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Low-density lipoprotein-cholesterol (LDL-C) is considered one of the most important risk factors for cardiovascular disease and remains the 
primary target for current cardiovascular risk reduction strategies. LDL particles are a heterogeneous population, and it has long been hy-
pothesized that a subfraction of LDL, small dense LDL, possesses atherogenic potential. In the current study, we investigated the relationship 
between plasma levels of small dense LDL-C and risk of incident coronary heart disease in the biracial Atherosclerosis Risk in Communities 
(ARIC) study cohort. Elevated plasma small dense LDL-C levels were associated with increased risk of incident coronary heart disease, even 
in individuals considered to be at low cardiovascular risk based on their LDL-C levels. Using genome-wide association analyses, we dis-
covered 1 novel locus, PCSK7, for which genetic variation was signi�cantly associated with small dense LDL-C levels and other lipid traits. 
Together these �ndings provide new insights into the role of the PCSK7 gene in lipid metabolism and risk of cardiovascular disease.
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MATERIAL AND METHODS 

Study Design and Study Participants 

The ARIC study is a prospective investigation of cardiovascular disease incidence involving 

15,792 men and women aged 45 to 64 years and recruited from four U.S. communities in1987–

1989. Participants underwent a baseline exam and up to 4 follow-up visits. A detailed 

description of the ARIC study design and methods has been published elsewhere.1 The current 

study was conducted among individuals who participated in ARIC study visit 4 (1996-1998). Of 

the 11,656 eligible individuals who participated in visit 4, we excluded those without sdLDL-C 

data (n=168), with self-reported race being neither white nor black (n=31), and black race at 

centers in Minneapolis or Washington County (n=38). For incident CHD analyses, individuals 

with prevalent CHD at visit 4 (n=972), or those with missing covariate data for the multivariable 

models (n=565) were excluded, resulting in 9,882 individuals who were included in our final 

analysis. Prevalent CHD was defined as self-reported myocardial infarction before visit 1 or 

silent myocardial infarction (diagnosed by electrocardiographic changes), validated myocardial 

infarction, or revascularization between visits 1 and 4.   

The ascertainment procedure for incident CHD events has been described previously.2 

Briefly, incident CHD was defined as those participants with hospitalized myocardial infarction, 

fatal CHD, or cardiac procedure by 2008.  

 
Participant Examination 

Medical history, demographic data, anthropometric data, blood pressure measurements (ARIC 

Manual 11 visit 4, NHLBI 1997), fasting glucose, and fasting lipids (ARIC Manual 8, NHLBI 

1994) obtained during visit 4 were used for this analysis. Cigarette smoking and the use of 

antihypertensive and lipid-lowering medications were ascertained from a standardized 

questionnaire.  



Hypertension was defined as systolic blood pressure ≥140 mm Hg, diastolic blood 

pressure ≥90 mm Hg, prior physician diagnosis of hypertension, or use of antihypertensive 

medication during the previous 2 weeks. Diabetes mellitus was defined as a fasting glucose 

level ≥126 mg/dL, a nonfasting glucose level ≥200 mg/dL, or a self-reported history of physician-

diagnosed diabetes or treatment for diabetes. The study was approved by the institutional 

review committees of all participating centers, and all participants provided informed consent. 

 

Laboratory Analyses 

Plasma total cholesterol, triglycerides, high-density lipoprotein cholesterol (HDL-C) were 

measured using enzymatic methods; low-density lipoprotein (LDL) cholesterol was calculated 

according to the Friedewald formula.3 Large buoyant LDL cholesterol (lbLDL-C) was estimated 

by subtracting the sdLDL-C concentration from the LDL-C concentration. Non-HDL-C was 

calculated by subtracting the HDL-C concentration from the total cholesterol concentration.  The 

fraction of LDL-C which was sdLDL-C was calculated by dividing the sdLDL-C concentration by 

the LDL-C concentration.  Plasma apolipoproteins AI and B and high-sensitivity C-reactive 

protein (hs-CRP) were measured by an immunonephelometric assay using a BNII nephelometer 

(Siemens Healthcare Diagnostics, Deerfield, IL).  

 A homogeneous assay method was used for the direct measurement of sdLDL-C in 

plasma (sd-LDL-EX “Seiken”, Denka Seiken, Tokyo, Japan) on a Hitachi 917 automated 

chemistry analyzer. This method has been previously validated and shown to be in good 

agreement with the ultracentrifugal method used to isolate LDL in the 1.044–1.063 g/ml density 

range used by many investigators for sdLDL, with an r2 =0.91.4 The intra-assay and inter-assay 

coefficients of variation for the sdLDL-C assay were 1.3% and 3.1%, respectively. The reliability 

coefficient for the sdLDL-C assay based on 435 blinded quality control replicates was 0.92. It is 

important to note that the lbLDL-C fraction may include intermediate-density lipoprotein (IDL) 



cholesterol since we did not use an ultracentrifugation method to isolate this specific lbLDL-C 

fraction. 

 

Genotyping 

Genome-wide genotyping of single-nucleotide polymorphisms (SNPs) was performed using the 

Affymetrix Genome-Wide Human SNP Array 6.0 (Santa Clara, CA). Study participants who 

refused DNA testing, had high missing rates, suspected contaminated samples, samples with 

genotype mismatch with 47 previously genotyped SNPs, and genetic outliers based on identity-

by-state statistics and EIGENSTRAT principal components analysis were excluded.  

Additionally, monomorphic SNPs, SNPs with no chromosome location, and SNPs with call rate 

<95%, minor allele frequency <1%, or Hardy–Weinberg equilibrium p<10-6 were also excluded. 

The Affymetrix 6.0 genotypes and a cosmopolitan set of HapMap haplotypes were used to 

impute 2.4 million autosomal SNPs . Imputation results were summarized as an allele dosage, 

which was defined as the expected number of copies of the minor allele at each SNP. We 

applied an a priori threshold of 5.0x10-8 for statistical significance for these genome-wide 

association analyses. When more than 1 genome-wide significant SNP clustered at a locus, we 

took the SNP with the smallest P value as the lead SNP. 

 Genome-wide association study (GWAS) analyses were adjusted for age and gender, 

using a co-dominant model.  For the GWAS, linear regression analyses of sdLDL-C, lbLDL-C, 

and the ratio of sdLDL-C to LDL-C were carried out using PLINK (version 1.07) and ProbABEL, 

and Cox proportional hazards modeling was used to test for an independent association of 

select genetic variants and the presence of incident CHD.  The association between the 

genome-wide significant SNP rs508487 located in the PCSK7 gene and CHD was examined 

from results in 40,260  cases and 60,790 controls from the Coronary Artery Disease Genome-

Wide Replication And Meta-Analysis (CARDIoGRAM) Study.5 Although details differed among 



the contributing studies in CARDIoGRAM, the definition of CHD included clinically defined 

myocardial infarction or angiographically accessed coronary artery disease. 

Using ARIC data from the CHARGE (Cohorts for Heart and Aging Research in Genome 

Epidemiology) Exome Chip project, we analyzed rare variants designated as nonsynonymous, 

splicing, or stop gain in the PCSK7 gene for association with sdLDL-C as previously described.6 

These variants were first tested individually for association with sdLDL-C using linear 

regression. Since these variants had minor allele frequencies below 1%, they were also tested 

collectively in two separate gene-based tests. The first gene-based test was the T1 burden test 

used to detect an association between variation in each gene and sdLDL-C. This test is the 

most powerful when all variants have the same direction of effect on the phenotype. The second 

gene-based was the SKAT test which allowed for different directions of effect between the 

variants included. All analyses were adjusted for age and gender.  

 

Statistical Analyses 

The distribution of sdLDL-C and all other clinically relevant continuous variables measured in 

our analysis population were evaluated to assess normality.  For this analysis, we modeled 

sdLDL-C both as a continuous and categorical variable.  As a categorical variable, quartile 

measures were used as cut-points to obtain four separate groups. The cut-points were obtained 

from the distribution of sdLDL-C in the whole analysis population (25th, 50th, and 75th percentile 

values were 28.0, 39.7, and 54.7 mg/dL, respectively). Means or proportions of demographic 

characteristics and traditional cardiovascular risk factors of the study participants were reported 

by sdLDL-C quartiles. The p-values for trends were evaluated with linear or logistic regression 

using quartile number adjusted for age, race, and gender. Pearson’s correlation coefficient was 

used to assess the correlation of sdLDL-C and traditional or novel cardiovascular risk factors. 

Triglycerides and hs-CRP were log-transformed to account for their non-Gaussian distributions. 

Associations between sdLDL-C and incident CHD were determined using Cox proportional 



hazards modeling, in both unadjusted and adjusted models. The basic model (Model 1) 

adjusted for age, gender, and race as potential confounders.  Model 2 was additionally adjusted 

for smoking status (current versus not current), body mass index (BMI), hypertension, 

antihypertensive medication use, HDL-C, log triglycerides, lipid-lowering medication use, 

presence of diabetes mellitus (defined as a fasting glucose level ≥126 mg/dL, a nonfasting 

glucose level ≥200 mg/dL, or a self-reported history of physician-diagnosed diabetes), diabetes 

medication use, and log hs-CRP.  In all models, the 2nd, 3rd and 4th quartiles were compared 

to the 1st quartile (the referent group). Statistical analysis was performed using SAS version 9.2 

(SAS Institute Inc., Cary, NC) and STATA version 11 (StataCorp LP, College Station, TX). All 

tests were 2-sided with a p-value <0.05 considered significant.   
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Supplemental Table I: Race- and gender-specific lipid levels in the ARIC study cohort 

     P-value† by race P-value† by gender 

Lipid fraction 

Caucasian 
Women 

(N=4763) 

Caucasian 
Men 

(N=4141) 

African 
American 
Women 

(N=1622) 

African 
American 

Men 
(N=893 ) Women Men Overall Caucasians 

African 
Americans Overall 

sdLDL-C, mg/dL 45.07 
(.3206) 

45.35 
(.3070) 

36.57 
(.4323) 

38.84 
(.6268) 

<0.0001 <0.0001 <0.0001 0.5286 0.0023 0.0009 

lbLDL-C, mg/dL 78.79 
(.4182) 

75.31 
(.4281) 

87.85 
(.7210) 

83.87 
(.9142) 

<0.0001 <0.0001 <0.0001 <0.0001 0.0008 <0.0001 

LDL-C, mg/dL 123.60 
(.4985) 

120.81 
(.4846) 

124.31 
(.9038) 

122.69 
(1.1831) 

0.4790 0.1100 0.0597 0.0001 0.2822 <0.0001 

sdLDL-C/LDL-C 
ratio 

.3631 
(.0022) 

.3765 
(.0024) 

.2961 
(.0032) 

.3166 
(.0043) 

<0.0001 <0.0001 <0.0001 <0.0001 0.0001 <0.0001 

Total cholesterol, 
mg/dL 

209.41 
(.5306) 

191.71 
(.5350) 

203.24 
(.9575) 

193.29 
(1.2391) 

<0.0001 0.2197 0.0794 <0.0001 <0.0001 <0.0001 

HDL-C, mg/dL 55.472 
(.2407) 

41.695 
(.1933) 

56.105 
(.4073) 

47.952 
(.5391) 

0.1832 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Triglyerides, 
mg/dL 

153.78 
(1.3302) 

150.04 
(1.4051) 

114.81 
(1.5708) 

115.46 
(2.2402) 

<0.0001 <0.0001 <0.0001 0.0532 0.8076 0.9889 

*Data presented as mean (standard error of the mean). 
†P-value for test of differences in means, and p-value by race and gender. 
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Supplemental Table II: Association of the top SNPs in 8 loci with sdLDL-C/LDL-C ratio 

SNP Location Chromosome # Sign SNPs Coded Allele Allele Frequency N Beta SEBeta P Gene 
rs964184 11q23.3 11 42 C 0.8588 6860 -0.04646 0.003705 4.40×10-36 APOA5/A4/C3/A1/ZNF259/BUD13 

rs4420638 19q13.32 19 4 A 0.8264 6860 -0.03217 0.003545 1.13×10-19 APOE/C1/C4/C2/TOMM40 

rs1260326 2p23.3 2 7 C 0.5856 6860 -0.02206 0.002637 5.98×10-17 GCKR/IFT172/ZNF51 

rs2980855 8q24.13 8 32 C 0.4682 6860 -0.01807 0.002547 1.28×10-12 TRIB1 

rs13244268 7q11.23 7 22 C 0.1232 6860 -0.02587 0.003935 4.87×10-11 BAZ1B/MLXIPL/TBL2/BCL7B/VPS37D 

rs508487 11q23-q24 11 2 C 0.9402 6860 -0.04084 0.006312 9.75×10-11 PCSK7 

rs995000 1p31.3 1 70 C 0.6687 6860 0.015624 0.002702 7.32×10-09 DOCK7/ANGPTL3/USP1 

rs7586601 2p23 2 1 A 0.556 6860 0.014932 0.002615 1.12×10-08 NRBP1 

rs11208046 1p31.3 1 31 C 0.5658 6860 -0.01331 0.002605 3.22×10-07 ATG4C 

rs12678919 8p22 8 3 A 0.893 6860 0.021005 0.004236 7.12×10-07 LPL 
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