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Abstract

Background—Large-scale genome-wide association studies (GWAS) have so far identified 45
loci that are robustly associated with coronary heart disease (CHD) in data from adult men and
women of European descent.
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Objectives—To examine whether the CHD-associated loci are associated with measures of
atherosclerosis in data from up to 9,582 individuals of European ancestry.

Methods—Forty-five SNPs representing the CHD-associated loci were genotyped in middle-
aged to elderly individuals of European descent from four independent population-based studies
(IMPROVE, MDC-CC, ULSAM and PIVUS). Intima-media thickness (IMT) was measured by
external B-mode ultrasonography at the far wall of the bulb (sinus) and common carotid artery.
Plaque presence was defined as a maximal IMT of the bulb >1.5 mm. We meta-analysed single-
SNP associations across the four studies, and combined them in a genetic predisposition score. We
subsequently examined the association of the genetic predisposition score with prevalent CHD and
the three indices of atherosclerosis, adjusting for sex, age and Framingham risk factors.

Results—As anticipated, the genetic predisposition score was associated with prevalent CHD,
with each additional risk allele increasing the odds of disease by 5.5% (p=4.1x1075). Moreover,
each additional CHD-risk allele across the 45 loci was associated with a 0.24% increase in IMT
(p=4.0x1073), and with a 2.8% increased odds of plaque presence (p=7.4x10) at the far wall of
the bulb. The genetic predisposition score was not associated with IMT of the common carotid
artery (p=0.47).

Conclusions—Our results suggest that the association between the 45 previously identified loci
and CHD at least partly acts through atherosclerosis.

Keywords

genome-wide association; intima-media thickness; carotid artery; atherosclerosis; atherogenic
plaque

Introduction

Coronary heart disease (CHD) is the result of life-long progression of atherosclerosis in the
coronary vessels and is a major cause of death worldwide. Smoking, hypertension,
hypercholesterolemia, diabetes, obesity, lack of physical activity, and family history have all
been identified as major risk factors for CHD in the 1960s (1). More recently, twin and
family studies have shown that genetic factors also contribute to CHD risk, explaining
approximately 40-50% of its variance (2). Researchers have since aimed to identify genetic
loci that are associated with CHD risk, first using the candidate gene and linkage
approaches, and more recently using genome-wide arrays with improved coverage of genetic
variation. Since the first genome-wide association study (GWAS) for CHD was published in
2006 (3), 46 loci have been identified as being robustly associated with CHD in data from
individuals of European descent (4). Forty-five of these loci were identified in data from
men and women combined, whilst one locus was only associated with CHD in men (4).

CHD is caused by atherosclerosis in the coronary arteries. Since an evaluation of coronary
atherosclerosis with angiography is only performed in the clinical setting in the presence of
strict indications, epidemiological studies on coronary atherosclerosis are hard to perform in
the general population. However, since atherosclerosis usually affects more than one arterial
bed, ultrasound of the carotid arteries has been widely used to assess the atherosclerotic
burden in the epidemiological setting. The thickness of the intima-media complex (IMT), as
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well as the presence of overt plaques in the carotid arteries identified by ultrasound, have
been shown to predict both myocardial infarction and stroke (5-8), and have been associated
with plaque burden in the coronary circulation, as well as in other parts of the body (9-12).
This suggests that atherosclerosis in the carotid arteries can be used as a proxy measure for
coronary atherosclerosis. In line with this, a recent single-centre study showed that a genetic
predisposition score (GPS), consisting of 13 CHD-associated loci, was associated with
atherosclerosis in the carotid arteries (13).

In the present study, we examined whether the 45 CHD-associated loci that have so far been
identified by GWAS in data from men and women combined are also associated with three
indices of atherosclerosis in the carotid arteries as detected by ultrasound, i.e. 1) presence of
atherosclerotic plaques; 2) IMT of the carotid bulb or sinus; and 3) IMT of the common
carotid artery. We genotyped lead SNPs in the 45 loci in nearly 10,000 individuals from four
population-based studies of middle-aged to elderly individuals of European descent, thereby
increasing the power to find associations when compared with the previous effort (13). In
the primary analysis, we meta-analysed the association of the 45 loci with CHD risk and the
three indices of atherosclerosis across the four studies, and combined the associations of all
45 loci in a GPS. The hypothesis tested was that, in addition to CHD risk, the GPS would be
associated with all three indices of atherosclerosis. In the secondary, exploratory analysis,
we also examined associations with CHD risk and the indices of carotid atherosclerosis for
the 45 CHD-associated loci individually.

Study populations

We examined associations of the 45 CHD-associated loci with CHD and carotid
atherosclerosis in data from the IMPROVE (14), MDC-CC (15), ULSAM (16) and PIVUS
(17) cohort studies. A detailed description of these studies, as well as on the way in which
carotid atherosclerosis and CHD have been quantified is provided in Supplementary Table 1.
Briefly, we performed B-mode ultrasound at the far wall of the common carotid artery in all
studies, and calculated an average IMT of the left and right carotid artery (if available). IMT
of the far wall of the bulb was calculated in a similar manner. We defined plaque presence as
a maximal IMT of the far wall of the bulb >1.5 mm. IMT of the far wall of the bulb and
plaque presence were not available in the ULSAM study.

We ascertained CHD status in the IMPROVE, ULSAM and P1VVUS studies using
information from the most recently updated version of the medical registry that was
available to us. We included participants as CHD cases in the analysis if they had been
hospitalized for myocardial infarction, angina, percutaneous transluminal coronary
angioplasty, and/or coronary artery bypass grafting. CHD status was not available in the
MDC-CC study.

All studies were approved by the local scientific committees and were performed in
accordance with the declaration of Helsinki. Written informed consents were obtained from
all participants. Descriptive information for participants of the four studies is shown in Table
1.
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Participants of the MDC-CC study were genotyped using Illumina’s OmniExpress chip;
participants of the ULSAM and PIVUS studies with Illumina’s OmniExpress and Cardio-
Metabochip; and those participating in the IMPROVE study using the Cardio-Metabochip.
We prioritized lead SNPs of the 45 CHD-associated loci as reported in the most recent paper
of the CARDIoGRAMplusC4D consortium (4), provided those SNPs had been directly
genotyped. We replaced lead SNPs by genotyped proxies in high linkage disequilibrium
(LD) with lead SNPs if the latter had not been directly genotyped. We identified proxies
using the SNP Annotation and Proxy search (SNAP) tool of the BROAD Institute (http://
www.broadinstitute.org/mpg/snap/ldsearch.php), which uses genotype data from the first
pilot study of the 1000 Genomes Project (18). We included proxy SNPs for 3 of the 45 loci
in IMPROVE, 24 of the 45 loci in MDC-CC, and 1 of the 45 loci in ULSAM and PIVUS
(Supplementary Table 2).

All SNPs passed quality control criteria with a call rate > 95% and a blind duplicate
concordance rate of 100%. The distributions of all variants were in Hardy-Weinberg
equilibrium, as determined by a Chi-squared test with one degree of freedom (p>1.1x103).

Statistical analyses

To put the results of the genetic association study into context, we first examined the
association of plaque presence and IMT of the bulb and common carotid artery with CHD
risk. IMT of the bulb and common carotid artery were natural log transformed in all analyses
to achieve normal distributions. We performed study-specific analyses in the IMPROVE,
ULSAM (IMT of the common carotid artery only) and PIVUS studies using logistic
regression, adjusting for sex, age and Framingham risk factors, i.e. low-density lipoprotein
(LDL)-cholesterol, natural log transformed high-density lipoprotein (HDL)-cholesterol,
systolic blood pressure, diabetes status, current smoking status. We subsequently meta-
analysed results across studies using a fixed-effects model.

The association of the 45 loci with CHD status and plaque presence was assessed using
logistic regression in each study separately, assuming an additive genetic model. We ran all
association models twice, once with adjustment for sex, age and multi-dimensional scaling
components, to adjust for population structure (in IMPROVE), and once with additional
adjustment for Framingham risk factors. The association of the 45 loci with IMT of the bulb
and common carotid artery was examined using linear regression as described for CHD
status and plaque presence above.

After completing the single SNP association analysis within each of the studies, we
performed a fixed effects meta-analysis for each SNP - trait association across studies using
the inverse variance method. We subsequently calculated the GPS to examine the association
of all 45 CHD-associated loci combined for each of the four traits, using single SNP
summary statistics from the meta-analyses as described previously (http://cran.r-
project.org/web/packages/gtx/vignettes/ashg2012.pdf) (19). Each SNP had an equal weight
in the GPS. Weighting the contribution of each SNP by its previously reported effect size for
CHD risk (4) yielded very similar results (Table 2). In order to assess heterogeneity in effect
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size of the GPS across studies, we also calculated unweighted study specific predisposition
scores, followed by a fixed effect meta-analysis across studies using the inverse variance
method.

We performed power calculations in order to appreciate the single-SNP associations in light
of the power we had to detect them (Supplementary Table 3). For associations with CHD
and plaque presence, we examined the statistical power to detect the odds ratio for
association with CHD risk that was previously reported in stage 2 of the
CARDIoGRAMplusC4D effort (4). Power calculations were otherwise based on the effect
allele frequency of the SNPs after meta-analysis of data from the four studies included here,
the number of available cases, i.e. 603 for CHD and 3,650 for plaque presence; the number
of controls per case, i.e. 8.1 for CHD and 1.9 for plaque presence; and the baseline disease
risk, i.e. 0.109 for CHD and 0.478 for plaque presence in our data.

A meta-analysis of GWAS previously identified two loci for plaque presence and three for
IMT of the common carotid artery (20). Two of these loci, rs1878406 near EDNRA on
chromosome 4 (associated with plaque presence) and rs445925 near the apolipoprotein
cluster on chromosome 19 (associated with IMT of the common carotid artery), were also
identified as being associated with CHD by GWAS (4), and were amongst the 45 loci
included in the present analysis. We calculated the power we had to detect the association of
these two loci with carotid atherosclerosis using the effect size of the replication stage
reported previously.

A two-sided p-value <0.05 was considered statistically significant for the association of the
GPS and individual loci with CHD risk. For the three indices of carotid atherosclerosis, a p-
value <0.017 was considered significant for associations with the GPS (0.05/3 traits). Alpha
was set to 1.1x103 (0.05/45 loci) in the more exploratory secondary analysis, in which we
examined associations of the individual SNPs with the three indices of atherosclerosis.
Effect sizes are reported as OR (95% CI) for dichotomous outcomes and beta + SE for
continuous outcomes.

We used SAS version 9.3 for windows (SAS Institute, Cary, NC, USA) for data cleaning and
quality control analyses. Association analyses were performed using PLINK version 1.07
(21) in IMPROVE and MDC-CC, and using SNPTEST version 2.4.1 (22) in ULSAM and
PIVUS. We performed the meta-analyses using METAL (23), and subsequently used a
publically available R-package (http://cran.r-project.org/web/packages/gtx/index.html)
applied in STATA (STATA version 12, StataCorp, College Station, TX) to combine single
SNP associations in a GPS. We used Quanto version 1.2.4 (24) for the power calculations.

Meta-analysis of the available data showed that plaque presence increased the odds of CHD
by 1.49 (95% CI 1.13-1.97, p=5x103). Each unit increase in natural log-transformed IMT of
the bulb and common carotid artery increased the odds of CHD by 1.92 (95% CI 1.14-3.23,
p=0.015) and 2.37 (95% CI 1.43-3.92, p=1x10-3), respectively.
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Primary aim: Associations of the GPS with CHD, plaque presence and IMT of the bulb and
common carotid artery

In line with results of the most recent meta-analysis of GWAS, the GPS of 45 established
CHD-associated loci was significantly associated with CHD risk (p=4.1x1076). On average,
each additional risk allele across the 45 loci was associated with a 5.5% increased odds of
CHD (Table 2, Figure 1). Besides being related to CHD, the GPS was also associated with
plaque presence (p=7.4x10) and with IMT of the bulb (p=4.0x10"3). Each additional CHD
risk increasing allele across the 45 loci was associated with a 2.8% increased odds of plaque,
and with a 0.24% increased IMT of the bulb. The GPS was not associated with IMT of the
common carotid artery (p=0.47) (Table 2, Figure 1). Heterogeneity in effect size across
studies was moderate for all four traits (12=52-66%).

Secondary aim: Associations of the individual loci with CHD, plague and IMT

Associations with CHD were directionally consistent with previously reported results for 34
of the 45 loci (Ppinomia=4-0x10"4), and reached significance for four loci in MRAS
(rs9818870), in KCNK5 (rs10947789), near LPALZand LPA (rs2048327) and near
ADAMTS7 (rs7173743) (p<0.05). There was no heterogeneity in effect size across studies
for these loci (12=0%), with the exception of the locus near LPAL2and LPA (12=69%)
(Supplementary Table 4). The low number of loci for which associations reached
significance reflects the low statistical power we had to detect such associations, with a
median power based on effect sizes reported previously for CHD risk of 13%
(Supplementary Table 3). The statistical power to detect associations with CHD risk only
exceeded 80% for the locus near CDKNZB/A on chromosome 9p21.3, for which we did not
detect an association with CHD (Supplementary Table 4).

Associations with plaque presence were directionally consistent with previously reported
associations with CHD for 34 of the 45 loci (Ppinomiai=4.0x104). After stringent Bonferroni
correction, the association with plaque presence only reached statistical significance for the
locus near CDKNZ2B/A on chromosome 9p21.3 (p=2.7x104), without evidence of
heterogeneity in effect size across studies (12=0%) (Supplementary Table 5). Each additional
risk allele at the 9p21.3 locus was associated with a 13.9% increased odds of plaque
presence (p=2.7x10"4). The 9p21.3 locus was one of the two loci for which we had >80%
power to detect an association with plague presence with the effect size reported previously
for CHD risk; the median power across the 45 loci was 31% (Supplementary Table 3). We
could not confirm the association of rs1878406 near EDNRA with plaque presence
(OR=1.08, 95% CI1=0.97, 1.20, p=0.15), for which we had 99% power to detect the OR of
1.31 reported earlier (20).

We did not observe an enrichment of directionally consistent associations with IMT of the
bulb and common carotid artery when compared with previously reported associations with
CHD; 27 of the 45 associations with IMT of the bulb were in the same direction
(Pbinomia=0.12), as compared with 19 of the 45 associations with IMT of the common
carotid artery (Ppinomiai=0-19). None of the individual loci were significantly associated with
IMT of the bulb or common carotid artery after correcting for multiple testing
(Supplementary Tables 6 and 7). However, rs445925 near the apolipoprotein gene cluster on
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chromosome 19 has been identified as associated with IMT of the common carotid artery by
GWAS (20), and the association of rs445925 with IMT of the common carotid artery does
meet the alpha of 0.05 that is more appropriate for confirmation of established loci in the
present study, with a beta that is comparable with the previously reported 1.2% per effect
allele (beta=1.3+0.4%, p=1.9x1073).

Discussion

The present meta-analysis of results from four individual studies clearly showed that a
genetic predisposition score, consisting of 45 previously identified CHD-associated loci, was
associated with carotid atherosclerosis. The genetic predisposition score was associated with
overt plaque presence and IMT of the bulb, independently of traditional cardiovascular risk
factors, but not with IMT of the common carotid artery. The fact that effect sizes were not
attenuated by adjusting for lipids, systolic blood pressure, smoking and diabetes suggests
that these loci influence IMT and plaque formation at the bulb at least in large part via
mechanisms other than these traditional risk factors. The genetic predisposition score was
also associated with prevalent CHD in the present meta-analysis.

IMT of the bulb and the common carotid artery represent two physiologically separate
entities; the former has been associated with CHD, whereas the latter has mainly been
associated with stroke and blood pressure control (17,25). We therefore chose to treat IMT at
the two locations as separate outcomes, in spite of comparable effect sizes for association
with CHD in our study. No uniform definition of plaque occurrence or standardized way of
reporting IMT results exists. We defined prevalent plaque on the basis of a cut-off value for
IMT of the bulb, since atherosclerosis usually starts in the bulb area. Therefore, plaque
presence and IMT of the bulb are two closely related outcomes in our study.

In the present study, we showed an association of the GPS of 45 CHD-associated loci with
IMT of the bulb and with prevalent plaques, but not with IMT of the common carotid artery.
Based on the before mentioned differences between IMT of the bulb and common carotid
artery, a stronger association with IMT of the bulb is perhaps not surprising. A GPS
consisting of 13 CHD-associated loci was previously significantly associated with IMT of
the bulb, and showed a trend towards an association with common carotid artery in the
MDC-CC study, the largest population-based study included in the present meta-analysis
(13). In line with these results, we observed a borderline significant association of the GPS
of 45 loci with IMT of the common carotid artery in the MDC-CC study after adjusting for
traditional risk factors. Assuming the association in MDC-CC is genuine, then the lack of
association in the remaining studies may reflect a difference in sampling strategy. For
example, participants of the MDC-CC study were younger on average than participants of
the other three studies.

We used a GPS that was based on the number of CHD risk increasing alleles in the 45
GWAS-identified loci as our primary exposure variable. Weighting the number of CHD risk-
increasing alleles by their effect size for CHD risk as previously reported (4) yielded similar
results. Using a GPS results in a higher statistical power when compared with the power to
detect associations with individual loci (26). However, using a GPS also has its limitations,
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since the chain of events leading to CHD and overt myocardial infarction is complex. It is
therefore unlikely that all 45 CHD-associated loci influence CHD risk by influencing the
risk of atherosclerosis.

Only rs1333049 on chromosome 9p21.3 was significantly associated with plaque presence
after stringent Bonferroni correction in our data. Importantly, 9p21.3 was also the only locus
for which we had >80% power to detect an association with plaque presence with the same
effect size as reported previously for CHD risk. More CHD-associated loci that at least
partly influence CHD risk via atherosclerosis remain to be identified, since the GPS was
significantly associated with plaque presence even after exclusion of the 9p21.3 locus
(p=9.2x107°), and since we observed an enrichment of SNP - plaque presence associations
that were directionally consistent with the SNP - CHD risk associations reported earlier (4).
Fourteen of the loci that showed directionally consistent associations across traits were also
characterized by a larger effect size for plaque presence in the current study than the effect
size reported previously for CHD risk (4).

Based on the results of an earlier GWAS for carotid atherosclerosis, one would conclude that
the loci represented by rs1878406 near EDNRA, and rs445925 near APOE, are amongst the
loci that at least partly influence CHD risk via atherosclerosis (20). However, we were able
to replicate the association of rs445925 with IMT of the common carotid artery, but not the
association of rs1878406 with plaque presence, in spite of having adequate statistical power.
Still, since the association of rs1878406 with plaque presence was directionally consistent
with that reported earlier for CHD risk, and additionally showed a stronger effect size for
association with plaque presence than CHD risk, in our study as well as in the literature, we
feel that future efforts with larger samples are required to formally confirm or refute the
relevance of this locus for plaque presence. Such efforts are anticipated to also identify other
CHD-associated loci that at least partly exert their effect on disease risk by influencing
atherosclerosis.

The locus on chromosome 9p21.3 that was significantly associated with plaque presence in
our study has repeatedly been reported as the locus that is most strongly associated with
CHD risk in GWAS (27-29). It has also been identified as being associated with
atherosclerosis and other types of cardiovascular diseases (30). This locus has recently been
associated with a reduced ANRI/L expression, which in turn was associated with common
carotid artery stenosis. ANR/L expression was suggested to affect cell growth, possibly via
CDKNZA/B regulation (31), but the exact mechanism by which the locus influences
atherosclerosis remains to be established.

In spite of being adequately powered (89%), we were unable to detect the established
association between the 9p21.3 locus and CHD risk after meta-analysis of data from the
IMPROVE, PIVUS and ULSAM studies. This lack of association may reflect survival bias,
since participants of the included studies are middle-aged to elderly, and the 9p21.3 locus
was previously shown to be more strongly associated with CHD risk in younger individuals
(32).
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A major strength of the present study is the large number of individuals for whom detailed
phenotypic data were available from four studies that represent a rather homogenous
population. Only the IMPROVE study also included data from non-Swedish participants, i.e.
from individuals of Finnish, Dutch, French and Italian backgrounds. The homogenous study
population implies that our results require confirmation in individuals of other ethnic
backgrounds. The use of a GPS of 45 CHD-associated loci gave us adequate statistical
power to detect associations with CHD risk and three different atherosclerotic outcomes.
The power of the secondary association analysis, in which we examined associations of the
individual loci with the three atherosclerotic outcomes, was considerably lower, since it
required correction for performing 45 independent tests. This most likely resulted in false
negative results.

In conclusion, a genetic predisposition score of 45 CHD-associated loci was associated with
prevalent CHD and plaques, as well as with IMT of the bulb, independently of traditional
risk factors for cardiovascular disease. In contrast, we found no association of the genetic
predisposition score with IMT of the common carotid artery.

Perspectives

Genome-wide association studies (GWAS) have so far identified 45 loci as being robustly
associated with CHD. With few exceptions (i.e. LDLR, PCSK9, APOB), the causal genes
and mechanisms by which these loci influence disease risk are yet unknown. Such
information is essential before we can use results from GWAS in the clinic, e.g. for drug
development and biomarker identification.

In the present study, we identified two CHD-associated loci for which associations with
(subclinical) atherosclerosis reach statistical significance, independently of traditional risk
factors. Knowing the mechanism by which these loci influence CHD risk, we recommend
prioritizing these loci for functional follow-up studies, aiming to identify the causal genes.
Our results indicate that more CHD-associated loci that influence disease risk via
atherogenic pathways remain to be identified. Hence, further targeted genetic association
studies in larger samples are worthwhile.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CHD risk N OR (95% CI) p Weight (%)
IMPROVE 3,318 —_— 3 1.07 (1.02, 1.12) 7.7x10°3 23.5
ULSAM 1,112 —_ 1.07 (1.04, 1.11) 3.2x10°° 48.5
PIVUS 940 B . — 1.01 (0.97, 1.06) 0.54 28.0
Meta-analysis (12=56.0%, p=0.10) <> 1.06 (1.03, 1.08) 4.1x10¢ 100.0
Plaque presence
IMPROVE 3,299 4 1.01 (1.00, 1.03) 0.17 46.2
MDC-CC 3,264 —_— 1.02 (1.00, 1.04) 2.3x102 40.1
PIVUS 940 —_— 1.05 (1.02, 1.09) 1.3x10-3 13.7
Meta-analysis (I12=56.3%, p=0.10) <> 1.03 (1.02, 1.04) 7.4x106 100.0
0.:35 1.0 1.105 1I.1 OR / effect allele
IMT bulb N Beta + SE (%) P Weight (%)
IMPROVE 3,299 — 0.25+0.13 0.06 42.3
MDC-CC 3,264 0.40+0.15 9.7x10-3 30.6
PIVUS 787 -0.13+0.16 0.43 27.1
Meta-analysis (12=65.7%, p=0.05) <> 0.24+0.08 4.0x1073 100.0
IMT CCA
IMPROVE 3,315 = -0.03+0.07 0.66 40.3
MDC-CC 4,735 —_— 0.13+0.06 3.1x102 47.5
PIVUS 927 —,— -0.20+0.14 0.17 9.0
ULSAM 468 -0.05+0.24 0.83 3.2
Meta-analysis (12=52.1%, p=0.10) <:> 0.03+0.04 0.47 100.0
T T T

1
-0.4 -0.2 0.0 0.2 0.4

beta (% increase / effect allele)

Figure 1. Association of the 45 CHD-associated loci with carotid atherosclerosis
Summary statistics for the association of a genetic predisposition score of 45 coronary heart

disease (CHD)-associated loci with CHD risk, plaque presence and intima-media thickness
(IMT) of the bulb — also known as sinus - and common carotid artery (CCA) in the
IMPROVE, MDC-CC, ULSAM and PIVUS studies, as well as after fixed effects, inverse
variance weighted meta-analysis. OR and 95% confidence intervals per additional risk allele
were provided for associations with dichotomous outcomes, beta and SE expressed in %
increase per additional risk allele were provided for continuous outcomes. Weights in %
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were based on the inverse of the variance. P-values were provided for associations in
individual studies, as well as after meta-analysis. 12 and p-values for heterogeneity in effect
size across studies were provided for results of the meta-analysis. Studies were ordered by
sample size.
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