electronic-health-record-based genome-wide study of serum lipids. Nat
Genet. 2018;50:401-413. doi: 10.1038/5415688-018-0064-5

Davis JP, Huyghe JR, Locke AE, Jackson AU, Sim X, Stringham HM,
Teslovich TM, Welch RP, Fuchsberger C, Narisu N, et al. Common, low-
frequency, and rare genetic variants associated with lipoprotein subclasses
and triglyceride measures in finnish men from the METSIM study. PLoS
Genet. 2017;13:e1007079. doi: 10.1371/journal.pgen.1007079

Sun BB, Maranville JC,Peters JE, Stacey D, Staley JR, Blackshaw J, Burgess S,
Jiang T, Paige E, Surendran P, et al. Genomic atlas of the human plasma
proteome. Nature. 2018;5568:73-79. doi: 10.1038/s41686-018-0175-2
Moon S, Kim YJ, Han S, Hwang MY, Shin DM, Park MY, Lu Y, Yoon K,
Jang HM, Kim YK, et al. The Korea biobank array: design and identifica-
tion of coding variants associated with blood biochemical traits. Sci Rep.
2019;9:1382. doi: 10.1038/541598-018-37832-9

51.

52.

53.

54.

55.

56.

57

58.

59.

60.

61.

62.

63.

64.

65.

GWAS of IMT in UK Biobank

Chalasani N, Guo X, Loomba R, Goodarzi MO, Haritunians T, Kwon S,
Cui J, Taylor KD, Wilson L, Cummings OW, et al; Nonalcoholic Steatohepa-
titis Clinical Research Network. Genome-wide association study identi-
fies variants associated with histologic features of nonalcoholic fatty liver
disease. Gastroenterology. 2010;139:1667-76, 15676.e1. doi: 10.1053/
j.gastro.2010.07.0567

Marais AD. Apolipoprotein E in lipoprotein metabolism, health and car-
diovascular disease. Pathology. 2019;51:165—176. doi: 10.1016/j.pathol.
2018.11.002

Wight TN, Merrilees MJ. Proteoglycans in atherosclerosis and restenosis:
key roles for versican. Circ Res. 2004;94:1158-1167. doi: 10.1161/01.
RES.0000126921.29919.61

Edelstein LC, Luna EJ, Gibson IB, Bray M, Jin Y, Kondkar A, Nagalla
S, Hadjout-Rabi N, Smith TC, Covarrubias D, et al. Human genome-
wide association and mouse knockout approaches identify platelet
supervillin as an inhibitor of thrombus formation under shear stress.
Circulation. 2012;125:2762-2771. doi: 10.1161/CIRCULATIONAHA.
112.091462

Chen X, Yang H, Zhang S, Wang Z, Ye F, Liang C, Wang H, Fang Z. A novel
splice variant of supervillin, SV5, promotes carcinoma cell proliferation
and cell migration. Biochem Biophys Res Commun. 2017;482:43-49. doi:
10.1016/}.bbrc.2016.11.013

Katakami N, Matsuoka TA, Shimomura . Clinical utility of carotid ultrasonog-
raphy: application for the management of patients with diabetes. J Diabetes
Investig. 2019;10:883-898. doi: 10.1111/jdi.13042

Juonala M, Kahonen M, Laitinen T, Hutri-Kahonen N, Jokinen E, Taittonen L,
Pietikainen M, Helenius H, Viikari JS, Raitakari OT. Effect of age and sex on
carotid intima-media thickness, elasticity and brachial endothelial function
in healthy adults: the cardiovascular risk in Young Finns Study. Eur Heart J.
2008;29:1198-1206. doi: 10.1093/eurheartj/ehmb556

de Kat AC, Dam V, Onland-Moret NC, Eijkemans MJ, Broekmans FJ,
van der Schouw YT. Unraveling the associations of age and menopause
with cardiovascular risk factors in a large population-based study. BMC Med.
2017;15:2. doi: 10.1186/s12916-016-0762-8

Thurston RC, Chang Y, Barinas-Mitchell E, Jennings JR, Landsittel DF,
Santoro N, von Kénel R, Matthews KA. Menopausal hot flashes and carotid
intima media thickness among midlife women. Stroke. 2016;47:2910—
2915. doi: 10.1161/STROKEAHA.116.014674

Riedel BC, Thompson PM, Brinton RD. Age, APOE and sex: triad of risk of
alzheimer's disease. J Steroid Biochem Mol Biol. 2016;160:134-147. doi:
10.1016/}jsbmb.2016.03.012

Fisher DW, Bennett DA, Dong H. Sexual dimorphism in predisposi-
tion to alzheimer's disease. Neurobiol Aging. 2018;70:308-324. doi:
10.1016/j.neurobiolaging.2018.04.004

Strawbridge RJ, van Zuydam NR. Shared genetic contribution of type 2 dia-
betes and cardiovascular disease: implications for prognosis and treatment.
Curr Diab Rep. 2018;18:59. doi: 10.1007/s11892-018-1021-5

Zheng J, Erzurumluoglu AM, Elsworth BL, Kemp JP, Howe L, Haycock PC,
Hemani G, Tansey K, Laurin C, Pourcain BS, et al; Early Genetics and
Lifecourse Epidemiology (EAGLE) Eczema Consortium. LD Hub: a cen-
tralized database and web interface to perform LD score regression that
maximizes the potential of summary level GWAS data for SNP heritabil-
ity and genetic correlation analysis. Bioinformatics. 2017;33:272-279. doi:
10.1093/bioinformatics/btw613

Schunkert H, Konig IR, Kathiresan S, Reilly MP, Assimes TL, Holm H,
Preuss M, Stewart AF, Barbalic M, Gieger C, et al; Cardiogenics; CARDIo-
GRAM Consortium. Large-scale association analysis identifies 13 new sus-
ceptibility loci for coronary artery disease. Nat Genet. 2011,43:333-338.
doi: 10.1038/ng.784

Wei X, Nielsen R. Retraction note: CCR5-A32 is deleterious in the homo-
zygous state in humans. Nat Med. 2019;25:1796. doi: 10.1038/s41591-
019-0637-6

February 2020 461

(<]
—
(—
[—)
m
o
1
==
=

NOILYINdOd ANV TYJINITI






