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Abstract

Aims—It remains unclear whether the high cardiovascular disease (CVD) burden in people with
type 2 diabetes (T2D) is associated with genetic variants that contribute to CVD in general
populations. Recent studies have examined genetic risk scores of single nucleotide polymorphisms
(SNPs) identified by genome-wide association studies (GWAS) for their cumulative contribution
to CVD-related traits. Most analyses combined SNPs associated with a single phenotypic class,
e.g. lipids. In the present analysis, we examined a more comprehensive risk score comprised of
SNPs associated with a broad range of CVD risk phenotypes.

Methods—The composite risk score was analyzed for potential associations with subclinical
CVD, self-reported CVD events, and mortality in 983 T2D-affected individuals of European
descent from 466 Diabetes Heart Study (DHS) families. Genetic association was examined using
marginal models with generalized estimating equations for subclinical CVD and prior CVD events
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and Cox proportional hazards models with sandwich-based variance estimation for mortality;
analyses were adjusted for age and sex.

Results—An increase in genetic risk score was significantly associated with higher levels of
coronary artery calcified plaque (p=1.23 x 10~4); however, no significant associations with self-
reported myocardial infarction and CVD events and all-cause and CVD mortality were observed.

Conclusions—These results suggest that a genetic risk score of SNPs associated with CVD
events and risk factors does not significantly account for CVD risk in the DHS, highlighting the
limitations of applying current genetic markers for CVD in individuals with diabetes.

Keywords
Type 2 diabetes; mortality; coronary artery calcification; genetic risk score

Mortality risk from cardiovascular disease (CVD) is increased two to fourfold in individuals
with type 2 diabetes (T2D), increasing interest in CVD risk prediction for this population
[1]. Identifying genetic variants which elevate CVD risk is one strategy for risk prediction.
Recent studies have examined genetic risk scores (GRS) comprised of multiple single
nucleotide polymorphisms (SNPs) identified by genome-wide association studies (GWAS)
for their cumulative impact on CVD-related traits. Most analyses have combined SNPs
associated with a single trait class. For example, some studies have examined risk scores of
SNPs associated with lipid levels for their impact on CVD events [2,3], while other studies
have examined SNPs associated with CVD risk for their ability to predict incident events
[4,5] and for association with subclinical CVD [6,7]. These analyses suggest that GRS may
be important tools for CVD risk prediction in the general population. It remains unclear
whether the same genetic variants influence CVD burden in individuals with T2D. All
CVD-associated SNPs in general populations do not associate with risk in individuals with
T2D [8-11], and variants have been described that impact CVD risk only in the presence of
diabetes [12,9] or whose effects are modified by factors such as glycemic control [13] and
obesity [14] in diabetes patients. In an effort to gain further insight into the performance of
GRS in patients with T2D, we tested a composite GRS of SNPs associated with CVD events
and CVD risk factors.

The Diabetes Heart Study (DHS) is a family-based cohort enriched for T2D [15]. Prior work
in the DHS investigated the associations between SNPs associated with CVD events [16],
coronary artery calcified atherosclerotic plaque (CAC), a measure of subclinical CvD [17],
and high-density lipoprotein (HDL) cholesterol [18] and CAC, self-reported CVD events,
and mortality. In this analysis, we extended these approaches to examine whether a more
extensive risk score constructed from SNPs associated with a wide range of CVD risk
factors is more strongly associated with measures of CVD risk, including CAC, self-
reported CVD, and myocardial infarction (M), as well as all-cause and CVD mortality, in
DHS participants with diabetes.
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Study Design and Sample

The DHS recruited T2D-affected siblings without advanced renal insufficiency from 1998
through 2005 in western North Carolina. T2D was defined as diabetes developing after the
age of 35 years treated with changes in diet and exercise and/or oral agents, in the absence
of historical evidence of ketoacidosis or initial treatment with insulin. Fasting glucose and
glycated hemoglobin (HbA1c) were assessed at the exam visit. Ascertainment and
recruitment have been described [15]. Analyses included 983 self-described European
American individuals from 466 DHS families, all of whom were affected by diabetes.

Participant examinations were conducted in the General Clinical Research Center of Wake
Forest Baptist Medical Center. Examinations included interviews for medical history and
health behaviors, anthropometric measures, resting blood pressure, electrocardiography,
fasting blood sampling for laboratory analyses, and spot urine collection. Data on prior Mi
and CVD events was self-reported by participants and non-adjudicated. Participants
reporting history of a CVD event including MI, angina, or stroke, history of vascular
procedures including coronary angioplasty, coronary artery bypass graft, or endarterectomy,
or with Q wave abnormalities indicative of prior MI were defined as having prior CVD.
Estimated glomerular filtration rate (eGFR) was computed using the CKD-EPI equation
[19]. Low-density lipoprotein (LDL) cholesterol concentration was calculated using the
Friedewald equation, and LDL concentrations were considered valid for subjects whose
triglycerides were less than 400 mg/dL. CAC was assessed using computed tomography
(CT), summing the left main, left anterior descending, circumflex, posterior descending, and
right coronary arteries. CT scans were performed on multi-detector CT scanners with
cardiac gating in chest scans. CAC scores were measured as previously described and
validated [20,21]. Not all measures were available in all DHS participants.

Mortality was assessed using the National Social Security Death Index. For deceased
participants, length of follow-up was determined from the date of initial study visit to date of
death. For all other participants the length of follow-up was determined from the date of the
initial study visit to December 31, 2013. When possible, copies of death certificates were
obtained from county or state Vital Records Offices to determine cause of death. Cause of
death was categorized based on death certificates as CVD mortality (MI, congestive heart
failure, cardiac arrhythmia, sudden cardiac death, peripheral vascular disease, and stroke) or
as mortality from cancer, infection, end-stage renal disease, accidental, or other causes
(including obstructive pulmonary disease, pulmonary fibrosis, liver failure and Alzheimer's
disease). Cause of death could not be obtained for 14 participants; these participants were
excluded from all analyses of CVD mortality.

All study protocols were approved by the Institutional Review Board at Wake Forest School
of Medicine, and all participants provided written informed consent.

SNP Selection

SNPs selected for the risk score were genome-wide significant (p-value <5 x 1078) in large
GWAS studies from the NHGRI GWAS catalog in populations of European descent. For
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SNPs in linkage disequilibrium (r2 > 0.1) within risk scores for each trait, only one SNP was
included. SNPs included in the risk score are listed in Supplementary Table 1, including
SNPs associated with blood pressure traits, body mass index, CAC, coronary artery disease
(CAD), C-reactive protein (CRP), electrocardiogram traits, fasting plasma glucose, eGFR,
HDL cholesterol, LDL cholesterol, total cholesterol, triglycerides, stroke, and T2D. SNP
positions are for the GRCh37/hg19 reference genome.

Genotyping was completed using an Illumina Infinium HumanExome BeadChip array
(Exome array), an Affymetrix Genome-Wide Human SNP Array 5.0 (GWAS array),
imputation of 1000 Genomes project SNPs from this array using IMPUTEZ2 and the Phase |
v2, cosmopolitan (integrated) reference panel, build 37 [22], and direct genotyping using the
Sequenom platform (Supplementary Table 1). The array based sources of genotype data and
imputation in the DHS have been described previously [18]. 983 European American
individuals with T2D from the DHS had both GWAS array and Exome array data and were
included in our GRS analysis. Some SNPs not available from the array-based datasets were
directly genotyped using the MassARRAY SNP Genotyping System [23,24]. In addition to
the 375 SNIPs included in our risk scores, an additional 30 SNPs met our criteria for
inclusion but were not available.

All SNPs included in the GRS were required to have a minimum call rate of 95% and a
Hardy Weinberg equilibrium p-value>1x107%. Unweighted GRS for all traits were derived
by adding the number of risk alleles across each SNP, including the composite GRS, which
was derived by adding the risk alleles across 375 SNPs (Supplementary Table 1). For
individuals missing genotype data for a particular SNP, the mean genotype calculated in the
DHS for that given SNP was assigned [25]. Scores for the composite GRS ranged from 343
to 421 (382.3 £ 13.4, mean * SD). All risk scores were coded so an increase in risk score
would be expected to correlate with an increase in CVD risk.

Statistical Analysis

Continuous variables were transformed as necessary to approximate normality prior to the
analysis. The natural logarithm of fasting plasma glucose, total cholesterol, (CAC+1),
triglyceride levels, CRP, QT interval, QRS interval, and PR interval was employed, and the
square root was used for HDL and BMI. All single SNP association analyses were
implemented using variance components methods in SOLAR version 6.5.8 (Texas
Biomedical Research Institute, San Antonio, TX) to account for familial relationships [26].
Association was examined assuming an additive model of inheritance. Risk score
associations were examined using marginal models with generalized estimating equations
for subclinical CVD and self-reported CVD events, accounting for familial correlation using
a sandwich estimator of the variance under exchangeable correlation. A similar approach
was used to test for differences between the top and bottom 10% of the composite GRS
distribution. Cox proportional hazards models with sandwich-based variance estimation
were used to examine associations with all-cause and CVD mortality. Risk score analyses
were performed in SAS 9.3. Single SNP and GRS analyses were adjusted for age and sex.

Acta Diabetol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raffield et al.

Results

Page 5

Analysis of the T2D risk score for association with diabetes affected status was not
completed, as all individuals included in these analyses were affected by T2D.

The demographic characteristics of the 983 individuals from 466 DHS families included in
this GRS analysis are displayed in Table 1. All participants were affected by T2D, with
average diabetes duration of 11 + 7 (mean * standard deviation (SD)) years. The cohort has
a high prevalence of hypertension, obesity, subclinical CVD based on CAC, and prior CVD
events. All-cause mortality was 31.1% over an average follow-up of 10 + 3 years (mean +
SD).

SNPs selected for inclusion in the individual GRS are listed in Supplementary Table 1. Each
SNP's association with the trait of interest for the risk score for which it was selected was
assessed (Supplementary Table 2). The most significant single SNP association was for
rs3764261 with HDL cholesterol (p= 5.6 x 107°). Of the 375 SNPs analysed, only 42 were
nominally associated (p<0.05) with the trait of interest in the DHS. However, when the
SNPs were analyzed in combination in GRS, most risk scores were associated with the trait
of interest (Table 2); the strongest association was for the 32 SNP triglyceride risk score
(p=1.75 x 1076) with triglyceride levels.

We also assessed the association of both single SNPs and the individual, trait-specific GRS
with all-cause mortality, CVD mortality, self-reported history of Ml, self-reported history of
CVD, and CAC. The single SNP association results are shown in Supplementary Table 2;
few SNPs showed evidence of association with these traits in single SNP association
analyses, with no SNPs meeting a Bonferroni-adjusted p-value threshold of <1.33 x 1074
(a=0.05 for 375 SNPs). Few SNPs were even nominally associated with these phenotypes
(p<0.05), with 21 SNPs nominally associated with all-cause mortality, 19 with CVD
mortality, 16 with self-reported history of MI, 12 with self-reported history of CVD, and 20
with CAC. The results for the trait-specific GRS are shown in Supplementary Table 3. Most
risk scores were not associated with all-cause or CVD mortality, with the exception of
nominal associations between the CAD and T2D risk scores and risk of CVD mortality. No
individual risk scores were strongly associated with self-reported history of CVD events, but
the CAC risk score was nominally associated (p=0.028) with increased odds of prior CVD
events. The CAD GRS was associated (p=0.0002) with increased odds of a history of Ml;
eGFR and stroke risk scores were also nominally associated with Ml history. Associations
with increased CAC were observed for the CAD (p=0.0001) and triglycerides (p=0.007)
GRS, with nominal association with increased CAC also observed for the CAC risk score.

Next, the composite GRS derived from 375 SNPs associated with blood pressure traits,
BMI, CAC, CAD, CRP, electrocardiogram traits, fasting plasma glucose, eGFR, HDL
cholesterol, LDL cholesterol, stroke, T2D, total cholesterol, and triglycerides was assessed.
An increase in GRS was associated with increased CAC burden (p=1.23 x 1074), but
significant associations with self-reported history of M1 and CVD events were not observed
(Table 3). Associations with all-cause or CVVD mortality were also not detected (Table 3).
The association with CAC is reflected by differences in the mean CAC burden for
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individuals in the bottom or top 10% of the composite GRS distribution, as compared to the
whole sample (Table 4). To further refine these results, a model including each trait-specific
GRS as a separate variable in the model was analyzed, adjusted for age and sex, in order to
determine which risk scores were driving the observed association with the composite GRS.
The association of the combined GRS with increased CAC appeared to be driven mainly by
the CAD SNPs (p=0.001), with the electrocardiogram trait SNPs (p=0.042) and the
triglyceride SNPs (p=0.040) also nominally associated with increased CAC and contributing
to the association (Supplementary Table 4).

Conclusions

This study explored potential associations with a genetic risk score created from SNPs
associated with CVD events and CVD risk factors in general populations in a T2D-affected
cohort with measures of CAC, self-reported CVD events, and mortality. Not surprisingly,
given the prior associations reported in GWAS analyses, risk scores of SNPs selected for
each individual CVD risk trait (for example lipid levels, QT interval, and CRP) tended to be
associated with that trait of interest (Table 2), indicating that at least some variants identified
as associated with CVD risk factors in the general population also impact risk factors in
individuals with T2D. However, while the composite risk score was associated with
increased CAC burden, associations with self-reported CVD events and mortality were not
observed. There are a number of potential explanations; for example, analysis of a
continuous trait like CAC has more power, and self-reported events and CVD mortality have
risks of potential misclassification. Given these issues, the genetic association results
highlight the limitations of GRS in this high CVD risk group of diabetes affected individuals
and raises questions about the translational value of GWAS identified SNPs for risk
prediction in community-based cohorts at high CVD risk.

The association of our GRS with CAC shows that the selected CVD-related SNPs are
associated with elevated CVD burden in individuals with T2D (p=1.23 x 1074, B value 0.021
for change in In transformed CAC per one unit increase in GRS, 95% confidence interval
(0.010, 0.031), corresponding to a 3 value of 0.275 for a one SD change in GRS). This is
reflected by a lower mean CAC burden for individuals in the bottom 10% of the composite
GRS distribution and higher CAC burden for those in top 10% as compared to the cohort as
a whole (Table 4). CAC is a strong independent predictor of CVD events and mortality in
the general population and in T2D [27-34], with individuals affected by diabetes tending to
have higher CAC [35]. However, the association of the composite GRS with CAC seemed
to be driven by only a few of the included risk scores; in a model including all of the
individual GRS, the only associations were for the CAD, electrocardiogram traits, and
triglycerides GRS (Supplementary Table 4), which likely explain much of the association of
the composite risk score. A prior analysis of an unweighted risk score in the DHS of 30
SNPs associated with risk of CAD events found a strong association with CAC (p=7.34 x
1075 for unweighted risk score model adjusted for age, sex, and diabetes affected status)
[16], so the association of the CAD risk score included here with CAC (p=0.0001
(Supplementary Table 3), p=0.001 in model adjusted for other risk scores (Supplementary
Table 4)) is not surprising.
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The lack of association between our composite risk score and all-cause and CVD mortality
and self-report of prior CVD events may be explained by a number of factors. All scores
analyzed were unweighted by previously reported SNP effect size; this may weaken
associations, but effect size estimates would be difficult to use for weighting in this study as
SNPs within scores were reported in different publications with varying sample sizes,
recruitment criteria, and phenotype definitions. The lack of association with prior CVD
events may be due to the availability of only self-reported, non-adjudicated event data in the
DHS cohort; underreporting or overreporting of events by patients may have weakened
potential associations. Inaccuracies in cause of death data from death certificates are well
documented [36,37]; again, under- or overreporting of CVD causes of death by physicians
may have weakened associations with CVD mortality. More broadly, GWAS studies to date
have identified common variants that account for only a modest percentage of the
heritability of most complex traits, with most identified variants having small effect sizes,
leading to recent efforts to identify other factors that may contribute to the “missing
heritability” [38]. While our individual risk scores were generally associated with the trait of
interest (Table 2), for example BMI, HDL, and CRP levels, the estimated effect sizes were
small. Differential effects of genetic variants in individuals affected by T2D may also
contribute to these small effect sizes for the GRS, as well as the lack of association with
mortality for the composite score. A number of previous studies have found different genetic
contributors to CVD risk in diabetes affected individuals as compared to general population
cohorts [8-10,12,11], with factors such as glycemic control [13] and obesity [14] potentially
modifying the impact of genetic variants in individuals affected by T2D. Finally, Mendelian
randomization studies have cast doubts that some of the risk factors included (for example
HDL [3] and CRP [39]) are causally associated with risk of CVD events, which could
weaken the association of our composite GRS with CVD risk, though in our analysis results
were essentially unchanged when HDL and CRP associated SNPs were excluded from the
composite risk score analysis.

Previous analyses of GRS have found fairly modest predictive power for these scores. A
prior analysis of 102 SNPs associated with CVD events and major CVD risk factors,
including LDL, HDL, triglycerides, diabetes, fasting plasma glucose, systolic and diastolic
blood pressure, and CRP, in the Framingham Heart Study found a fairly modest association
with high CAC (defined as an Agatston score greater than the 75M percentile in a healthy
population) (p=0.002) [6]. In analysis of a GRS of 24 CAD SNPs, the risk score was able to
explain only 2.4% of Agatston score variance in a cohort of men who were current or former
heavy smokers [7]. A GRS of 101 SNPs associated with CVD or CVD intermediate
phenotypes was modestly associated with increased risk of CVD events in the Women's
Genome Health Study (HR 1.02 per risk allele, 95% CI (1.00-1.03)), but the GRS was no
longer associated after adjustment for traditional CVD risk factors [5].

In our analysis of a GRS constructed from 375 SNPs previously associated with CVD events
or risk factors, we observed modest association of this risk score with CAC, a marker of
subclinical CVD risk, but observed no association with self-reported CVD events or
mortality in the DHS cohort. While new GWAS meta-analyses continue to discover new
variants, for example for lipid traits [40], these variants were able to be discovered only by
very large recent meta-analyses due to their small effect sizes, making it unlikely that
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addition of these variants to our GRS would lead to a significantly stronger association.
However, ongoing analyses of lower frequency coding variants and copy number variation
may identify higher impact variants that may significantly impact CVD risk in individuals in
individuals with T2D. The current analysis points to the limited associations between
currently identified CVD-related common genetic variants and CVD risk, in particular
mortality risk, in individuals of European descent affected by T2D. This lack of utility may
partly be due to differential impacts of genetic variants in individuals affected by T2D and
highlights the need for further analysis of genetic contributors to CVD risk in diabetes
affected cohorts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The authors thank the other investigators, the staff, and the participants of the DHS study for their valuable
contributions. This study was supported by the National Institutes of Health through R01 HL67348 and RO1
HL092301 (to DWB), R01 AR48797 (to JJC), and F31 AG044879 (to LMR).

References

1.

Go AS, Mozaffarian D, Roger VL, Benjamin EJ, Berry JD, Borden WB, Bravata DM, Dai S, Ford
ES, Fox CS, et al. Heart disease and stroke statistics--2013 update: a report from the American
Heart Association. Circulation. 2013; 127(1):e6—€245. doi:10.1161/CIR.0b013e31828124ad.
[PubMed: 23239837]

. Shah S, Casas JP, Gaunt TR, Cooper J, Drenos F, Zabaneh D, Swerdlow DI, Shah T, Sofat R,

Palmen J, et al. Influence of common genetic variation on blood lipid levels, cardiovascular risk,
and coronary events in two British prospective cohort studies. Eur Heart J. 2013; 34(13):972-981.
doi:10.1093/eurheartj/ehs243. [PubMed: 22977227]

. Voight B, Peloso G, Orho-Melander M, Frikke-Schmidt R, Barbalic M, Jensen M, Hindy G, H6Im

H, Ding E, Johnson T, et al. Plasma HDL cholesterol and risk of myocardial infarction: a mendelian
randomisation study. Lancet. 2012; 380(9841):572-580. doi:10.1016/s0140-6736(12)60312-2.
[PubMed: 22607825]

. Ripatti S, Tikkanen E, Orho-Melander M, Havulinna A, Silander K, Sharma A, Guiducci C, Perola

M, Jula A, Sinisalo J, et al. A multilocus genetic risk score for coronary heart disease: case-control
and prospective cohort analyses. Lancet. 2010; 376(9750):1393-1400. doi:10.1016/
50140-6736(10)61267-6. [PubMed: 20971364]

. Paynter N, Chasman D, Paré G, Buring J, Cook N, Miletich J, Ridker P. Association between a

literature-based genetic risk score and cardiovascular events in women. JAMA : the journal of the
American Medical Association. 2010; 303(7):631-637. doi:10.1001/jama.2010.119. [PubMed:
20159871]

. Thanassoulis G, Peloso GM, Pencina MJ, Hoffmann U, Fox CS, Cupples LA, Levy D, D'Agostino

RB, Hwang SJ, O'Donnell CJ. A genetic risk score is associated with incident cardiovascular
disease and coronary artery calcium: the Framingham Heart Study. Circ Cardiovasc Genet. 2012;
5(1):113-121. doi:10.1161/circgenetics.111.961342. [PubMed: 22235037]

. van Setten J, Isgum I, Smolonska J, Ripke S, de Jong PA, Oudkerk M, de Koning H, Lammers JW,

Zanen P, Groen HJ, et al. Genome-wide association study of coronary and aortic calcification
implicates risk loci for coronary artery disease and myocardial infarction. Atherosclerosis. 2013;
228(2):400-405. doi:10.1016/j.atherosclerosis.2013.02.039. [PubMed: 23561647]

. Qi L, Parast L, Cai T, Powers C, Gervino EV, Hauser TH, Hu FB, Doria A. Genetic susceptibility to

coronary heart disease in type 2 diabetes: 3 independent studies. J Am Coll Cardiol. 2011; 58(25):
2675-2682. doi:10.1016/j.jacc.2011.08.054. [PubMed: 22152955]

Acta Diabetol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raffield et al.

Page 9

9. Farbstein D, Levy AP. The genetics of vascular complications in diabetes mellitus. Cardiol Clin.
2010; 28(3):477-496. doi:10.1016/j.ccl.2010.04.005. [PubMed: 20621252]
10. Qi Q, Workalemahu T, Zhang C, Hu FB, Qi L. Genetic variants, plasma lipoprotein(a) levels, and
risk of cardiovascular morbidity and mortality among two prospective cohorts of type 2 diabetes.
Eur Heart J. 2012; 33(3):325-334. doi:10.1093/eurheartj/ehr350. [PubMed: 21900290]

11. Wang W, Peng W, Zhang X, Lu L, Zhang R, Zhang Q, Wang L, Chen Q, Shen W. Chromosome
9p21.3 polymorphism in a Chinese Han population is associated with angiographic coronary
plaque progression in non-diabetic but not in type 2 diabetic patients. Cardiovasc Diabetol. 2010;
9:33. d0i:10.1186/1475-2840-9-33. [PubMed: 20691078]

12. Qi L, Qi Q, Prudente S, Mendonca C, Andreozzi F, di Pietro N, Sturma M, Novelli V, Mannino
GC, Formoso G, et al. Association between a genetic variant related to glutamic acid metabolism
and coronary heart disease in individuals with type 2 diabetes. JAMA. 2013; 310(8):821-828. doi:
10.1001/jama.2013.276305. [PubMed: 23982368]

13. Doria A, Wojcik J, Xu R, Gervino EV, Hauser TH, Johnstone MT, Nolan D, Hu FB, Warram JH.
Interaction between poor glycemic control and 9p21 locus on risk of coronary artery disease in
type 2 diabetes. JAMA. 2008; 300(20):2389-2397. d0i:10.1001/jama.2008.649. [PubMed:
19033589]

14. Bacci S, Rizza S, Prudente S, Spoto B, Powers C, Facciorusso A, Pacilli A, Lauro D, Testa A,
Zhang YY, et al. The ENPP1 Q121 variant predicts major cardiovascular events in high-risk
individuals: evidence for interaction with obesity in diabetic patients. Diabetes. 2011; 60(3):1000—
1007. doi:10.2337/db10-1300. [PubMed: 21282363]

15. Bowden D, Cox A, Freedman B, Hugenschimdt C, Wagenknecht L, Herrington D, Agarwal S,
Register T, Maldjian J, Ng M, et al. Review of the Diabetes Heart Study (DHS) family of studies:
a comprehensively examined sample for genetic and epidemiological studies of type 2 diabetes
and its complications. The review of diabetic studies : RDS. 2010; 7(3):188-201. doi:10.1900/rds.
2010.7.188. [PubMed: 21409311]

16. Cox A, Hsu F-C, Ng M, Langefeld C, Freedman B, Carr J, Bowden D. Genetic risk score
associations with cardiovascular disease and mortality in the diabetes heart study. Diabetes care.
2014; 37(4):1157-1164. d0i:10.2337/dc13-1514. [PubMed: 24574349]

17. Adams JN, Raffield LM, Freedman BI, Langefeld CD, Ng MC, Carr JJ, Cox AJ, Bowden DW.
Analysis of common and coding variants with cardiovascular disease in the Diabetes Heart Study.
Cardiovasc Diabetol. 2014; 13:77. doi:10.1186/1475-2840-13-77. [PubMed: 24725463]

18. Raffield L, Cox A, Hsu F-C, Ng M, Langefeld C, Carr J, Freedman B, Bowden D. Impact of HDL
genetic risk scores on coronary artery calcified plaque and mortality in individuals with type 2
diabetes from the Diabetes Heart Study. Cardiovascular diabetology. 2013; 12:95. doi:
10.1186/1475-2840-12-95. [PubMed: 23799899]

19. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman HI, Kusek JW, Eggers P,
Van Lente F, Greene T, et al. A new equation to estimate glomerular filtration rate. Ann Intern
Med. 2009; 150(9):604-612. [PubMed: 19414839]

20. Carr JJ, Nelson JC, Wong ND, McNitt-Gray M, Arad Y, Jacobs DR Jr. Sidney S, Bild DE,
Williams OD, Detrano RC. Calcified coronary artery plaque measurement with cardiac CT in
population-based studies: standardized protocol of Multi-Ethnic Study of Atherosclerosis (MESA)
and Coronary Artery Risk Development in Young Adults (CARDIA) study. Radiology. 2005;
234(1):35-43. doi:234/1/35 [pii] 10.1148/radiol.2341040439. [PubMed: 15618373]

21. Carr JJ, Crouse JR 3rd, Goff DC Jr. D'Agostino RB Jr. Peterson NP, Burke GL. Evaluation of
subsecond gated helical CT for quantification of coronary artery calcium and comparison with
electron beam CT. AJR Am J Roentgenol. 2000; 174(4):915-921. [PubMed: 10749222]

22. Howie B, Donnelly P, Marchini J. A flexible and accurate genotype imputation method for the next
generation of genome-wide association studies. PLoS Genetics. 2009; 5(6) doi:10.1371/
journal.pgen.1000529.

23. Cox A, Lehtinen A, Xu J, Langefeld C, Freedman B, Carr J, Bowden D. Polymorphisms in the
Selenoprotein S gene and subclinical cardiovascular disease in the Diabetes Heart Study. Acta
Diabetologica. 2013; 50(3):391-399. [PubMed: 23161441]

24. Buetow KH, Edmonson M, MacDonald R, Clifford R, Yip P, Kelley J, Little DP, Strausberg R,
Koester H, Cantor CR, et al. High-throughput development and characterization of a genomewide

Acta Diabetol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raffield et al.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 10

collection of gene-based single nucleotide polymorphism markers by chip-based matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry. Proc Natl Acad Sci U S A. 2001,
98(2):581-584. doi:10.1073/pnas.021506298 021506298 [pii]. [PubMed: 11136232]

Fontaine-Bisson B, Renstrdm F, Rolandsson O, Magic, Payne F, Hallmans G, Barroso I, Franks P.
Evaluating the discriminative power of multi-trait genetic risk scores for type 2 diabetes in a
northern Swedish population. Diabetologia. 2010; 53(10):2155-2162. doi:10.1007/
s00125-010-1792-y. [PubMed: 20571754]

Almasy L, Blangero J. Multipoint quantitative-trait linkage analysis in general pedigrees. Am J
Hum Genet. 1998; 62(5):1198-1211. doi:S0002-9297(07)61542-0 [pii] 10.1086/301844.
[PubMed: 9545414]

Folsom A, Kronmal R, Detrano R, O'Leary D, Bild D, Bluemke D, Budoff M, Liu K, Shea S,
Szklo M, et al. Coronary artery calcification compared with carotid intima-media thickness in the
prediction of cardiovascular disease incidence: the Multi-Ethnic Study of Atherosclerosis
(MESA). Archives of internal medicine. 2008; 168(12):1333-1339. doi:10.1001/archinte.
168.12.1333. [PubMed: 18574091]

Detrano R, Guerci A, Carr J, Bild D, Burke G, Folsom A, Liu K, Shea S, Szklo M, Bluemke D, et
al. Coronary calcium as a predictor of coronary events in four racial or ethnic groups. The New
England journal of medicine. 2008; 358(13):1336-1345. doi:10.1056/NEJM0a072100. [PubMed:
18367736]

Agarwal S, Cox A, Herrington D, Jorgensen N, Xu J, Freedman B, Carr J, Bowden D. Coronary
Calcium Score Predicts Cardiovascular Mortality in Diabetes: Diabetes Heart Study. Diabetes
care. 2013; 36(4):972-977. doi:10.2337/dc12-1548. [PubMed: 23230101]

Agarwal S, Morgan T, Herrington D, Xu J, Cox A, Freedman B, Carr J, Bowden D. Coronary
calcium score and prediction of all-cause mortality in diabetes: the diabetes heart study. Diabetes
care. 2011; 34(5):1219-1224. d0i:10.2337/dc11-0008. [PubMed: 21398528]

Raggi P, Shaw LJ, Berman DS, Callister TQ. Prognostic value of coronary artery calcium
screening in subjects with and without diabetes. J Am Coll Cardiol. 2004; 43(9):1663-1669. doi:
10.1016/j.jacc.2003.09.068. [PubMed: 15120828]

Polonsky TS, McClelland RL, Jorgensen NW, Bild DE, Burke GL, Guerci AD, Greenland P.
Coronary artery calcium score and risk classification for coronary heart disease prediction. JAMA.
2010; 303(16):1610-1616. doi:10.1001/jama.2010.461. [PubMed: 20424251]

Erbel R, Mohlenkamp S, Moebus S, Schmermund A, Lehmann N, Stang A, Dragano N,
Gronemeyer D, Seibel R, Kalsch H, et al. Coronary risk stratification, discrimination, and
reclassification improvement based on quantification of subclinical coronary atherosclerosis: the
Heinz Nixdorf Recall study. J Am Coll Cardiol. 2010; 56(17):1397-1406. doi:10.1016/j.jacc.
2010.06.030. [PubMed: 20946997]

Elias-Smale SE, Proenca RV, Koller MT, Kavousi M, van Rooij FJ, Hunink MG, Steyerberg EW,
Hofman A, Oudkerk M, Witteman JC. Coronary calcium score improves classification of coronary
heart disease risk in the elderly: the Rotterdam study. J Am Coll Cardiol. 2010; 56(17):1407-1414.
doi:10.1016/j.jacc.2010.06.029. [PubMed: 20946998]

Hoff J, Quinn L, Sevrukov A, Lipton R, Daviglus M, Garside D, Ajmere N, Gandhi S, Kondos G.
The prevalence of coronary artery calcium among diabetic individuals without known coronary
artery disease. Journal of the American College of Cardiology. 2003; 41(6):1008-1012. [PubMed:
12651050]

Coady SA, Sorlie PD, Cooper LS, Folsom AR, Rosamond WD, Conwill DE. Validation of death
certificate diagnosis for coronary heart disease: the Atherosclerosis Risk in Communities (ARIC)
Study. J Clin Epidemiol. 2001; 54(1):40-50. [PubMed: 11165467]

Wexelman BA, Eden E, Rose KM. Survey of New York City resident physicians on cause-of-
death reporting,. 2010. Prev Chronic Dis. 2013; 10:E76. doi:10.5888/pcd10.120288. [PubMed:
23660118]

Manolio T, Collins F, Cox N, Goldstein D, Hindorff L, Hunter D, McCarthy M, Ramos E, Cardon
L, Chakravarti A, et al. Finding the missing heritability of complex diseases. Nature. 2009;
461(7265):747-753. doi:10.1038/nature08494. [PubMed: 19812666]

Wensley F, Gao P, Burgess S, Kaptoge S, Di Angelantonio E, Shah T, Engert JC, Clarke R,
Davey-Smith G, Nordestgaard BG, et al. Association between C reactive protein and coronary

Acta Diabetol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Raffield et al.

Page 11

heart disease: mendelian randomisation analysis based on individual participant data. BMJ. 2011,
342:d548. [PubMed: 21325005]

40. Willer CJ, Schmidt EM, Sengupta S, Peloso GM, Gustafsson S, Kanoni S, Ganna A, Chen J,
Buchkovich ML, Mora S, et al. Discovery and refinement of loci associated with lipid levels. Nat
Genet. 2013; 45(11):1274-1283. doi:10.1038/ng.2797. [PubMed: 24097068]

Acta Diabetol. Author manuscript; available in PMC 2016 August 01.



Raffield et al. Page 12

Table 1

Demographic characteristics of 983 individuals from 466 families in the Diabetes Heart Study.
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Phenotype Mean (SD) or % Median (range)
Demographics
Age (yrs) 62.5(9.1) 63.0 (34.2 - 86.0)
Gender (% female) 51.8%
BMI (kg/m?) 32.3(6.6) 31.2(17.1-58.0)
Past smoking 43.1%
Current smoking 16.3 %
Medications
Cholesterol Medication 47.8%
Insulin 27.6%
Oral Diabetes Medication 78.8%
Hypertension Medication 75.9%
Diabetes M easures
Duration of diabetes (yrs) 11(7) 8 (0 - 46)
Glycated hemoglobin (%) 7.6 (1.7) 7.2(4.3-18.3)
Glycated hemoglobin (mmol/mol) 60 (19) 55 (23 - 177)
Fasting glucose (mg/dL) 148 (56) 135 (16 - 463)
Lipids
Total Cholesterol (mg/dL) 185 (44) 181 (65 - 427)
HDL Cholesterol (mg/dL) 42 (12) 41(8 - 98)
LDL Cholesterol (mg/dL) 103 (33) 100 (12 - 236)
Triglycerides (mg/dL) 209 (140) 175 (30 - 1310)
Cardiovascular Disease M easures
Coronary Artery Calcification 1888 (3382) 478 (0 - 50415)
Self-reported history of prior CVD 43.2%
Self-reported history of myocardial infarction 21.6%
Self-reported history of stroke 10.1%
Systolic BP (mmHg) 140 (19) 139 (94 - 260)
Diastolic BP (mmHg) 73 (10) 72 (37 - 106)
Pulse Pressure (mmHg) 67 (17) 66 (28 - 159)
Estimated Glomerular Filtration Rate (ml/min/L73m?) 66 (18) 64 (9 - 126)
PR interval (ms) 169 (32) 166 (0 - 420)
QRS interval (ms) 96 (18) 92 (64 - 192)
QT interval (ms) 394 (33) 392 (270 - 564)
C-reactive protein (mg/dL) 0.61 (0.97) 0.30 (0.005 - 12.7)
Mortality
All-cause mortality 31.1%
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Phenotype

Mean (SD) or %

Median (range)

CVD mortality

14.3%
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Table 2

Individual genetic risk scores and their association with the trait of interest in the DHS. Relationships between
the risk scores and the traits were examined using marginal models with generalized estimating equations.
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Models were adjusted

for age and sex.

SNP Selection Trait Number of SNPs | B Estimate | Standard Error p-value Traitin DHS
Blood pressure traits 24 0.244 0.161 0.13 Pulse Pressure
BMI 31 0.023 0.006 3.79x 107 BMI
Coronary Artery Calcification 2 0.178 0.073 0.015 Coronary Artery Calcification
Coronary Artery Disease* 28 1.10 1.03 243 x 1074 Self-reportedigfig';cétr?; gf myocardial
C-reactive protein 18 0.077 0.019 3.32x10°° C-reactive protein
Electrocardiogram traits 22 0.003 0.001 5.82 x 1074 QT interval
0.005 0.002 0.016 QRS interval
0.002 0.002 0.226 PR interval
Fasting glucose 16 0.002 0.004 0.604 Fasting glucose
eGFR 23 -0.408 0.167 0.015 eGFR
HDL Cholesterol 40 -0.032 0.007 3.32x 107 HDL
LDL Cholesterol 41 0.794 0.279 0.004 LDL
Stroke* 5 1.04 1.09 0.643 Self-reported history of stroke
Type 2 Diabetes 47 - - - Type 2 Diabetes
Total Cholesterol 46 0.006 0.002 6.74 x 1074 Total Cholesterol
Triglycerides 32 0.026 0.005 1.75x 107 Triglycerides

*
Results shown as odds ratio.
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Table 3

Associations between composite genetic risk score and prior cardiovascular disease (CVD), prior myocardial
infarction (MI), and coronary artery calcification in the DHS were assessed using marginal models with
generalized estimating equations. Associations between the composite genetic risk score and all-cause and
CVD mortality were assessed using Cox proportional hazards models. Models were adjusted for age and sex.

Trait B Estimate/Odds or Hazard Ratio | 95% Confidence Interval p-value
Self-reported history of MI 101 1.00 1.02 0.149
Self-reported history of CVD 1.00 0.99 101 0.481
Coronary artery calcification t 0.021 0.010 0.031 123x 107
All-cause mortality ¥ 1.00 0.99 1.01 0.919
CVD mortality * 1.00 0.99 101 0.718

*
Calculated using marginal models with generalized estimating equations, odds ratios shown
Tcalculated using marginal models with generalized estimating equations, 3 estimates shown

iCalculated using Cox proportional hazards models, hazard ratios shown
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Mean coronary artery calcification and prevalence of prior cardiovascular disease (CVD), prior myocardial
infarction (MI), and all-cause and CVD mortality for all study participants, participants in the bottom 10% of
the composite risk score (GRS) distribution, and participants in the top 10% of the composite GRS
distribution. P-value is for the difference between the bottom and top 10% of the composite GRS.

Phenotype All Participants-Mean Bottom 10% of Composite Top 10% of Composite GRS- | p-value
(SD) or % GRS- Mean (SD) or % Mean (SD) or %

Self-reported history of MI 21.60% 22.68% 29.47% 0 280*
Self-reported history of CVD 43.20% 42.11% 46.88% 0 461*
Coronary artery calcification 1888 (3382) 1575 (2355) 2216 (2971) 0 009*T

All-cause mortality 31.10% 29.59% 25.77% 0 526*
i 0 0, 0 *
CVD mortality 14.30% 17.02% 7.29% 0.051

*
Calculated using marginal models with generalized estimating equations

Tfor In (coronary artery calcification + 1)
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