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1  Introduction, outline and  
scope of the thesis

Sudden cardiac arrest (SCA) and sudden cardiac death (SCD) are terms used to describe a physi-
cal state in which there is a sudden loss of cardiac activity with hemodynamic collapse. The 
event is referred to as SCD if the patient dies as a consequence and SCA when death is prevented, 
either spontaneously or by an intervention1. According to the European Society of Cardiology, 
SCD is defined as a natural death due to cardiac causes, heralded by abrupt loss of conscious-
ness, within one hour after the onset of acute symptoms or an unwitnessed, unexpected death 
of someone seen in a stable medical condition less than 24 hours previously with no evidence 
of a non-cardiac cause2. However, by convention the term SCD is used by many to describe both 
fatal and non-fatal SCA events. 

Etiology of SCD

The majority (65-70%) of events of SCD occur in the presence of underlying coronary heart dis-
ease, either acute or chronic. Other causes of SCD include non-ischemic structural heart disease, 
electrophysiological heart disease in the absence of structural heart disease and cardiac arrest 
of non-cardiac origin3-5. Most commonly, out-of-hospital events are the result of ventricular 
tachyarrhythmias in the presence of ischemia6. Most events occur unexpected in individuals 
unrecognized to be at specific risk for SCD with two thirds of all SCDs occuring as the first 
clinical manifestation or in the presence of known disease but without strong risk predictors7. 
Familial aggregation of SCD, independent of other risk factors that cluster within families (for 
example hyperlipidemia, hypertension, obesity and smoking), suggest that there is a genetic 
component in SCD risk8-12. 

Human Genetic Variation

Short and Long QT Syndrome (sqts and LQTS, respectively) and SCD associated with extreme 
QT interval duration are often caused by rare mutations with large effects, commonly in genes 
encoding ion channels involved in myocardial repolarization13 and explain only little of the 
population variation and familial aggregation in SCD risk. Similar to other common disorders, 
SCD in the general population can be considered as a complex genetic trait with common ge-
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netic variants within many genes each having a small effect on disease risk14,15. The hypothesis 
underlying this consideration is called the ‘common variant, common disease’ hypothesis15. Es-
sentially, this assumes that common complex disorders have a normally distributed genetic li-
ability conferred by Mendelian inherited genes and thus the trait would be normally distributed 
as a quantitative trait, something already formalized by R.A. Fisher in 191816. This is an impor-
tant reason to study the quantitative traits that underlie the common disorder of interest14.

Operational definitions of and quantitative traits underlying SCD

As outlined above, SCD consists of a heterogeneous collection of causes of sudden unexpected 
loss of cardiac activity with fatal hemodynamic collapse. Operational definitions were formu- 
lated to facilitate scientific studies on SCD. The operational definition from the European  
Society of Cardiology does not depend on the specific cause of the loss of cardiac activity and 
the rhythm at the time of the event since this is often unknown. The definition is based on the 
duration of symptoms and the absence of evidence for a non-cardiac cause and consists of two 
separate descriptions for witnessed and unwitnessed events that read as follows: 1) a witnessed 
death by a natural cardiac cause preceded by an abrupt loss of consciousness within one hour 
of symptom onset, or 2) an unwitnessed and unexpected death of a person seen in a stable 
medical condition within 24 hours prior with no evidence of a non-cardiac cause2. Inherent to 
these definitions they do not distinguish between mechanisms of SCD of cardiac origin that are 
outlined above introducing heterogeneity in underlying etiology of the studied cases. The de-
gree of heterogeneity might differ between studies due to differences in study design and source 
populations. Due to this heterogeneous case mix within and between studies, in addition to the 
relatively small size of existing collections, the statistical power to study genetic risk factors for 
SCD is limited, especially if the genetic risks differ between the etiological pathways towards 
SCD. However, quantitative traits can serve as endophenotypical risk factors for SCD.  

For SCD, several of such endophenotypical risk factors measured on electrocardiographic 
(ECG) recordings are available, namely: 1) the QT interval, 2) the QRS duration and 3) the RR 
interval (Figure 1). 

 
The QT interval is one of the most frequently studied quantitative predictors of arrhythmogen-
esis and SCD. The QT interval is a non-invasive measure of ventricular myocardial repolarization 
duration with high clinical relevance. Approximately 35% of the variation in the QT interval in 
the general population is heritable10,17. It is known that a heterogeneous group of mutations in 
ion channels are responsible for Mendelian disorders in repolarization with increased risk of 
SCD as the result of ventricular arrhythmias34-37, such as in the SQTS and LQTS disorders13. In 
addition, non-syndromal prolonged QT intervals are associated with cardiovascular morbidity 
and mortality, including SCD, in the general population18-22. 

The QRS duration reflects ventricular depolarization and is a function of electrophysiological 
properties within the specialized conduction system (His-Purkinje system) and the ventricu-
lar myocardium. A longer QRS duration – also in the absence of a bundle-branch block – is  
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associated with increased mortality and SCD risk23-25. Twin and family studies suggest a genetic 
contribution to QRS duration, with heritability estimates of up to 40%26,27.

The duration of the interval between two R peaks reflects the time elapsed between two car-
diac contractions and therefore the RR interval is the reflection of heart rate on the ECG. High-
er resting heart rate (shorter RR interval) is associated with increased risk of cardiovascular 
mortality28,29, including sudden death30-33, independent of traditional risk factors. Heredity plays 
a substantial role in the inter-individual variation of resting heart rate, accounting for 26–32% 
of heart rate variation in prior studies34-37 with twin studies reporting even higher heritability 
estimates up to 55–63%38,39.

How to identify common genetic variation underlying complex traits

Until recently, the search for genetic factors with smaller effects on the risk of SCD in the general 
population was limited to candidate genes known to have a role in arrhythmogenesis on the 
basis of their involvement in LQTS40-43. Only a few years ago, it has become possible to study 
genetic variation across the whole genome and their association with human traits of interest 
without a prior hypothesis on the involvement of a certain variant in a biological candidate 
gene. This was the result of: 1) the completion of the human International HapMap Project (a 
catalogue of human genetic variants and their underlying correlations)44-46, 2) technical meth-
ods to genotype these variants in large groups of subjects, and 3) the appropriate methods to 
analyze the data47. The QT interval was among the earliest studied phenotypes and the NOS1AP 
gene locus was identified as relevant for cardiac repolarization duration48. Subsequently, this 
finding was consistently validated by several other studies49-53 and the effects of NOS1AP on ion 
channels were partly elucidated in follow up studies54,55. Prior to this initial study, no one ever 
hypothesized that this gene and its protein product was involved in cardiac electrophysiology.

It has become clear over the course of time that the sample used to perform these genome-
wide association analyses should be of sufficient size to identify common variants affecting 
common diseases. Both false positive as well as false negative results are relevant phenomena 
that have to be dealt with. Stringent thresholds for statistical significance need to be applied to 

QT interval QRS interval 

RR interval 

P P 

Q Q 

R R 

S S 

T T 

Figure 1  ECG and several of the measures that can be derived from the recording. 
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avoid false positives due to the many variants tested for an association with the outcome of in-
terest. By chance alone, due to multiple testing, many variants will be associated at conventional 
statistical significance thresholds and result in false positive associations. It has been shown 
that a genome-wide association analysis corresponds with approximately 1 million independent 
hypotheses tests56. Adjustment of the conventional significance threshold of P=0.05 (i.e. 5 × 10-2) 
for this number results in a significance threshold of P=5 × 10-8. False negative findings on the 
other hand are partly due to insufficient power to detect the true association at this stringent 
significance threshold. Several studies recognized the need for large samples at an early stage 
in their preparations for performing genome-wide association analysis in order to generate 
enough power. Therefore, five population based cohort studies formed the Cohorts for Heart 
and Ageing Research in Genetic Epidemiology57 (charge) consortium early 2007 based on 
the similar design and available data collections. The founding cohorts of this consortium are 
the Age, Gene/Environment Susceptibility study (AGES), Atherosclerosis Risk in Elderly Study 
(ARIC), Cardiovascular Health Study (CHS), Framingham Heart Study (FHS) and the Rotterdam 
Study (RS). Other consortia formed based on a common interest in certain diseases (e.g. the 
Welcome Trust Case Control Consortium (WTCCC))58,59 or a central funding agency (e.g. Eu-
ropean Network for Genetic and Genomic Epidemiology (ENGAGE) funded by the European 
Union).

Trait correlation and GWAS

At this moment, the analytical framework and international consortia for genome-wide asso-
ciation studies are well established and many genome-wide association studies have been per-
formed on common diseases, anthropomorphic measures and other quantitative traits. These 
quantitative traits are often chosen since they are associated with a common disease. Examples 
include high-density lipoprotein (HDL) and low-density lipoprotein (LDL) cholesterol levels for 
ischemic heart disease, insulin and glucose levels for diabetes mellitus and the ECG measures 
mentioned in this introduction for SCD. Several of such traits are correlated and studying related 
quantitative traits might result in more information about the underlying common disease li-
ability. Analysing these traits independently from each other ignores the additional information 
that is available in this correlation. This led to the development of multivariate genome-wide 
association analysis methods that can increase the power of detecting true associations60. In 
addition, such a method would have increased power for detecting loci that influence multiple 
traits (pleiotropy), especially if the variant has opposite effects in two traits, irrespective of trait 
correlation. However, in the current large consortia the multivariate association analysis meth-
ods are not easily applied. Novel methods have to be developed that make such an approach 
easily applicable, ideally making use of the already available results at the consortium aggregate 
level to limit the analytical burden on human and computational resources.
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Pharmacogenetics

Pharmacogenetics is the term used to describe the role of genetics in drug response, which can 
mean efficacy of the drug or the occurrence of adverse reactions to the drug. With respect to 
SCD there is special interest in pharmacogenetics since many cardiac and non-cardiac medica-
tions are associated with ventricular arrhythmias and SCD. While there is a clear relation be-
tween rare mutations causing LQTS or sub-clinical LQTS and drug-induced arrhythmia61, no 
clear associations exist between common variants and drug-induced arrhythmia/SCD risk in the 
general population. This risk of drug-induced arrhythmia is a major problem in drug develop-
ment and safety62-64. The results from genome-wide association studies on risk factors for SCD 
might generate novel loci for further candidate gene study with respect to gene-drug interac-
tions physiology. In addition, applying genome-wide association studies to identify novel drug 
by gene interactions might identify the genetic variation that is partly responsible for inter-
individual variation in drug response65.

Aim and outline

The main objectives of this thesis were: 1) refining the NOS1AP-QT association signal and as-
sessing the relation with SCD, 2) to identify, by means of genome-wide association studies, the 
genetic variants underlying the genetically determined variation within quantitative endophe-
notypes of SCD, 3) to develop methodology to enhance our ability to do so and, finally, 4) to 
study hypothesis driven gene by drug interactions. Part 2 focuses on the role of NOS1AP on QT 
interval variation in the population and the association with SCD. Chapter 2.1 will describe the 
refinement of the association signal in NOS1AP with QT interval identified by the first genome-
wide association study result published for QT interval and in chapter 2.2 the relation between 
genetic variation within NOS1AP and SCD is studied in an elderly population. Part 3 consists of 
several studies on identifying novel genetic loci influencing QT interval (chapter 3.1), RR interval 
(chapter 3.2) and QRS duration (chapter 3.3), using genome-wide association studies. Chapter 
4 continues with the description of a novel method that was developed to combine the results 
of individual genome-wide association studies to increase the power to identify genetic loci 
associated with correlated traits. Finally, in chapter 5, a pharmacogenetic interaction effect on 
heart rate is described between cardiac calcium channel blockers and genetic variation in the 
CACNA1C gene encoding the protein targeted by these drugs. Chapter 6 will provide a general 
discussion.
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Abstract

QT interval prolongation is an electrophysiologic phenomenon associated 

with sudden cardiac death. The QT interval in the general population is for 

about 35% heritable. In genome-wide association studies a common variant 

(rs10494366T>G) within the nitric oxide synthase 1 adaptor protein (NOS1AP) 

gene was identified and consistently associated with QT interval duration. Yet, 

the causal variant remains unclear. Therefore, we performed fine mapping of the 

association of the NOS1AP locus with QT interval within the Rotterdam Study, 

a population-based, prospective cohort study of individuals ≥55 years of age. 

First, we tested the association of single-nucleotide polymorphisms (SNPs) in 

or within ±100kb of the NOS1AP gene with QT interval duration, using sex-spe-

cific unstandardized residuals after regression on age and RR interval, in 385 

individuals using the combined set of SNPs present in the Affymetrix 500k and 

Illumina 550k chip arrays. Subsequently, we examined correspondence of the 

association signals in 4,606 individuals using the Illumina 550k array. A C-to-T 

SNP at chromosome 1 position 160300514 (rs12143842, T-allele frequency=24%) 

was associated with a QT interval duration increase of 4.4-ms. per additional 

T-allele (P=4.4×10-28). For comparison, the most strongly associated variant to 

date, rs10494366T>G, was associated with a 3.5-ms. increase (P=1.6×10-23) per 

additional G-allele. None of the inferred haplotypes showed a stronger effect 

than the individual rs12143842C>T SNP. In conclusion, we found rs12143842 

6kb upstream distance of NOS1AP to be more strongly associated to QT interval  

duration than rs10494366T>G. Functional analysis of this marker is warranted.
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Introduction

Sudden cardiac death (SCD) is one of the major causes of cardiovascular mortality in developed 
countries. Most cases occur in individuals unrecognized to be at risk1. Familial aggregation 
of SCD, independent of other risk factors, suggests a component of genetic variation in SCD 
risk2-6. Due to the relatively small size of SCD collections and etiologic heterogeneity the statisti-
cal power to study this dichotomous trait is limited. The focus has thus been on quantitative 
outcomes such as endophenotypes for SCD risk. The QT interval duration as measured on the 
electrocardiogram (ECG) is one of the most studied quantitative predictors of arrhythmogen-
esis and SCD. The QT interval is a non-invasive measure of ventricular repolarization with high 
clinical relevance. Variation of the QT interval in the general population is approximately 35% 
heritable7,8. It is known that a heterogeneous group of mutations in ion channels are respon-
sible for Mendelian disorders in repolarization, such as Long-QT Syndrome (LQTS) and Short-
QT Syndrome (SQTS)9, with increased risk of SCD as the result of ventricular arrhythmias10-13. 
But these rare disorders explain only little of the population burden of SCD. In addition, non–
syndromal shortened and prolonged QT intervals are associated with cardiovascular morbidity 
and mortality, including SCD14-18, and multiple non-cardiac medications are associated with ven-
tricular arrhythmias and SCD due to QT prolongation19,20. Therefore, QT interval is an interesting 
quantitative risk factor for SCD to study. Until recently, research of genetic factors influencing 
SCD risk through variation in electrogenesis was limited to candidate genes known to have a role 
in arrhythmogenesis on the basis of their involvement in LQTS21-29. Using genome wide analysis 
a common variant (rs10494366T>G, G-allele frequency 38%) in the nitric oxide synthase 1 adap-
tor protein (NOS1AP) gene was identified and consistently associated with QT interval variation 
across independent replication studies, including ours30-34. Since rs10494366T>G might not be 
the causative common variant we studied the region using dense genome coverage genotype 
information to localize the region associated with QT interval duration. 

 
Materials & Methods

Setting and design
The Rotterdam Study is an ongoing prospective population-based cohort study of chronic dis-
eases in Caucasian elderly, which started in 1990. All inhabitants of Ommoord, a Rotterdam 
suburb in the Netherlands, aged 55 years and over (n=10,278) were invited to participate. Of 
them, 78% (n=7,983) gave their written informed consent for participation, including retrieval 
of medical records, use of blood and DNA for research purposes and publication of results. Base-
line examinations took place from March 1990 through July 1993. Follow up examinations are 
carried out periodically. Furthermore, exposure to medication is continuously monitored since 
January 1, 1991, through computerized pharmacy records of the pharmacies in the Ommoord 
district. The pharmacy data include the Anatomical Therapeutical Chemical (ATC)-code, the 
dispensing date, the total amount of drug units per prescription, the prescribed daily number of 
units, and product name of the drugs. This provides us with information on start and duration 
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of use of all prescribed medication.  Detailed information on design, objectives and methods of 
the Rotterdam Study was described elsewhere35,36. The Medical Ethics Committee of the Eras-
mus University approved the study.

Phenotype: assessment of QT interval, other alectrocardiographic measurements and 
phenotype modeling

As described in earlier studies on QT duration in the Rotterdam Study18 we used a 10-sec-
ond resting 12-lead ECG (average 8-10 beats), which was recorded on an ACTA ECG (ESAOTE,  
Florence, Italy) at a sampling frequency of 500 Hz and stored digitally. All ECGs were processed 
by the Modular ECG Analysis System (MEANS) to obtain ECG measurements, in agreement with 
the FDA guidance for clinical evaluation of QT/QTc interval prolongation (http://www.fda.gov/
cder/guidance/6922fnl.pdf). The MEANS program determines the QT duration from the start of 
the QRS complex until the end of the T wave. MEANS also determines the presence of right or 
left bundle-branch block and QRS duration. ECGs with right or left bundle-branch block, QRS 
duration >120 milliseconds, atrial fibrillation or missing data were excluded from the analysis. 
In addition, all ECGs taken while under QT prolonging drugs were excluded to minimize con-
founding by non-genetic factors. Drugs were considered as potentially QT interval prolonging if 
they appeared on any of the list 1 through 4 at the QT Drugs website (http://www.qtdrugs.org/). 
We also excluded ECGs if subjects used flupentixol, levomepromazine, mefloquine, olanzapine, 
or sertindole, drugs which may all prolong QT interval37-40. In addition, we excluded those ECGs 
taken under exposure to digoxin, which may shorten QT interval41,42. An ECG was considered 
taken during drug exposure if a prescription of any of above-mentioned drugs overlapped with 
the date of ECG measurement. The phenotype of interest was the residual QT interval duration 
in milliseconds estimated from the regression on age (in years) and heart rate (RR interval) in 
sex specific strata. This was done to allow for different effects for age and RR interval in men 
and women. Up to 4 ECGs per individual were available for QT phenotype modeling. Phenotype 
modeling was performed on all eligible ECGs using PROC MIXED in SAS 9.1.3 (SAS Institute Inc., 
Cary, NC) for repeated measurements to enhance precision of adjustment.

Genotyping, data cleaning and SNP extraction 
Genomic DNA was extracted from whole blood samples using the salting out method43. Microar-
ray genotyping was performed in the whole original Rotterdam Study cohort with proper quality 
DNA samples (n=6,449) using the Infinium II HumanHap550K Genotyping BeadChip® version 3 
(Illumina). Any samples with a call rate below 97.5% (n=209), excess autosomal heterozygosity 
>0.336~FDR<0.1% (n=21), mismatch between called and phenotypic gender (n=36), or if there 
were outliers identified by the IBS clustering analysis (see below) clustering > 3 standard devia-
tions away from the population mean (n=102) or IBS probabilities > 97% (n=129) were excluded 
from the analysis. In total, 5,974 samples met quality control inclusion criteria. The GeneChip® 
Human Mapping 500K Duo Array Set (Affymetrix) was used in a subset of 509 women selected 
for a pilot study on quantitative traits on the basis of absence of major chronic diseases and/or 
use of medication. Genotyping procedures were followed according to Illumina and Affymetrix 
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manufacturer’s protocols respectively. Any samples with a call rate below 95% (n=15), mismatch 
between called and phenotypic gender (n=3), or if there were outliers identified by the IBS clus-
tering analysis clustering > 3 standard deviations away from the population mean (n=10), or if 
either of the NspI or StyI arrays was missing (n=22) were excluded from the analysis; in total, 
470 samples were successfully genotyped as described previously44. A subset of 423 selected 
healthy women from the pilot study had complete genotyping for both the Illumina and Af-
fymetrix platforms. 

All SNPs present within the NOS1AP gene area (Chr. 1; Base pair 160306205 to 160604864; 
NCBI build 36.2) +/- 100kb were extracted from both datasets and merged into one dataset. This 
allowed for a higher SNP density by combining SNPs genotyped on either platform, considering 
that Illumina and Affymetrix use different SNP selection criteria. Illumina selected haplotype 
tagging SNPs based on HapMap Phase II linkage disequilibrium (LD) structure determined in 
the Caucasian (CEU) population. In contrast, Affymetrix selected SNPs randomly across the hu-
man genome. The combination of SNPs across platforms yielded 314 unique SNPs in a 500 kb 
region containing NOS1AP. With the dual platform data we cover 72%, 91% and 95% of the com-
mon variation as present in the Caucasian HapMap reference population at r2 thresholds of 1,  
≥ 0.7 and ≥ 0.5, respectively.  For the Illumina 550k platform only, there were 156 htSNPs present 
in this region. Markers were excluded if they deviated significantly from Hardy-Weinberg equi-
librium (P<1×10-4, n=1 SNPs for the combined dataset and n=0 SNPs for the Illumina dataset), 
if they had a minor allele frequency <5% (n=59 and 19 SNPs, respectively), or if they had a SNP 
call rate <95% within the samples (n=14 and 1 SNPs, respectively). This resulted in 242 SNPs in 
the healthy women subset and 136 SNPs in the full Rotterdam Study population available for 
association analysis.

Association analysis
For the SNP association analyses we followed a two-stage approach. In the first stage, we esti-
mated the effect and P-values for the association between the selected common variants and 
residual QT interval duration in the subset of women with dual platform, high density, genotype 
data using additive linear regression models. This allowed for evaluation of coverage by Illu-
mina genotyped htSNPs compared to the genotype data enriched by non-tagging SNPs geno-
typed on the Affymetrix platform. In the second stage the same analysis methods were applied 
in the total study population genotyped on the Illumina platform. Additional analyses were 
performed, such as sex-stratified analyses and haplotype analysis. Haplotype analysis was per-
formed using several approaches. First, a sliding window haplotype analysis using the expecta-
tion/maximization algorithm was used to estimate haplotype effects on QT interval duration45,46. 
Second, a fixed marker set based on the CEU Phase 2 HapMap r-squared was used47. Additional 
haplotype analyses were performed for combinations of top hits from single SNP analysis For 
the gene-wide association analysis and all other haplotype analyses we used PLINK v.1.0148. Since 
the software used does not allow for repeated measurements we selected the first eligible ECG 
for association testing. 

Finally, for the most significant single SNP result and the earlier reported rs10494366T>G we 
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performed linear regression analysis for multiple measurements using the PROC MIXED pro-
cedure in SAS 9.1.3 to make full benefit of all available ECG data. This analysis included general 
genotypic and allelic models. Again gender-stratified analyses were performed to assess differ-
ential effects between men and women. To test statistical independence of the most significant 
single SNPs and rs10494366, conditional regression analysis was performed by assessing the 
effect of each SNP within strata of homozygous reference allele carriers of the other SNP. Results 
are presented as delta QT in milliseconds when compared to the reference allele with corre-
sponding 95% confidence intervals and P-values.

Results

Study population
For QT interval duration association analysis, the source population consisted of all subjects 
with at least one eligible QT interval measurement (n=5,442). The final number of subjects avail-
able for QT association analysis included 1,854 men and 2,752 women (total n=4,606) since not 
all eligible subjects had genotype data. Of the 423 female subjects additionally genotyped on 
the Affymetrix 500K, 385 had an ECG with a valid phenotype measurement. On average, these 
women were younger than the total study sample. Of all genotyped subjects with a valid pheno-
type 11,535 eligible ECGs were available, averaging 2.5 ECGs per individual. The QT interval dura-
tion, RR interval, residual QT duration and QTc presented in Table 1 are based on first eligible 
ECG measurements.

Table 1  Baseline characteristics of the study population

Total QT Sample Dual Platform 
QT sample

Illumina platform 
QT sample

Characteristic Men Women Women Men Women

N (%) 2,139 (39.3) 3,303 (60.7) 385 (100) 1,854 (40.3) 2,752 (59.7)

Eligible ECGs, n (%) 5,263 (39.2) 8,155 (60.8) 1,244 (100) 4,642 (40.2) 6,893 (59.8)

Age, years, mean (SD) 67.6 (7.9) 69.5 (9.0) 62.5 (4.3) 67.5 (7.8) 69.4 (8.9)

QT, msec., mean (SD) 397.7 (28.6) 399.0 (28.6) 402.0 (25.7) 397.6 (28.6) 399.0 (28.9)

RR, msec., mean (SD) 905.0 (154.6) 864.8 (138.5) 889.1 (136.3) 903.6 (154.5) 864.8 (140.3)

QT residual, mean (SD)* -0.4 (18.4) -0.7 (18.4) 1.0 (15.8) -0.3 (18.1) -0.7 (17.8)

QTc, mean (SD)# 420.3 (23.5) 430.8 (21.6) 428.0 (19.6) 420.5 (23.3) 430.9 (21.5)

Shown are first eligible ECG characteristics of all individuals with eligible ECG data, of the subset with genotype data on both 
genotyping platforms, and of the total sample having genotype data. 
* Residual QT duration in milliseconds on first eligible ECG after regression on age in years and RR interval in milliseconds in sex-
specific strata using repeated measurements on all eligible ECGs, 
# Calculated using Bazett’s formula (QTc= QT/√RR). 
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NOS1AP variants and residual QT duration; dual platform sample
In this first stage, multiple variants within NOS1AP were significantly associated with QT inter-
val duration. All 22 SNPs from both platforms associated with P-values <0.01 are presented in 
Table 2. The original SNP related to QT duration as reported by Arking et al.31 through GWAS, 
rs10494366T>G, a positive control for our data, reached a P-value of 8.2×10-3.  The top result SNP 
from our analyses in these 385 women, rs10919117A>G, was genotyped on both the Affymetrix 
and the Illumina platform. A second signal situated 5’ of the gene was observed. Here the most 
significant SNPs, rs12036340A>G (Affymetrix) and rs12134842C>T (Illumina), are array specific 
but in high linkage disequilibrium (LD) (r2=0.91, D’=0.97). Several SNPs in the top results were 
in strong LD, and may flag the same association (Figure 1). These results allow to proceed fine 
mapping in the larger sample with the Illumina array genotypes only, since all of these associa-
tions are covered by the Illumina htSNPs.

Table 2  Gene wide results of Illumina 550K and Affymetrix 500K genotypes for association with QT interval 
in 385 women from the Rotterdam Study. SNPs with P<1×10-2 are presented ranked by P-value. 

SNP (rs #) BP pos Minor allele MAF (%) Platform Subjects ∆QT (ms) P-value

rs10919117 160534447 G 47.4 I + A 384 -3.7 1.2 x10-3

rs12143842 160300514 T 28.2 I 385 4.1 1.3 x10-3

rs12036340 160282364 G 28.9 A 383 4.1 1.5 x10-3

rs2880058 160281256 G 36.4 I 385 3.7 2.4 x10-3

rs7546009 160297525 C 34.9 A 384 3.6 3.1 x10-3

rs7547308 160294616 G 36.5 A 385 3.5 3.1 x10-3

rs7550692 160295915 T 34.6 I 380 3.6 3.4 x10-3

rs6670339 160322430 C 39.2 I 385 3.3 4.2 x10-3

rs12046924 160560906 T 33.6 I 385 3.4 4.4 x10-3

rs4657150 160368688 C 41.8 A 373 3.2 5.7 x10-3

rs12048222 160560718 G 25.6 I 385 3.7 6.0 x10-3

rs10919166 160550291 A 29.9 I 384 3.4 6.5 x10-3

rs4656349 160316448 G 36.0 I + A 385 3.1 7.5 x10-3

rs2819316 160545176 G 43.8 I 385 -3.1 8.0 x10-3

rs4657140 160327889 T 40.1 I + A 385 3.1 8.2 x10-3

rs1415257 160328668 G 40.1 I + A 385 3.1 8.2 x10-3

rs1415259 160351933 G 40.1 I 385 3.1 8.2 x10-3

rs10494366* 160352309 G 40.1 I 385 3.1 8.2 x10-3

rs2661810 160543056 T 46.1 A 383 3.1 8.7 x10-3

rs2819318 160547349 T 46.4 I 385 3.1 8.9 x10-3

rs2819322 160547652 T 46.4 I 385 3.1 8.9 x10-3

rs7514121 160267056 G 19.4 I + A 385 3.7 9.4 x10-3

Presented are: SNP identification (rs-number), base pair position on chromosome 1, minor allele, minor allele frequency (MAF, 
calculated within 385 subjects), presence of SNP on genotyping platform (I=Illumina, A=Affymetrix), number of subjects success-
fully genotyped for SNP, delta QT in milliseconds per additional coding allele and P–value. 
* Original reported SNP associated with QT interval31. 
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Figure 1  NOS1AP Gene wide association results to QT interval of Illumina 550k and Affymetrix 500k genotype 
data in 385 women of the Rotterdam Study. (A) P-value plotted at a –log(p) scale as a function of genomic posi-
tion (NCBI Build 36). Rs10919117 is listed (black diamond). Estimated recombination rates (HapMap) plotted to 
reflect the local LD structure around the associated SNPs and correlated SNPs in grey scales (dark grey: r2>0.8; 
medium grey: 0.5<r2<0.8; light grey:0.2<r2<0.5; white: r2<0.2). Diamonds represent SNPs present on Illumina 
550K platform. Circles indicate Affymetrix 500k unique SNPs. (B) Like A, for rs12143842. (C) Linkage blocks, cor-
responding to A and B, of associated SNPs significantly associated to QT interval presenting r2-values. 

1A  NOS1AP region, Illumina 550k + Affymetrix 500k

1B  NOS1AP region, Illumina 550k + Affymetrix 500k
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NOS1AP variant and residual QT duration: Illumina 550k platform

Single SNP association analysis 
Of the 136 SNPs tested, we observed multiple highly significant associations in the sex-pooled 
analysis.  The top ten hits are reported in Table 3 and a graphical representation of all SNPs is 
given in Figure 2. All top hits arose from within one block, corresponding to the rs12143842 
linkage block also seen in the 385 women subset. The previously described rs10494366T>G 
reached a P-value of 1.2x10-19. There was full LD (r2=1) between rs10494366 and three other SNPs 
(i.e., rs1415257, rs1415259, rs4657140). Only two other SNPs showed stronger associations (i.e., 
rs6670339T>C and rs12143842C>T). The top hit, rs12143842C>T, was associated with a 4.5-ms. in-
crease in QT duration per additional T-allele (P-value of 4.9×10-25, minor allele frequency 24%). 
There exists some degree of LD between rs12143842C>T and rs10494366T>G, with an r2 of 0.46 
and a D’ = 0.91. The rs6670339T>C variant is in high, though not full, LD with rs10494366T>G 
(r2 of 0.91; D’ of 0.98). 

Compared to the sex-pooled results, only some rank order differences are observed in the 
sex-stratified analysis, but rs12143842C>T is consistently the strongest associated SNP in both 
men and women. The top result (rs10919117A>G), and other significant SNPs from within the 
second block from the first stage association analysis lost all significance in the larger sample. 

Multimarker haplotype association analysis
Haplotype analysis results for rs12143842C>T | rs6670339T>C (4.62-ms.; P-value 4.85×10-25 for 
the TC haplotype, freq: 22.8%) and rs12143842C>T | rs10494366T>G (4.68-ms.; P-value 1.53×10-25  
for the TG haplotype; freq: 22.5%) are consistent with the single rs12143842 T-allele effect.  
Using a sliding window the region was scanned for haplotypes associated with QT duration. 

Figure 1C
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Table 3  Gene wide results of Illumina 550K genotypes for association with QT interval in 4,606 men and 
women from the Rotterdam Study. Top ten SNPs are presented and ranked by P-value.

SNP(rs†) BP position Minor allele MAF (%) Subjects (n) ∆QT (ms) P–value r2 to 
rs12143842

rs12143842 160300514 T 24.0 4,592 4.5 4.9 x10-25 -

rs6670339 160322430 C 35.0 4,606 3.7 1.0 x10-21 0.50

rs1415257a 160328668 G 36.2 4,606 3.5 1.0 x10-19 0.46

rs1415259a 160351933 G 36.2 4,606 3.5 1.0 x10-19 0.46

rs4657140* 160327889 T 36.2 4,605 3.5 1.0 x10-19 0.46

rs10494366† 160352309 G 36.2 4,603 3.5 1.2 x10-19 0.46

rs2880058 160281256 G 32.5 4,606 3.5 8.6 x10-19 0.63

rs7550692 160295915 T 31.2 4,490 3.4 3.6 x10-17 0.69

rs1932933 160384670 T 37.2 4,605 3.1 4.3 x10-16 0.42

rs4656349 160316448 G 31.5 4,602 3.2 5.3 x10-16 0.57

Presented are: SNP identification (rs-number), base pair position on chromosome 1, minor allele, minor allele frequency (MAF, 
calculated within 4,606 subjects), number of subjects successfully genotyped for SNP, delta QT in milliseconds per additional 
coding allele, P–value and extend of LD (expressed as r2) to rs12143842. 
* r2=1 to rs10494366. 
† Original reported SNP associated with QT interval31.

Figure 2  NOS1AP Gene wide association results to QT interval of Illumina 550k genotype and imputed data 
in 4,606 subjects of the Rotterdam Study. (A) P-values of directly genotyped SNPs plotted at a –log(p) scale as 
a function of genomic position (NCBI Build 36). The SNP with the most significant association in the analysis 
is listed (rs12143842, black diamond)). Estimated recombination rates plotted to reflect the local LD structure 
around the associated SNPs and correlated SNPs in grey scales (dark grey: r2>0.8; medium grey: 0.5<r2<0.8; 
light grey:0.2<r2<0.5; white: r2<0.2). (B) Detail of LD structure of gene region containing top 10 associated SNPs 
and the linkage structure of top 10 associated directly genotyped SNPs (r2-values). 

2A  NOS1AP region, genotyped Illumina 550k SNPs.
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The top two haplotypes for each window width (rs7550692T | rs12143842T and rs12143842T | 
rs1267209G for window width = 2; rs2880058G | rs7550692T | rs12143842T and rs7550692T | 
rs12143842T | rs12567029G for window width = 3) all showed associations similar to the indi-
vidual rs12143842C>T effect. Finally, using the fixed marker set, the rs2880058G | rs12143842T 
haplotype reached the highest level of significance, but again results were consistent with the 
rs12143842 T-allele effect seen in single SNP association analysis. Adding rs10494366T>G to any 
of the haplotypes did not change these results. 

Repeated measurement association analysis
We used all eligible ECGs in a repeated measurement analysis of rs12143842C>T and, for com-
parison, rs10494366G>T. The rs12143842C>T variant, was associated with 4.4-ms. increase in 

2B
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QT duration per additional T-allele (95%CI 3.6–5.1; P=4.4×10-28). In contrast, rs10494366T>G 
was associated with a 3.5-ms. increase of QT duration per additional G-allele (95%CI 2.8–4.2;  
P=1.6×10-23). In genotypic analysis, heterozygous and homozygous carriage of the rs12143842 
T-allele were associated with a 5.0-ms. (95%CI 4.0–6.0) and 7.3-ms. (95% CI 5.3–9.4) increase in 
QT duration, respectively. In sex specific analysis the QT prolonging effect of rs12134842C>T was 
13% longer in women compared to men. (Table 4A) With conditional regression analysis inde-
pendent effects were estimated for rs12143842C>T, rs6670339T>C and rs10494366T>G. Within 
subjects with the rs12143842-CC genotype both rs6670339T>C (+2.6-ms.; P-value 1.1×10-5) and 
rs10494366T>G (+2.0-ms.; P-value 3.0×10-4) remained associated with QT interval. Likewise, 
within rs10494366-TT and rs6670339-TT genotypes, rs12143842C>T was associated to QT interval 

Table 4  Repeated measurement analysis for genotypic and allelic effects of rs12143842 and rs10494366 on 
QT interval and conditional analysis, including 11,535 ECGs from 4,606 men and women from the Rotterdam 
Study.

4A

SNP (rs–number) Genotypic P-value Allelic model P-value

rs12143842C>T CC CT TT Per T-allele

All subjects, ECGs (n) 2643 (6604) 1697 (4227) 252 (666) 4592 (11497)

∆ QT, ms (95% CI) reference 5.0 (4.0–6.0) 7.3 (5.3–9.4) 7.9x10-28 4.4 (3.6–5.1) 4.4 x10-28

Men, ECGs  (n) 1052 (2636) 696 (1717) 103 (281) 1851 (4634)

∆ QT, ms (95% CI) reference 4.7 (3.2–6.3) 6.8 (3.6–10.1) 2.5 x10-10 4.1 (2.9–5.3) 7.0 x10-11

Women, ECGs (n) 1591 (3968) 1001 (2510) 149 (385) 2741 (6863)

∆ QT, ms (95% CI) reference 5.2 (3.9–6.4) 7.7 (5.0–10.3) 2.7 x10-18 4.6 (3.5–5.6) 8.3 x10-19

rs10494366T>G* TT TG GG Per G-allele

All subjects, ECGs (n) 1883 (4681) 2110 (5273) 610 (1575) 4603 (11529)

∆ QT, ms (95% CI) reference 4.1 (3.1–5.1) 6.6 (5.1– 8.1) 5.8 x10-23 3.5 (2.8–4.2) 1.6 x10-23

Men, ECGs (n) 755 (1897) 848 (2083) 249 (658) 1852 (4638)

∆ QT, ms (95% CI) reference 3.7 (2.1–5.3) 5.8 (3.5–8.1) 8.6 x10-8 3.1  (2.0–4.2) 1.9 x10-8

Women, ECGs (n) 1128 (2784) 1262 (3190) 361 (917) 2751 (6891)

∆ QT, ms (95% CI) reference 4.4 (3.1–5.7) 7.1 (5.2–9.0) 4.2 x10-16 3.8 (2.9–4.7) 8.3x10-17

4B

Condition ECGs 
n

∆ QT, ms (95% CI) 
Per rs10494366 
G-allele

P–value ∆ QT, ms (95%CI) 
Per rs6670339 
C-allele

P –value ∆ QT, ms (95% CI) 
Per rs12143842 
T-allele

P–value

rs10494366 TT 4650 0.8 (-5.7–7.4) 8.1x10-1 4.0 (0.8 –7.2) 1.3 x10-2

rs6670339 TT 4843 -1.0 (-4.2–2.2) 5.5x10-1 4.8 (1.5 – 8.2) 5.0x10-3

rs12143842 CC 6602 2.0 (0.9–3.1) 3.0x10-4 2.6 (1.4–3.7) 1.1x10-5

Presented are: A) Genotypic effect and allelic effects of rs12143842 and rs10494366. Both pooled and sex-specific effect esti-
mates are presented with corresponding 95% confidence intervals and P-values. 
* Original reported SNP associated with QT interval31. 
B) Allelic effect within strata of homozygous non variant carriers of the alternate SNP, testing statistical independence.
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duration (+4.0-ms.; P-value 1.3×10-2 and +4.8-ms; P-value 5.0×10-3, respectively). rs10494366T>G 
and rs6670339T>C did not show independence, which is expected since they are highly linked 
(r2=0.91). (Table 4B)

Discussion

Main findings and considerations
Using high density genotype data of the NOS1AP gene, consisting of common variants se-
lected on the basis of LD structure (Illumina 550k), enriched with genotype data of randomly 
selected common variants (Affymetrix 500k) in a limited number of subjects, we observed a 
novel strong association of the common variant rs12143842C>T (+4.4-ms. per additional allele,  
P-value 4.4×10-28) with QT interval duration. Compared to the previously described rs10494366G>T 
(+3.5-ms. per additional allele; P-value 1.6×10-23) variant, both the strength of association and the 
magnitude of effect are considerably larger. Given the certain extent of LD between rs12143842 
and rs10494366 (r2=0.46) and a minor allele frequency of 36.2% for rs10494366 compared to 
24.0% for rs12143842, it is possible that the strong association of rs10494366 is largely explained 
by the much stronger association of the phenotype with rs12143842C>T, since the P-value is 
a function of effect size, sample size (power), SNP minor allele frequency and LD with the  
causative SNP. Therefore, LD in the human genome allows identification of functional loci with-
out directly genotyping the causative allele, but makes discrimination between the functional 
variant and all correlated variants difficult. In line with this argument it is very well possible 
that also rs12143842 is not the causal SNP. Two other common variants in the HapMap CEU 
database are in considerable LD (r2>0.8) with rs12143842, namely rs12036340 (genotyped on the 
Affymetrix platform which showed equal effect sizes and rs16847548T>C (not genotyped). None 
of the inferred haplotypes showed stronger associations than rs12143842 alone. However, in a 
conditional regression analysis of these SNPs, statistical independence between rs12143842C>T 
and rs10494366T>G / rs6670339T>C was shown, which might indicate the presence of another 
(causal) SNP linked to both SNPs. Both rs12143842C>T and rs10494366T>G variant alleles might 
have, to a certain extent, the ability to predict this variant in the absence of one another. How-
ever, the presence of two independent causal variants at the NOS1AP locus cannot be ruled out 
completely. It can be noted that the rs6670339 C-allele is a better predictor of QT interval dura-
tion than the rs10494366 G-allele in subjects with an rs12143842 CC-genotype.

The rs12143842C>T common variant
The rs12143842C>T common variant is located in the 5’ region of NOS1AP. Remarkably, the first 
fine map attempt in the original paper describing the association between NOS1AP and QT in-
terval duration already suggested that this region harbors a potential variant more strongly 
related to QT interval duration31. This strengthens the validity of our results. The rs12143842 
T-allele frequency reported in the HapMap CEU sample (15.8%) was lower than that observed in 
our population (24.0%). These differences might be due to the lower number of subjects in the 
HapMap sample or to differences in ancestry, which are also reflected in different r2 values for 
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rs12143842 | rs10494366 in the HapMap sample (r2=0.11) compared to our sample (r2=0.46). 
The functionality of this SNP is not clear. Given its location in a potential regulatory region 

we looked for potential transcription factors binding sites at this position using the TESS web 
tool (http://www.cbil.upenn.edu/cgi-bin/tess/tess)49. For rs12143842 the C to T substitution re-
sulted in two changes in predicted transcription factor binding sites. First, a loss of c-Myb as 
a potential transcription factor known to play a role in development of malignancies and in 
normal haematopoietic regulation50-52. Second, more interesting, the C to T substitution results 
in gaining the potential binding of myocyte-specific enhancer factor 2 (MEF2), alternative-myo-
cyte-specific enhancer factor 2 (aMEF2) and Related to Serum Response factor C4 (RSRFC4) 
transcription factors that are the product from the MEF2 gene and bind conserved sequences 
found in growth factor-inducible and muscle-specific promoters with preferential expression in 
skeletal muscle, heart and brain53,54. We found no evidence that the highly linked rs12036340 had 
functional properties over possible human transcription factor binding sites. Another linked 
SNP, which was not directly genotyped in our study on either platform, rs16847548T>C (Hap-
Map: minor allele frequency 12.7%; r2 to rs12143842 of 0.82), is also situated in the 5’ region of 
NOS1AP but does not seem to result in a change of the potential to bind a transcription factor. 
Any additional conclusions on functionality derived from in silico information needs to be 
tested by functional experiments in order to prove that NOS1AP is truly related to QT inter-
val prolongation through transcription factor binding differences caused by the rs12143842C>T 
polymorphism. The identification of the causative variant is difficult and requires laborious and 
resource intensive methods. Future experiments that can be thought of include zebra fish and 
mice models for cardiac repolarization, which has been successful in the past for QT interval re-
search, where the polymorphism can be knocked in to observe the effect on the phenotype55-57.

Study strengths and study limitations
Major advantages of our study are the large community based sample size, with up to 4 ECGs per 
subjects increasing the number of eligible subjects and ECGs available for analysis. Furthermore, 
the use of digital ECG recordings processed by the MEANS system reduces information bias and 
inter-observer differential assessment of QT interval duration. Detailed pharmacy data on day-
to-day drug exposure allowed exclusion of ECGs taken during administration of QT interval 
prolonging or shortening drugs. With respect to genotype data, we had the advantage of having 
additional data from the Affymetrix 500k array in a subset of our total study population, allow-
ing for enrichment of genotyped SNP density. This increased the coverage of genome variability 
in this region, reducing the chance of missing a strong association arising from variants in 
low LD with the Illumina SNPs. However, even if coverage is high, difficulty in discrimination 
between signals remains a problem that cannot be solved by solely increasing genome cover-
age. This raises the limitation that our results are restricted to a European ancestry population. 
The rs12143842 common variant shows LD with other SNPs at the locus in the HapMap CEU 
sample. Since LD at this locus is less an issue in the HapMap Yoruban sample (e.g. rs12036340 | 
rs12143842: YRI r2=0.45, CEU r2=0.94, 385 women sample r2=0.91), confounded results due to LD 
are less likely if common variants in the NOS1AP locus are tested for association with QT interval 

Boek Mark.indb   31 25-01-2011   17:46:21



Part 2  NOS1AP, qt interval duration and sudden cardiac death32

duration in a population of African ancestry. In theory such admixture mapping would lead to 
narrowing the area of association further, given that this locus is of relevance for QT interval 
duration in non-Caucasians.

Conclusion

We have successfully fine mapped the prior association of rs10494366T>G at the NOS1AP locus 
with QT interval duration by newly identifying rs12143842C>T in the 5’ region of NOS1AP to be 
strongly associated. This SNP is promising in silico regarding transcription factor binding abili-
ties. However, we have also showed that rs6670339C>T remained an independent predictor of 
QT interval within rs12143842 CC genotype carriers Therefore, the presence of another causal 
SNP linked to both rs12143842 and rs6670339 or multiple causal variants at his locus remain 
possible and should be explored in future research. Until the next step is made, rs12143842C>T 
is the best indicator in a Caucasian population for the effect of common variants in the NOS1AP 
locus on QT interval duration.
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 Abstract

Common variation within the Nitric Oxide-1 Synthase Activator Protein 

(NOS1AP) locus is strongly related to QT interval, a sudden cardiac death (SCD) 

risk factor.  A recent report describes common variation in NOS1AP associated 

with SCD in a US population of European ancestry. The objective of the current 

study was to obtain additional evidence by investigating the association between 

NOS1AP variants and SCD in the prospective population based Rotterdam Study. 

The study population consisted of 5,974 European ancestry subjects, aged 55 years 

and older, genotyped on Illumina arrays. SCD was defined according to European 

Society of Cardiology guidelines. Smoking, body mass index, diabetes mellitus, 

hypertension, heart failure, and myocardial infarction were used as covariates 

in Cox proportional hazard models. Results were combined with reported evi-

dence using inverse-variance weighted meta-analysis. 208 (109 witnessed) cases 

of SCD occurred during a mean follow up of 10.4 years. Within the Rotterdam 

Study alone no significant associations were observed. Upon pooling of results 

with existing data we observed strengthening of existing evidence for rs16847549 

(US data hazard ratio (HR)=1.31, P=0.0024; Rotterdam Study HR=1.18, P=0.16; 

joint HR=1.26, P=0.0011). When the case definition in the Rotterdam Study was 

restricted to witnessed SCD, association of rs16847549 with SCD became stron-

ger (joint P=0.00019) and additionally the association between rs12567209 and 

SCD gained significance (US data HR=0.57, P=0.0035; Rotterdam Study HR=0.69, 

P=0.23; joint HR=0.60, P=0.0018). In conclusion, this study provided addi-

tional evidence for association between genetic variation within NOS1AP and 

SCD. The mechanism by which this effect is exerted remains to be elucidated.
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Introduction

Sudden cardiac death (SCD) is one of the major causes of cardiovascular mortality in developed 
countries and mostly occurs in individuals unrecognised to be at risk1. Familial aggregation 
of SCD, independent of other risk factors, suggests a genetic role in SCD risk2-5. By the use of 
genome-wide association studies (GWAS) it is possible to search for common variants associated 
with complex traits. Due to the small size of existing SCD collections, the statistical power to 
study this trait through GWA studies is limited. The focus has been on intermediate quantita-
tive measures predictive of SCD. One of the quantitative predictors of arrhythmogenesis is the 
electrocardiographic (ECG) QT interval duration, a non-invasive measure of ventricular repo-
larisation. Variation of the QT interval in the general population is approximately 35% heritable 
and prolonged QT intervals are associated with increased cardiovascular morbidity and mortal-
ity, including SCD6-8. Using GWAS, a common variant (rs10494366) in the nitric oxide synthase 
1 adaptor protein (NOS1AP) gene was identified and reproducibly associated with QT interval 
duration9-13. Previously, we have reported a fine mapping effort for this association in the Rot-
terdam Study, that refined the signal of association to rs1214384214. This SNP was consistently the 
strongest associated variant in recent GWAS reports on QT interval15-17.

Recently, two SNPs with very low linkage disequilibrium (rs16847548 and rs12567209) at the 
NOS1AP locus were reported to be independently associated with SCD risk in a large US commu-
nity based population study of European ancestry18, but to date no replication has been report-
ed. The rs12143842 common variant is in considerable linkage disequilibrium with rs16847548 
(HapMap CEU r2 = 0.82) but not rs12567209 (HapMap CEU r2 = 0.027). The goal of the present 
study was to test for association of rs12143842 or its recently reported proxy rs16847548 and the 
second independent variant rs12567209 with SCD in the Rotterdam Study, to attempt to validate 
these associations. 

Materials & Methods

Setting and design
The Rotterdam Study is a population-based cohort study of chronic diseases in the elderly, 
which started in 1990. All inhabitants of Ommoord, a Rotterdam suburb in the Netherlands, 
aged ≥ 55 years (n=10,278) were invited to participate. Of them, 78% (n=7,983) gave their writ-
ten informed consent. Baseline examinations took place from March 1990 through July 1993. 
Follow up examinations are carried out periodically. Participants are continuously monitored 
for major events through automated linkage with general practitioner’s files. Clinical charac-
teristics, including smoking, body mass index, diabetes mellitus, hypertension, heart failure, 
and myocardial infarction were ascertained as previously described8,19-22. Detailed information 
on design, objectives and methods has been described elsewhere23,24. The Medical Ethics Com-
mittee of the Erasmus Medical Center approved the study and all participants gave written 
informed consent.
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Adjudication of SCD
The ascertainment of SCD cases in the Rotterdam Study was performed according to European 
Society of Cardiology guidelines25 and has been described previously8. SCD cases were defined 
as a witnessed natural death attributable to cardiac causes, heralded by abrupt loss of conscious-
ness, within one hour of onset of acute symptoms, or as an unwitnessed, unexpected death of 
a person seen in a stable medical condition within 24 hours before death without evidence of a 
non-cardiac cause.

 QT, QRS and RR interval measurement
As described in earlier studies of ECG parameters in the Rotterdam Study8, we used a 10 second 
resting 12-lead ECG (average 8–10 beats), which was recorded on an ACTA ECG (ESAOTE, Flor-
ence, Italy) at a sampling frequency of 500 Hz and stored digitally. All ECGs were processed by 
the Modular ECG Analysis System (MEANS), which has been evaluated extensively, to obtain 
QT, QRS and RR duration measurements26-28. MEANS also determines the presence of right or 
left bundle-branch block. For the current analyses, we used measurements from baseline ECG 
recordings.

Genotyping of NOS1AP common variants
Genotyping, quality control and imputation procedures in the Rotterdam Study have been pre-
viously described15. The Rotterdam Study is a homogenous European sample and quality control 
procedures removed population outliers from the GWAS dataset. Briefly, of all 7,983 participants, 
5,974 subjects of European descent were successfully genotyped on the Infinium II Human-
Hap550K Genotyping BeadChip® version 3 (Illumina) as part of a large population-based pro-
ject on genetics of complex traits and diseases.  In addition to the direct genotypes generated, 
we have access to ~2.5 million autosomal genotypes that were imputed based on linkage dis-
equilibrium patterns observed in HapMap CEU reference samples (Utah residents of Northern 
and Western European descent) using Mach 1.0.1529. Imputed was the genotype dosage, a value 
between 0–2, that reflects the expected number of alleles.

For all subjects direct genotype information of rs12143842 and rs12567209 was extracted from 
the dataset. For rs16847548 the imputed genotype dosage was retrieved. The metric used to 
reflect imputation quality is the observed over expected variance of the allele frequency30. This 
ratio ranges between 0 and 1, where a value of 1 reflects perfect imputation. No other genotypes 
were extracted and tested for an association with SCD.

Association analysis
Genotype frequencies of genotyped SNPs were tested for Hardy-Weinberg equilibrium by cal-
culating exact P-values. Hazard ratios for time to SCD from baseline were estimated with Cox 
proportional hazards models. Cox proportional hazards analyses were performed with SPSS for 
Windows, 15.0 (SPSS Inc, Chicago, Ill). The proportional hazards assumption was assessed using 
log-minus-log plots. Overall, additive genetic models were used but for rs12567209 a domi-
nant model was additionally fitted due to the lower minor allele frequency, and thus the small 
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number of homozygous variant carriers. In addition to the genotype, known risk factors such 
as gender, smoking and hypertension at baseline and time-dependent age, body mass index, 
diabetes mellitus, heart failure, and myocardial infarction were included in the model. To assess 
if the SNPs exert their effect on SCD through modulation of the heart rate corrected QT interval, 
both QT interval and heart rate measured at baseline were included in the model. 

The primary outcome definition included both witnessed and unwitnessed SCD. Since po-
tential random misclassification of the outcome was expected in unwitnessed cases, additional 
analyses describing the association between the genetic variants and SCD were performed us-
ing a restricted definition, only including witnessed SCD. This was regarded as a secondary 
outcome. We additionally estimated the effect of QT interval and gender, established SCD risk 
factors, using both the primary (all) and secondary (witnessed) outcome definition. Larger ef-
fects are expected when using a stricter case definition due to a reduction in non-differential 
misclassification.

Since the presented sample was smaller than the sample in the original report describing the 
association between these SNPs and SCD18, non-significant findings in the current analysis might 
be due to a lack of power. Nevertheless, this sample may add valuable evidence for association 
by combination with earlier results. Hereto, results were combined with the results from the 
literature using inverse variance weighted meta-analyses methods and the overall association 
evidence is presented. 

Results

Study subjects and genotyping
Baseline characteristics for the study population, consisting of all genotyped Rotterdam Study 
participants (n=5,974), and SCD cases are summarized in Table 1. During a mean of 10.4 years 
of follow-up 208 sudden cardiac deaths, 109 of which witnessed, were identified. Successful 
genotype calls were made in 99.7% (rs12143842) and 99.8% (rs12567209) of the subjects, re-

Table 1  Baseline characteristics of the Rotterdam Study study population
 

Genotyped Sample All SCD cases Witnessed SCD cases 

Men 
n=2,427 
(40.6%)

Women 
n=3,547 
(59.4%)

Men 
n=104 
(50%)

Women 
n=104 
(50%)

Men 
n=67 
(61.5%)

Women 
n=42 
(38.5%)

Age, years, mean (SD) 68.1 (8.2) 70.3 (9.6) 71.5 (7.5) 74.0 (7.7) 70.1 (6.9) 72.7 (8.2)

Follow-up time, years, mean (SD) 10.0 (3.8) 10.6 (3.7) 6.4 (3.7) 7.7 (3.7) 6.4 (3.5) 6.7 (3.6)

Current smoking, n (%) 716 (29.5) 623 (17.6) 28 (26.9) 14 (13.5) 18 (26.9) 5 (11.9)

Past smoking, n (%) 1474 (60.7) 951 (26.8) 69 (66.4) 35 (33.7) 44 (65.7) 19 (45.2)

Body mass index, kg/m2, mean (SD) 25.7 (3.0) 26.7 (4.1) 25.4 (3.0) 27.2 (4.0) 25.4 (3.0) 27.1 (4.2)

Hypertension, n (%) 714 (29.4) 1283 (36.2) 49 (47.1) 57 (54.8) 31 (46.3) 25 (59.5)

Diabetes Mellitus, n (%) 248 (10.2) 383 (10.8) 13 (12.5) 23 (22.1) 11 (16.4) 13 (31.0)

Myocardial infarction, n (%) 412 (17.0) 284 (8.0) 42 (40.4) 16 (15.4) 26 (38.8) 6 (14.3)

Heart failure, n (%) 74 (3.0) 120 (3.4) 17 (16.3) 6 (5.8) 10 (14.9) 1 (2.4)
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spectively. The genotype frequencies are in Hardy-Weinberg equilibrium for both rs12143842 
(T-allele frequency=24.0%) and rs12567209 (A-allele frequency=14.9%) with P=0.72 and P=0.85, 
respectively. The imputed genotype for rs16847548 was available for all subjects. The imputation 
quality of this SNP was very good with an observed/expected variance ratio of 0.993.
For secondary analyses exploring the effect of a differential outcome definition on established 
risk factors the study population consisted of 5,661 subjects from the Rotterdam Study, all with 
available QT measurements and without a left or right bundle branch block, atrial fibrillation 
and a QRS duration <120 milliseconds, to minimize QT measurement errors. During a mean fol-
low up of 10.8 years 154 cases of SCD were identified, 85 of which witnessed.

NOS1AP variants association with SCD in the Rotterdam Study
The proportional hazards assumption for a constant hazard ratio (HR) over time was met. After 
adjustment for age and sex, rs12143842, rs16847548 and rs12567209 variants showed non-signif-
icant trends for association with SCD under an additive genetic model in the Rotterdam Study 
alone.(Table 2) Since rs16847548 is in linkage disequilibrium with rs12143842 (HapMaP CEU 
r2=0.82) the results are very similar for these SNPs (Table 3). For simplicity in subsequent analyses 
we show results for the genotyped rs12143842 SNP only. Upon inclusion of both rs12567209 and 
rs12143842 in the same model, in addition to age and sex, the hazard ratio (HR) for rs12567209 
changed from 0.85 (95% confidence interval (CI) 0.57 – 1.26) to 0.86 (95% CI 0.57 – 1.28) and for 
rs12143842 from 1.18 (95% CI 0.95 – 1.47) to 1.17 (95% CI 0.93 – 1.45). When QT interval, heart rate 
(RR interval) and QRS duration were subsequently added as continuous variables in the model, 

Table 2  Association results for rs12567209 and rs12143842 with all and witnessed Sudden Cardiac Death in 
the Rotterdam Study.

Cases rs12567209 rs12143842

n GG HR (95% CI) per 
additional A-allele

CC HR (95% CI) per 
additional T-allele

All SCD, model 1* 208 1.00 (ref) 0.85 (0.57–1.26) P=0.42 1.00 (ref) 1.18 (0.95–1.47) P=0.13

All SCD, model 2† 208 1.00 (ref) 0.86 (0.57–1.28) P=0.18 1.00 (ref) 1.17 (0.93–1.45) P=0.18

All SCD, model 3‡ 178 1.00 (ref) 0.74 (0.47–1.17) P=0.20 1.00 (ref) 1.06 (0.82–1.35) P=0.66

All SCD, model 4§ 175 1.00 (ref) 0.74 (0.46–1.18) P=0.21 1.00 (ref) 1.11 (0.87–1.43) P=0.40

All SCD, model 5° 126 1.00 (ref) 0.77 (0.45–1.34) P=0.36 1.00 (ref) 1.14 (0.86–1.52) P=0.37

Witnessed SCD, model 1* 109 1.00 (ref) 0.69 (0.37–1.27) P=0.23 1.00 (ref) 1.42 (1.06–1.89) P=0.018

Witnessed  SCD, model 2† 109 1.00 (ref) 0.73 (0.40–1.35) P=0.27 1.00 (ref) 1.39 (1.04–1.86) P=0.027

Witnessed SCD, model 3‡ 99 1.00 (ref) 0.72 (0.38–1.37) P=0.31 1.00 (ref) 1.27 (0.93–1.74) P=0.14

Witnessed  SCD, model 4§ 95 1.00 (ref) 0.67 (0.34–1.33) P=0.25 1.00 (ref) 1.34 (0.97–1.85) P=0.08

Witnessed  SCD, model 5° 66 1.00 (ref) 0.79 (0.36–1.72) P=0.55 1.00 (ref) 1.36 (0.93–1.99) P=0.11

* Model 1: adjusted for age and sex; 
† Model 2: Model1 + alternate SNP; 
‡ Model 3: Model 2 + QRS, QT and RR interval; 
§ Model 4: Model3 + hypertension at baseline and time dependent, body mass index, diabetes mellitus, heart failure and myo-
cardial infarction; 
° Model 5: Model 4, after exclusion of subjects with left or right bundle branch block or QRS duration over 120 milliseconds.
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the HRs for rs12567209 and rs12143842 were 0.74 (95% CI 0.47 – 1.17) and 1.06 (95% CI 0.82 – 1.35), 
respectively. (Table 2) 

To compare our results with the results from Kao et al.17, QT interval was also modelled as a 
categorical variable (quintiles). This showed similar results compared to analysis including the 
linear QT variable for both rs12567209 (HR=0.73; 95% CI 0.46 – 1.16) and rs12143842 (HR =1.07; 
95% CI 0.84 – 1.36). Additional adjustment for myocardial infarction, diabetes, heart failure, 
hypertension, smoking and body mass index did not change the effect estimates. To account 
for potential measurement errors of the QT interval, additional analyses were performed with 
exclusion of those subjects who showed a left or right bundle branch block, QRS duration over 
120 milliseconds or had prevalent atrial fibrillation. This did not change the results substantially. 
(Table 2)

Secondary analyses
Since some non-differential misclassification was expected in non-witnessed SCD, analyses were 
repeated using the restricted witnessed SCD case definition. The common variants studied here 
and established SCD risk factors were analyzed to assess the effect of the more stringent case 
definition.  Stronger effects were observed for established SCD risk factors including QT interval 
and sex when using this restricted definition despite the reduction in case sample size. (Table 3) 
When the genetic variants were tested for association with witnessed SCD, significant associa-
tions were observed for rs12143842 (and the correlated SNP rs16847548). Under the assumption 
of an additive genetic model the HR per additional T-allele of rs12143842 was 1.42 (95% CI 1.06 
– 1.89). Effect estimates for rs12567209 moved away from the null, but did not reach statistical 
significance, with an observed HR of 0.69 (95% CI 0.34 – 1.27). 

Meta-analyses
The findings of this study were combined with recent results from Kao et al (Table 4). With the 
addition of Rotterdam Study results the evidence for association between rs16847548 strength-
ened, irrespective of the outcome definition used (original HR=1.31, P=0.0024; joint HR=1.26, 

Table 3  Hazard ratio’s for classical SCD risk factors by phenotype definition in the total Rotterdam Study 
population with QT interval measurements and without bundle branch block, atrial fibrillation or QRS dura-
tion over 120 milliseconds (n=5,661). Presented are hazard ratio’s per QT interval quintile adjuste for age, sex 
and RR interval (inverse heart rate) and hazard ratio for sex adjusted for age.

Cases, n All SCD, 
HR (95% CI)

Cases, n Witnessed SCD, 
HR (95% CI)

QT quintile 1 36 1.00 (ref) 16 1.00 (ref)

QT quintile 2 38 1.38 (0.85–2.25) 21 2.01 (1.00–4.03)

QT quintile 3 34 1.48 (0.86–2.56) 21 2.64 (1.24–5.64)

QT quintile 4 46 2.20 (1.18–4.09) 27 4.42 (1.87–10.44)

Male 75 1.00 (ref) 50 1.00 (ref)

Female 79 0.43 (0.31–0.60) 35 0.29 (0.19–0.46)
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P=0.0011 for all SCD and HR=1.33, P=0.00019 for witnessed SCD). For rs12537209, the significance 
level only increased when we used the restricted witnessed SCD definition (original HR=0.57, 
P=0.0035; joint HR=0.69, P=0.0075 for all SCD and HR=0.60, P=0.0018, for witnessed SCD).

 Discussion

Main finding
In the present study, additional evidence is presented that common variation at the NOS1AP 
locus is associated with increased SCD risk. Adjustment for potential confounders, such as car-
diovascular co-morbidities or risk factors did not change the results. Overall in the Rotterdam 
Study sample, no significant effects for association between common variants and SCD were 
observed. However, when we restricted the case definition to only witnessed SCD, significant 
effects for rs12143842 and its proxy rs16847549 were seen despite the reduced number of cases.
Combination of the results with recently published data from the Cardiovascular Health Study 
and Atherosclerosis Risk in Communities study by Kao et al.18 resulted in a strengthened overall 
significance of the association between rs16847548 and SCD, regardless of the phenotype defi-
nition. For rs12567209, the incremental effect on significance was dependent on the outcome 
definition. When a stricter outcome definition was used, this resulted in strengthened statistical 
significance. 

Table 4  Joint analysis of Rotterdam Study results and ARIC plus CHS results. All results are based on sex and 
age adjusted allelic models. 

rs12567209 Allelic Dominant rs16847548 Allelic

ARIC* + CHS†

HR 0.57 0.53 1.31

Ln(HR)‡ -0.562 -0.635 0.270

Se§ 0.192 0.201 0.089

P 0.0035 0.0015 0.0024

RS˚ All Witnessed All Witnessed All Witnessed

HR 0.85 0.69 0.80 0.70 1.18 1.40

Ln(HR) -0.165 -0.378 -0.229 -0.364 0.165 0.339

Se 0.204 0.311 0.217 0.318 0.117 0.153

P 0.42 0.23 0.29 0.25 0.16 0.027

Joint

HR 0.69 0.60 0.64 0.57 1.26 1.33

Ln(HR) -0.374 -0.511 -0.448 -0.558 0.232 0.287

Se 0.140 0.164 0.147 0.170 0.071 0.077

P 0.0074 0.0018 0.0024 0.0010 0.0011 0.00019

* ARIC: Atherosclerosis Risk in Communities Study
† CHS: Cardiovascular Health Study
‡ Ln(HR): natural log of the hazard ratio = beta estimate from Cox regression model
§ SE: standard error of the regression coefficient
° RS: Rotterdam Study
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NOS1AP and SCD 
The mechanism by which NOS1AP influences QT interval and/or SCD risk remains to be fully eluci-
dated. NOS1AP encodes the CAPON protein that is expressed in the heart and interacts with Nitric 
Oxide Synthase 1 (NOS1) enhancing nitric oxide (NO) production31. NOS1 and NO play an important 
role in regulating cardiac physiology such as calcium turnover and adrenergic response32,33. Over-
expression of CAPON leads to inhibition of the L-type calcium channels and an increase in the 
delayed rectifier potassium current resulting in hastening of the action potential31. It remains to be 
proven whether the influence of common variation in NOS1AP on this physiological mechanism 
is also the mechanism for the increased risk of SCD. In the original report by Kao et al, associa-
tion of the common variants with SCD was independent of the effect on QT interval duration. We 
observed that for rs12143842, a proxy for the variant reported by Kao et al rs16847548, the effect 
on SCD was attenuated upon inclusion of QT interval in the model. For rs12567209 (which has 
not been associated with QT interval duration) adjustment for QT interval resulted in a slightly 
stronger effect of the common variant on SCD, however no significant results were observed in the 
Rotterdam Study sample alone. From the existing data it is difficult to say whether these genetic 
variants exert their effect on SCD through modulation of the QT interval or via other mechanisms. 
Both in the presented and previously described sample, the QT interval was measured well before 
the event. Additionally, the common variants might very well not be the causal SNPs. As indicated 
by Kao et al, the effect measures of these SNPs on QT interval and SCD might differ due to unequal 
linkage to the causal SNP, leaving residual association between the SNP and SCD after adjustment 
for QT interval. The fact that we observed attenuation of the effect on SCD for rs12143842 could be 
due to stronger correlation between this variant and the causal SNP.

Methodological considerations
Advantages of our study are the large community based sample size, prospective ascertainment 
of risk factors and active surveillance for SCD events over a relatively long duration of follow-up. 
Extensive information was available with respect to SCD events, facilitating careful case adju-
dication. The homogeneity of the Rotterdam Study population and quality control procedures 
identifying population outliers result in a low chance of population substructure underlying the 
findings. In prior GWAS analysis of QT interval, no indication of population stratification was 
observed in the Rotterdam Study15.

A limitation is the possibility of alternative causes of abrupt death, especially at increasing 
age. Specifically, for an unwitnessed abrupt death alternative causes of sudden death might lead 
to misclassification of the outcome due to less extensive information for adjudication. Since 
case ascertainment was blinded to genotype, this misclassification is non-differential and would 
lead to bias towards the null hypothesis of finding no association. Therefore, a reduction in 
misclassification of the outcome by excluding unwitnessed SCD could explain the observation of 
stronger associations for witnessed SCD. This is supported by the behavior of risk estimates for 
classically established SCD risk factors. Finally, with the available cases the power for replicating 
the findings for rs16847548 and rs12567209 was 68% and 92%, respectively, under the assump-
tion there is no case misclassification within the Rotterdam Study. 
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Conclusion

This study provided additional evidence for an association between common genetic variation 
within NOS1AP and sudden cardiac death. The strength of association depended on the strict-
ness of the phenotype definition used. The mechanism through which this effect is exerted 
remains to be elucidated. 
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Abstract

QT interval duration reflecting myocardial repolarization on the electrocardio-

gram is a heritable risk factor for sudden cardiac death and drug-induced ar-

rhythmias. We conducted a meta-analysis of 3 genome-wide association stud-

ies in 13,685 individuals of European ancestry from the Framingham Heart 

Study, the Rotterdam Study and the Cardiovascular Health Study. We observed  

associations at P<5×10-8 with variants in NOS1AP, KCNQ1, KCNE1, KCNH2 and 

SCN5A, known to be involved in myocardial repolarization and Mendelian 

Long QT Syndromes. Associations at five novel loci included 16q21 near NDRG4 

and GINS3, 6q22 near PLN, 1p36 near RNF207, 16p13 near LITAF and 17q12 near 

LIG3 and RIFFL. Collectively, the 14 independent variants at these 10 loci ex-

plain 5.4-6.5% of variation in QT interval. Identifying the causal variants and 

defining their impact on myocardial repolarization may add incrementally 

to the prevention of sudden cardiac death and drug-induced arrhythmias.  
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 Introduction

Sudden cardiac death (SCD) and drug-induced ventricular arrhythmia, a major barrier to drug 
development, are poorly predicted1. Prolongation of electrocardiographic QT interval duration, 
a measure of myocardial repolarization time, is a risk factor for drug-induced arrhythmias and 
SCD. Continuous QT interval duration is heritable (h2 ≈0.35) and has multiple environmental 
and genetic contributorS2. Its genetic determinants in populations are poorly characterized3. 
Congenital Long and Short QT Syndromes of ventricular arrhythmias and SCD due to extremes 
of QT interval duration are often caused by mutations with large effect sizes, commonly in ion 
channels involved in myocardial repolarization. These mutations are typically private to specific 
families and individually explain little of the population variation in QT interval duration or SCD 
risk4. The few common variants in candidate genes associated with QT interval duration thus far 
reported5-9 leave much of its heritability unexplained.  Genome-wide association studies covering 
the majority of common variation in the human genome can be used in large samples to identify 
genetic variants that typically confer modest effect sizes for quantitative complex traits such as 
QT interval duration. We completed a meta-analysis of three genome-wide association studies 
of QT interval duration in 13,685 self-identified white individuals of European ancestry drawn 
from three prospective cohort studies: the Framingham Heart Study (FHS, n = 7,650), the Rotter-
dam Study (RS, n = 4,606) and the firSt and second rounds of genotyping in the Cardiovascular 
Health Study (CHS, n = 1,429)10. We used genotypes from the Affymetrix 500K chip and 50K gene- 
centered MIP, the Illumina 550K and Illumina 370CNV arrays, respectively, to impute genotypes 
for 2,543,686 autosomal SNPs with reference to HapMap CEU linkage disequilibrium patterns.  

Methods

Study samples
The QTGEN consortium includes European-derived samples from three cohorts. The Framing-
ham Heart Study (FHS) is a community-based, longitudinal cohort study comprising three 
generations of individuals in multigenerational pedigrees and additional unrelated individuals. 
The current study included individuals from Generation 1 (11th examination), Generation 2 (1st 

examination) and Generation 3 (1st examination)11-13. The Rotterdam Study (RS) is a prospec-
tive population-based cohort study of chronic diseases begun in 199014,15. The current RS study 
sample included data from one of 4 examination cycles at which the firSt eligible electrocar-
diogram was available for each individual. The Cardiovascular Health Study (CHS) is a pro-
spective, cohort study of risk factorS for heart disease and stroke begun in 1989 and included 
4,925 self-described white participants16. The CHS study sample used in this analysis included 
self-identified whites from the firSt two rounds of genotyping in a nested case-cohort study of 
myocardial infarction. Data on QT interval and covariates came from the baseline examination, 
at which prevalent cardiovascular disease was an exclusion criterion in the parent case-cohort 
study. All studies were approved by local institutional review boards and written informed con-
sent was given.
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Individuals were excluded for bundle branch block or QRS duration >120 milliseconds, atrial 
fibrillation or flutter, pacemaker activity, or use of a QT-altering medication (not applied to FHS 
Generation 3). After exclusions there were 7,650 FHS, 4,606 RS and 1,429 CHS individuals with 
phenotype and genotype data who contributed to genotype-phenotype association analyses.

 QT measurement methods
In FHS, paper electrocardiograms were scanned and digital caliper measurements were made 
using proprietary software.  In the Rotterdam Study, digital measurements of the QT interval 
were made using the Modular ECG Analysis System (MEANS)17. In the Cardiovascular Health 
Study, the electrocardiograms were recorded on MAC PC-DT ECG recorder (Marquette Elec-
tronics Inc, Milwaukee, WI, USA) machines and measurements of QT interval made using the 
Marquette 12SL algorithm (see Supplementary Methods for full details). 

Phenotype modeling
The overall strategy involved linear regression to adjust QT interval for effects of age, sex, and Rr 
interval (inverSe heart rate) and residuals were used in genotype-phenotype association testing. 
In FHS, cohort-, sex- and cardiac cycle-specific regression models were created to adjust for age 
and Rr interval. Residuals from these regression models were standardized to mean 0, standard 
deviation (SD) 1 and then averaged across up to 4 cardiac cycles. The averaged residuals were 
then restandardized to mean 0, SD 1 in cohort- and sex-specific samples. These residuals were 
then used in genotype-phenotype association testing. In RS, sex-specific regression models were 
constructed to adjust for Rr interval and age and generate residuals. In CHS, the adjustment for 
age, sex, Rr interval and study site was performed in the genotype-phenotype association step 
(see below).  

Genotyping
In FHS, genotyping was performed using the Affymetrix 500K GeneChip array, called using 
the BRLMM algorithm18, and a custom-designed gene-centric 50K MIP. In RS, genotyping was  
performed using the Infinium II HumanHap550K Genotyping BeadChip verSion 3. In CHS, geno-
typing was performed using the Illumina 370CNV BeadChip system. Associations of poorly im-
puted SNPs were validated by re-genotyping FHS samples using Sequenom and RS samples using 
Taqman. See Supplementary Methods for cohort-specific genotyping details including filterS.  

Imputation
We imputed estimated allele dosage, defined as the expected number of copies of the minor 
allele (a fractional value between 0 and 2), of all autosomal SNPs using MACH19 (HapMap CEU 
release 22, build 36) in FHS and RS and using BIMBAM20 (release 21a, build 35) in CHS (see Supple-
mentary Methods for details).  
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Genotype-phenotype association method
In FHS, standardized QT residuals were tested for association with imputed allele dosage under 
an additive genetic model using the linear mixed effects model of the kinship package in R to 
account for relatedness21,22. In the Rotterdam Study, QT residuals were tested for association  
using MACH2QTL, which uses dosage value (0–2, continuous) as a predictor in a linear regres-
sion framework19. In CHS, QT interval was linearly regressed on age, sex, clinic, Rr-interval and 
SNP dosage using R21. The regression was weighted to reflect case-cohort sampling probabili-
ties. 

Meta-analysis
The minor allele from HapMap CEU genotypes was used to define the coded allele in all analy-
ses, regardless of frequency in individual cohorts. For an A/T SNP, the T allele is the ‘coded allele’ 
under the following coding: AA=0, AT=1, TT=2. To implement genomic control, the lambda 
value was used to correct the standard error as follows, SE_corrected=SE*sqrt(lambda). Each 
effect estimate (beta) was standardized to the standard deviation of the cohort-specific adjusted 
residuals to put all results on the SD scale. The ratio of the observed to the expected variance of 
the imputed allele frequency was used as the quality metric for the imputation of a given SNP. 
To account for the difference in power, and thus the interpretation of resulting p-values for 
each SNP, we created a variable N_effective which discounted the total sample size by imputa-
tion quality as follows: N_effective= N*(observed/expected variance). We used inverSe variance-
weighted fixed effects meta-analysis of the beta estimates from linear regression as the primary 
meta-analysis method. Weighting by the square root of the N_effective resulted in very similar 
-log(p-value) for results with P < 0.01 (r=0.9980). The scripts developed for this project are 
freely available at http://www.broad.mit.edu/~debakker/meta.html. We a priori declared results 
significant at α = 5×10-8, based on estimates adjusting for all common variant tests in the human 
genome of European ancestry individuals for a target genome-wide P < 0.0523.

Exchange with QTSCD consortium
We submitted to the QTSCD consortium a list of our top SNP associations (one SNP per signal of 
association) and received QTSCD results for those SNPs. A reciprocal exchange was performed. 
We performed meta-analysis of the QTGEN meta-analysis results (n=13,685) with the QTSCD 
results (n=15,854) using inverSe variance weights.

QT genotype score
A QT genotype score was calculated using the effect estimates from the QTGEN meta-analysis for 
the coded allele of each of 14 SNPs. The score, on the standard deviation scale, was calculated 
as follows for each individual: QT genotype score = beta1*allele_copy_number1 + beta2*allele_
copy_number2 + … beta14*allele_copy_number14.
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Results

The mean ages of the individuals in the FHS, RS and CHS cohorts were 40, 69, and 73 yearS, 
respectively. Additional clinical characteristics are shown in Table 1. QT interval measures were 
adjusted for age and Rr-interval (inverSe heart rate) using cohort- and sex-specific linear regres-
sion, and the standardized residuals served as the phenotype for the association analysis. We 
started with a set of SNPs passing study-specific quality control filterS: in FHS, 378,163 SNPs from 
the Affymetrix 500K chip + 50K gene-centered MIP; in RS, 512,349 SNPs from the Illumina 550K 
array; and in CHS, 332,946 SNPs from the Illumina 370CNV array. We imputed genotypes with 
reference to phased chromosomes from HapMap CEU (see Methods)20. After quality control 
filtering, we used genotypes from up to 2,543,686 SNPs to test for association in cohort-specific 
analyses. Genomic control was used to adjust for test-statistic inflation24, which was minimal, 
with λgc ranging from 1.02 to 1.04. Cohort-specific quantile-quantile plots of p-value distri-
butions are shown in Supplementary Figure 1. Using inverSe variance weights, we combined 
genomic-controlled association results under an additive model from the three cohorts in fixed 
effects meta-analysis (overall λgc = 1.012). Nine loci were independently associated at a genome-
wide P < 5×10-8 (Table 2, Figure 1, Figure 2). An additional locus was borderline significant  
(P = 8×10-8), but was externally validated. Five of the ten associated loci are related to the myocardial 
repolarization genes previously known to be associated with QT interval duration in the general 
population or in Mendelian conditions: NOS1AP, KCNQ1, KCNH2, KCNE1 and SCN5A. We observed 
an excess number of associations compared with the expectation under the null. For a nominal 
P < 10-5 we observed 568 associations compared with 25 expected under the null hypothesis  
(P << 10-4, Supplementary Table 1). This finding suggests that among the many false positives at 
less stringent statistical thresholds additional truly associated variants may exist.

Table 1  Clinical characteristics by cohort and by sex.
	

Framingham Heart Study Rotterdam Study Cardiovascular Health Study

men 
n = 3,440

women 
n = 4,210

men 
n = 1,854

women 
n = 2,752

men 
n = 802

women 
n = 627

Age (yearS) 40 (10) 40 (11) 68 (8) 69 (9) 73 (6) 73 (5)

Body mass index 27 (4) 25 (5) 26 (3) 27 (4) 26 (3) 26 (5)

Hypertension 23% 14% 34% 41% 54% 60%

Diabetes 2.3% 1.6% 10% 10% 16% 11%

Raw QT (msec) 390 (35) 391 (38) 398 (29) 399 (29) 417 (35) 413 (31)

Heart rate (beats/
minute)

67 (13) 72 (14) 68 (12) 71 (12) 66 (11) 69 (10)

RR interval (msec) 943 (167) 880 (164) 904 (155) 865 (140) 979 (167) 928 (140)

QTc (msec)* 404 (22) 419 (22) 421 (23) 431 (22) 423 (19) 431 (22)

Standard deviation of 
QT residuals (msec)†

20.6 20.8 18.3 17.9 17.3 17.3

* Bazett’s correction for heart rate: QTc = QT/sqrt (RR interval).  
† Residuals are from sex-specific linear regression models adjusting for age and RR interval.
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We had the opportunity to compare our top results with the QTSCD consortium, which included 
15,854 individuals of European ancestry25. All associations but one were confirmed at 2-sided  
P < 0.05 (Table 2). 

Genes known to be involved in myocardial repolarization 
At the NOS1AP locus, we observed the strongest association in the genome for rs12143842, 6kb 
5’ of NOS1AP, with 0.21 SD QT increase per minor allele copy (minor allele frequency, MAF = 
0.26, P = 8×10-46, Table 2, Figure 2A). All results are shown on the standard deviation scale  
(1 SD ≈ 17.5 msec).  Two additional independent signals were observed at rs12029454 (MAF 0.15) 
and rs16857031 (MAF 0.14) in intron 2 and intron 1, respectively, all with r2 to each other <0.05 
in HapMap and with p<0.05 when entered into a single regression model in FHS and RS (CHS 
with a smaller sample is underpowered, Supplementary Table 2). We have previously reported  

QTGEN QTSCD Meta-analysis QTGEN + QTSCD

SNP Chr Function/gene Other genes within  
500kb at novel loci

Coded  
allele

Allele 
frequency

Effective 
sample size

Beta 
estimate

SE P-value Beta 
estimate

SE P-value Beta 
estimate

SE P-value

rs12143842 1q upstream NOS1AP T 0.26 13,241 0.21 0.02 8x10-46 0.16 0.01 5x10-36 0.18 0.01 2x10-78

rs12029454 1q intron NOS1AP A 0.15 12,172 0.21 0.02 6x10-28 0.15 0.02 3x10-20 0.17 0.01 3x10-45

rs16857031 1q intron NOS1AP G 0.14 13,154 0.19 0.02 3x10-23 0.12 0.02 1x10-14 0.15 0.01 1x10-34

rs2074238 11p intron KCNQ1 T 0.06 2,888 -0.47 0.06 3x10-16 -0.33 0.14 0.02 -0.45 0.05 3x10-17

rs37062 16q intron CNOT1 GINS3, NDRG4,  
SLC38A7, GOT2 

G 0.24 13,440 -0.12 0.02 3x10-15 -0.09 0.01 5x10-12 -0.10 0.01 3x10-25

rs11756438 6q intron c6orf204 SLC35F1, PLN, ASF1A A 0.47 12,707 0.09 0.01 4x10-11 0.08 0.01 2x10-12 0.08 0.01 5x10-22

rs12576239 11p intron KCNQ1 T 0.13 13,211 0.12 0.02 2x10-10 0.08 0.02 3x10-7 0.10 0.01 1x10-15

rs846111 1p 3’ UTR RNF207 NPHP4, CHDS, ACOT7, 
PLEKHG5, KLH21

C 0.28 6,480 0.12 0.02 1x10-9 0.08 0.01 4x10-9 0.10 0.01 1x10-16

rs4725982 7q downstream KCNH2 T 0.22 13,706 0.09 0.02 6x10-9 0.08 0.01 1x10-8 0.09 0.01 5x10-16

rs8049607 16p upstream LITAF CLEC16A, SNN, 
ZC3H7A, TNFRSF17

T 0.49 10,543 0.08 0.01 2x10-8 0.07 0.01 4x10-8 0.07 0.01 5x10-15

rs1805128 21q missense KCNE1 A 0.010 7,644 0.48 0.09 2x10-8 -0.06 0.04 0.16 0.05 0.04 0.22

rs12053903 3p intron SCN5A C 0.34 13,491 -0.08 0.01 3x10-8 -0.06 0.01 6x10-8 -0.07 0.01 1x10-14

rs2074518 17q intron LIG3 RFFL T 0.46 13,488 -0.07 0.01 8x10-8 -0.05 0.01 7x10-6 -0.06 0.01 6x10-12

rs2968864 7q downstream KCNH2 C 0.25 12,932 -0.08 0.02 1x10-7 -0.08 0.01 1x10-9 -0.08 0.01 8x10-16

Table 2  SNPs with evidence for independent association at 10 loci with P < 5×10-8. A SNP at the LIG3 locus met 
our significance threshold in an interim analysis and was confirmed in the QTSCD consortium study. Chromo-
somal positions and coded alleles are given relative to forward strand of NCBI build 36.  Effect sizes are shown 
as beta estimates from linear regression models for increasing copy of the coded allele and are on the standard 
deviation scale (1 SD ≈ 17.5 msec). A beta estimate of 0.08 SD is equivalent to a change in QT interval of 1.4 
msec and an effect of 0.48 SD is equivalent to an 8.4 msec change. The effective sample size reflects the power 
relative to the total sample size of 13,685 with imputed data resulting from variation in imputation quality (see 
Methods). Selected genes from each locus are shown for reference. Results using the same coded allele from the 
QTSCD study (reported separately) and meta-analysis of the QTGEN and QTSCD study using inverse variance 
weighting are shown (n ≤ 29,539). Chr = chromosome. SE = standard error.
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association in FHS and RS samples of rs10494366 at NOS1AP (P = 5×10-30 in the current report) 
and this association has been widely replicated5,26-29. This SNP is not significant in models adjust-
ing for the 3 SNPs identified in the current study (P > 0.05) and it shows some degree of correla-
tion to each of the 3 SNPs (to rs12043842 r2 = 0.46-0.47 in FHS and RS and r2 = 0.11 in HapMap 
CEU; to rs12029454 r2 = 0.17 in RS and HapMap CEU; to rs16857031 r2 = 0.17 in HapMap CEU)30.  
We conclude that there are three independent signals at the locus and that rs10494366 captures 
the association signal from at least one of these 3 SNPs.  

We identified two common variants in intron 1 of KCNQ1 that were associated with QT interval 
duration (Table 2, Figure 2b). Rare mutations in KCNQ1, a potassium channel involved in myo-
cardial repolarization, have been associated with Long QT Syndrome type 1 and Short QT Syn-
drome type 24. In this meta-analysis, SNP rs2074238 (MAF = 0.06) was associated with 0.47 SD 
shorter QT interval for each minor allele (P = 3×10-16) and rs12576239 (MAF = 0.13) was associated 
with 0.12 SD longer QT interval for each minor allele (P = 2×10-10). The two SNPs were indepen-
dently associated with QT in models that included both SNPs (P = 6×10-5, P = 1×10-4, respectively 
in FHS and P = 3×10-10, P = 0.03 in RS, Supplementary Table 2). Coupled with the low correla-
tion of the two SNPs (HapMap CEU r2=0.009, FHS r2=0.014, RS r2=0.011) these findings support 
two independent association signals at the locus. Pfeufer et al. previously reported association 
with QT interval of rs757092 (MAF=0.38) which lies 3kb away from rs12576239 in intron 1 and to 
which it is partially correlated (r2 = 0.31 HapMap CEU) and 14kb away from rs2074238 to which it 
is not correlated (r2 = 0.005 HapMap CEU)9. We did not find supportive evidence of association 
of rs757092, which was well imputed, with QT interval in QTGEN (P = 0.11).

The common SNP rs4725982, 3’ of KCNH2, was associated with QT interval (+0.09 SD/minor 
allele, MAF=0.22, P = 6×10-9, Table 2, Figure 2f). A second SNP at KCNH2, rs2968864 was associated 
with shorter QT interval duration for increasing minor allele count, but did not reach our  

QTGEN QTSCD Meta-analysis QTGEN + QTSCD

SNP Chr Function/gene Other genes within  
500kb at novel loci

Coded  
allele

Allele 
frequency

Effective 
sample size

Beta 
estimate

SE P-value Beta 
estimate

SE P-value Beta 
estimate

SE P-value

rs12143842 1q upstream NOS1AP T 0.26 13,241 0.21 0.02 8x10-46 0.16 0.01 5x10-36 0.18 0.01 2x10-78

rs12029454 1q intron NOS1AP A 0.15 12,172 0.21 0.02 6x10-28 0.15 0.02 3x10-20 0.17 0.01 3x10-45

rs16857031 1q intron NOS1AP G 0.14 13,154 0.19 0.02 3x10-23 0.12 0.02 1x10-14 0.15 0.01 1x10-34

rs2074238 11p intron KCNQ1 T 0.06 2,888 -0.47 0.06 3x10-16 -0.33 0.14 0.02 -0.45 0.05 3x10-17

rs37062 16q intron CNOT1 GINS3, NDRG4,  
SLC38A7, GOT2 

G 0.24 13,440 -0.12 0.02 3x10-15 -0.09 0.01 5x10-12 -0.10 0.01 3x10-25

rs11756438 6q intron c6orf204 SLC35F1, PLN, ASF1A A 0.47 12,707 0.09 0.01 4x10-11 0.08 0.01 2x10-12 0.08 0.01 5x10-22

rs12576239 11p intron KCNQ1 T 0.13 13,211 0.12 0.02 2x10-10 0.08 0.02 3x10-7 0.10 0.01 1x10-15

rs846111 1p 3’ UTR RNF207 NPHP4, CHDS, ACOT7, 
PLEKHG5, KLH21

C 0.28 6,480 0.12 0.02 1x10-9 0.08 0.01 4x10-9 0.10 0.01 1x10-16

rs4725982 7q downstream KCNH2 T 0.22 13,706 0.09 0.02 6x10-9 0.08 0.01 1x10-8 0.09 0.01 5x10-16

rs8049607 16p upstream LITAF CLEC16A, SNN, 
ZC3H7A, TNFRSF17

T 0.49 10,543 0.08 0.01 2x10-8 0.07 0.01 4x10-8 0.07 0.01 5x10-15

rs1805128 21q missense KCNE1 A 0.010 7,644 0.48 0.09 2x10-8 -0.06 0.04 0.16 0.05 0.04 0.22

rs12053903 3p intron SCN5A C 0.34 13,491 -0.08 0.01 3x10-8 -0.06 0.01 6x10-8 -0.07 0.01 1x10-14

rs2074518 17q intron LIG3 RFFL T 0.46 13,488 -0.07 0.01 8x10-8 -0.05 0.01 7x10-6 -0.06 0.01 6x10-12

rs2968864 7q downstream KCNH2 C 0.25 12,932 -0.08 0.02 1x10-7 -0.08 0.01 1x10-9 -0.08 0.01 8x10-16
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pre-specified genome-wide significance threshold for unselected genetic variants in the QTGEN 
samples (-0.08 SD/minor allele, MAF=0.25, P = 1×10-7, Table 2, Figure 2f). Rare mutations in  
KCNH2, a potassium channel involved in myocardial repolarization and drug-induced 
arrhythmias, are known to underlie congenital Long QT Syndrome type 2 and Short QT Syndrome 
type 14. The two SNPs were significant or nearly so when entered into a single regression model  
(P = 4×10-3, P = 3×10-4, respectively in FHS and P = 4×10-3, P = 0.16, respectively in RS, Supplementary 
Table 2). Coupled with the low correlation between the SNPs in HapMap CEU (r2=0.09), the two 
SNPs thus appear to represent independent signals of association. The missense variant rs1805123 
(K897T) has been associated with QT interval in most studies, including our own6,8,9,31, and is 
perfectly correlated with rs2968864 (r2=1.0 in FHS, data not shown), which is thus not a novel 
finding8. An intronic SNP has been previously reported by Pfeufer et al. to be associated with 
QT interval (rs3815459), is poorly correlated with the currently reported rs4725982 or rs2968864/
rs1805123 variants (r2 = 0.08, r2 = 0.08, respectively in KORA, personal communication, Arne 

Figure 1  QT interval association results for 2,543,686 imputed SNPs in 13,685 individuals from 3 cohorts. 
Results are shown on the -log10(P) scale and are truncated at -log10(P) = 18 for display purposes. The solid bar 
corresponds to the genome-wide significance threshold of 5×10-8.
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Pfeufer) and could not be imputed because it is not represented in HapMap. Another variant 
previously reported by us (rs3807375)8 has limited correlation with rs2968864 (r2=0.21 HapMap 
CEU) and rs4725982 (r2 = 0.39 HapMap CEU) and is not significant in models containing rs2968864 
and rs4725982, suggesting that it does not represent an independent signal of association.  

SNP rs1805128 was associated with QT interval duration (+0.48 SD/minor allele, MAF = 0.01,  
P = 2×10-8, Table 2, Figure 2h). This SNP encodes a change from aspartate to asparagine at amino 
acid 85 (D85N) in KCNE1, a potassium channel involved in myocardial repolarization in which 
rare mutations result in Long QT Syndrome type 54. D85N is poorly covered by the fixed geno-
typing arrays used here, but was included on the supplemental Affymetrix 50K array used in 
FHS, for which results are presented. Association of rs1805128 has been reported by Gouas et al. 
with extremes of QT interval duration in 398 individuals from the DESIR cohort (P = 0.02)7, and 
by us in 4,487 CHS participants (P = 0.003)33, and more recently in 5,043 individuals from the 
Health2000 study (P = 4×10-11)33. Importantly, the D85N variant has also been related to drug-
induced arrhythmia34,35 and Long QT Syndrome36. 

In the published literature, no common variants in SCN5A have been convincingly associa- 
ted with QT interval duration in European-derived individuals. We observed an associa-
tion of rs12053903 in intron 27 of SCN5A with QT interval (-0.08 SD/minor allele, MAF = 0.34,  
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Figure 2  Regional association plots for one megabase surrounding each associated locus. Statistical signifi-
cance of associated SNPs at each locus are shown on the -log(P) scale as a function of chromosomal position 
(NCBI Build 36). The primary associated SNP at each locus is shown in black. The correlation of the primary 
SNP to other SNPs at the locus is shown on a scale from minimal (white) to maximal (black). The quality of 
imputation as assessed by the observed/expected variance on allele dosage is represented by the darkness of the 
diamond outline ranging from maximal (black) to minimal (light gray). Estimated recombination rates from 
HapMap and RefSeq annotations are shown. The loci shown include: (a) 1q23.3 including NOS1AP with three 
independent associations, rs12143842, rs12029454 and rs16857031, (b) 11p15.5 including KCNQ1 with two inde-
pendent associations, rs2074238 and rs12576329, (c) 16q21 including GINS3, NDRG4 and CNOT1, (d) 6q22.31 
including c6orf204 and PLN, (e) 1p36.31 including RNF207, (f) 7q36.1 including KCNH2 with two independent 
associations, rs4725982 and rs2968864, (g) 16p13.3 including LITAF, (h) 21q22.12 including KCNE1, (i) 3p22.2 
including SCN5A and (j) 17q12 including LIG3 and RFFL.
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P = 3×10-8, Table 2, Figure 2i). Rare mutations in SCN5A, the cardiac sodium channel, result in 
Long QT Syndrome type 337. A common missense variant in SCN5A, S1102Y, is associated with QT 
prolongation, ventricular arrhythmias and sudden cardiac death in African Americans 37,38, but 
is nearly monomorphic (MAF <0.01) in individuals of European ancestry.

The finding of 9 associated common variants in 5 genes known to influence myocardial re-
polarization and cardiac arrhythmias at the top of our list of results, 8 achieving a stringent 
genome-wide significance threshold in our meta-analysis of three independent cohorts, gave us 
confidence in the validity of the five novel loci that exceeded this threshold.

QT interval associations with novel loci
The firSt novel locus on chromosome 16q21 near NDRG4, SETD6, CNOT1, SLC38A7 and GINS3 
included SNP rs37062 (MAF = 0.24) which falls in intron 40 of CNOT1, a regulator of RNA tran-
scription, and was associated with 0.12 SD reduced QT per minor allele (P = 3×10-15, Table 2, Fig-
ure 2c). None of the nearby genes is known to modulate myocardial repolarization in humans, 
although recent experiments in zebrafish suggest potential candidates at the locus. Milan et al 
tested zebrafish mutants generated by Amsterdam et al. in an insertional mutagenesis screen39 
for altered response to challenge with dofetilide, a QT interval prolonging medication used in 
humans that prolongs cardiomyocyte action potential duration in humans and zebrafish. They 
found that a mutant with an insertion in intron1 of GINS complex subunit 3 (GINS3) was resistant 
to the QT-prolonging effects of exposure to dofetilide40. The GINS complex is involved in the 
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establishment of DNA replication forks. In humans, GINS3 falls near the 16q21 interval associ-
ated with QT interval in our meta-analysis (127kb from rs37062). In addition, a recent report on 
NDRG4 (N-myc downstream-regulated gene family member 4, 56kb from rs37062) in zebrafish 
observed expression restricted to the central nervous system and the heart starting at 24 hourS 
post-fertilization41. Morpholino knockdown of NDRG4 was associated with hypoplastic hearts 
with pericardial edema, dilated atria, looping defects and slower heart rates compared to con-
trols. Zebrafish respond to exposure to QT-prolonging drugs with heart rate slowing42, although 
this may be a non-specific finding in the NDRG4 morphants. While we cannot exclude a source 
of the association in the many other genes at this locus, GINS3 and NDRG4 are promising candi-
dates for further work.

The second novel locus is on chromosome 6q22.31. SNP rs11756438 (MAF = 0.47) lies in an 
intron of a predicted gene of unknown function c6orf204 and near SLC35F1 and PLN and was 
associated with 0.09 SD higher QT interval per minor allele (P = 4×10-11, Table 2, Figure 2d). 
Interestingly, PLN (122kb away from this SNP) encodes phospholamban, an inhibitor of car-
diac sarcoplasmic reticulum Ca++-ATPase (SERCA2a). Phospholamban knockout mice show 
enhanced myocardial contractility in response to beta adrenergic agonists43. Cardiomyocyte 
dysregulation of Ca++ handling due to increased phospholamban activity has been linked to 
dilated cardiomyopathy and heart failure in mouse models44 and in a human family with car-
diomyopathy and ventricular tachycardia45. While more work will be required to localize the 
source of the signal of association reported here, it is interesting to note that NOS1AP activates 
neuronal nitric oxide synthase 15, a regulator of calcium cycling in the sarcoplasmic reticulum, 
and that rare variants in CACNA1C, a subunit of the L-type voltage-dependent calcium chan-
nel, cause congenital Long QT Syndrome46. These observations suggest a unifying hypothesis 
that genetic variation influencing calcium cycling in cardiac myocytes influences repolarization 
and, when altered, contributes to arrhythmogenesis.

The third novel locus was on chromosome 1p36.31 near several genes including CHD5, RPL22, 
RNF207, ICMT, HES3, GPR153, and ACOT7. The top SNP at the locus, rs846111 (MAF = 0.28), lies in 
the 3’ untranslated region of RNF207 and was associated with 0.12 SD higher QT interval for each 
copy of the minor allele (P = 1×10-9, Table 2, Figure 2e). RNF207, which encodes ring finger pro-
tein 207, is of unknown function, in a family of molecules involved generally in protein-protein 
interaction and ubiquitination.  

The fourth novel locus was on chromosome 16p13.3 upstream of LITAF, encoding lipopoly-
saccharide induced tumor necrosis factor, which has no known relationship to myocardial re-
polarization but missense mutations in this gene have been related to Charcot-Marie-Tooth, a 
hereditary motor and sensory neuropathy47. The top SNP at the locus, rs8049607 (MAF = 0.49), 
was associated with 0.08 SD higher QT interval for each minor allele copy (P = 2×10-8, Table 2, 
Figure 2g).  

The fifth novel locus was on chromosome 17q12 near LIG3 and RFFL. The top SNP at the locus, 
rs2074518 (MAF = 0.46) in intron 11 of LIG3, was associated with 0.07 lower QT interval for each 
minor allele copy (P = 8×10-8, Table 2, Figure 2j). While the result did not achieve genome-wide 
significance in our data alone, replication was observed in the QTSCD consortium (P = 7×10-6, 
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joint P = 6×10-12). LIG3 encodes DNA ligase III, is involved in DNA base-excision repair and is not 
an obvious candidate to modulate myocardial repolarization. The nearby gene RFFL encodes the 
rififylin protein and is involved in the endocytic recycling compartment.  

Estimates of the coverage by the imputed SNPs of SNPs found in HapMap CEU at each of the 
novel loci are shown in Supplementary Table 3.

Technical validation of poorly imputed SNPs and secondary analysis
Because the imputation quality of individual SNPs varied due to variation in coverage of SNPs 
by fixed genotyping arrays, we directly genotyped 3 sentinel SNPs in the entire RS sample and 
in a subset of the FHS sample (total n≈7,000), as well as three additional SNPs only in the FHS 
subset. For example, rs2074238 in intron 1 of KCNQ1 had an effective sample size (see Methods) 
in 6,975 individuals examined of only 2,359 when accounting for the relatively low imputa-
tion quality in Framingham (observed/expected variance = 0.10) and Rotterdam (0.45). The 
SNP was filtered out in the CHS analysis by the imputation QC thresholds. We compared the 
significance of imputed association results in the directly genotyped subsample to that of the 
direct genotyping results. Direct genotyping confirmed the association of rs2074238 with QT 
interval with a substantially stronger significance, consistent with the rise in effective sample 
size from 2,359 to 6,975 individuals (P = 1×10-13 imputed vs P = 6×10-23 directly genotyped, Table 
3). The appropriate filterS to be applied to imputed genotypes of varying quality are a matter 
of debate, but it was certainly encouraging that no association based on imputed results failed 
to be supported by directly genotyped SNP results (Table 3). Including poorly imputed variants 
in analyses may be valuable even though they have substantially reduced power to detect truly 
associated variants.

Table 3  QT interval association results of directly genotyped SNPs compared to imputed SNPs. Shown are 
meta-analysis of genotype-phenotype association results using imputed and directly genotyped SNPs in 1) a 
subset of the Framingham sample and the entire Rotterdam Study (n ≤ 6,975) or 2) the Framingham subset 
only (n ≤ 2,566). Three SNPs were genotyped only in the Framingham Heart Study (and did not specifically 
have low imputation quality). Effects are shown on the standard deviation (SD) scale. For SNPs that were less 
well imputed (small effective sample size) the increase in significance tracks with the fall in standard error and 
rise in effective sample size. N_effective is the sample size (N)* (observed/expected variance) [see Methods].  

Imputed SNP genotype association Directly genotyped SNP association Sample

SNP Beta (SD) SE P N_effective Beta (SD) SE P N

rs2074238 -0.47 0.06 1x10-13 2,359 -0.31 0.03 6x10-23 6,975 FHS+RS

rs846111 0.09 0.03 4x10-4 3,709 0.10 0.02 2x10-7 6,825 FHS+RS

rs8049607 0.09 0.02 1x10-6 5,964 0.08 0.02 4x10-6 6,921 FHS+RS

rs12576239 0.13 0.04 2x10-3 2,560 0.13 0.04 1x10-3 2,566 FHS only

rs4725982 0.10 0.03 3x10-3 2,556 0.11 0.03 1x10-3 2,556 FHS only

rs12053903 -0.04 0.03 0.17 2,385 -0.04 0.03 0.24 2,465 FHS only
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Because of the strong effect of sex on QT interval variation, which explains approximately 5% of 
its variability, we tested for but observed no significant interaction of sex with the SNP-QT associa-
tions.  

 Discussion

Confirmation of association in an independent sample
Examination of results for 14 SNPs at 10 loci identified by the QTGEN consortium in the QTSCD 
consortium data, demonstrated strong confirmation of results for 12 of the 14 associations (Table 
2)25. One SNP that only weakly replicated is the less common KCNQ1 SNP (rs2074238), which is 
poorly imputed from Affymetrix arrays used in QTSCD and is likely due to low power given the 
strong association in our data (P = 6×10-23 upon direct genotyping in 6,975 individuals). A SNP 
that did not replicate is the low frequency (MAF = 0.01) missense SNP rs1805128 (D85N) in KCNE1, 
which is poorly imputed from Affymetrix genotypes and is well replicated in external studies 
with direct genotyping7,32,33. Both SNPs thus had limited power to be replicated due to genotype 
imprecision from poor imputation quality. Additionally, genetic variants reaching genome-
wide significance in the QTSCD consortium were strongly confirmed in the QTGEN consortium, 
including RS10919071 at a locus containing ATP1B1 (QTGEN P = 4×10-5) and rs17779747 at a locus 
containing KCNJ2, a Long QT Syndrome gene (QTGEN P = 4×10-5).

Population impact of 14 variants associated in QTGEN
In summary, the QTGEN meta-analysis of three genome-wide association studies detected nine 
common variants at five known candidate genes and an additional five common variants at 
novel loci not previously recognized to modulate myocardial repolarization. In total, these vari-
ants explain a substantial proportion of variation in QT interval (Framingham 5.4%, Rotterdam 
6.5%, CHS 2.3%, Supplementary Table 2). These variants in aggregate explain more of QT interval 
variation than any other covariate (excluding heart rate) including female sex, a known risk 
factor for QT prolongation and drug-induced arrhythmia.  

To assess the potential clinical impact of the genetic variants examined here, we constructed 
a QT genotype score using the allele copy number and the effect estimates for the 14 SNPs from 
our meta-analysis and tested the score in the FHS and RS samples (the larger samples). The top 
quintile of QT genotype score was associated with 9.7 msec and 12.4 msec higher Bazett-correct-
ed QTc (the heart rate correction used in clinical settings) compared to the bottom quintile in 
FHS and RS samples (P = 5×10-28, P = 1×10-31, respectively). A prolonged QTc ≥450 msec in men 
and ≥470 msec in women has previously been shown to be associated with 2.5-fold increased 
hazard of sudden cardiac death in the Rotterdam Study1. The top quintile of QT genotype score 
was associated with odds ratios for prolonged QTc of 2.6 and 3.1 in FHS and RS (P = 3×10-5,  
P = 6×10-7, respectively, Supplementary Table 4). The finding that the top 20% of genotype 
score in the population has a QTc increase compared to the bottom 20% in excess of the QT-
prolonging effect of some drugs causing arrhythmias (as little as 8 msec), and that one of the 
SNPs (D85N KCNE1) is associated with the congenital Long QT Syndrome36 and drug-induced 
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arrhythmias34,35, further supports the clinical relevance of the genetic variants identified in the 
current report. Tests of the hypothesis that these variants, individually or in aggregate, contrib-
ute to risk of sudden cardiac death or drug-induced arrhythmias will require additional work 
in well-powered samples.

Although genetic effects have been thought to be weaker at older ages, striking associations 
were identified among these populations of middle aged and older adults. This may be expected 
for common variants of modest effects that elude negative selection and modulate traits in 
which environmental factorS play only a modest role.  

Additional fine mapping with direct genotyping to refine the signal of association and to 
identify the specific genes involved will be required. As illustrated by the number of common 
variants in Long and Short QT Syndrome genes, the spectrum of allele frequencies and effect 
sizes for the variants at many genes ranges from rare variants of strong effect underlying Men-
delian forms of disease to less common variants with intermediate effects to highly polymorphic 
variants with comparatively modest effects.  Certainly, this study will have missed variants that 
have even more modest effects, that are poorly captured by fixed genotyping arrays including 
those in the minor allele frequency range from 0.5-5%, and that due to random sampling varia-
tion failed to rise to the top of our results but might in an equally sized independent sample. 
Resequencing of each gene will be needed to fully characterize the allelic architecture of QT 
variation in the general population as well as its relevance to the approximately 25% of LQTS 
families without recognized mutations in known genes and the great majority of those who die 
of sudden cardiac death in the general population without recognized genetic risks.
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3.1  Supplement

 

Supplementary Figure 1  Shown are quantile-quantile plots of -log(p-value) of QT interval association tests in 
Framingham Heart Study (FHS), Rotterdam Study (RS), and Cardiovascular Health Study (CHS).  
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Supplementary Table 1  P-value distributions from meta-analysis of 2,543,686 imputed SNPs in 13,685 indi-
viduals, binned by -log10(P). The ratio of observed to expected SNPs exceeding different thresholds is shown.

-log10(P) <2 <3 <4 <5 <6 <7 <8

observed 27,702 4,260 1,197 568 459 346 304

expected 25,437 2,544 254 25 2.5 0.25 0.03

ratio 1.1 1.7 4.7 22 180 1,360 11,951

Supplementary Table 2  Cohort-specific association results in multivariable regression models including 14 
SNPs at 10 loci.
	

Framingham Heart Study Rotterdam Study Cardiovascular Health Study

SNP Beta (SD) SE P Beta (SD) SE P Beta (SD) SE P

rs12143842 0.15 0.02 8x10-12 0.19 0.03 9x10-14 0.17 0.07 9x10-3

rs12029454 0.11 0.03 4x10-5 0.08 0.03 7x10-3 -0.02 0.14 9x10-1

rs16857031 0.07 0.03 4x10-3 0.17 0.03 6x10-8 0.24 0.08 3x10-3

rs2074238 -0.47 0.12 6x10-5 -0.41 0.06 3x10-10 -0.66 0.55 3x10-1

rs37062 -0.11 0.02 2x10-8 -0.13 0.02 5x10-8 -0.13 0.05 8x10-3

rs11756438 0.07 0.02 4x10-5 0.11 0.02 6x10-8 0.12 0.06 6x10-2

rs12576239 0.10 0.03 1x10-4 0.07 0.03 3x10-2 0.12 0.08 1x10-1

rs846111 0.13 0.03 6x10-6 0.10 0.03 3x10-4 0.25 0.08 4x10-3

rs4725982 0.06 0.02 4x10-3 0.08 0.03 4x10-3 0.12 0.06 5x10-2

rs8049607 0.10 0.02 3x10-6 0.08 0.02 1x10-4 -0.01 0.05 9x10-1

rs1805128 0.47 0.08 2x10-8 0.06 0.06 3x10-1 0.79 0.84 4x10-1

rs12053903 -0.09 0.02 3x10-6 -0.05 0.02 2x10-2 -0.12 0.05 2x10-2

rs2074518 -0.06 0.02 2x10-4 -0.06 0.02 2x10-3 -0.09 0.06 9x10-2

rs2968864 -0.08 0.02 3x10-4 -0.03 0.02 2x10-1 -0.12 0.05 3x10-2

Model r2 = 
5.4%

Model r2 = 
6.5%

Model r2 = 
2.3%

 

Supplementary Table 3  Coverage statistics for novel loci. For purposes of coverage estimation, we defined 
the associated interval at each of the five novel loci to be the genomic span surrounding the top association 
signal(s) bounded by SNPs with r2 to each independent signal ≥0.20, including all intervening SNPs. Shown 
are the genomic span of these loci, the mean imputation quality score (ranging from 0 to 1) and the proportion 
of SNPs in the interval captured at an imputation quality score >0.50 and >0.80.  As can be seen, coverage at 
four of these novel loci is quite good (>90% of all SNPs captured at imputation quality >0.50) but the locus 
containing RNF207 is less well covered.

Chr Gene Start Stop Genomic 
span (kb)

Mean >0.50 >0.80

16q CNOT1 57085908 57257853 172 0.89 0.93 0.86

6q c6orf204 118634581 119134543 500 0.95 0.99 0.95

1p RNF207 6201001 6245523 45 0.63 0.71 0.43

16p LITAF 11574706 11631856 57 0.70 0.97 0.27

17q LIG3 30084616 30492053 407 0.92 0.96 0.89
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Supplementary Table 4  Quintiles of QT interval score and odds ratios for prolonged QTc.  Shown are the odds 
ratios, 95% confidence intervals and the p-values for each quintile of QT interval score relative to the lowest 
quintile (q1).  

Rotterdam Study Framingham Heart Study

OR 95% CI P OR 95% CI P

q1 ref ref

q2 1.64 1.01-2.65 0.04 1.24 0.76-2.05 0.39

q3 1.95 1.22-3.11 0.005 1.91 1.21-3.03 0.006

q4 2.26 1.43-3.57 5x10-4 1.52 0.94-2.46 0.09

q5 3.08 1.98-4.78 6x10-7 2.55 1.64-3.98 3x10-5

 

Supplementary Methods

QT measurement methods
In FHS, paper electrocardiograms recorded on Marquette machines were scanned and digital 
caliper measurements were made using proprietary software (eResearchTechnology, genera-
tions 1 and 2) or using Rigel 1.7.2. (AMPS, LLC, New York, NY, USA, generation 3).  The QT interval 
was measured from the beginning of the QRS to the end of the T wave (or the nadir of the T-U 
when U waves were present) in two cardiac cycles from lead II, one cycle from lead V2 and one 
cycle from lead V51.  The correlation of a single cycle QT measure between two readers was 0.77 
and the coefficient of variation was 2.6%, as previously published1. To increase precision, the 
average of measures from 4 cardiac cycles was used in analyses.  

In the Rotterdam Study, electrocardiograms were measured on ACTA electrocardiographs (ES-
AOTE, Florence, Italy) and digital measurements of the QT interval were made using the Modular 
ECG Analysis System (MEANS)2. The operation of the waveform recognition algorithms has been 
described and validated extensively2,3. The MEANS program determines common QRS onset and 
T offset for all 12 leads together on one representative averaged beat in a 10-second recording by 
use of template matching techniques. A common QRS onset and T offset are determined over 
all 12 leads in the representative complex. The presence of U waves or low T waves in individual 
leads then becomes less relevant. In the Common Standards for Quantitative Electrocardiog-
raphy (CSE) study, in which different ECG computer programs were compared with a group of 
expert cardiologists, the measurement performance of MEANS ranked among the best3. 

In the Cardiovascular Health Study, the electrocardiograms were recorded on MAC PC-DT ECG 
recorder (Marquette Electronics Inc, Milwaukee, WI, USA) machines and measurements of QT 
interval made using the Marquette 12SL algorithm, which measures the QT as a global interval 
measured from the median complex derived from the cardiac cycles occurring in 10 seconds.  QT 
measures were compared to values generated using the Dalhousie Program by the EPICORE read-
ing center4, which measures a global interval from a complex obtained with selective averaging of 
all normally conducted complexes. 12SL values with QT within 40 msec of the Dalhousie Program 
were accepted for use (97.4%). If the QT interval differed between the two programs by ≥40 msec 
(only 2.6% of ECGs), then the value closer to the median rate-corrected QT was used.
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Genotyping
In FHS, genotyping was performed by Affymetrix (Santa Clara, CA, USA) using the Affymetrix 
500K GeneChip array and a custom-designed gene-centric 50K MIP. Affymetrix 500K geno-
types were called using the BRLMM algorithm5. In FHS, the following exclusions were applied to 
exclude individuals with call rate ≤ 97%, per subject heterozygosity ± 5SD away from mean, or 
excess Mendelian errors resulting in 8,481 individuals with genotype regardless of phenotype 
and then to exclude SNPs with HWE P < 10-6 (15,586), call rate ≤ 97% (64,511), mishap P < 10-9 
(45,361), Mendel errors >100 (4,857), minor allele frequency <0.01 (67,269), incompatible strand 
with HapMap genotypes (release 22, n = 2) and SNPs not present on HapMap (13,394), resulting 
in a set of 378,163 SNPs to be used in imputation.  

In RS, genotyping was performed by the genetic laboratory of the Department of Internal 
Medicine, Erasmus Medical Center, Rotterdam using the Infinium II HumanHap550K Geno-
typing BeadChip version 3 (Illumina, San Diego, CA, USA). The Illumina 550K BeadChip array 
was genotyped in all participants of the original Rotterdam Study cohort with proper qual-
ity DNA samples (n = 6,449). Intensity files were analyzed using the BeadStudio Genotyping 
Module software v.3.1.14. A no-call threshold of 0.15 was applied to a custom-generated cluster 
file derived from the Illumina-provided cluster file (based on the cluster definitions applied to 
the HapMap CEPH cohort). In the custom-cluster file 2,308 SNPs with GenCall scores < 0.90 
were visually checked by two observers and manually re-clustered or zeroed accordingly. Poorly 
performing samples with low call rate and 10th percentile GenCall score were excluded prior 
to calling genotypes. Any samples with a call rate below 97.5% (n = 209), excess autosomal 
heterozygosity > 0.336 ~FDR < 0.1% (n = 21), mismatch between called and phenotypic sex (n 
= 36), or if there were outliers identified by the IBS clustering analysis clustering > 3 standard 
deviations away from the population mean (n = 102) or IBS probabilities > 97% (n = 129) were 
excluded from the analysis.  In total, 5,974 genotyped samples were available after exclusions.  

In CHS, genotyping was performed at the General Clinical Research Center’s Phenotyping/
Genotyping Laboratory at Cedars-Sinai using the Illumina 370CNV BeadChip system.  Geno-
types were called using the Illumina BeadStudio software as above. Samples were excluded from 
analysis for sex mismatch, discordance with prior genotyping, or call rate < 95%. SNPs were 
excluded from analysis for HWE p < 10-5; SNPs with call rates < 95% were manually reclustered 
using the Illumina software.  All three studies make use of genotypes that were not specifically 
generated to examine the genetic basis of QT interval duration.  

Associations of poorly imputed SNPs were validated by re-genotyping FHS samples at the 
Broad Institute using the Sequenom platform (San Diego, CA, USA) and RS samples at the Er-
asmus Medical Center using Taqman MGB platform using Assays-by-Design (Applied Biosys-
tems, Foster City, CA, USA).

Imputation
In FHS, model parameters were estimated using MACH6 v1.0.15 (using flags – rounds 100, – 
greedy) in 200 unrelated FHS individuals, prioritized for high call rate (≥98.9%), low Mendel 
error rates and non-outlier status in EIGENSTRAT7 principal components analysis. With these 
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model parameters, we used MACH6 to impute allele dosage, defined as the expected number of 
copies of the minor allele (a fractional value between 0 and 2), of all autosomal SNPs on Hap-
Map CEU based on phased chromosomes of release 22, build 36.  

In RS, the following exclusions were applied to identify 512,349 SNPs to be used for imputa-
tion: HWE P < 10-6, call rate ≤ 98% and minor allele frequency < 0.01. In total 49,117 SNPs were 
excluded.  For setting model parameters 200 random subjects were selected and used for every 
chromosome to estimate error and recombination rate (with flags – greedy, – rounds 100). Im-
putation was then performed to impute genotypes oriented to the positive strand of the human 
genome reference sequence for all autosomal SNPs in HapMap CEU using release 22, build 36.  
For each SNP in each individual, imputation results are reported as an allele dosage. 

In CHS, the following exclusions were applied to identify a final set of 332,946 SNPs: call rate 
>95%, HWE P > 10-5, 2 duplicate errors or Mendelian inconsistencies (for reference CEPH trios). 
Imputation was performed using BIMBAM8 v0.95 with reference to HapMap CEU using release 
21a, build 35 using one round of imputations and the default expectation-maximization warm-
ups and runs. SNPs were excluded for variance on the allele dosage ≤0.01.
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Abstract

Higher resting heart rate is associated with increased cardiovascular disease and 

mortality risk. Though heritable factors play a substantial role in population 

variation, little is known about specific genetic determinants. This knowledge 

can impact clinical care by identifying novel factors that influence pathologic 

heart rate states, modulate heart rate through cardiac structure and function 

or by improving our understanding of the physiology of heart rate regulation. 

To identify common genetic variants associated with heart rate we performed a  

meta-analysis of fifteen genome-wide association studies, including 38,991 sub-

jects of European ancestry, estimating the association between age-, sex-, and 

body mass-adjusted RR interval (inverse heart rate) and ~2.5 million markers. 

Results with P<5×10-8 were considered genome-wide significant. We constructed 

regression models with multiple markers to assess whether results at less strin-

gent thresholds were likely to be truly associated with RR interval. We identified 

six novel associations with resting heart rate at six loci: 6q22 near GJA1, 14q12 near 

MYH7, 12p12 near SOX5, c12orf67, BCAT1, LRMP and CASC1, 6q22 near SLC35F1, PLN 

and c6orf204, 7q22 near SLC12A9, UfSp1 and 11q12 near FADS1. Associations at 6q22 

400kb away from GJA1, at 14q12 MYH6 and at 1q32 near CD34 identified in previ-

ously published GWAS were confirmed. In aggregate, these variants explain ~0.7% 

of RR interval variance. A multi-variant regression model including 20 variants 

with P<10-5 increased explained variance to 1.6% suggesting that some loci falling 

short of genome-wide significance are likely truly associated. Future research is 

warranted to elucidate underlying mechanisms that may impact clinical care.
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Introduction

Higher resting heart rate is associated with increased risk of cardiovascular disease1, cardiovas-
cular mortality2,3, including sudden death4, and all-cause mortality independent of traditional 
risk factors5-9. However, it is not known whether heart rate directly impacts mortality or merely 
reflects unrecognized subclinical disease1,7,8. Recently it was shown that physical exercise reduc-
es the increased cardiovascular mortality risk associated with higher heart rate3. This suggests 
that heart rate is a clinically relevant and potentially modifiable risk factor.

Heart rate is a complex trait, determined by multiple environmental, genetic and other en-
dogenous factors. Heredity plays a substantial role in the inter-individual variation of resting 
heart rate, accounting for 26 to 32% of heart rate variation in prior studies10-13. Twin studies 
report even higher heritability estimates up to 55 to 63%14,15. Candidate gene approaches have 
identified multiple loci associated with heart rate12,13,16-20, but the results have been inconsistent 
and difficult to replicate. Genome-wide genotyping arrays of single nucleotide polymorphisms 
(SNPs) assay common variation in the human genome and can identify genetic variants with 
modest influences on a complex trait such as heart rate, as shown by two recent genome-wide 
association studies (GWAS) that identified common variation at or near MYH6, GJA1 and CD34 
associated with heart rate21,22. These chromosomal loci identified in an unbiased genome-wide 
study may represent novel risk factors for cardiovascular disease outcomes. This knowledge 
may also have impact on clinical care 1) by identifying novel factors that cause pathologic heart 
rate states (such as sick sinus syndrome or other arrhythmia’s), 2) by identifying factors that 
influence cardiac structure or function (e.g. stroke volume) and thereby modulate heart rate 
(since cardiac output = heart rate x stroke volume), or 3) by improving our understanding of 
the physiologic basis of heart rate regulation. Altogether this will generate insights into the un-
derlying mechanisms of heart rate as a well established, but poorly understood, risk indicator 
for cardiovascular disease and mortality.  

To identify additional genetic determinants of heart rate, we performed a meta-analysis of 
genome-wide association studies of resting heart rate, measured as the RR interval on the elec-
trocardiogram (ECG), in 38,991 individuals of European ancestry derived from fifteen studies in 
the RRGEN consortium.

 
Methods

Study participants 
The RRGEN sample consisted of subjects from the five participating studies in the Cohorts for 
Heart and Aging Research in Genomic Epidemiology  Consortium23 – comprised of the Age, 
Gene, Environment Susceptibility (AGES) Study, the Atherosclerosis Risk in Communities (ARIC) 
Study, the Cardiovascular Health Study (CHS), the Framingham Heart Study (FHS) and the Rot-
terdam Study (RS) – as well as the Cooperative Health Research in the Region Augsburg (KORA) 
study, the SardiNIA study, the Study of Health in Pomerania (SHIP), TwinsUK, Netherlands 
Study of Depression and Anxiety (NESDA) and three population isolate studies in the European  
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Special Populations Network (EUROSPAN), the Erasmus Rucphen Family (ERF), the South  
Tyrolean Micro-Isolate (MICROS) and the Orkney Complex Disease Study (ORCADES). For  
RRGEN both the baseline Rotterdam Study (RS-I) and first extended cohort (RS-II) were used24,25. 
KORA subjects in RRGEN were drawn from the F3 and S4 cohorts. 

Individuals were excluded if they were non-Caucasian, had atrial fibrillation, a second or 
third degree atrio-ventricular block, a pacemaker, a diagnosis of prevalent myocardial infarc-
tion or prevalent heart failure, used beta-adrenergic blocking agents, non-dihydropyridine cal-
cium antagonists or digoxin, or had a heart rate below 50 (RR interval>1200 milliseconds) or 
above 100 beats per minute (RR interval<600 milliseconds).

To adhere to STrenghtening the reporting of Genetic Associations studies (STREGA) state-
ment guidelines26 we include an online supplement with additional information (Supplemen-
tary Material). All studies have approval from their institutional review committee, and the sub-
jects of all cohorts provided written informed consent. A more detailed description of cohorts 
is given in the Supplementary Material.

RR interval measurement methods 
All cohorts recorded 12-lead ECGs from which the RR interval (which equals the inverse heart 
rate) was measured. For cohort-specific details on RR interval measurement methods please 
refer to the Supplementary Material. 

Genotyping and imputation 
Affymetrix and Illumina arrays were used for genotyping. Using genotype information gen-
erated on these platforms, all cohorts imputed genotypes for a common set of ~2.5 million 
autosomal SNPs based on linkage disequilibrium patterns observed in HapMap CEU reference 
samples (Utah residents of Northern and Western European descent). The genetic trait ana-
lyzed was the imputed allele dosage, a fractional value between 0 and 2, reflecting the estimated 
number of allele copies of a SNP for each subject. A more detailed description is given in Supple-
mentary Table 1.

Statistical methods 
Resting RR interval was adjusted for age, sex and body mass index. For each SNP, we tested the 
genotype for association with covariate adjusted-RR interval under an additive genetic model 
using linear regression models. We then conducted a fixed-effects, inverse variance weighted 
meta-analysis using beta estimates and standard errors from each of the cohorts with applying 
genomic control on a per study basis and additionally post meta-analysis (Pmeta-gc). Genomic 
control refers to the correction made to the test statistics to account for any inflation of the 
test statistic distribution, which can result from unaccounted population substructure or other 
technical biases27,28. We mapped all SNPs to dbSNP build 129, resulting in a unique set of 2,650,552 
autosomal SNPs, after confirming consistency of the coded allele across all studies. Scripts used 
for this meta-analysis are available online. (http://www.broadinstitute.org/~debakker/meta.
html)
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Genome-wide significance was defined as P<5×10-8, based on the estimated multiple testing 
burden for all common variants in populations of European ancestry29. To identify independent 
signals reaching the genome-wide significance threshold within a locus, genome-wide associa-
tion meta-analysis results were aggregated into bins by index SNP at a linkage disequilibrium r2 
threshold of 0.1, such that all results within a given bin were correlated to the index SNP at r2≥0.1 
but to any index SNP in other bins at r2<0.1. Four index SNPs at two loci were subsequently ana-
lyzed in conditional regression models (n<=33,846) to assess statistical independence.

Finally, we adopted the polygenic regression modelling approach as recently described by 
Purcell et al.30 and implemented in PLINK (http://pngu.mgh.harvard.edu/~purcell/plink) to es-
timate the genetic variance explained by associated loci at progressively less stringent P-value 
thresholds within the RS-II sample. The outcome of this analysis is a P-value threshold at which 
the explained variance is maximized. The list of loci included in the score yielding the maxi-
mum explained variance will include non-genome-wide loci that in aggregate contribute to the 
model’s performance and indicate that additional true positive signals are likely to be present 
within that list. For this analysis, we removed the RS-I and RS-II data from the discovery meta-
analysis to remove the risk of correlation between discovery and validation sample and overes-
timation of the explained variance. Subsequently, we obtained a list of independent signals to 
be included in the model based on their statistical significance from the meta-analysis without 
RS-I or RS-II (PLINK – clump option, r2 ≥0.05, 1 megabase window )31. We summarized variation 
across associated loci (using significance thresholds from P<5×10-8 to P<0.05) into quantitative 
scores per individual. The score was then used as a predictor in a linear regression analysis in 
the RS-II sample (n=1,589) and the resulting R2 is reported as the measure for explained variance 
for each P-value threshold. 

 Results

There were 38,991 individuals available for genotype-phenotype association analysis after ex-
clusions. Subject characteristics are shown in Table 1. While cohort-specific quantile-quantile 
plots of P-value distributions approximated expectations under the null, the meta-analysis of all 
results showed a clear excess of low P-values (Supplementary Figure 1). Study specific genomic 
inflation lambda values ranged from 0.98 to 1.05, suggesting that population stratification or 
other technical artifacts were minimal (Supplementary Table 1).

Meta-analysis of results from all studies resulted in 156 SNPs reaching the pre-specified ge-
nome-wide statistical significance level (P<5×10-8) before applying post-meta-analysis genomic 
control. In total, nine independent genome-wide significant signals were observed across seven 
chromosomal loci (Table 2, Figure 1), with all but one locus harboring multiple SNPs reaching 
the genome-wide significance threshold. (Figure 2A-E). 

Genome-wide significant associations were observed at 6q22 nearest to GJA1, 14q12 near 
MYH6 and MYH7; at 12p12 near SOX5, c12orf67, BCAT1, LRMP and CASC1; at 6q22 near SLC35F1, 
6orf204 and PLN (>3Mb away from 6q22 GJA1); at 7q22 near SLC12A9; at 11q12 near FADS1 and 
at 1q32 near CD34. The genomic inflation lambda value of the meta-analysis was 1.05. After  
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applying post-meta-analysis genomic control, the signal at 1q34 near CD34 and a second inde-
pendent signal at 6q22 GJA1 lost genome-wide significance.

The strongest association was observed for an intergenic SNP 370kb upstream of GJA1 at 6q22 
rs9398652 (minor allele frequency [MAF]=0.10) with 12.6 msec shorter RR interval per minor 
A allele, which is equivalent to a 0.95 beats/minute (bpm) higher heart rate based on the base-
line mean heart rate of 66.8 bpm, across all studies, (P=8.0×10-16, Pmeta-gc=3.8×10-15, Table 2 and 
Figure 2A). Cho et al. observed genome-wide significant association between rs12110693 and 
pulse rate in an Asian population based GWAS21. This SNP is in perfect linkage disequilibrium 
(r2=1) with rs939862 in both Caucasian and Asian HapMap reference populations and thus re-
flects the same signal 370kb from GJA1. A second SNP only 8kb away from GJA1 also reached 
genome-wide significance pre-genomic control, rs11154022 (MAF=0.33) with 5.8 msec longer RR 
interval (0.43 bpm lower heart rate) per A allele, (P=3.5×10-8, Pmeta-gc=7.2×10-8 Figure 2B, Table 
2). This SNP had low correlation with rs9398652 (r2=0.006 in HapMap CEU), suggesting a novel 
independent association signal. Since HapMap is limited to 90 subjects we assessed the linkage 
disequilibrium in our data. All observed r2 values ranged between 0.0001 and 0.004, which is 
lower than seen in the HapMap CEU reference population. Conditional analysis confirmed that 
these two signals are independent with Pconditional=2.4×10-11 and  Pconditional=3.3×10-8, respectively for 
rs9398652 and rs1154022 in the subset (n<=33,846) used for this analysis.

The second locus with two signals in low correlation reaching genome-wide significance is 
located on chromosome 14q12. The strongest association at this locus was observed for rs452036 

Table 1  Baseline characteristics of samples included by cohort

Sample 
size

Male, n (%) Age, mean 
(SD*), y

Body mass 
index,  mean, 
(SD*), kg/m2

Heart rate 
(SD*), beats/
minute

RR interval 
(SD*), msec†

SD* of RR–
residual‡

AGES 1,651 622 (37.7) 75.9 (5.5) 26.8 (4.4) 68.3 (10.2) 897.1 (131.0) 128.5

ARIC 6,308 2,855 (45.3) 53.9 (5.6) 26.7 (4.7) 67.3 (9.0) 907.6 (118.2) 116.1

CHS 2,544 951 (37.4) 72.2 (5.3) 26.2 (4.4) 65.7 (9.2) 930.1 (123.6) 121.3

ERF 1,275 508 (39.8) 47.1 (14.0) 26.5 (4.5) 64.5 (9.2) 948.5 (128.8) 126.9

FHS 7,243 3,305(45.6) 40.2(10.5) 26.1(5.0) 69.3(11.1) 888.2(139.2) 121.8

KORA F3 995 480 (48.2) 60.0 (10.1) 27.3 (4.4) 65.6 (9.7) 933.8 (130.8) 128.1

KORA S4 1,398 654 (46.8) 52.8 (8.7) 27.3 (4.4) 66.4 (9.4) 921.1 (125.6) 122.5

MICROS 919 399 (44.4) 44.8 (16.0) 25.6 (4.8) 68.8 (11.7) 897.0 (151.4) 92.0

NESDA 1,456 437 (30.0) 39.8 (12.2) 25.06 (4.7) 68.1 (9.6) 898.7 (125.4) 125.1

ORCADES 546 240 (44.0) 52.6 (14.9) 27.6 (4.9) 62.5 (8.1) 975.2 (119.6) 118.5

RS-I 3,781 1,441 (38.1) 68.5 (8.6) 26.1 (3.6) 71.2 (10.2) 860.6 (126.4) 124.1

RS-II 1,589 695 (43.7) 64.8 (7.4) 27.0 (4.0) 70.3 (10.1) 871.1 (123.9) 122.5

SardiNIA 3,977 1,678 (42.1) 42.9 (17.3) 25.3 (4.7) 64.5 (10.1) 907.4 (130.0) 127.4

SHIP 2,582 1,260 (48.8) 46.8 (15.7) 26.8 (4.7) 72.1 (11.4) 852.7 (134.4) 133.5

TwinsUK 2,727 117 (4.3) 51.7 (12.5) 25.7 (4.4) 67.1 (9.6) 911.5 (126.3) 125.5

* SD=standard deviation
† msec=milliseconds
‡ RR-residual=Residuals are from linear regression models adjusting for age, sex and body mass index.
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located in intron 19 of MYH6 (MAF =0.36, 7.8 msec shorter RR interval (0.58 bpm higher heart 
rate) per C allele, P=8.1.×10-15, Pmeta-gc=3.8×10-14, Figure 2C). This replicates the finding by Holm 
et al. who previously described an association between rs452036 and heart rate22. The non-
synonymous coding variant rs365990, which results in an amino acid change at position 1101 
(Alanine>Valine) of the MYH6 gene product, is a possible functional variant since it showed 
strong correlation with (r2=0.96 in HapMap CEU) and association results are indistinguish-
able from rs452036 (Table 2). A second SNP located near MYH7 rs223116, (MAF=0.24), associ-
ated with a 7.4 msec shorter RR interval per A allele (0.55 bpm higher heart rate, P=1.1×10-8,  
Pmeta-gc=2.5×10-8, Figure 2D) was in low correlation with rs452036 (r2=0.08 in HapMap CEU) and 
reflects a novel association. We observed r2 values similar to HapMap CEU with values ranging 
from 0.03 to 0.08. Conditional analysis confirmed the presence of two independent signals with 
Pconditional=7.9×10-14 and Pconditional=3.7×10-4 for rs452036 and rs223116, respectively. 

Table 2  Association analyses results for independent index SNPs from loci with P<5×10-8 in the meta analysis. 
 

Chr† Basepair 
position 
(kb)

SNP Corre-
lation 
to index 
SNP*

Function/
Gene

Coded/
Non-
Coded 
allele

Allele 
fre-
quency

Effective 
sample

Effect 
Estimate

SE‡ 2-sided 
P

2-sided 
Pmeta-gc

6q22 122,187 rs9398652 - Intergenic, 
400kb from 
GJA1

A / C 0.10 37,050 -12.6 1.56 7.7x10-16 3.8x10-15

6q22 121,790 rs11154022 0.006 Intergenic, 
8kb from 
GJA1

A / G 0.33 31,676 5.8 1.05 3.5x10-8 7.2x10-8

14q12 22,935 rs452036 - Intronic 
MYH6

A / G 0.36 34,640 -7.8 1.00 8.1x10-15 3.8x10-14

14q12 22,931 rs365990 0.96 Non-
synonymous 
coding 
MYH6 (Ala-
1101-Val)

G / A 0.37 32,627 -7.7 1.02 5.4x10-14 2.1x10-13

14q12 23,046 rs223116 0.08 Intergenic, 
nearest 
to MYH7, 
NDNG

A / G 0.24 26,899 -7.4 1.30 1.1x10-8 2.5x10-8

12p12 24,662 rs17287293 - Intergenic G / A 0.15 37,988 8.6 1.31 5.7x10-11 1.6x10-10

6q22 118,680 rs281868 - Intronic 
SLC35F1

G / A 0.50 32,109 -6.3 0.99 1.5x10-10 4.3x10-10

7q22 100,291 rs314370 - Intronic 
SLC12A9

C / T 0.19 35,170 -7.6 1.21 2.3x10-10 6.1x10-10

7q22 100,324 rs12666989 0.88 Non-
synonymous 
coding 
UfSp1 
(Leu-41-Val)

C / T 0.18 35,750 -7.0 1.21 9.4x10-9 2.1x10-8

11q12 61,327 rs174547 - Intronic 
FADS1

C / T 0.33 34,907 -6.2 1.01 8.2x10-10 2.1x10-9

1q32 206,195 rs2745967 - Intergenic 
near CD34

G / A 0.37 34,913 5.4 0.98 3.2x10-8 6.6x10-8

Chromosomal positions and coded alleles are given relative to forward strand of NCBI build 36. Effect sizes (on the millisecond scale) 
are shown as beta estimates from linear regression models for each additional copy of the coded allele. The effective sample size re-
flects the imputation quality-adjusted sample size. Final column shows the P-value from inverse-variance weighted meta-analyses. 
† Chr = chromosome 
* CEU HapMap population linkage disequilibrium r2 values to the index SNP
‡ SE = standard error
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Figure 1  RR interval association results for ~2.5 million imputed autosomal SNPs in 38,991 individuals from 
15 cohorts. Results are shown on the -log10(P) scale (Y-axis). The X-axis depicts chromosomal position. The gray 
horizontal line corresponds to the genome-wide significance threshold of P=5×10-8.

For the other five loci only a single signal of association met our genome-wide significance 
threshold, meaning all other genome-wide significant SNPs have an r2>0.1 in HapMap CEU to 
the most significant SNP at that locus. For these loci the minor allele frequencies of the index 
SNPs ranged from 15 to 50%, effect sizes ranged between 5.4 and 8.6 milliseconds and Pmeta-gc  
ranged between 2.1×10-9 and 1.6×10-10. (Table 2, Figure 2C to 2H) The CD34 locus lost genome-
wide significance upon meta-analytic genomic-control but replicates the association reported 
by Cho et al21. Of these five loci only the index SNP at 7q22 SLC12A9 shows strong correlation 
with a non-synonymous coding SNP. This coding SNP (rs12666989, r2=0.88 to rs314370 in Hap-
Map CEU) results in a Leucine>Valine substitution at amino acid position 41 in the UfSp1 gene 
product.
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Additionally, an association result that just missed our genome-wide significance threshold 
(P=5.2×10-8, Pmeta-gc=1.1×10-7) was observed for a non-synonymous coding SNP in CCDC141 at 
2q31. This SNP, rs17362588 (MAF=0.12, 8.3 msec shorter RR interval per A allele), results in an 
amino acid substitution at position 360 (Tryptophan> Arginine) of the encoded protein. 

Evidence for additional causal loci not reaching genome-wide significance
We used polygenic modelling methods to quantify the genetic variance explained and to indi-
cate if loci falling short of genome-wide significance are likely to harbour additional variants 
that influence heart rate. The explained variance of resting heart rate in RS-II (first extended Rot-
terdam Study cohort; n=1,589) was ~0.7% when the score was calculated based on genome-wide 
significant signals. Inclusion of 20 independent variants with P<1×10-5 resulted in the maximal 
proportion of explained variance of 1.6% (Supplementary Figure 2). These 20 variants included 
signals from the 7 genome-wide significant loci and signals from an additional 12 loci, including 
several loci with genes of potential cardiac relevance (see Supplementary Table 2 for full list).
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Figure 2  Regional association plots covering one megabase surrounding the index SNP. Statistical significance 
of SNPs is shown on the –log10(P) scale as a function of chromosomal position. The primary SNP is annotated 
by rs-number. Correlation of each plotted SNP to the primary SNP is indicated on a color scale from white 
(minimal correlation) to black (maximal correlation). Non-synonymous coding SNPs resulting in amino acid 
changes in the encoded protein are plotted as grey circles. Estimated recombination rates from HapMap (grey 
lines) and RefSeq gene annotations (arrows) are shown. 
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Discussion

The application of genome-wide association methods in a large sample of subjects of European 
ancestry identified common variants at multiple loci associated with inter-individual variation 
in resting heart rate. Genetic determinants of heart rate could alter the function of the sinus 
node (the dominant pacemaker in the normal heart) either directly through altered pacemak-
ing activity32, or indirectly through sympathetic or parasympathetic inputs to the heart. We 
were therefore encouraged to find that genes at some of the loci identified here are cardiac ion 
channels or their regulatory proteins. Besides a direct effect on sinus node function, effects on 
cardiac structure – either developmental or through remodeling – and function could underlie 
the observed associations. 

The most strongly related locus on chromosome region 6q22 included two independent as-
sociation signals 8kb and 370kb away from GJA1. The latter finding is in line with a recent GWAS 
that described an association between rs12110693 and pulse rate in an Asian sample21. rs9398652 
described in the present study is in perfect linkage disequilibrium (r2=1) with rs12110693 in both 
the Caucasian and Asian HapMap reference populations and thus reflects the same signal 370kb 
from GJA1. GJA1 encodes Cx43, a connexin family protein and a major component of cardiac gap 
junction, crucial in electrical coupling of myocytes33. Mutations in GJA1 cause Mendelian inher-
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ited hypoplastic left heart syndrome34. To our knowledge, a role for Cx43 in pacemaker function 
in the adult sinus node has not been reported. 

The 14q12 MYH6 locus was also associated with resting heart rate in the RRGEN study. Its gene 
product, the myosin heavy chain-6 protein, is a component of the hexameric myosin protein. 
Mutations in MYH6 have been related to Mendelian forms of hypertrophic cardiomyopathy35, 
atrial septal defect36 and dilated cardiomyopathy37. The index SNP was strongly correlated with 
an amino acid-altering common variant in MYH6. The association of the coding SNP with heart 
rate raises the possibility that it is the causal variant and MYH6 the causal gene. This finding rep-
licates the result of Holm et al. who performed a GWAS on heart rate in an Icelandic population 
based sample [22]. We do report a novel independent signal located near MYH7. Future research 
is warranted to define the allelic architecture of this locus in relation to heart rate. Of note, 
cardiac specific microRNA’s encoded within intronic regions of MYH6 (miR-208a) and MYH7 
(miR-208b) have regulatory effects on cardiac conduction38,39.

The locus on chromosome 12p12 includes several genes, but without a clear candidate for 
association with heart rate in the associated interval. The closest genes are BCAT1, which en-
codes a cytosolic form of the branched-chain amino acid transaminase enzyme that catalyses 
transamination of branched-chain amino acids to their respective alpha-keto acids essential for 
cell growth and protein synthesis and SOX5, a member of the SOX family40 and of incompletely 
understood function. SOX genes play a major role in cell fate modulation through transcrip-
tional activity but without a clear cardiac role for SOX541. The variant at 12p12 we describe here, 
rs17287293, is a perfect proxy for rs11047543 which was associated with PR interval (reflecting 
atrial depolarization duration and atrioventricular nodal conduction time) in a GWAS42, inde-
pendent of heart rate, suggesting pleiotropic electrophysiological effects. 

The second locus on 6q22 is located near SLC35F1 and PLN, which encodes phospholamban. 
This locus is located more than 3Mb away from the loci near GJA1 on 6q22. We have previ-
ously described common variation at this locus to be associated with heart rate corrected QT  
interval43-45. The index SNP reported here was in moderate linkage disequilibrium with two SNPs 
associated with heart rate-adjusted QT interval duration (rs1175643844, r2=0.43 in HapMap CEU, 
RR interval P=6.5×10-6; and rs1197028643, r2=0.58 in HapMap CEU, RR interval P=2.7×10-8), resul-
ting in overlapping signals in independent phenotypes. In addition to higher heart rate and lon-
ger QT interval, this locus has also been associated with decreased end-diastolic left ventricular 
diameter in the EchoGen Study46. In humans, the sinoatrial node shows comparable expression 
of phospholamban compared with atrial myocytes32. However, basal cAMP-mediated, Protein 
Kinase A (PKA)-dependent phosphorylation of phospholamban is elevated in sinoatrial nodal 
pacemaker cells compared with other cardiac cell types47. Basal PKA-dependent phosphoryla-
tion is obligatory for spontaneous basal pacemaking activity and graded changes in the phos-
phorylation of phospholamban cause graded changes of the pacemaker cell basal heart rate47,48. 
The location of the top SNP at this locus in an intron of SLC35F1, which is mainly expressed in the 
brain49, raises the possibility that causal variation influencing this gene in fact underlies the as-
sociation at the locus. However, the observation that heart rate, QT interval and left ventricular 
structure are all associated with genetic variation at this locus makes phospholamban the best 
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candidate in light of its role in excitation-contraction coupling and intracellular calcium signal-
ling, critical to action potential development in both the sinoatrial node and ventricles.

A locus without a clear candidate to explain its strong association with resting heart rate is 
located on chromosome 7q22 with the index SNP in SLC12A9 encoding a cation-Cl– co-trans-
porter-interacting protein. However, this SNP was strongly correlated with genome-significant 
SNPs in TRIP6 encoding a thyroid receptor-interacting protein, AChE which encodes acetylcho-
linesterase and a non-synonymous-coding SNP in UfSp1. This gene encodes an ubiquitin-fold 
modifier protease50,51.

The exact same signal that we report from the FADS1 locus on 11q12 was previously associ-
ated with cholesterol levels52-54 and fatty acid metabolism55,56. The direct product of the reaction 
catalyzed by FADS1 is arachidonyl-CoA, which has been shown to release Ca2+ from the sarco-
plasmic reticulum57. 

The 1q32 CD34/C1orf132 locus has no clear potential mechanism through which it is related 
to heart rate and it lost genome-wide significance after applying post-meta-analysis genomic 
control.  However, it is likely to be truly associated with pulse rate since it was previously identi-
fied in a non-Caucasian sample21, and our study thus represents a replication of this finding in 
a different ethnic group. 

The 2q31 CCDC141 locus just missed our genome-wide significance threshold, but the most 
significant SNP is a non-synonymous coding variant within CCDC141, a coiled coil domain con-
taining protein of unknown function. Interestingly, the nearby TTN gene encodes Titin, which 
is expressed in cardiac and skeletal myocytes58 and plays a key role in muscle assembly, force 
transmission and maintenance of resting tension59. 

In additional analysis we have shown that based on the results of this GWAS the explained 
variance could be increased to 1.6% with the inclusion of additional signals with P<10-5. The 
goal of this analysis was to describe if additional variants associated with heart rate are likely to 
be present. Although true-positives are amongst these loci, we cannot discriminate them from 
the false-positives. We did observe that the loci contributing to the maximal explained variance 
include loci of specific interest. Three loci that stand out are 3q26 near GNB4, 12p13 CACNA1C and 
14q11 near PRKD1. GNB4 encodes Gβ4 known to influence G-protein-activated inwardly rectify-
ing K+ channels (GIRK) that play an important role in heartbeat regulation60-63 and are activated 
on binding of acetylcholine to the muscarinic M2-receptor present in the sinoatrial node32,63. 
CACNA1C encodes the alpha-1 subunit of the voltage-dependent calcium channel and is related 
to Timothy’s syndrome including, among other traits, prolonged QT interval, high arrhythmia 
risk and with a single observation of in utero bradycardia64. Lastly, the PRKD1 gene product is 
relevant for calcium/calmodulin dependent kinase affecting cardiac remodeling and contrac-
tion65. Validation studies in independent samples have to indicate whether these loci are truly 
associated with heart rate.
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Strengths and limitations 
The large sample derived from several population-based cohort studies allowed us to identify 
common variants with modest effects. In addition, these cohort studies have extensive data on 
covariates and disease status that allowed us to harmonize exclusion criteria and phenotype 
modeling prior to analyzing the data. 

Additional signals may have been missed due to random sampling variation, restriction to 
autosomal SNPs, poor coverage of certain genomic regions or rare alleles by the genotyping 
platforms used or a lack of power to detect even smaller effects. Lastly, heart rate is a very dy-
namic trait. Strong environmental influences like chronic physical activity or training as well 
as variability in the time at rest or posture at the moment of measurements and other factors, 
such as anaemia or anxiety, which we have not accounted for would add noise to the phenotype, 
which would be expected to bias our study toward the null but not toward the false inference 
of association.

Conclusion 

RRGEN identified nine signals at seven loci at which common genetic variation is associated 
with resting heart rate. Six of these signals at 6 loci are novel while the other three signals rep-
licate previous findings from GWAS. Several of these loci include genes encoding ion channel 
regulator proteins with known involvement in heart rate regulation, or proteins with cardiovas-
cular relevant functions and known associated Mendelian disorders. These variants may impact 
clinical care by identifying novel factors that influence pathologic heart rate states, are relevant 
for cardiac structure and thereby modulate heart rate, or by improving our understanding of the 
physiologic basis of heart rate regulation.
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3.2  Supplement

Supplementary Methods

Cohort descriptions 
For the description of the CHARGE consortium and participating cohorts we refer to the CHARGE 
design paper1. In short, the AGES – Reykjavik Study represents a sample from the population-
based Reykjavik Study, originally comprising 31,795 individuals. Between 2002 and 2006 the 
AGES – Reykjavik Study 5,764 survivors of the original cohort were re-examined2. The ARIC 
study is a population-based prospective cohort study, sponsored by the National Heart, Lung, 
and Blood Institute, and included 15,792 individuals aged 45 to 64 years at baseline from 4 US 
communities3. CHS is a National Heart, Lung, and Blood Institute sponsored population-based 
cohort study in adults over 65 years of age conducted at 4 field centers. Originally CHS 5,201 
predominantly white individuals were enrolled in 1989-19904. The FHS started in 1948 with the 
recruitment of an original cohort of 5,209 men and women aged 28 to 62 years of age5. In 1971, 
children and spouses of children of the original cohort were enrolled6. The third generation co-
hort enrollment started in 2002 and comprises 4,095 children of offspring cohort participants7. 
The RS is a prospective population-based cohort study comprising 7,983 subjects aged 55 years 
or older (RS-I)8. In 2000-2001, an additional 3,011 individuals aged 55 years or older (RS-II) were 
recruited9.

In addition to cohorts in the CHARGE consortium, additional cohorts participated and are 
discussed below. EUROSPAN consists of five isolated population cohorts. For the current effort 
we used ECG measurements that were available in three of the participating studies, namely ERF, 
MICROS and ORCADES. The studied populations originate from Rucphen, (The Netherlands), 
South Tyrol (Italy) and the Orkney Islands (Scotland, UK), respectively. The Erasmus Rucphen 
Study (ERF) is derived from a recent genetic isolate in the southwest Netherlands. This popula-
tion was founded in the middle of the 18th century by approximately 150 individuals and was 
isolated until the last few decades. Twenty couples living in the region in the 19th century were 
chosen. These couples parented a minimum of 6 children, each of whom was baptized between 
1880 and 1900 in the community church. All living descendants of these pairs (as well as their 
spouses), ascertained on the basis of municipal and baptismal records, were traced and invited 
to participate. The MICROS study is part of the genomic health care program ‘GenNova’ and was 
carried out in three villages of the Val Venosta on the populations of Stelvio, Vallelunga and 
Martello. This study was an extensive survey carried out in South Tyrol (Italy) in the period 
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2001-2003. An extensive description of the study is available elsewhere10. Briefly, study partici-
pants were volunteers from three isolated villages located in the Italian Alps, bordering with 
Austria and Switzerland. Due to geographical, historical and political reasons, the entire region 
experienced prolonged isolation from surrounding populations. The Orkney Complex Disease 
Study (ORCADES) is an ongoing family-based, cross-sectional study in the isolated Scottish ar-
chipelago of Orkney. Genetic diversity in this population is decreased compared to Mainland 
Scotland, consistent with the high levels of endogamy historically. Data for participants aged 18-
88 years, from a subgroup of ten islands, were used for this analysis. The KORA Study is a series 
of population-based epidemiological surveys of persons living in or near the city of Augsburg, 
Germany. All survey participants are residents of German nationality identified through the 
registration office and between 25 and 74 years old at the time of enrollment. Survey S3 was con-
ducted between 1994 and 1995 and survey S4 between 1999 and 2001. KORA F3, a follow up ex-
amination at 10 years of follow up after S3, occurred in 2004 and 200511. The Netherlands Study 
of Depression and Anxiety (NESDA) is an ongoing 8-year longitudinal cohort study to examine 
(predictors of) the long-term course of depression and anxiety disorders. The rationales, meth-
ods and recruitment strategy have been described elsewhere12. Subjects were recruited in vari-
ous settings (community, general practices, mental health organizations) and include subjects 
with and without depression and anxiety disorders. The SardiNIA study is a population based 
study, that recruited and phenotyped 6,148 individuals, male and female, ages 14-102 years, 
from a cluster of four towns in the Lanusei Valley of Sardinia13. For the GWA scans a total of 4,305 
related individuals were examined14. Genotyped individuals had four Sardinian grandparents 
and were selected without regard to their phenotypes. The Study of Health in Pomerania (SHIP) 
is a longitudinal population-based cohort study in West Pomerania, a region in the northeast of 
Germany with a total population of 212,157 inhabitants15. A two-stage cluster sampling method 
adopted from the WHO MONICA Project Augsburg, Germany yielded 12 five-year age strata for 
both genders, each including 292 individuals. For the baseline cohort, a sample of 6,267 eligible 
subjects aged 20 to 79 years was drawn from population registries where all German citizens 
are registered. The final study population compromised 4,310 subjects (response proportions 
69%). The Twins UK Registry comprises unselected, mostly female volunteers ascertained from 
the general population through national media campaigns in the UK16. Means and ranges of 
quantitative phenotypes in Twins UK were similar to an age-matched singleton sample from the 
general population17. Zygosity was determined by standardized questionnaire and confirmed by 
DNA fingerprinting. Written informed consent was obtained from all participants before they 
entered the studies, which were approved by the local research ethics committee.

Phenotype measurement 
In ARIC, RR interval was measured automatically from 12-lead ECGs performed at baseline. The 
study ECGs were recorded using MAC PC ECG machines (Marquette Electronics, Milwaukee, 
Wisconsin) in all four clinical centers. All ECGs were visually inspected for technical errors and 
inadequate quality. ECGs were initially processed in a central laboratory at the EPICORE Center 
(University of Alberta, Edmonton, Alberta, Canada) and during later phases of the study at the 

Boek Mark.indb   89 25-01-2011   17:46:51



Part 3  Genome-wide association studies on ECG derived traits90

EPICARE Center (Wake Forest University, Winston-Salem, North Carolina). Initial ECG process-
ing was done by the Dalhousie ECG program, and processing was later repeated with the 2001 
version of the GE Marquette 12 SL program (GE Marquette, Milwaukee, Wisconsin).

In AGES, RR interval duration was automatically measured from 12-lead electrocardiograms 
using the Marquette 12 SL analysis program (General Electric Marquette Medical Division, Mil-
waukee, Wisconsin, USA).

In CHS, electrocardiograms were recorded using MAC PC ECG machines (Marquette Electron-
ics, Milwaukee, Wisconsin) in all clinical centers. ECGs were initially processed in a central labo-
ratory at the EPICORE Center (University of Alberta, Edmonton, Alberta, Canada) and during 
later phases of the study, at the EPICARE Center (Wake Forest University, Winston-Salem, North 
Carolina). All ECGs were visually inspected for technical errors and inadequate quality. RR in-
terval was calculated from heart rate using the baseline ECG for eligible subjects. Initial ECG 
processing was done by the Dalhousie ECG program, and processing was later repeated with the 
2001 version of the GE Marquette 12 SL program (GE Marquette, Milwaukee, Wisconsin).

In FHS, paper electrocardiograms were scanned and digital caliper measurements were made 
using proprietary software (eResearchTechnology, generations 1 and 2) or using Rigel 1.7.2. 
(AMPS, LLC, New York, NY, USA, generation 3). The RR interval between QRS complexes from 
consecutive beats in sinus rhythm was measured, after excluding all premature atrial or ven-
tricular beats.  The RR interval trait examined was the average RR interval from up to 4 cardiac 
cycles.

In KORA F3 and S4 12-lead resting electrocardiograms were recorded with digital recording 
systems (KORA F3: Mortara Portrait, Mortara Inc., Milwaukee, USA; KORA S4: Hörmann Bioset 
9000, Hörmann Medizinelektronik, Germany). The Mortara Portrait determines RR interval by 
the proprietary XL-ECG algorithm which has not been published but has shown to be in good 
accordance with other published electrocardiogram measurement algorithms18; RR interval in 
KORA S4 (Hörmann Bioset) was determined using the Hannover EKG analysis software (HES-
Version 3.22-12) by computerized analysis of all leads and all cycles of a 10 second interval as 
described earlier19,20. In the Hannover algorithm RR intervals are taken as the intervals between 
the reference points detected in adjacent QRS complexes. The mean RR interval was computed, 
after exclusion of RR intervals that immediately precede and follow any premature ventricular 
complex. Only ECGs classified as ‘appropriate technical quality’ according to visual inspection 
were used. The ECG examinations in both studies were performed according to a standard pro-
tocol, after ten minutes resting in supine position. 

In MICROS 12-lead resting ECGs were recorded using a digital recording system (Mortara Por-
trait, Mortara, Milwaukee, WI, USA). The Mortara Portrait determines RR interval by the propri-
etary XL-ECG algorithm. In brief, computerized analysis of an averaged cycle computed from all 
leads and all cycles of the 10 second recording after exclusion of ectopic beats was performed. 
RR intervals were determined as the intervals between the reference points detected in adjacent 
QRS complexes. The median RR interval was computed, after exclusion of RR intervals that im-
mediately precede and follow any premature ventricular complex.
In NESDA, all respondents received an average physiological recording of 100 minutes, per-
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formed with the ‘Vrije Universiteit Ambulatory Monitoring System’ 21. The VU-AMS is a light-
weight ambulatory device that records the  electrocardiogram (ECG) from three electrodes in 
lead II configuration and changes in thorax impedance (dZ) from four electrodes placed at 
chest and back of the subjects. From the R-waves in the ECG signal the inter beat intervals (IBI) 
were computed online and the IBI time series was visually checked for ectopic beats or missed 
R-waves offline. For the GWA mean heart rate was computed across valid IBIs across ten minutes 
of quiet supine rest at the start of the recording period. 

In ORCADES digital 10 second ECGs were taken after 10 minutes supine rest, using a PC link 
with RR interval calculated using CardioView software (NUMED cardiac diagnostics, Sheffield, 
UK). 

In the RS-I and RS-II, electrocardiograms were recorded on ACTA electrocardiographs  
(ESAOTE, Florence, Italy) and digital measurements of the RR intervals were made using the 
Modular ECG Analysis System (MEANS)22. The MEANS program locates the QRS complexes and 
determines a stable reference point in each complex. The QRS detector of MEANS operates on 
multiple simultaneously recorded leads, which are transformed to a detection function that 
brings out the QRS complexes among the other parts of the signal. RR intervals are taken as the 
intervals between the reference points in adjacent QRS complexes. The median RR interval was 
computed, after exclusion of RR intervals that immediately precede and follow any premature 
ventricular complex. SHIP and ERF both use the same ECG analysis methods as the Rotterdam 
Study.

In SardiNIA the RR interval was calculated from heart rate that was measured from the elec-
trocardiogram (measured on Cardiette 600 machines) during physical examination.

In TwinsUK, ECG data were available on 3,043 individuals before exlcusions. Two thousand 
seven hundred twenty six had automated measurements of the RR interval by the Cardiofax 
ECG-9020K (Nihon Kohden UK Ltd., Middlesex, UK) and 317 were scored manually using a 
high-resolution digitizing board (GTCO CalComp Peripherals, USA). The dataset for analyses 
consequently included 2,727 individuals, of which 1980 were DZ twins (i.e. 990 pairs) and 747 
singletons. These singletons included 474 MZ twins of which the mean RR interval of both twins 
was used to optimize information.
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Supplementary Table 1  Summary methods per cohort.

Array Calling 
algorithm

SNP 
call 
rate 
filter

HWE 
p-
value 
filter 

MAF Imputa-
tion 
software

NCBI 
Build

Statistical 
Analysis

Number 
of SNPs

Lambda

AGES Illumina 
370CNV

BeadStudio <97% <10-6 <1% Mach 
v1.0.16

Build 36 ProbABEL23 2,532,729 1.012

ARIC Affymetrix 6.0 Birdseed <95% <10-5 <1% Mach 
v1.0.1624

Build 35 ProbABEL 2,557,232 1.017

CHS Illumina 
370CNV

BeadStudio <97% <10-5 <1% BimBam 
v0.9925

Build 36 R26 2,333,043 1.043

ERF Illumina 300, 
Affymetrix 
250K

Beadstudio <98% <10 6 <1% Mach 
v1.0.16

Build 36 ProbABEL 2,543,887 1.027

FHS Affymetrix 
500K +
gene-centric 
50K MIP

BRLMM27 <97% <10-6 <1% Mach 
v1.0.15

Build 36 Kinship 
package 
in R28

2,540,128 1.016

KORA F3 Affymetrix 
500K

BRLMM <93% <10-5 <5% Mach 
v1.0.10

Build 35 Mach2QTL24 2,557,252 0.997

KORA S4 Affymetrix 6.0 Birdseed <93% <10-5 <5% Mach 
v1.0.16

Build 36 Mach2QTL 2,543,887 0.995

MICROS Illumina 300 Beadstudio <98% <10 6 <1% Mach 
v1.0.16

Build 36 ProbABEL 2,543,887 0.979

NESDA Affymetrix 
500K

PERLEGEN <95% none <1% IMPUTE 
v0.5.029

Build 36 SNPTEST 2,081,096 1.012

ORCADES Illumina 300 Beadstudio <97% <10 5 <1% Mach 
v1.0.15

Build 36 ProbABEL 2,543,887 1.055

RS-I Illumina 550K BeadStudio <98% <10-6 <1% Mach 
v1.0.15

Build 36 Mach2QTL 2,543,887 1.016

RS-II Illumina 550K Genome-
Studio

<98% <10-6 <1% Mach 
v1.0.16

Build 36 Mach2QTL 2,543,887 1.015

SardiNIA Affymetrix  
10K,
Affymetrix 
500K

BRLMM <90% <10-3 
(10k),
<10-6 
(500k)

<5% Mach Build 35 MERLIN30 2,252,228 1.027

SHIP Affymetrix 6.0 Birdseed none none none IMPUTE 
v0.5.0

Build 36 SNPTEST 2,748,910 1.007

TwinsUK Illumina 300K 
Duo, 
Illumina 300, 
Illumina 550K, 
Illumina 610K

Beadstudio <95% <10 4 <1% IMPUTE 
v0.5.0

Build 36 SNPTEST 2,237,157 1.003
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Supplementary Table 2  rs-numbers and annotation of quality controlled genotyped index.

SNP CHR POS Nearest Gene annotation

rs272564 1p34 44,784,860 c1orf164

rs11579530 1q32 206,197,041 Intergenic, near CD34

rs16845015 2q21 141,430,306 LRP1B

rs1873164 2q31 287,738,258 Upstream CCDC141

rs4894803 3q26 173,282,950 FNDC3B

rs7612445 3q26 180,655,287 Upstream GNB4

rs281868 6q22 118,684,736 SLC35F1

rs2269579 6q22 122,198,112 Intergenic, GJA1

rs314370 7q22 100,291,144 SLC12A9

rs17099385 10q25 121,680,302 Intergenic, SEC23IP

rs174546 11q12 61,326,406 3’ UTR FADS1 / FADS3

rs2238018 12p13 2,048,922 CACNA1C

rs4246224 12p12 24,675,406 Intergenic, SOX5 / BCAT1

rs2200155 12p11 33,626,202 Intergenic, SYT10

rs2887596 12q14 76,678,888 Intergenic, NAV3

rs4981691 14q11 28,738,258 Intergenic, PRKD1

rs365990 14q12 22,931,651 Non synonymous coding MYH6

rs223116 14q12 23,046,850 Intergenic, MYH7 / NGDN / ZFHX2

rs2883661 16p12 19,899,685 Intergenic, GPRC5B

rs1364215 16q22 63,455,370 Intergenic, CDH11

SNPs in multi-variant polygenic model that in aggregate resulted in the maximal explained variance.
CHR=chromosome, POS=position
Genome-wide loci from main analysis are printed in bold

Supplementary Figure 1  Quantile – Quantile plots of observed/expected –log10(P) per cohort and  
meta-analysis.
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Supplementary Figure 2  Graphical presentation of the multiple variant modeling approach estimating ex-
plained variance in the RS-II sample.

X-axis: P-value thresholds below which all independent signals meeting this threshold were included in the genotype score in-
cluded in the regression model to estimate the explained variance in the RS-II sample. Left Y-axis: explained variance in the RS-II 
sample for any given score at the different P-value thresholds. Right Y-axis: number of independent SNPs included in the model 
for a given P-value threshold. 

1O 1P
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Abstract

The QRS interval, from the beginning of the Q wave to the end of the S wave 

on an electrocardiogram, reflects ventricular depolarization and conduc-

tion time and is a risk factor for mortality, sudden death and heart failure. We 

performed a genome-wide association meta-analysis in 40,407 individuals of  

European descent from 14 studies, with further genotyping in 7,170 additional 

Europeans, and we identified 22 loci associated with QRS duration (P < 5×10−8). 

These loci map in or near genes in pathways with established roles in ventricu-

lar conduction such as sodium channels, transcription factors and calcium-

handling proteins, but also point to previously unidentified biologic processes, 

such as kinase inhibitors and genes related to tumorigenesis. We demonstrate 

that SCN10A, a candidate gene at the most significantly associated locus in this 

study, is expressed in the mouse ventricular conduction system, and treat-

ment with a selective SCN10A blocker prolongs QRS duration. These findings 

extend our current knowledge of ventricular depolarization and conduction.
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Introduction

The electrocardiographic QRS interval reflects ventricular depolarization, and its duration is a 
function of electrophysiological properties within the His-Purkinje system and the ventricular 
myocardium. A diseased ventricular conduction system can lead to life-threatening bradyar-
rhythmias, such as heart block, and tachyarrhythmias, such as ventricular fibrillation. Longer 
QRS duration is a predictor of mortality and sudden death in the general population and in co-
horts with hypertension and coronary artery disease1-3. In a population-based study, prolonged 
baseline QRS was associated with incident heart failure4. 

Twin and family studies suggest a genetic contribution to QRS duration, with heritability 
estimates of up to 40%5,6. Prior candidate gene and smaller genome-wide studies identified a 
limited number of loci associated with QRS duration, supporting the hypothesis of the contribu-
tion of common genetic variation to QRS duration7-9. To identify additional loci and highlight 
physiologic processes associated with ventricular conduction, we performed a meta-analysis 
of 14 genome-wide association studies (GWAS) of QRS duration in a total of 40,407 individuals 
of European descent, where we adjusted the analyses for age, sex, height, and body mass in-
dex after appropriate sample exclusions (Methods). After an initial discovery phase, we further 
genotyped selected variants representing nine loci with P-values ranging from 1×10-6 to 5×10-9 
in an additional cohort of 7,170 European individuals.

Methods

Participating Studies
Details of the 15 participating studies are available in the Supplementary Note. 

Phenotype modeling
We excluded individuals of non-European ancestry and those with QRS duration longer than 
120 ms, which is often due to acquired left or right bundle branch block. We also excluded 
individuals with characteristics that may influence QRS duration, including a history of prior 
myocardial infarction or heart failure, atrial fibrillation on the ECG, pacemaker, Wolff-Parkin-
son-White syndrome, or use of class I and class III antiarrhythmic medications at the time of 
ECG acquisition. Covariates measured at baseline include age, gender, study site or cohort (if 
relevant), height and body-mass index.

GWAS genotyping and imputations
Either Affymetrix or Illumina arrays were used for genotyping (Supplementary Table 1b).  Each 
study performed filtering of both individuals and SNPs to ensure robustness for genetic analysis 
(Supplementary Table 1b). Each study utilized the genotypes generated with these platforms to 
impute genotypes for approximately 2.5 million autosomal SNPs based on LD patterns observed 
in the HapMap CEU samples. Imputed genotypes were coded as dosages, fractional values be-
tween 0 and 2 reflecting the estimated number of copies of a given allele for a given SNP for each 
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individual. Most studies used a hidden Markov model as implemented in the MACH software. 
In CHS, imputation was performed using BIMBAM.

 
Extension genotyping

To extend our analyses, we genotyped nine SNP variants representing nine loci with P-values 
ranging from 1×10-6 to 5×10-9 in an additional group of 7,170 individuals in the PREVEND study. 
Of the nine SNPs, four represented loci with P-values between 5×10-8 to 5×10-9 in the discovery 
phase (Table 1). The remaining five index SNPs (rs1733724 near DKK1; rs1662342 in a MYL12A 

Locus Chr Index SNP Coded/Non-
coded Allele

AF GWAS 
β

GWAS 
SEGC

GWAS 
PGC

I2 Prevend 
β

Prevend 
P

POverall Multi SNP 
β

Multi SNP 
P

Nearest Gene SNP Annotation

1 3 rs6801957 T/C 0.41 0.77 0.07 1.10x10-28 45.3 - - 1.10x10-28 0.54 3.43x10-14 SCN10A intron

3 rs9851724 C/T 0.33 -0.66 0.07 1.91x10-20 57.1 - - 1.91x10-20 -0.60 5.78x10-16 SCN10A/ SCN5A intergenic

3 rs10865879 T/C 0.41 0.77 0.07 1.10x10-28 53.6 - - 1.10x10-28 0.33 1.67x10-04 SCN5A/EXOG intergenic

3 rs11710077 T/A 0.21 -0.84 0.09 5.74x10-22 23.8 - - 5.74x10-22 -0.44 1.33x10-06 SCN5A intron

3 rs11708996 C/G 0.16 0.79 0.10 1.26x10-16 0.0 - - 1.26x10-16 0.47 7.23x10-06 SCN5A intron

3 rs2051211 G/A 0.26 -0.44 0.08 1.57x10-08 0.0 - - 1.57x10-08 -0.18 3.71x10-02 EXOG intron

2 6 rs9470361 A/G 0.25 0.87 0.08 3.00x10-27 14.6 - - 3.00x10-27 - - CDKN1A intergenic

3 6 rs11153730 C/T 0.49 0.59 0.07 1.26x10-18 5.3 - - 1.26x10-18 - - C6orf204/ SLC35F1/PLN/ 
BRD7P3

intergenic

4 1 rs9436640 G/T 0.46 -0.59 0.07 4.57x10-18 51.2 - - 4.57x10-18 - - NFIA intron

5 5 rs13165478 A/G 0.36 -0.55 0.07 7.36x10-14 64.6 - - 7.36x10-14 - - HAND1/SAP30L intergenic

6 7 rs1362212 A/G 0.18 0.69 0.09 1.12x10-13 0.0 - - 1.12x10-13 - - TBX20 intergenic

7 14 rs11848785 G/A 0.27 -0.50 0.08 1.04x10-10 0.0 - - 1.04x10-10 - - SIPA1L1 intron

8 12 rs883079 C/T 0.29 0.49 0.08 1.33x10-10 8.3 - - 1.33x10-10 - - TBX5 3’-UTR

9 12 rs10850409 A/G 0.27 -0.49 0.08 3.06x10-10 0.0 - - 3.06x10-10 - - TBX3 intergenic

10 10 rs7342028 T/G 0.27 0.48 0.08 4.95x10-10 0.0 - - 4.95x10-10 - - VTI1A intron

11 18 rs991014 T/C 0.42 0.42 0.07 6.20x10-10 0.0 - - 6.20x10-10 - - SETBP1 intron

12 2 rs17020136 C/T 0.21 0.51 0.08 1.90x10-9 0.0 - - 1.90x10-9 - - HEATR5B/STRN intron

13 3 rs4687718 A/G 0.14 -0.63 0.11 6.25x10-9 0.0 - - 6.25x10-9 - - TKT/PRKCD/ CACNA1D intron

14 2 rs7562790 G/T 0.40 0.39 0.07 8.22x10-9 0.0 - - 8.22x10-9 - - CRIM1 intron

15 1 rs17391905 G/T 0.05 -1.35 0.23 8.72x10-9 4.0 -1.17 0.005 3.26x10-10 - - C1orf185/RNF11/ CD-
KN2C/FAF1

intergenic

16 17 rs9912468 G/C 0.43 0.39 0.07 1.06x10-8 28.2 - - 1.06x10-8 - - PRKCA intron

17 7 rs7784776 G/A 0.43 0.39 0.07 1.42x10-8 0.0 0.36 0.015 1.28x10-9 - - IGFBP3 intergenic

18 1 rs4074536 C/T 0.29 -0.42 0.07 2.36x10-8 0.5 - - 2.36x10-8 - - CASQ2 missense

19 13 rs1886512 A/T 0.37 -0.40 0.07 4.31x10-8 0.0 -0.28 0.047 1.27x10-8 - - KLF12 intron

20 3 rs2242285 A/G 0.42 0.37 0.07 4.79x10-8 35.4 0.29 0.040 1.09x10-8 - - LRIG1/SLC25A26 intron

21 10 rs1733724 A/G 0.25 0.49 0.09 1.26x10-7 0.0 0.34 0.035 3.05x10-8 - - DKK1 intergenic

22 17 rs17608766 C/T 0.16 0.53 0.10 3.71x10-7 13.8 0.92 4.7x10-5 4.75x10-10 - - GOSR2 intron, 3’-UTR

Table 1  Significant loci at P<5×10-08 in combined GWAS and candidate SNP meta-analysis. In each locus at 
least one marker exceeds the genome-wide significance threshold of P<5×10−8. At locus 1, six signals were iden-
tified (r2<0.05) that exceeded genome-wide threshold.  In a multiSNP model that included all 6 SNPs, there was 
evidence that at least 4 of these SNPs were independently associated with QRS duration. The bolded allele is the 
coded allele. Beta values (β) estimate the difference in QRS interval in milliseconds per copy of the coded allele, 
adjusted for the covariates in the model. Chr, chromosome; AF, coded allele frequency; SE, standard error; GC, 
genomic control adjusted; UTR, untranslated region. AF is an average weighted by study size.
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intron; rs17608766, intronic in GOSR2; rs17362588, missense variant in CCDC141; rs2848901, in-
tronic in FHOD3) had P-values ranging from 1×10-6 to 5×10-8, and needed additional statistical 
evidence in favor of the alternative hypothesis that they represented true associations. The SNPs 
were genotyped using TaqMan Allelic Discrimination Assays (ABI, Foster City, CA, USA). 

Statistical Methods
Associations between QRS duration and SNPs were tested using linear regression models un-
der the assumption of an additive (allelic trend) model of genotypic effect. These models were 
adjusted for age, gender, height, BMI, and study site (as appropriate). In family-based cohorts, 
linear mixed modeling was implemented to control for relatedness among samples10. A genomic 
control correction factor (λGC), calculated from all imputed SNPs, was applied on a per-study 
basis to account for cryptic population sub-structure and other potential biases11.

The regression results were meta-analyzed using inverse variance weighted fixed-effects 
models12. We conducted the meta-analysis by three independent analysts using three differ-
ent software packages, MANTEL, MetABEL, and METAL. All results were extremely concordant, 

Locus Chr Index SNP Coded/Non-
coded Allele

AF GWAS 
β

GWAS 
SEGC

GWAS 
PGC

I2 Prevend 
β

Prevend 
P

POverall Multi SNP 
β

Multi SNP 
P

Nearest Gene SNP Annotation

1 3 rs6801957 T/C 0.41 0.77 0.07 1.10x10-28 45.3 - - 1.10x10-28 0.54 3.43x10-14 SCN10A intron

3 rs9851724 C/T 0.33 -0.66 0.07 1.91x10-20 57.1 - - 1.91x10-20 -0.60 5.78x10-16 SCN10A/ SCN5A intergenic

3 rs10865879 T/C 0.41 0.77 0.07 1.10x10-28 53.6 - - 1.10x10-28 0.33 1.67x10-04 SCN5A/EXOG intergenic

3 rs11710077 T/A 0.21 -0.84 0.09 5.74x10-22 23.8 - - 5.74x10-22 -0.44 1.33x10-06 SCN5A intron

3 rs11708996 C/G 0.16 0.79 0.10 1.26x10-16 0.0 - - 1.26x10-16 0.47 7.23x10-06 SCN5A intron

3 rs2051211 G/A 0.26 -0.44 0.08 1.57x10-08 0.0 - - 1.57x10-08 -0.18 3.71x10-02 EXOG intron

2 6 rs9470361 A/G 0.25 0.87 0.08 3.00x10-27 14.6 - - 3.00x10-27 - - CDKN1A intergenic

3 6 rs11153730 C/T 0.49 0.59 0.07 1.26x10-18 5.3 - - 1.26x10-18 - - C6orf204/ SLC35F1/PLN/ 
BRD7P3

intergenic

4 1 rs9436640 G/T 0.46 -0.59 0.07 4.57x10-18 51.2 - - 4.57x10-18 - - NFIA intron

5 5 rs13165478 A/G 0.36 -0.55 0.07 7.36x10-14 64.6 - - 7.36x10-14 - - HAND1/SAP30L intergenic

6 7 rs1362212 A/G 0.18 0.69 0.09 1.12x10-13 0.0 - - 1.12x10-13 - - TBX20 intergenic

7 14 rs11848785 G/A 0.27 -0.50 0.08 1.04x10-10 0.0 - - 1.04x10-10 - - SIPA1L1 intron

8 12 rs883079 C/T 0.29 0.49 0.08 1.33x10-10 8.3 - - 1.33x10-10 - - TBX5 3’-UTR

9 12 rs10850409 A/G 0.27 -0.49 0.08 3.06x10-10 0.0 - - 3.06x10-10 - - TBX3 intergenic

10 10 rs7342028 T/G 0.27 0.48 0.08 4.95x10-10 0.0 - - 4.95x10-10 - - VTI1A intron

11 18 rs991014 T/C 0.42 0.42 0.07 6.20x10-10 0.0 - - 6.20x10-10 - - SETBP1 intron

12 2 rs17020136 C/T 0.21 0.51 0.08 1.90x10-9 0.0 - - 1.90x10-9 - - HEATR5B/STRN intron

13 3 rs4687718 A/G 0.14 -0.63 0.11 6.25x10-9 0.0 - - 6.25x10-9 - - TKT/PRKCD/ CACNA1D intron

14 2 rs7562790 G/T 0.40 0.39 0.07 8.22x10-9 0.0 - - 8.22x10-9 - - CRIM1 intron

15 1 rs17391905 G/T 0.05 -1.35 0.23 8.72x10-9 4.0 -1.17 0.005 3.26x10-10 - - C1orf185/RNF11/ CD-
KN2C/FAF1

intergenic

16 17 rs9912468 G/C 0.43 0.39 0.07 1.06x10-8 28.2 - - 1.06x10-8 - - PRKCA intron

17 7 rs7784776 G/A 0.43 0.39 0.07 1.42x10-8 0.0 0.36 0.015 1.28x10-9 - - IGFBP3 intergenic

18 1 rs4074536 C/T 0.29 -0.42 0.07 2.36x10-8 0.5 - - 2.36x10-8 - - CASQ2 missense

19 13 rs1886512 A/T 0.37 -0.40 0.07 4.31x10-8 0.0 -0.28 0.047 1.27x10-8 - - KLF12 intron

20 3 rs2242285 A/G 0.42 0.37 0.07 4.79x10-8 35.4 0.29 0.040 1.09x10-8 - - LRIG1/SLC25A26 intron

21 10 rs1733724 A/G 0.25 0.49 0.09 1.26x10-7 0.0 0.34 0.035 3.05x10-8 - - DKK1 intergenic

22 17 rs17608766 C/T 0.16 0.53 0.10 3.71x10-7 13.8 0.92 4.7x10-5 4.75x10-10 - - GOSR2 intron, 3’-UTR
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reflecting a robust analysis. To be conservative, we subsequently corrected all P-values from the 
meta-analysis for the overall inflation (λGC=1.059). Results were considered statistically signifi-
cant at a P-value of 5×10-8 after inflation correction, a figure that reflects the estimated testing 
burden of one million independent SNPs in samples of European ancestry13. Regions harboring 
association signals were visualized using SNAP14. 

To discern independent SNPs in regions with multiple genome-wide significant ‘hits’, we used 
an LD-binning procedure as implemented in PLINK. Starting with the most significant result 
as the index SNP, all surrounding SNPs within 500 kb (regardless of P-value) with a very liberal 
pairwise r2>0.05 were ‘clumped’ with the index SNP, using LD patterns from HapMap-CEU (re-
lease 27). The procedure was repeated until all SNPs found membership in a clump. Thus, all 
index SNPs are, by definition, in very weak LD (if at all) with one another (pairwise r2<0.05), and 
are, as such, suggestive of independent signals of association.  

We then evaluated a multivariate regression model based on 28 index SNPs that reached ge-
nome-wide significance in the discovery meta-analysis to test which index SNPs represented 
truly independent signals. We set the significance threshold for claiming independence based 
on the estimated number of uncorrelated tests we performed across the 20 genetic loci (that 
contain the 28 ‘independent’ index SNPs). At these 20 loci, there are 21,551 SNPs surrounding 
the index SNPs (within 500 kb) in HapMap-CEU, but after correcting for LD we arrived at ~1,563 
tests, which corresponds to a threshold of P<3.2×10-5. Through meta-analysis of the multivari-
ate P-values across the participating cohorts with the largest sample size, we found significant 
evidence for four independent SNPs at the SCN10A-SCN5A locus (Table 1), but not elsewhere. 

To test for an association with QRS greater than 120 ms, we calculated a SNP score for each 
individual in the RS and ARIC studies by adding up the number of QRS-prolonging alleles from 
the dosage counts and weighting by the β estimate from the meta-analysis. Logistic regres-
sion modeling was then performed with QRS greater than 120 ms as the dependent variable 
(dichotomous trait), which was regressed on the score, adjusting for age, sex, height, BMI and 
study site.

Because QRS interval is strongly influenced by sex, and inherited conduction defects can show 
a pronounced influence with aging, we explored whether the 23 genetic associations identified 
by our discovery GWAS meta-analysis (index SNPs at each of the 20 QRS-associated loci plus 
three additional independent SNPs at locus 1) differed by sex or age. For interactions with sex, 
we performed analyses in each cohort including an interaction term for sex × genotype, and 
then we used inverse variance weighting to meta-analyze the interaction terms. For interactions 
with age, each cohort performed separate analyses for each SNP stratified by decade, and then 
we performed regression analyses to assess the effect of age on the magnitude of the genetic 
effect.

eQTL analysis
We used genomics data from 1,240 PAXgene whole blood samples15. The samples were expres-
sion profiled on an Illumina HT-12 platform and genotyped using either an Illumina Hap370 
or 610-Quad platform. Ungenotyped SNPs were imputed with the IMPUTE software. We  
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applied a 500kb window (250kb on each side) around each of the 25 QRS SNPs and tested the cis 
expression-genotype association using SNPTEST.

One hundred forty-two independent probes were examined at 22 QRS loci (comprising 25 in-
dex SNPs), resulting in a total of 198 probe-SNP pairs tested. Bonferroni adjustment was applied 
for the tested probe-SNP pairs (P < 2.5 × 10−4 was deemed significant). The eQTLs were checked 
for possible polymorphisms within the probe region. 1000 Genomes Project data (April 2009 
release) was used to assess LD between the detected eSNP and the SNPs located within the probe 
region. If r2 > 0.05 between an eSNP and the SNPs in the probe region, the eQTL was deemed a 
false positive assuming the ‘probe SNP’ caused differential hybridization.

Bioinformatics
All identified QRS loci were chosen to generate a gene product interaction network using Inge-
nuity Pathway Analysis software16. For locus 1, two genes were independently associated with 
QRS duration (SCN5A-SCN10A) and both were included in the network. For loci 3, 5, 12, 13, 15, 
21 or 22, where it was difficult to discern to which of several genes the association signal might 
map, several genes (listed in Table 1 for each of the loci) were included in the model. Of these 
seven loci, three (loci 13, 15 and 21) had two members each map to the network. We limited 
the relational network to known direct relationships (for example, protein-protein interaction, 
phosphorylation or physical binding). To ensure a spanning network, Ingenuity algorithmically 
incorporated additional nodes that interact with the QRS-associated loci. However, we limited 
these ‘linkers’ such that the relational distance among the QRS-associated loci was no more 
than one linker node. In some cases, this resulted in a genome-wide significant locus to remain 
unconnected to the network (for example, GOSR2, CRIM1 and NFIA). We systematically searched 
PubMed to find direct gene product relationships among the network nodes to complement the 
original network. Relationships highlighted in this network have been compiled from a range 
of experimental conditions, organisms and tissue types, and therefore may not correspond to 
actual pathways in the human heart. For the functional enrichment analysis, we used two in-
dependent online tools, the Database for Annotation, Visualization and Integrated Discovery 
(DAVID, v6.7) and GOTree Machine (GOTM), to identify Gene Ontology categories overrepre-
sented among the QRS-associated loci relative to the entire human genome background17,18. A 
modified version of Fisher’s Exact test (DAVID) and the hypergeometric test (GOTM) were used 
to determine the probability that a functional category is enriched compared to that expected 
from random chance.

Mouse model
Quantitative real-time PCR
Enhanced green fluorescent protein (EGFP)+ Purkinje cells and EGFP− ventricular myocytes were 
isolated from neonatal Cntn2-EGFP transgenic mice by fluorescence-activated cell sorting19,20. 
Quantitative PCR was performed user primers for SCN10A and ribosomal S26 as an internal 
reference using the 2-ΔΔCT method21.
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Electrophysiologic testing
Telemetric devices (DSI) were implanted into adult CD1/129SI/SV1MJ mice and recordings were 
obtained before and 30 min after intraperitoneal injection of the Nav1.8 antagonist A-803467 
(100 mg/kg)22. Intracardiac recordings were obtained using an open-chest model under isoflu-
rane anesthesia (1.5% v/v) using an octapolar catheter (EPR-800, Millar Instruments) placed in 
the right jugular vein.

 
Results

Meta-analysis of genome-wide association results
We conducted meta-analyses for approximately 2.5 million single nucleotide polymorphisms 
(SNPs) in 40,407 individuals of European ancestry from 14 GWAS (Supplementary Tables 1a and 
1b). Overall, 612 variants in 20 loci exceeded our genome-wide significance P-value threshold of 
5 × 10-8 after adjusting for modest genomic inflation (λGC = 1.059) (Figure 1 and Supplementary 
Figure 1). The loci associated with QRS interval duration are detailed in Table 1 and Supplemen-
tary Figure 2, with the index SNP (representing the most significant association) labeled for each 
independent signal. 

Across the genome, the most significant association for QRS interval duration (locus 1) was 
on chromosome 3p22 (Figure 2A), where we identified six potentially independent association 
signals based on the linkage disequilibrium (LD) patterns in HapMap-CEU (pairwise r2 among 
index SNPs<0.05). In conditional analyses where all six SNPs were included in the same regres-

Figure 1  Manhattan plot. Manhattan plot showing the association of SNPs with QRS interval duration in 
a GWAS of 40,407 individuals. The dashed horizontal line marks the threshold for genome-wide significance  
(P = 5×10−8). Twenty loci (labeled) reached genome-wide significance. Two additional loci, GOSR2 and DKK1, 
reached significance after genotyping of select SNPs in an additional sample of 7,170 individuals (see Results).
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Figure 2 Association plots for select loci. Each SNP is plotted with respect to its chromosomal location (x 
axis) and its P value (y axis on the left). The tall spikes indicate the recombination rate (y axis on the 
right) at that region of the chromosome. The black-outlined triangles indicate coding region SNPs. (a) 
Locus 1 (SCN5A-SCN10A) on chromosome 3. The six index signals are named with their rs numbers and 
highlighted in different grey scales (a-f). Other SNPs in linkage disequilibrium with the index SNP are de-
noted in the same scale. Color saturation indicates the degree of correlation with the index SNP. (b) Locus 
8 (TBX5) and locus 9 (TBX3) on chromosome 12. (c) Locus 12 (HEATR5B-STRN) and locus 14 (CRIM1) on 
chromosome 2.
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sion model, there was compelling evidence that at least four SNPs from this region were inde-
pendently associated with QRS duration (Table 1). Two of these associations were in or near 
SCN10A, a voltage-gated sodium channel gene. Variation at this locus was recently associated 
with QRS duration in two GWAS. The top SNP identified in those two studies, rs6795970, was in 
strong LD with our top signal, rs6801975 (r2=0.93)8,9. Two additional signals were identified in 
SCN5A, a sodium channel gene adjacent to SCN10A (Table 1).  

The second most significant locus (locus 2) was on chromosome 6p21 near CDKN1A, a cyclin 
dependent kinase inhibitor. The CDKN1A locus was recently associated with QRS interval dura-
tion in an Icelandic population9. The index SNP in the prior report, rs1321311, is in strong LD 
with our top signal, rs9470361 (r2 = 0.88). CDKN2C, which encodes another cyclin-dependent ki-
nase inhibitor, is located in locus 15, which encompasses several other genes, including C1orf185, 
RNF11 and FAF1.

Locus 3 on chromosome 6q22 contains the PLN-SLC35F1-C6orf204-BRD7P3 cluster of genes. 
PLN encodes phospholamban, a key regulator of sarcoplasmic reticulum calcium reuptake. Sig-
nificant associations were found in several other regions harboring calcium-handling genes, 
including locus 12 (STRN-HEATR5B), locus 16 (PRKCA) and locus 18 (CASQ2).

Locus 4 mapped to an intronic SNP in NFIA, which encodes a transcription factor. Several 
other significant loci also mapped in or near genes encoding transcription factors, including 
locus 5 (HAND1), locus 6 (TBX20), locus 8 (TBX5), locus 9 (TBX3) and locus 19 (KLF12). Common 
variation in TBX5 was recently associated with QRS duration9. The index signal in the prior re-
port, rs3825214, was in moderate LD with our top signal, rs883079 (r2 = 0.67).

Additional regions identified include locus 7 (SIPA1L1), locus 10 (VTI1A), locus 11 (SETBP1), 
locus 13 (TKT-CACNA1D-PRKCD), locus 14 (CRIM1), locus 17 (the nearest gene, IGFBP3, is 660 kb 
away) and locus 20 (LRIG1).

Collectively, the identified index SNPs across these 20 loci explained approximately 5.7%  
(± 2.3% (s.d.)) of the observed variance in QRS duration, consistent with a polygenic model in 
which each of the discovered variants exerts only a modest effect on QRS interval. None of these 
index SNPs showed a significant interaction with sex or age after Bonferroni correction. We 
observed moderate levels of heterogeneity of the effect (25<I2<75) for several index SNPs (Table 
1). However, only HAND1/SAP30L showed significant evidence of heterogeneity using Cochran’s 
Q test corrected for 23 independent genome-wide variants (Cochran’s P = 0.005). 

Extension of findings in an additional 7,170 individuals 
Based on the discovery meta-analysis, we selected the index SNPs at four loci (loci 15, 17, 19 
and 20) with P values ranging between P = 5 × 10−8 and P = 5 × 10−9 and from all five loci with  
P values ranging from P = 1 × 10−6 to P = 5 × 10−8 (Online Methods) for genotyping in an addi-
tional 7,170 European individuals in order to boost the study’s power. In a joint analysis combin-
ing all 47,577 individuals, the significance for the four loci with P values between P = 5 × 10−8 and  
P = 5 × 10−9 increased, indicating these represent true positive associations (Table 1). The joint 
analysis also provided further evidence for two other loci (locus 21 near DKK1 and locus 22 
tagged by an intronic SNP in GOSR2) that reached genome-wide significance, bringing the total 
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number of significant loci to 22, with 25 independently associated index SNPs (Table 1). The 
index SNP (rs1733724) in DKK1 was previously associated with QRS duration in an Icelandic 
population9.  

Association with conduction defect
Based on this series of QRS associations, we sought to test the hypothesis that QRS-prolonging 
alleles, on average, increase risk of ventricular conduction defects. To address this question, 
we calculated a risk score in each individual by adding up the number of QRS-prolonging al-
leles identified in this study weighted by the observed effect sizes (β estimates) from the final 
meta-analysis. In an independent set of 519 individuals from the Atherosclerosis Risk in Com-
munities (ARIC) and Rotterdam (RS) studies with bundle branch block or nonspecific prolonga-
tion of QRS interval (QRS>120 milliseconds (ms)) compared with those individuals with normal 
conduction (N = 12,804), we found evidence that the cumulative burden of QRS-prolonging al-
leles is associated with risk of ventricular conduction defect (P = 0.004). This result was largely 
driven by those individuals with nonspecific intraventricular conduction defects, as opposed to 
those with left or right bundle branch block (Supplementary Table 2a,b). Similar results were 
observed using an unweighted genotype risk score.

Putative functional variants
Of the 612 genome-wide significant SNPs, one in SCN5A (rs1805124, His558Arg, P = 2.4 × 10−18), 
two in SCN10A (rs12632942, Leu1092Pro, P = 5.1 × 10−11, and rs6795970, Ala1073Val, P = 5 × 10−27), 
one in C6orf204 near PLN (rs3734381, Ser137Gly, P = 1.1 × 10−10) and one in CASQ2 (index SNP 
rs4074536, Thr66Ala, P = 2.4 × 10−8) were non-synonymous (Figure 2 and Supplementary Figure 
2). The PolyPhen-2 program predicts all five of these variants to be benign, which is consistent 
with small-effect associations: each copy of the minor allele was associated with cross-sectional 
differences in QRS duration of less than 1 ms.

The 25 index SNPs (from Table 1) were subsequently tested for association with gene cis-
expression levels in 1,240 PAXgene whole blood samples15. Four cis-eQTLs were detected after 
stringent Bonferroni correction. The most notable eQTLs were observed for probes in exonic 
regions of TKT (rs4687718, P = 5.87 × 10−70) and CDKN1A (rs9470361, P = 1.41 × 10−10) and in an 
intronic probe for C6orf204 near PLN (rs11153730, P = 1.54 × 10−10) (Supplementary Figure 3). We 
additionally assessed cis regulation for all HapMap SNPs for these three loci (± 250 kb around 
the SNPs). The top eSNPs for TKT (rs9821134) and C6orf204 (rs11970286) were in moderate to 
high LD (r2 = 0.47 and r2 = 0.91, respectively) with the top QRS signals at these loci. However, the 
top eSNP for CDKN1A, rs735013, was only weakly correlated with the QRS index SNP rs9470361 
(r2 = 0.089). In a conditional analysis that included both CDKN1A locus SNPs in the regression 
model, both rs735013 and rs9470361 remained independently associated with expression levels  
(P = 1.7 × 10−9 and P = 2.3 × 10−5, respectively). Additionally, rs735013 itself was marginal-
ly associated with QRS duration (coded allele frequency = 0.39, β = 0.33 ms (s.e. = 0.07 ms),  
P = 2.4 × 10−6). Whether these associations in whole blood samples will be similar to associa-
tions in cardiac myocytes and conduction tissue deserves further investigation.
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Pleiotropic effects of variants associated with QRS duration and other ECG measurements
To explore the shared genetic underpinnings between atrial and ventricular depolarization and 
conduction (as measured by PR and QRS intervals) as well as ventricular depolarization and 
repolarization (QRS and QT intervals), we examined the effects of previously published PR and 
QT SNPs with respect to QRS interval. Several QRS loci were previously associated with PR or QT 
intervals, including PLN, TBX5-TBX3 and SCN5A-SCN10A, the last of which is associated with all 
three traits (Supplementary Table 3). We also tested nine PR SNPs and 16 QT SNPs for their effect 
on QRS duration (Supplementary Table 3)23-25. Our results suggest roles for CAV1/2 (rs3807989,  
P = 5.8 × 10-6) and NOS1AP (rs12143842, P = 1.3 × 10-4) in QRS duration. Indeed CAV1/2 was re-
cently associated with QRS interval9.  

QRS duration is positively correlated with both PR interval (r = 0.09) and QT interval  
(r = 0.44)9. To test if these relationships are also observed genetically, we compared the direc-
tionality of the association of SNPs at the published PR and QT loci with those for QRS duration. 
Generally, the effects of SNPs on PR interval were positively correlated with their effects on QRS 
duration (r = 0.53). With the exception of TBX3, the loci influencing both PR and QRS intervals 
(SCN5A, SCN10A, TBX5 and CAV1-CAV2) do so in a concordant fashion (that is, variants that pro-
long PR also prolong QRS duration) (Figure 3 and Supplementary Tables 3a and 3b).  By contrast, 
although QT and QRS are positively correlated at the population level, the effects of SNPs on QT 
interval were marginally negatively correlated with their effects on QRS interval (r = −0.08). Of 
the index SNPs at the four loci significantly associated with both QT and QRS interval (SCN5A-
SCN10A, PRKCA, NOS1AP and PLN), only the PLN locus SNPs showed effects in the same direction 
(Figure 3 and Supplementary Tables 3a and 3b). 

Bioinformatic network analysis of QRS-associated loci
To examine the relationships between genetic loci associated with QRS duration, we developed 
an in silico relational network linking the loci based on published direct gene product interac-
tions obtained from curated databases (Supplementary Figure 4)16. Most loci meeting genome-
wide significance mapped to this network after a minimum number of ‘linker’ nodes were in-
corporated to create a spanning network. This analysis provides a graphical overview of the 
interconnections among QRS-associated genetic loci and highlights both known and putative 
molecular mechanisms regulating ventricular conduction (see below for further discussion). 
Several of the ‘linker’ nodes incorporated in the network, such as GJA1 (encoding connexin 43), 
NEDD4, KCNMA1 and RYR2, are known modulators of cardiac electrical activity. Functional en-
richment analysis of the QRS-associated network nodes (that is, loci with P < 5 × 10−8) using two 
independent software tools revealed that programs involved in heart development were highly 
overrepresented (P value range: P = 5.8 × 10−6 to P = 9.6 × 10−5)17,18.
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SCN10A function in a mouse model
We undertook functional studies to determine whether our most significant locus was associ-
ated with ventricular conduction in mice. Transcriptional profiling suggests that Scn10a mRNA, 
which encodes the Nav1.8 sodium channel, is expressed in the ventricular myocardium and at 
higher levels in the specialized conduction system19. These data were confirmed and extended 
by quantitative PCR (Figure 4a), demonstrating a 25.7-fold ± 1.1-fold (s.e.) enrichment of Scn10a 
Nav1.8 in Purkinje cells compared to working ventricular myocytes (n = 3 for each cell type;  
P = 0.002).

Telemetric electrocardiographic recordings (lead II position) were obtained in conscious 
mice treated with A-803467, a potent Scn10a Nav1.8 antagonist, which blocks Nav1.8 100 times 
more potently than Nav1.5 with the doses used26. These studies showed a significant increase in 

Figure 3  Pleiotropic associations of PR, QRS, and QT loci.  Electrocardiographic tracing delineating the PR, 
QRS and QT intervals. PR and QRS intervals reflect myocardial depolarization and conduction time through the 
atria and down the atrioventricular node (PR) and throughout the ventricle (QRS) and are weakly positively 
correlated (r = 0.09). The majority of loci that influence both PR and QRS (SCN5A, SCN10A, TBX5 and CAV1-2) 
do so in a concordant fashion (meaning variants that prolong PR duration also prolong QRS duration). The 
notable exception is a region on chromosome 12, where variants in the TBX5 locus have a concordant effect, 
whereas those in nearby TBX3 have a discordant effect. By contrast, although QRS (ventricular depolarization) 
and QT (ventricular repolarization) are moderately positively correlated, the majority of loci (SCN5A, SCN10A, 
PRKCA and NOS1AP) that influence both phenotypes do so in a discordant fashion (meaning variants that 
prolong the QRS interval shorten the QT interval). The exception is the locus at PLN, where the variants have 
a concordant effect.
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QRS duration (11.6 ms (± 2.6 ms (s.e.)) to 14.5 ms (± 0.54 ms), n = 7, P < 0.001), whereas treat-
ment with vehicle alone was without effect (11.4 ms (± 0.29 ms) to 11.9 ms (± 0.42 ms), n = 7,  
P value was not significant). The PR interval was also increased in drug-treated mice, from 31.4 
ms (± 0.98 ms) to 42.5 ms (± 3.3 ms), n = 7, P < 0.01), whereas treatment with vehicle alone 
resulted in no significant change (32.6 ms (± 1.0 ms) to 33.4 ms (± 0.69 ms), n = 7, P value was 
not significant) (Figure 4b).  To further delineate the site of ventricular conduction slowing, we 
performed intra-cardiac recordings from mice treated with A-803467. These studies confirmed 
the significant increase in QRS duration (from 12.26 ms (± 0.62 ms) to 14.56 ms (± 0.58 ms),  
n = 7, P = 0.015), whereas treatment with vehicle alone was without significant effect (12.39 ms  
(± 0.52 ms) to 13.65 ms (± 0.97 ms), n = 5, P value was not significant). A-803467 treatment 
resulted in a 35.7% ± 1.2% increase in HV interval (from 9.33 ms (± 0.74 ms) to 12.67 ms (± 1.06 
ms), P = 0.009), whereas treatment with vehicle alone was without significant effect (10.67 ms  
(± 0.83 ms) to 11.17 ms (± 1.10 ms), P value was not significant) (Figure 4c). Taken together, these 
data indicate that the QRS prolongation may primarily reflect conduction slowing in the special-
ized ventricular conduction system.

 

Figure 4  Expression and function of Scn10a in the murine heart. (a) Neonatal ventricular myocytes from 
Cntn2-eGFP BAC transgenic mice were fluorescence-activated cell sorted and eGFP+ and eGFP− pools were 
analyzed by RT-PCR. Transcripts encoding eGFP, Cntn2 and Scn10a were highly enriched in the eGFP+ frac-
tion. Quantitative RT-PCR demonstrated 25.7-fold enrichment of Scn10a Nav1.8. (b) Representative telemetric 
electrocardiographic recordings (lead II configuration) obtained 30 min after administration of vehicle alone 
(black tracing) or the Scn10a Nav1.8 antagonist A-803467 (gray tracing). The two tracings are aligned at the 
onset of the QRS wave, and both PR interval and QRS interval prolongation were observed in drug-treated mice. 
(c) Representative intracardiac recordings showing HV intervals obtained before (Pre) and after (Post) admin-
istration of vehicle or A-803467. Significant HV prolongation was observed in drug-treated mice.
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Discussion

Our meta-analysis of 14 GWAS consisting of 40,407 individuals of European descent with addi-
tional genotyping in 7,170 Europeans yielded genome-wide significant associations of QRS dura-
tion with common variants in 22 loci. Variations in four of these loci (locus 1, SCN5A-SCN10A; 
locus 2, CDKN1A; locus 8, TBX5; and locus 21, DKK1) were previously associated with QRS duration 
in smaller independent studies using both candidate gene and genome-wide approaches7-9. The 
22 loci include genes in a number of interconnected pathways, including some previously known 
to be involved in cardiac conduction, such as sodium channels, calcium-handling proteins and 
transcription factors, as well as previously unidentified processes not known to be involved in 
cardiac electrophysiology, such as kinase inhibitors, growth factor-related genes and others.

The electrocardiographic QRS interval reflects ventricular depolarization and conduction 
time. Ventricular myocyte depolarization occurs through cardiac membrane excitatory inward 
currents mediated by voltage-gated sodium channels27. The primary determinants of conduc-
tion velocity are the magnitude of excitatory inward currents flowing through these sodium 
channels, the extent of cell-to-cell communication through gap junction–connexin coupling, 
and cell and tissue architecture and morphology27. Multiple pathways suggested in this study 
determine or modulate these key components of ventricular depolarization and conduction. 
Candidate genes in these pathways are briefly discussed in Box 1.

Our strongest association signal (locus 1) mapped in or near two voltage-gated sodium 
channel genes: SCN5A and SCN10A. SCN5A encodes the cardiac Nav1.5 sodium channel and is 
well known for its role in cardiac conduction, and other cardiovascular and electrophysiologic 
phenotypes28,29. SCN10A encodes the Nav1.8 sodium channel. We provide new data demonstrat-
ing that the SCN10A transcript and product is preferentially expressed in the mouse His-Purkin-
je system compared with the ventricular myocardium, and that Nav1.8 channel blockers result 
in QRS and HV interval prolongation, indicative of a slowing of impulse propagation in the spe-
cialized ventricular conduction system and a delayed activation of the ventricular myocardium. 
Notably, a recent study reported shortening of the PR interval in Scn10a knockdown mice and 
concluded that Nav1.8 prolongs cardiac conduction and that rs6795970, encoding the A1073V 
variant, is a gain-of-function allele8. Alternatively, the more rapid conduction they observed 
in the knockdown mice could reflect compensatory upregulation of TTX-sensitive currents, a 
phenomenon previously observed in Nav1.8-deficient DRG neurons30.

We, and others, demonstrated previously that, in addition to their association with QRS du-
ration, variants in SCN5A and SCN10A are associated with atrial conduction (PR interval) and 
myocardial repolarization (QT interval), as well as atrial and ventricular fibrillation8,9,25. These 
results emphasize the crucial role played by these genes in cardiac conduction and the genera-
tion of arrhythmias. 

Calcium regulation is integral to impulse propagation, modulating cellular electrophysiology 
including sodium channel and gap junction function, as well as tissue architecture28,31,32. Several 
of the loci associated with QRS duration contain genes directly related to calcium processes. 
As depicted in Supplementary Figure 4 and detailed in Box 1, these genes encode interrelated 
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proteins that influence Ca2+ signaling (PLN in locus 3; PRKCA in locus 16; and CASQ2 in locus 18) 
and downstream effects (STRN in locus 12).  

Transcription factors regulating embryonic electrophysiologic development are critical for the 
integrity of impulse conduction33. We identified six transcription factors (TBX3 in locus 9; TBX5 
in locus 8; TBX20 in locus 6; HAND1 in locus 5; NFIA in locus 4; and KLF12 in locus 19) in loci as-
sociated with QRS duration. Several of these transcription factors affect cardiac morphogenesis 
and may influence conduction by altering cellular and tissue architecture. Notably, they may also 
have direct electrophysiologic consequences by modifying factors involved in impulse conduc-
tion. For example, HAND1 and T-box factors regulate GJA5 (encoding connexin 40) and/or GJA1 
(encoding connexin 43), and TBX5 binds to the ATP2A2 (also known as SERCA2A) promoter34.

Our study suggests a number of processes and pathways not previously known to be involved 
in cardiac electrophysiology, including cyclin-dependent kinase inhibitors and genes related to 
tumorigenesis and cellular transformation. How these previously unidentified processes influ-
ence QRS duration remains to be defined.

In pleiotropic analyses, most variants influencing both PR and QRS interval, with the excep-
tion of TBX3, were concordant in effect direction, consistent with the known shared physiologic 
processes underlying the two traits: depolarization and conduction time in the sino-atrial node, 
atria and atrioventricular node (PR interval) and depolarization and conduction time in the 
ventricles (QRS interval). By contrast, although QRS (ventricular depolarization) and QT (ven-
tricular repolarization) are moderately positively correlated, most loci influencing both traits 
showed discordant effect directions (with the exception of the PLN locus). Investigating the 
physiologic foundations for these concordant and discordant PR-QRS and QT-QRS relationships 
could be particularly informative for elucidating the mechanisms by which these loci influence 
cardiac depolarization, conduction and repolarization.

Several limitations of our study should be considered. First, although we have identified 22 
loci significantly associated with QRS duration, the broad nature of LD among common variants 
generally precludes an unambiguous identification of the culprit variant or of the functional 
gene. For several genes (SCN5A, SCN10A, C6orf204 and CASQ2), there are common coding SNPs 
in high LD with the index SNP, which may lend some support for a functional role for these 
genes. Furthermore, our expression analysis in blood revealed very strong cis-eQTL associa-
tions for TKT and CDKN1A, lending additional support to these genes as functional candidates. 
It would be desirable to perform similar eQTL analyses based on expression data in myocardial 
cells or in conduction tissue. For our top signal in SCN10A, a gene which until recently was not 
known to be expressed in the heart, our functional work in mice confirms that SCN10A is in-
volved in ventricular depolarization and conduction. Further fine mapping is needed at all 22 
loci to conclusively test all genetic variation (rare and common) for a role in QRS modulation.

To minimize the potential for confounding due to population substructure, we limited our 
analyses to individuals of European descent, a population for which we could assemble the  
largest number of samples. At the individual study level, the GWAS showed very little evidence 
for gross stratification (genomic inflation factor, λGC, values ranged from 1.00 to 1.05). However, 
one of our QRS loci, mapping to HAND1-SAP30L, showed evidence of heterogeneity. In genetic 
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association studies, heterogeneity can be due to sampling error, differences in phenotypic mea-
surement, differences in LD structure between populations, technical artifacts, or genuine bio-
logical heterogeneity, but it would be difficult to conclude on the basis of our data here which of 
these is the most likely explanation35.

Our study underscores the power of a large genome-wide association study to extend prior  
biological understanding of cardiac ventricular conduction. Better understanding of the complex 
biologic pathways and molecular genetics associated with cardiac conduction and QRS duration 
may offer insight into the molecular basis underlying the pathogenesis of conduction abnormali-
ties that can result in increased risk of sudden death, heart failure and cardiac mortality.

Box 1  Noteworthy genes within loci associated with QRS duration. 

Of the 22 loci identified, common variants in four loci (SCN5A-SCN10A, CDKN1A, TBX5 and DKK1) were 
previously associated with QRS duration in genetic association studies. Mutations in two loci (SCN5A and 
TBX5) lead to inherited syndromes associated with conduction disease. Animal experiments show a role 
for several additional loci (HAND1, TBX3 and TBX5) in cardiac ventricular conduction, as detailed below. 
The remainder are new QRS loci, and their role in cardiac conduction remains to be elucidated.

1  Cardiac sodium channel genes:
• SCN5A (locus 1): SCN5A encodes the cardiac Nav1.5 sodium channel and is well known to influence car-
diac conduction, as well as other cardiovascular and electrophysiologic phenotypes28,29.
• SCN10A (locus 1): SCN10A encodes the Nav1.8 sodium channel, present in both ventricular myocardium 
and conduction fibers. Selective SCN10A blocker prolongs QRS interval.

2  Calcium-handling proteins:
• CASQ2 (locus 18): CASQ2 regulates opening of the ryanodine receptor (encoded by RYR2)36,37. Cellular 
depolarization through sodium channels triggers calcium influx through L-type calcium channels, which 
in turn provokes RYR2-mediated calcium release from the sarcoplasmic reticulum. CASQ2 mutations have 
been associated with catecholaminergic polymorphic ventricular tachycardia38,39.
• PLN (locus 3): Calcium uptake into the sarcoplasmic reticulum by SERCA2a is regulated by PLN (encod-
ing cardiac phospholamban)40. The phosphorylation state of PLN is dependent on signaling pathways 
involving phosphatases and kinases, including that encoded by PRKCA41. We previously demonstrated 
that this locus is associated with both cardiac electrical properties (QT interval duration and heart rate) 
and size (left ventricular end diastolic dimension) in genome-wide association analyses23,24,41,42.
• PRKCA (locus 16): Protein kinase C alpha activity affects dephosphorylation of the sarcoplasmic reticu-
lum Ca2+ ATPase-2 (SERCA-2) pump inhibitory protein phospholamban (PLN) and alters sarcoplasmic 
reticulum Ca2+ loading and the Ca2+ transient43.
• STRN (locus 12): Striatin is a Ca2+-calmodulin binding protein that directly binds to caveolin scaffold-
ing protein. Striatin has recently been implicated in a canine model of arrhythmogenic right ventricular 
cardiomyopathy44,45.
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3  Transcription factors:
• TBX3 (locus 9) and TBX5 (locus 8): TBX3 and TBX5 encode transcription factors found in the cardiac 
conduction system. TBX5 (activator) competes with TBX3 (repressor) for the regulation of working myo-
cardial genes such as GJA146,47. Common variations near TBX3 and TBX5 were associated with PR and QRS 
durations9,25. Mutations in TBX3 and TBX5 have been associated with rare inherited syndromes mani-
fested by an array of defects including ventricular structural and/or conduction defects.
• TBX20 (locus 6): TBX20 demarcates the left and right ventricles48 and mutations in TBX20 have been 
implicated in multiple structural defects in mouse and human models49,50.
• HAND1 (locus 5): HAND1 encodes a transcription factor essential to cardiac morphogenesis51, with a 
mutation in this gene having been identified in human hearts with septal defects52. Overexpression of 
Hand1 in the adult mouse heart leads to loss of connexin 43 (encoded by GJA1) expression, QRS prolonga-
tion and predisposition to ventricular arrhythmia53.
• NFIA (locus 4) and KLF12 (locus 19): Little is known about the role of Nuclear Factor One (NFIA) and 
Kruppel like protein 12 (KLF12) in cardiac tissue development.

4  Cyclin dependent kinase inhibitors:
• CDKN1A (locus 2): CDKN1A is a negative regulator of cell cycle entry into G2/M phase and is upregulated 
by ERBB2 activation. ERBB2, encoding a member of the EGF-receptor family of tyrosine kinases, is essential 
for proper heart development, and its ligand neuregulin-1 promotes formation of the murine cardiac con-
duction system54. Furthermore, ERBB2 can modulate gap junction assembly and alter appropriate phos-
phorylation of connexin 43 in glial cells55. In addition, CDKN1A is upregulated by PRKCA (locus 16)56.
• CDKN2C (locus 15): A member of the family of cyclin-dependent kinase inhibitors that prevent the activa-
tion of the CDK kinases, thus functioning as a cell-growth regulator that controls cell cycle G1 progression.

5  Other pathways:
• CRIM1 (locus 14): CRIM1, encoding a cell-surface transmembrane protein that may bind to various 
members of the TGF-beta superfamily of ligands, is expressed in mouse and human cardiac tissues57,58. 
CRIM1 interacts with bone morphogenetic proteins, which induce the expression of CDKN1A (p21)57,59.
• LRIG1 (locus 20): LRIG1 is upregulated in malignancies. It negatively regulates the proto-oncogenic, 
tyrosine kinase receptor family ERBB260.
• SETBP1 (locus 11): SETBP1 encodes a ubiquitously expressed protein that binds to SET61. The SETBP1-SET 
interaction has been hypothesized to be a component in tumor development.
• TKT (locus 13): Transketolase (TKT) is a ubiquitous enzyme used in multiple metabolic pathways, in-
cluding the pentose phosphate pathway62.
• DKK1 (locus 21): DKK1, implicated in several tumors, inhibits the Wnt signaling pathway63. Wnt signal-
ing is an important modulator of connexin43-dependent intercellular coupling in the heart64. In cardiac 
tissue, it has an embryologic role with regard to axial development65.
• SIPA1L1 (locus 7): SIPA1L1 appears to play a role in non-canonical Wnt signaling and contributes to 
development66.
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Supplementary Methods

Details on participating studies
Fourteen genome-wide association studies (GWAS) consisting of individuals of European de-
scent from Europe and the United States contributed to the discovery phase of this study. To 
extend our analyses, we genotyped select variants representing nine loci in an additional cohort 
(PREVEND). All studies received approval from the appropriate institutional review committees, 
and the subjects in each cohort provided written informed consent.  	

AGES
The Age, Gene/Environment Susceptibility (AGES) Reykjavik Study was initiated to examine ge-
netic susceptibility and gene/environment interaction as these contribute to phenotypes com-
mon in old age, and represents a continuation of the Reykjavik Study cohort begun in 1967 and 
is comprised of 5776 randomly recruited  survivors from the original cohort. QRS interval dura-
tion was automatically measured from 12-lead electrocardiograms using the Marquette 12 SL 
analysis program (General Electric Marquette Medical Division, Milwaukee, Wisconsin, USA).

ARIC
The Atherosclerosis Risk in Communities study (http://www.cscc.unc.edu/aric/) includes 15,792 
men and women from four communities in the United States (Jackson, Mississippi; Forsyth 
County, North Carolina; Washington County, Maryland; suburbs of Minneapolis, Minnesota) 
enrolled in 1987–1989 and prospectively followed.  ECGs were recorded at baseline using MAC PC 
ECG machines (Marquette Electronics) and processed initially by the Dalhousie ECG program 
in a central laboratory at the EPICORE Center (University of Alberta). Processing was later re-
peated for the present study using the GE Marquette 12-SL program (2001 version) at the EPICARE 
Center (Wake Forest University). All ECGs were visually inspected for technical errors and in-
adequate quality. QRS interval was measured automatically from baseline ECGs.  

BRIGHT
The MRC BRIGHT study (http://www.brightstudy.ac.uk/) comprises 2000 severely hypertensive 
probands ascertained from families with multiplex affected sibships or as parent-offspring  
trios. Case ascertainment and phenotyping has been described previously. Briefly, cases have BP  
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readings ≥150/100 mmHg based on one reading or ≥145/95 mmHg based on the mean of three 
readings. Twelve-lead ECG recordings (Siemens-Sicard 440; http://www.brightstudy.ac.uk/info/
sop04.html), which produces an automated measurement of the QRS interval, were available 
for all subjects. All data were transferred from each recruitment centre by electronic modem 
to electrophysiologists from the West of Scotland Primary Prevention Study (Professor Peter 
MacFarlane) for central reporting. All individuals included in the analysis were of white British 
ancestry (up to level of grandparents). 

CHS
The Cardiovascular Health Study (http://www.chs-nhlbi.org) is a prospective, longitudinal  
cohort study of risk factors for cardiovascular disease in the elderly, was begun in 1989 and 
included 4,925 self-described White participants. People 65 years of age or older were recruited 
from four field centers in the United States. The CHS study sample used in this analysis in-
cludes participants without clinically-recognized cardiovascular disease at baseline who de-
scribed their race as White, consented to genetic testing, and had DNA available for genotyping. 
Study electrocardiograms were recorded using MAC PC ECG machines (Marquette Electronics,  
Milwaukee, Wisconsin) in all clinical centers. ECGs were initially processed in a central labora-
tory at the EPICORE Center (University of Alberta, Edmonton, Alberta, Canada) and during 
later phases of the study, at the EPICARE Center (Wake Forest University, Winston-Salem, North 
Carolina). All ECGs were visually inspected for technical errors and inadequate quality. QRS 
interval was measured using the baseline ECG for eligible subjects. Initial ECG processing was 
done by the Dalhousie ECG program, and processing was later repeated with the 2001 version of 
the GE Marquette 12-SL program (GE Marquette, Milwaukee, Wisconsin).

ERF
The Erasmus Rucphen Family study is comprised of a family-based cohort embedded in the 
Genetic Research in Isolated Populations (GRIP) program in the southwest of the Netherlands. 
The aim of this program is to identify genetic risk factors for the development of complex dis-
orders. In ERF, twenty-two families that had a minimum of five children baptized in the com-
munity church between 1850 and 1900 were identified with the help of detailed genealogical 
records. All living descendants of these couples, and their spouses, were invited to take part 
in the study. Comprehensive interviews, questionnaires, and examinations were completed at 
a research center in the area; approximately 3,200 individuals participated. Examinations in-
cluded 12 lead ECG measurements. Electrocardiograms were recorded on ACTA electrocardio-
graphs (ESAOTE, Florence, Italy) and digital measurements of the QRS intervals were made using 
the Modular ECG Analysis System (MEANS). The QRS detector of MEANS operates on multiple  
simultaneously recorded leads, which are transformed to a detection function that brings out 
the QRS complexes among the other parts of the signal. Data collection started in June 2002 and 
was completed in February 2005. In the current analyses, 1,466 participants for whom complete 
phenotypic, genotypic and genealogical information was available were studied. 
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 FHS
The Framingham Heart Study (http://www.framinghamheartstudy.org/) is a community-based, 
longitudinal cohort study comprising three generations of individuals in multigenerational 
pedigrees and additional unrelated individuals. The current study included individuals from 
Generation 1 (11th examination), Generation 2 (1st examination) and Generation 3 (1st exami-
nation). In FHS, paper electrocardiograms recorded on Marquette machines were scanned and 
digital caliper measurements were made using proprietary software (eResearchTechnology, 
generations 1 and 2) or using Rigel 1.7.2. (AMPS, LLC, New York, NY, USA, generation 3). The 
QRS duration was measured from the Q-onset to S-offset in two cardiac cycles from lead II and 
averaged. 

KORA F3 and S4
The KORA study is a series of independent population-based epidemiological surveys of partici-
pants living in the city of Augsburg, Southern Germany, or the two adjacent counties. All survey 
participants are residents of German nationality identified through the registration office and 
aged between 25 and 74 years at recruitment. The baseline survey KORA S3 was conducted in the 
years 1994/95 and KORA S4 in 1999-2001. 3,006 participants from KORA S3 were re-examined in 
a 10-year follow-up (KORA F3) in the years 2004/05. Genomewide data for the analysis of the 
length of the QRS interval is available for random subsets of 1,644 persons from KORA F3 and 
1,814 study participants from KORA S4. In both studies, 12-lead resting electrocardiograms were 
recorded with digital recording systems (F3: Mortara Portrait, Mortara Inc., Milwaukee, USA, 
S4: Hörmann Bioset 9000, Hörmann Medizinelektronik, Germany). 

KORCULA
The KORCULA study sampled Croatians from the Adriatic island of Korcula, between the ages 
of 18 and 88. The fieldwork was performed in 2007 in the eastern part of the island, targeting 
healthy volunteers from the town of Korčula and the villages of Lumbarda, Žrnovo and Račišće. 
Mortara ELI 350 was used in ECG recording.  

MICROS
The MICROS study (http://www.biomedcentral.com/1471-2350/8/29) is part of the genomic health 
care program ‘GenNova’ and was carried out in three villages of the Val Venosta on the popula-
tions of Stelvio, Vallelunga and Martello. This study was an extensive survey carried out in South 
Tyrol (Italy) in the period 2001-2003. Study participants were volunteers from three isolated 
villages located in the Italian Alps, in a German-speaking region bordering with Austria and 
Switzerland. Due to geographical, historical and political reasons, the entire region experienced 
a prolonged period of isolation from surrounding populations. Genotyping was performed on 
just under 1,400 participants with 1,334 available for analysis after data cleaning. Information on 
participants’ health status was collected through a standardized questionnaire and clinical ex-
aminations, including digitized ECG measurements (Mortara Portrait, Mortara Inc., Milwaukee, 
USA). Individuals with identified U-waves were excluded from analysis. The Mortara portrait 
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determines QRS complex by a proprietary algorithm (Michelucci 2002). Laboratory data were 
obtained from standard blood analyses.  

ORCADES
The Orkney Complex Disease Study (ORCADES) is an ongoing family-based, cross-sectional 
study in the isolated Scottish archipelago of Orkney. Genetic diversity in this population is de-
creased compared to Mainland Scotland, consistent with high levels of endogamy historically. 
Participants included here were aged 18-92 years and came from a subgroup of ten islands. The 
Cardioview ECG device was used in the phenotyping.  

Rotterdam Study (RS1 and RS2)
The Rotterdam Study is a prospective population-based cohort study comprising 7,983 subjects 
aged 55 years or older (RS-I), which started in 1990. In 2000-2001, an additional 3,011 individu-
als aged 55 years or older were recruited (RS-II) (http://www.erasmus-epidemiology.nl /research/ 
ergo.htm). In the RS-I and RS-II, electrocardiograms were recorded on ACTA electrocardiographs 
(ESAOTE, Florence, Italy) and digital measurements of the QRS intervals were made using the 
Modular ECG Analysis System (MEANS). The QRS detector of MEANS operates on multiple simul-
taneously recorded leads, which are transformed to a detection function that brings out the QRS 
complexes among the other parts of the signal. 

SHIP
The Study of Health in Pomerania (http://ship.community-medicine.de) is a longitudinal popu-
lation-based cohort study in West Pomerania, a region in the northeast of Germany. From the 
total population comprising 212,157 inhabitants in 1995, a two-stage stratified cluster sample 
of adults aged 20 to 79 years was drawn. From the net sample of 6,265 eligible subjects, 4,308 
subjects (2192 women) of Caucasian origin participated in the baseline examination, SHIP-0 
(response 68.8%). For the present analyses both electrocardiographic and genotyping data were 
available from 2,985 participants of the SHIP baseline cohort without exclusion criteria. QRS in-
tervals in SHIP were measured from digitally stored electrocardiograms (Personal 120LD, Esaote, 
Genova, Italy) using MEANS according to the method described above for the RS. 

SPLIT
The SPLIT study samples Croatians from the town of Split, between the ages 18 and 85. The 
sampling started in 2008, and continues throughout 2010. Mortara ELI 350 was used in ECG 
recording.

 
TWINSUK

The Twins UK Registry (http://www.twinsuk.ac.uk) comprises unselected, mostly female vol-
unteers ascertained from the general population through national media campaigns in the 
UK. Means and ranges of quantitative phenotypes in Twins UK were similar to an age-matched 
singleton sample from the general population. Zygosity was determined by standardized ques-
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tionnaire and confi rmed by DNA fi ngerprinting. QRS duration data were available on 2,726 of 
these individuals measured automatically by the Cardiofax ECG-9020K (Nihon Kohden UK 
Ltd., Middlesex, UK). 

PREVEND
Th e Prevention of REnal and Vascular ENd stage Disease (PREVEND) study is an ongoing pro-
spective study investigating the natural course of increased levels of urinary albumin excretion 
and its relation to renal and cardiovascular disease. Inhabitants 28 to 75 years of age (n=85,421) 
in the city of Groningen, Th e Netherlands, were asked to complete a short questionnaire, 47% 
responded, and individuals were then selected with a urinary albumin concentration of at least 
10 mg/L (n = 7,768) and a randomly selected control group with a urinary albumin concentra-
tion less than 10 mg/L (n = 3,395). Details of the protocol have been described elsewhere (www.
prevend.org). Standard 12-lead electrocardiograms were recorded with CardioPerfect equipment 
(Cardio Control; currently Welch Allyn, Delft , Th e Netherlands) and digital measurements of 
the QRS intervals were made using the Modular ECG Analysis System (MEANS). Th e QRS detec-
tor of MEANS operates on multiple simultaneously recorded leads, which are transformed to a 
detection function that brings out the QRS complexes among the other parts of the signal.

 
suPPlementary figures

supplementary figure 1 Th e quantile-quantile (Q-Q) plots demonstrate robust behavior in the bulk of the 
distribution (lower-left  corner) (consistent with a modest λGC of 1.05). In the tail of the distribution, we observe 
a departure away from the null hypothesis, presumably due to the presence of true associations. 

 

Boek Mark.indb   125 25-01-2011   17:47:01



Part 3  Genome-wide association studies on ECG derived traits126

Supplementary Figure 2  Regional association plots. Association results at each significantly associated locus.  
Loci are displayed in the order listed in Table 1. Each SNP is plotted with respect to its chromosomal location (x-
axis) and its P-value (y-axis on the left). Each panel spans approximately ±500 kb around each index SNP and 
has known gene transcripts annotated at the bottom. The SNPs are colored according to their degree of linkage 
disequilibrium (r2) with the index variant which is highlighted with a diamond and displayed by rs number 
and significance level achieved in the meta-analysis. The triangles indicate coding region SNPs. The tall spikes 
indicate the recombination rate (y-axis on the right) at that region of the chromosome. 
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supplementary figure 3 Cis expression-genotype association analysis. Th e most striking cis eQTLs were ob-
served for probes in exonic regions of TKT (rs4687718, P=5.87×10-70) and CDKN1A (rs9470361, P=1.41×10-10) 
and an intronic probe for C6orf204 near PLN (rs11153730, P=1.54×10-10). Th e y-axis indicates normalized ex-
pression data and the x-axis indicates the dosage genotype values. NCBI genomic build 36 was used in probe 
numbering.
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Supplementary Figure 4  Network map. In silico relational network linking the loci associated with QRS inter-
val duration. Most loci meeting genome-wide significance mapped to this network (shown in light grey).  For 
loci where either multiple genes were independently associated with QRS interval duration (SCN5A and SCN10A 
in locus 1) or where it was difficult to discern to which of several genes the association signal might map (loci 3, 
5, 12, 13, 15, 21, or 22), several genes (listed in Table 1 for each of the loci) were included in the model. Of these 
seven latter loci, three (loci 13, 15, and 21) had 2 gene members map to the network. All interactions depicted in 
this relational network represent direct gene product interactions obtained from curated databases. To ensure 
that the interactome spanned across the maximum number of QRS-associated genes, several nodes (shown 
in dark grey) were added to the network based on the strength of their connectivity with the original loci. 
Linker nodes were added only if they connected to a minimum of two network nodes, without bias in regards 
to function. The minimum number of linkers required to connect network nodes was selected. Our network 
analysis shows that many of the genetic loci associated with QRS duration interact with each other and are 
likely to be functionally linked, although the relevance of these relationships in the human heart needs to be 
experimentally assessed.
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Supplementary Tables 

Supplementary Table 1A  Study participant characteristics.

Characteristic AGES ARIC BRIGHT CHS SPLIT KORCULA ERF FHS

N, Participants 
with ECG and 
genotype data

3188 9013 1566 3271 433 428 1591 7950

N, Participants 
after exclusion

2251 8085 1302 2845 395 378 1466 7499

Sex, women, % 64.0 54.4 63.0 62.8 63.5 62.5 59.5 54.1

Age, yars, mean 76.0 54.0 58.8 72.1 49.3 54.5 47.8 39.2

Age, years, range 66-95 44-66 21-89 65-94 18-85 18-88 18-83 19-79

QRS interval,  
ms, mean

90.4 96.2 92.9 88.3 96.1 95.9 97.1 87.2

QRS interval,  
ms, range

60-120 61-120 66-118 56-120 70-120 76-119 68-120 59-120

Height, cm, mean 166.1 168.6 170.0 164.3 171.2 168.0 166.5 168.9

BMI, kg/m2, 
mean

27.0 26.8 27.4 26.2 26.7 28.0 26.7 26.2

Hypertension, % 77.8 24.1 100 51.9 25.2 28.8 15 8.3

Diabetes 
mellitus, %

10.4 7.6 0.1 11.2 3.6 6.1 2.8 1.6

Heart rate, bpm, 
mean

66.6 66.5 63.0 64.7 65.7 65.8 63.1 68.0

Supplementary Table 1A continued

Characteristic KORA S4* KORA F3* MICROS ORCADES RS 1* RS 2* SHIP TwinsUK PREVEND**

N, Participants 
with ECG and 
genotype data

1814 1644 1244 719 5974 2157 3548 2687 7500

N, Participants 
after exclusion

1654 1393 1061 690 4081 1838 2985 2484 7170

Sex, women, % 52.5 51.7 57.8 54.9 62.9 57.9 52.6 95.0 53.0

Age, years, mean 53.5 61.4 44.2 53.3 68.3 64.8 48.1 51.3 48.7

Age, years, range 25-74 35-79 18-87 18-92 55-101 55-95 20-81 17-83 28-75

QRS interval,  
ms, mean

91.5 92.4 94.3 90.0 96.6 97.5 97.1 87.7 96.2

QRS interval,  
ms, range

64-120 62-120 69-120 60-120 64-120 70-120 60-120 60-120 50-20

Height, cm, mean 167.6 167.1 166.3 167.3 166.7 168.2 169.1 163.0 173.0

BMI, kg/m2,  
mean

27.6 27.9 25.3 27.6 26.3 27.3 27.0 25.7 26.0

Hypertension, % 16.6 41.6 15.5 24.9 51.8 58.5 49.5 16.4 31.1

Diabetes  
mellitus, %

3.0 8.8 3.1 2.7 8.6 9.3 6.3 1.5 3.2

Heart rate, bpm, 
mean

64.9 64.1 68.0 60.7 70.2 69.7 72.0 66.5 69.0

*The KORA and RS studies both have two separate cohorts. 
**PREVEND study participants were used for the candidate SNP extension genotyping only. All other studies were included in the 
GWAS meta-analysis.
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Supplementary Table 1B  Study genome-wide genotyping characteristics.

Characteristic AGES ARIC BRIGHT CHS SPLIT KORCULA ERF FHS

Array Illumina 
CNV370

Affy 6.0 Affy 500K Illumina 
CNV370

Illumina 
CNV370

Illumina 
CNV370

Illumin 318K, 
370K, Affy 
250K

Affy 500K, 
50K MIP

Genotype call-
ing software

Bead Studio Birdseed CHIAMO Bead Studio Bead Studio Bead Studio BeadStudio BRLMM

SNP call rate 
exclusion

<97% <95% <95% <95% <98% <98% <98% <=97%

SNP MAF 
exclusion

<0.01 <1% <1% <1% <1% <1% NA <0.01

P HWE 
exclusion

<10x10-6 <10x10-5 <10x10-7 <10x10-5 <10x10-6 <10x10-6 <10x10-6 <10x10-6

Imputation 
software

Mach1 
v1.0.16

Mach1 
v1.0.16

IMPUTE BIMBAM Mach 
v1.0.15

Mach 
v1.0.15

Mach 
v1.0.15

Mach 
v1.0.15

NCBI Build for 
imputation

Build 36 Build 35 Build 35 Build 36 Build 36 Build 36 Build 36 Build 36

GWAS statisti-
cal analysis

ProbABEL,  
R

Mach2QTL  
+ plink

SNPTEST R GeneABEL, 
ProbABEL, R

GeneABEL, 
ProbABEL, R

GeneABEL, 
ProbABEL

R

Related  
individuals?

No No No No Yes Yes Yes Yes

Familial adjust-
ment method

N/A N/A N/A N/A Mmscore in 
ProbABEL

Mmscore in 
ProbABEL

Mmscore in 
ProbABEL

Kinship pack-
age in R

Genomic con-
trol  factor (λ)

1.01 1.01 1.00 1.03 1.02 1.03 1.01 1.03

Supplementary Table 1B continued

Characteristic KORA S4 KORA F3 MICROS ORCADES RS 1 RS 2 SHIP TwinsUK

Array Affy 6.0 Affy 500K Illumina Hum-
Hap 300v2

Illumina 
CNV370 & Illu-
mina HumHap 
300v2

Illumina550K Illumina550K 
Duo, 
610KQuad

Affy 6.0 Illumina 
Hap300 Duo, 
Hap300, 
Hap550, 
Hap610

Genotype call-
ing software

Birdseed BRLMM BeadStudio Bead Studio BeadStudio Genome-
Studio

Birdseed Illuminus

SNP call rate 
exclusion

<93% <95% <98% <98% <98% <98% None <95%

SNP MAF 
exclusion

<1% <1% <1% <1% <1% <1% None <1%

P HWE 
exclusion

<10x10-5 <10x10-5 <10x10-6 <10x10-6 <10x10-6 <10x10-6 None <10x10-4

Imputation 
software

Mach1 
v1.0.16

Mach1 
v1.010

Mach
v1.0.16

Mach 1.0 
ML

Mach
v1.0.15

Mach
v1.0.16

Impute
v0.5.0

Impute 
v0.3.2

NCBI Build for 
imputation

Build 36 Build 35 Build 36 Build 36 Build 36 Build 36 Build 36 Build 36

GWAS statisti-
cal analysis

ProbABEL 
v0.1-2

ProbABEL 
v0.1-2

ProbABEL GeneABEL, 
ProbABEL, 
R

Mach2QTL 
as imple-
mented in 
GRIMP

Mach2QTL 
as imple-
mented in 
GRIMP

SNPTEST
v.1.1.5

SNPTEST
v.1.1.4

Related 
individuals?

No No Yes Yes No No No Yes

Familial adjust-
ment method

N/A N/A Mmscore in 
ProbABEL

Mmscore in 
ProbABEL

N/A N/A N/A Huber-White 
robust 
variance esti-
mation in R

Genomic con-
trol factor (λ)

1.01 1.01 1.00 1.00 1.01 1.02 1.04 1.02
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Supplementary Table 2B  Mean QRS duration and sample sizes for individuals stratified by QRS >120 ms and 
specific ventricular conduction defects

QRS≤120 ms 
(mean±sd)

QRS>120 ms 
(mean±sd)

LBBB 
(mean±sd)

RBBB 
(mean±sd)

NIVCD 
(mean±sd)

ARIC 7996 (96.2±9.3) 213 (138.3±16.2) 26 (157.7±11.7) 62 (148.5±13.4) 125 (129.8±11.3)

Rotterdam 4769 (96.9±10.6) 306 (143.5±17.2) 81 (157.8±12.7) 107 (148.8±14.9) 118 (129.0±8.9)

Excludes individuals with prevalent heart failure or myocardial infarction. sd, standard deviation; LBBB, left bundle branch block; 
RBBB, right bundle branch block; NIVCD, non-specific intraventricular conduction defect.

Supplementary Table 2B  Effects of a weighted genotype risk score on QRS >120 ms and stratified on specific 
ventricular conduction defects

QRS >120ms LBBB RBBB NIVCD

OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P

ARIC 1.12 (1.04-1.22) 0.003 1.11 (0.89-1.40) 0.34 1.00 (0.86-1.16) 0.98 1.20 (1.08-1.33) 0.0006

Rotterdam 1.04 (0.97-1.12) 0.21 1.00 (0.88-1.13) 0.97 1.02 (0.91-1.14) 0.73 1.11 (0.99-1.23) 0.07

Combined 1.08 (1.02-1.13) 0.004 1.02 (0.92-1.14) 0.67 1.01 (0.93-1.11) 0.79 1.15 (1.07-1.25) 0.0002

Excludes individuals with prevalent heart failure or myocardial infarction. Bold indicates significant results (P < 0.05). LBBB, left 
bundle branch block; RBBB, right bundle branch block; NIVCD, non-specific intraventricular conduction defect; OR, odds ratio; 
CI, confidence interval.
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Supplementary Table 3A  Effect of QRS duration hits on PR interval and QT interval

Locus Nearest Gene Index SNP Chr Position Coded/Non-
coded Allele

QRS β QRS SE PR β PR SE PR P QT β QT SE QT P

1 SCN10A rs6801957 3 38,742,319 T/C 0.77 0.07 3.79 0.21 1.80x10-73 -0.67 0.20 1.05x10-3

SCN10A rs9851724 3 38,694,939 C/T -0.66 0.07 -1.70 0.22 7.98x10-15 0.95 0.21 6.66x10-6

SCN5A rs11710077 3 38,632,903 T/A -0.84 0.09 -1.80 0.26 3.18x10-12 0.92 0.24 1.34x10-4

SCN5A rs11708996 3 38,608,927 C/G 0.79 0.10 3.04 0.29 6.00x10-26 -0.93 0.28 7.78x10-4

2 CDKN1A rs9470361 6 36,731,357 A/G 0.87 0.08 0.74 0.24 2.01x10-3 -0.64 0.24 6.64x10-3

3 C6orf204/
SLC35F1/PLN/ 
BRD7P3

rs11153730 6 118,774,215 C/T 0.59 0.07 -0.56 0.20 6.20x10-3 1.61 0.20 5.19x10-16

4 NFIA rs9436640 1 61,585,698 G/T -0.59 0.07 0.39 0.20 0.06 -0.44 0.20 0.024

5 HAND1/SAP30L rs13165478 5 153,849,233 A/G -0.55 0.07 0.39 0.22 0.07 -0.27 0.21 0.2

6 TBX20 rs1362212 7 35,078,546 A/G 0.69 0.09 0.50 0.27 0.07 -0.17 0.27 0.53

7 SIPA1L1 rs11848785 14 71,127,108 G/A -0.50 0.08 0.66 0.23 4.26x10-3 -0.09 0.22 0.67

8 TBX5 rs883079 12 113,255,960 C/T 0.49 0.08 1.15 0.23 9.08x10-7 0.42 0.22 0.06

9 TBX3 rs10850409 12 113,844,460 A/G -0.49 0.08 1.70 0.23 3.72x10-13 -0.33 0.23 0.15

10 VTI1A rs7342028 10 114,469,252 T/G 0.48 0.08 0.20 0.23 0.39 -0.22 0.22 0.33

11 SETBP1 rs991014 18 40,693,884 T/C 0.42 0.07 0.37 0.21 0.07 0.06 0.20 0.78

12 HEATR5B/STRN rs17020136 2 37,159,666 C/T 0.51 0.08 -0.34 0.26 0.18 0.43 0.25 0.08

13 TKT/CACNA1D/
PRKCD

rs4687718 3 53,257,343 A/G -0.63 0.11 -0.27 0.32 0.40 0.11 0.30 0.71

14 CRIM1 rs7562790 2 36,585,206 G/T 0.39 0.07 -0.32 0.21 0.12 0.20 0.20 0.31

15 C1orf185/RNF11/ 
CDKN2C/FAF1

rs17391905 1 51,258,161 G/T -1.35 0.23 -3.01 0.71 2.09x10-5 -0.38 0.70 0.59

16 PRKCA rs9912468 17 61,748,819 G/C 0.39 0.07 0.39 0.21 0.06 -0.92 0.20 3.66x10-6

17 IGFBP3 rs7784776 7 46,393,385 G/A 0.39 0.07 0.17 0.21 0.41 0.15 0.20 0.46

18 CASQ2 rs4074536 1 116,023,009 C/T -0.42 0.07 0.32 0.23 0.16 -0.63 0.22 4.47x10-3

19 KLF12 rs1886512 13 73,418,187 A/T -0.40 0.07 -0.40 0.22 0.06 0.28 0.22 0.19

20 LRIG1/SLC25A26 rs2242285 3 66,514,292 A/G 0.37 0.07 0.55 0.21 8.27x10-3 0.07 0.20 0.73

21 DKK1 rs1733724 10 53,893,983 A/G 0.49 0.09 0.03 0.29 0.92 0.84 0.28 2.46x10-3

22 GOSR2 rs17608766 17 42,368,270 C/T 0.53 0.10 0.48 0.30 0.12 0.88 0.29 2.86x10-3

QT interval results are drawn from the QTSCD study. Bold indicates significant SNPs after Bonferroni correction for the number 
of SNPs tested. The bolded allele is the coded allele. Effect size (β) is reported in milliseconds (ms) per copy of the coded allele. 
Chr, chromosome; AF, coded allele frequency; SE, standard error.
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Supplementary Table 3A  Effect of QRS duration hits on PR interval and QT interval

Locus Nearest Gene Index SNP Chr Position Coded/Non-
coded Allele

QRS β QRS SE PR β PR SE PR P QT β QT SE QT P

1 SCN10A rs6801957 3 38,742,319 T/C 0.77 0.07 3.79 0.21 1.80x10-73 -0.67 0.20 1.05x10-3

SCN10A rs9851724 3 38,694,939 C/T -0.66 0.07 -1.70 0.22 7.98x10-15 0.95 0.21 6.66x10-6

SCN5A rs11710077 3 38,632,903 T/A -0.84 0.09 -1.80 0.26 3.18x10-12 0.92 0.24 1.34x10-4

SCN5A rs11708996 3 38,608,927 C/G 0.79 0.10 3.04 0.29 6.00x10-26 -0.93 0.28 7.78x10-4

2 CDKN1A rs9470361 6 36,731,357 A/G 0.87 0.08 0.74 0.24 2.01x10-3 -0.64 0.24 6.64x10-3

3 C6orf204/
SLC35F1/PLN/ 
BRD7P3

rs11153730 6 118,774,215 C/T 0.59 0.07 -0.56 0.20 6.20x10-3 1.61 0.20 5.19x10-16

4 NFIA rs9436640 1 61,585,698 G/T -0.59 0.07 0.39 0.20 0.06 -0.44 0.20 0.024

5 HAND1/SAP30L rs13165478 5 153,849,233 A/G -0.55 0.07 0.39 0.22 0.07 -0.27 0.21 0.2

6 TBX20 rs1362212 7 35,078,546 A/G 0.69 0.09 0.50 0.27 0.07 -0.17 0.27 0.53

7 SIPA1L1 rs11848785 14 71,127,108 G/A -0.50 0.08 0.66 0.23 4.26x10-3 -0.09 0.22 0.67

8 TBX5 rs883079 12 113,255,960 C/T 0.49 0.08 1.15 0.23 9.08x10-7 0.42 0.22 0.06

9 TBX3 rs10850409 12 113,844,460 A/G -0.49 0.08 1.70 0.23 3.72x10-13 -0.33 0.23 0.15

10 VTI1A rs7342028 10 114,469,252 T/G 0.48 0.08 0.20 0.23 0.39 -0.22 0.22 0.33

11 SETBP1 rs991014 18 40,693,884 T/C 0.42 0.07 0.37 0.21 0.07 0.06 0.20 0.78

12 HEATR5B/STRN rs17020136 2 37,159,666 C/T 0.51 0.08 -0.34 0.26 0.18 0.43 0.25 0.08

13 TKT/CACNA1D/
PRKCD

rs4687718 3 53,257,343 A/G -0.63 0.11 -0.27 0.32 0.40 0.11 0.30 0.71

14 CRIM1 rs7562790 2 36,585,206 G/T 0.39 0.07 -0.32 0.21 0.12 0.20 0.20 0.31

15 C1orf185/RNF11/ 
CDKN2C/FAF1

rs17391905 1 51,258,161 G/T -1.35 0.23 -3.01 0.71 2.09x10-5 -0.38 0.70 0.59

16 PRKCA rs9912468 17 61,748,819 G/C 0.39 0.07 0.39 0.21 0.06 -0.92 0.20 3.66x10-6

17 IGFBP3 rs7784776 7 46,393,385 G/A 0.39 0.07 0.17 0.21 0.41 0.15 0.20 0.46

18 CASQ2 rs4074536 1 116,023,009 C/T -0.42 0.07 0.32 0.23 0.16 -0.63 0.22 4.47x10-3

19 KLF12 rs1886512 13 73,418,187 A/T -0.40 0.07 -0.40 0.22 0.06 0.28 0.22 0.19

20 LRIG1/SLC25A26 rs2242285 3 66,514,292 A/G 0.37 0.07 0.55 0.21 8.27x10-3 0.07 0.20 0.73

21 DKK1 rs1733724 10 53,893,983 A/G 0.49 0.09 0.03 0.29 0.92 0.84 0.28 2.46x10-3

22 GOSR2 rs17608766 17 42,368,270 C/T 0.53 0.10 0.48 0.30 0.12 0.88 0.29 2.86x10-3

QT interval results are drawn from the QTSCD study. Bold indicates significant SNPs after Bonferroni correction for the number 
of SNPs tested. The bolded allele is the coded allele. Effect size (β) is reported in milliseconds (ms) per copy of the coded allele. 
Chr, chromosome; AF, coded allele frequency; SE, standard error.

Boek Mark.indb   135 25-01-2011   17:47:16



Part 3  Genome-wide association studies on ECG derived traits136

Supplementary Table 3B  Effect of PR and QT interval SNPs on QRS duration

Trait Locus Index SNP Chr Position Coded-
Non-co-
ded Allele 

Trait β Trait SE QRS β QRS SE QRS P

PR interval SCN10A rs6800541 3 38,749,836 C/T 3.77 0.21 0.74 0.07 5.85x10-29

SCN5A rs11708996 3 38,608,927 C/G 3.04 0.29 0.79 0.09 1.66x10-17

TBX5-TBX3 rs1896312 12 113,830,807 C/T 1.95 0.23 -0.44 0.07 2.63x10-9

CAV1-CAV2 rs3807989 7 115,973,477 A/G 2.30 0.21 0.30 0.07 5.84x10-6

MEIS1 rs11897119 2 66,625,504 C/T 1.36 0.21 0.10 0.07 0.12

NKX2-5 rs251253 5 172,412,942 C/T -1.49 0.21 0.10 0.07 0.13

SOX5 rs11047543 12 24,679,606 A/G -2.09 0.29 0.10 0.09 0.29

ARHGAP24 rs7692808 4 86,860,173 A/G -2.01 0.22 -0.04 0.07 0.60

WNT11 rs4944092 11 75,587,267 G/A -1.19 0.22 0.04 0.07 0.60

QT interval SCN5A rs11129795 3 38,568,397 A/G -1.27 0.23 0.78 0.08 1.95x10-24

PLN rs11970286 6 118,787,067 T/C 1.64 0.20 0.55 0.07 7.07x10-17

PLN rs12210810 6 118,759,897 C/G -3.13 0.43 -0.75 0.15 4.08x10-7

NOS1AP rs12143842 1 160,300,514 T/C 2.88 0.23 -0.29 0.08 1.25x10-4

ATP1B1 rs10919071 1 167,366,107 G/A -2.05 0.29 -0.21 0.10 0.03

LIG3 rs2074518 17 30,356,290 T/C -1.23* 0.18* -0.10 0.07 0.12

KCNJ2 rs17779747 17 66,006,587 T/G -1.16 0.21 -0.10 0.07 0.15

KCNE1 rs1805128 21 34,743,550 T/C 4.03* 1.58* -0.29 0.22 0.19

KCNH2 rs4725982 7 150,268,796 T/C 1.58* 0.35* -0.10 0.08 0.24

NOS1AP rs4657178 1 160,477,234 T/C 2.19 0.22 -0.08 0.07 0.27

KCNQ1 rs12296050 11 2,445,918 T/C 1.44 0.25 -0.06 0.08 0.45

NDRG4 rs7188697 16 57,179,679 G/A -1.66 0.23 -0.06 0.08 0.46

KCNH2 rs2968863 7 150,254,070 T/C -1.35 0.23 0.05 0.08 0.55

KCNQ1 rs2074238 11 2,441,379 T/C -8.22* 1.05* 0.18 0.34 0.59

RNF207 rs846111 1 6,201,957 C/G 1.49 0.25 -0.04 0.09 0.66

LITAF rs8049607 16 11,599,254 T/C 1.25 0.22 -0.01 0.07 0.88

QT results are drawn from the QTSCD study, unless otherwise noted. PR results are from.13 Bold indicates significant SNPs after 
Bonferroni correction for the number of SNPs tested. The bolded allele is the coded allele. Effect size (β) is reported in milliseconds 
(ms) per copy of the coded allele. Chr, chromosome; MAF, minor allele frequency; SE, standard error. 
*Genome-wide significant results (P<5x10-8) are drawn from the QTGEN study, and standardized beta estimates and SE were 
converted to ms using SD=17.5 ms.
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Abstract

Univariate genome-wide association studies meta-analyzed by pooling data 

from several studies in a collaborative effort are frequently used to identify loci 

for complex traits. Often multiple correlated quantitative endophenotypes are 

analyzed without taking benefit of the mutual trait correlation. Multivariate 

analysis is the solution to make benefit of the underlying correlation structure 

and to increase the statistical power. In addition, this method will also be more 

powerful for identifying loci having effects on multiple uncorrelated traits (i.e. 

pleiotropy). However, this approach is computationally intensive and requires 

individual subject level information on genotype and phenotype. We sought a 

method to combine single trait genome-wide association results of correlated 

traits, and so minimizing the analysis burden but utilizing the additional in-

formation that can be derived from the trait correlation. Here we describe a 

simple approach using Z-score test statistic and Fisher’s method based meta-

analyis and present the results of a simulation study to evaluate its performance. 

We show that the proposed methods have a power advantage just like bivariate 

regression analysis in identifying associated genetic loci at several trait corre-

lation levels when compared to single trait analysis. The correlation between 

bivariate regression analysis results and our proposed application of Fisher’s 

method is very high (Pearson correlation coefficient = 0.996) with slightly 

more conservative P-values for the proposed approximation. In conclusion, the 

proposed method can be applied without prior knowledge on trait correlation 

structure in an efficient way using standard computer hardware and software 

and does not require access to individual level genotype or phenotype data. 
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Introduction

It is common practice in genetic association studies to test multiple endophenotypic traits. 
Common complex disorders are quantitative traits that reflect polygenic liability1. For example, 
our group studies multiple correlated and uncorrelated endophenotypes for sudden cardiac 
death and arrhythmia that are believed to be close to biology, easy to measure and readily avail-
able from body surface electrocardiogram recordings, i.e. QT interval (cardiac repolarization 
duration), PR interval (interval between atrial and ventricular depolarization), QRS duration 
(cardiac depolarization) and RR interval (inverse heart rate). The results of several of these indi-
vidual trait GWAS showed shared quantitative trait loci (QTL) in addition to QTL’s private to the 
single traits2-7. The single trait approach ignores information provided by cross-covariance and 
multivariate analysis methods have been implemented in e.g. PLINK8, making multivariate ge-
nome-wide association analysis feasible that will increase power in case of correlation between 
traits. Because also uncorrelated traits can share common genetic background, combination of 
information on different uncorrelated traits can improve power to identify shared associations 
(QTL’s with pleiotropic effects). However, multivariate analysis methods have a major disadvan-
tage, namely that all genome-wide association analysis and consortium meta-analyses have to 
be redone for every possible combination of traits one wants to study. This comes with a huge 
burden on computational and personnel resources. 

We tested the hypothesis that combining two individual trait genome-wide association 
(meta-) analysis results would be a feasible and less demanding alternative to bivariate analysis. 
We here describe the results of a comparison between bivariate analysis and meta-analysis of in-
dividual trait results of simulated data showing we can obtain similar results in a more efficient 
way. This gain in efficiency comes from the requirement of only aggregate result level data for 
the individual trait and not individual subject level information on genotype and phenotype. 
Furthermore, the minimal required computational resource is limited to standard up-to-date 
hardware and software. The approach described can be applied to both correlated and uncor-
related traits without prior knowledge on trait correlation.

 
Methods

Proposed method
We propose a method that consists of three steps to combine results of univariate genome-
wide association analysis of two individual traits taking the trait correlation into account. The 
first step consists of performing bidirectional Z-score meta-analysis. Hereto, perform a Z-score 
meta-analysis on the two original individual trait result sets (further named Zmeta-same) to identify 
loci with same direction effects (formula 1) and a second Z-score meta-analysis after flipping 
the sign (direction of effect) for all genetic variants in one of the two result sets to identify oppo-
site direction effects (Zmeta-opp) (formula 2). Both traits should be weighted equally (i.e. ω1 = ω2). 
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(1)	 Zmeta–same = ω1*ZTrait1 + ω2*ZTrait2

(2)	 Zmeta–opp = ω1*ZTrait1 – ω2*ZTrait2

	
For each of the two resulting Z-score combinations the inflation of the test statistic distribution, 
lambda, is calculated by dividing the observed median chi-square value (i.e. Z-score2) over the 
expected median chi-square under the null hypothesis of no association (i.e. 0.4549364) (for-
mula 3). 

(3)	  λ = observed [median(Zmeta
2)]

	           expected [median(χ2)]

A positive trait correlation will result in inflation of the Zmeta–same meta-analysis and deflation of 
the Zmeta–opp meta-analysis. 

The second step consists of calculating the in-/deflation adjusted test statistic for each Z-score 
combination by dividing the observed chi-square value by the lambda value (formula 4) and 
subsequently the corresponding Pλ-adjusted-values can be derived. 

(4)	 χ2
meta–adjusted = χ

2
meta–observed

	                                                    λ	
It is important to note for step 3 that the resulting Z-score based meta-analysis test statistic 
(and thus Pλ-adjusted) distributions are uncorrelated due to the sign inversion. The analysis can be 
stopped at this point (see Results and Discussion below) resulting in two P-values for each ge-
netic variant representing the evidence for same and opposite directions of effect, respectively. 
We will refer to this as bidirectional Z-score meta-analysis.

The third and final step consists of combining the two independent Pλ-adjusted distributions  
using Fisher’s method for combining independent P-values (formula 5)9.

(5)	 χ2  = –2Σk   loge(pi)
          

2k                   i=1

	  
The resulting chi-square value distribution with four degrees of freedom (two times the number 
of traits) provides the overall association evidence for each genetic variant taking underlying 
correlation and directionality of the effects into account. Throughout the paper we will refer to 
this as Fisher’s method.

Simulations
To asses the similarity of the proposed methods we simulated three sets of two correlated  
standardized traits (mean = 0, standard deviation = 1) at correlation levels of 0.2, 0.4 and 0.6, 
respectively, for 50,000 subjects using the rmvnorm() function in R v2.11.0.  In addition, 50,000 
independent variants, with a uniform allele frequency distribution between 0.05 and 0.95, for 
50,000 subjects were simulated under the null hypothesis of no association using PLINK v1.0710.
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Subsequently we forced in true positive associations. Both trait 1 and trait 2 were enriched with 
both associations private to the trait as well as a common set of pleiotropic variants (Table 1). 
Each trait was enriched with one association explaining 0.5% of the original trait variance, 40 
variants each explaining 0.05% of the original trait variance and 200 variants each explaining 
0.01% of the original trait variance, all private to one trait. In addition, pleiotropic effects were 
introduced by forcing associations between variants and both traits with the same parameters. 
This resulted in a total of 723 forced associations. The sign of the effect was randomly allocated 
so the pleiotropic simulated effects will have same or opposite direction effects on the two cor-
related traits. 

The simulated datasets were analyzed with standard univariate and bivariate analysis methods 
as well as the proposed bidirectional Z-score and Fisher methods. Multivariate analysis per-
formed using PLINK v1.06-b8 was considered the gold standard and used as a reference. Single 
trait analysis was performed with PLINK v1.0710. We assessed the similarity of results between 
bivariate analysis, the bidirectional Z-score meta-analysis and the Fisher based approximation.

 
Table 1  Overview of simulated effects (applied at all three trait correlation levels)

Explained proportion 
of original trait variance

No. of forced 
associations

Trait 1 specific effects 0.5% 1

0.05% 40

0.001% 200

Trait 2 specific effects 0.5% 1

0.05% 40

0.01% 200

Pleiotropic effect (effect simu-
lated on both trait 1 and trait 2)

0.5% 1

0.05% 40

0.01% 200

Total per trait 482

Total both traits 723

Results

Analysis of simulated data sets under the null
Under the null model with no genotype-phenotype associations all results showed normal be-
haviour. (Supplementary Figures 1A-D). As expected the two bidirectional Z-score meta-analysis 
test statistic distributions were uncorrelated (r=0). Both the multivariate association analysis as 
well as Fisher’s method showed expected P-value distributions without inflation or false posi-
tives. The Pearson correlation between the multivariate model and Fisher’s method was 0.996 
at all simulated trait correlation levels. Figure 1A graphically represents the similarity between 
bivariate analysis and Fisher’s based approximation at a trait correlation of 0.6.  
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We then generated the univariate and multivariate analysis results with the positive control as-
sociations for each of the correlated trait sets. The phenotype correlation between the two traits 
was slightly attenuated to 0.55, 0.37 and 0.19, respectively, as a result of forcing in the positive 
control associations (Table 2). In Figure 2 we report the number of markers reaching the ge-
nome-wide significance level commonly used in GWA studies, P<5×10-8, for univariate analysis, 
bivariate analysis, bidirectional Z-score analysis (using a stricter threshold of P<2.5×10-8) and 
Fisher’s method at all correlation levels. Bivariate analysis is superior over univariate analysis in 
identifying QTL’s at all correlation levels. The Fisher based P-values are highly correlated with 
bivariate association results (Pearson correlation = 0.996) at all trait correlation levels but is in 
general more conservative resulting in slightly less true positive QTL’s (Figure 1B and Figure 2).

Figure 1A  Correlation plot for bivariate analysis 
versus Fisher under the null model of no genotype – 
phenotype association.  

Figure 1B  Correlation plot bivariate analysis 
versus Fisher for the simulated dataset with forced 
positive control associations. Axes are truncated 
at -log10(P) = 15 for display purposes.

Tabel 2  Lambda value of bidirectional Z-score meta-analysis under situation of no genotype-phenotype as-
sociation and after spiking positive controls

Null Spiked

Directionality R* Lambda† R* Lambda†

Same 0.2 1.22 0.19 1.22

Opposite 0.81 0.84

Same 0.4 1.42 0.37 1.41

Opposite 0.60 0.66

Same 0.6 1.64 0.55 1.60

Opposite 0.39 0.46

*Trait correlation, † Inflation/deflation of bidirectional Z-score meta-analysis test statistic distributions
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2A  R=0.2

2B  R=0.4

Figure 2  The number of markers reaching the genome-wide significance level commonly used in GWA studies, 
P<5×10-8, for univariate analysis, bivariate analysis, bidirectional Z-score analysis (using a stricter threshold 
of 2.5×10-8) and Fisher’s method at A (R=0.2), B (R=0.4) and C (R=0.6).
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When the bidirectional Z-score based meta-analysis were considered as the final result, simi-
lar results were observed regarding the number of novel identified loci (at P<2.5×10-8) despite 
the low correlation with bivariate analysis (Pearson r=0.66 and 0.65 for same and opposite 
Z-score directionality, respectively). Since we expected that the QTL’s identified with bidirec-
tional Z-score based meta-analysis did not overlap completely with the QTL’s identified by the 
Fisher method we looked into more detail in the properties of the QTL’s identified by either the 
bidirectional Z-score meta analysis or the Fisher method but not both. Several examples for 
traits with a correlation of 0.6 are given in Supplemental table 2. In general the Z-score based 
meta-analysis identifies more pleiotropic effects while the Fisher approximation (and bivariate 
analysis) identified more QTL’s private to one trait, as can be seen in Figure 2.

Discussion

The proposed methods for combining univariate GWAS results facilitate large scale multivariate 
analysis without the requirement of re-analysis of individual data or knowledge of the correla-
tion structure. Using easy implementable methods we can obtain results similar to multivariate 
analysis in an efficient way. We showed that the obtained test statistic distribution does not 
suffer from false positive results. We also showed that the proposed methods have increased 
power to detect both private and pleiotropic QTL’s of two traits at different correlation levels and 
that the obtained results have a high correlation with standard bivariate analysis. In addition, 

Novel pleiotropic QTL: genetic variant simulated to be associated with both trait 1 AND trait 2 and identified with a multivariate 
method, not univariate association analysis; Novel trait specific QTL: genetic variant simulated to be associated with both trait 1 
OR trait 2 and identified with a multivariate method, not univariate association analysis; Known pleiotropic QTL: genetic variant 
simulated to be associated with both trait 1 AND trait 2 and identified with univariate association analysis. If also identified with a 
multivariate method not considered novel; Novel trait specific QTL: genetic variant simulated to be associated with both trait 1 
OR trait 2 and identified with univariate association analysis. If also identified with a multivariate method not considered novel.

2C  R=0.6
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the intermediate results from this method can be used. The bidirectional Z-score meta-analysis 
has greater power to identify QTL’s with independent effects on both traits when compared to 
Fisher’s combination. Based on the expected underlying genetic effects or specific interests it 
can be motivated to regard the results of the bidirectional Z score meta-analysis as the outcome 
of interest and omit the final Fisher combination to come to the overall test-statistic.

A few issues should be considered. It is not unlikely that for two traits the numbers of sub-
jects contributing to the GWAS’s are not equal. Bivariate analysis in PLINK handles this with 
either case wise deletion or mean imputation (i.e. missing phenotypes are replaced with the 
sample mean). We performed simulation analysis for an unequal sample size scenario in which 
the results for trait 2 were based on half of the sample contributing to trait 1. The results were 
compared with bivariate analysis results using mean imputation. With maintenance of equal 
weighting in the SZS analysis the correlation between bivariate analysis and our approximation 
was 0.996 (Supplemental Figure 3).

In addition, the described methods have some practical advantages. In contrast to currently 
available software the proposed approximation can be used to estimate bivariate association 
signals for imputed genotypes (i.e. genotype dosage information). However, one should be care-
ful interpreting the results for markers with a low effective sample size for either trait. A low 
effective sample size is the result of poor imputation of that marker resulting in uncertainty at 
the individual level on the true genotype. In the described methods all test statistic results are 
assumed to be the result of a consistent contribution by a fixed number of individuals per trait. 
A stringent filter on effective sample size or imputation quality should be advised when the 
method is applied on imputation based results. A practical limitation of the proposed methods 
is the applicability to two traits only. It is not possible to perform the bidirectional Z-score 
meta-analysis to obtain independent test statistics that can be easily combined using Fisher’s 
method on more than two traits. 

In conclusion, we present efficient methods for bivariate analysis that can increase power of 
QTL detection using aggregate level GWAS results data.
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4  Supplement 

Supplemental Table 1  Examples of method specific QTLs identified in addition to univariate analysis at 
r=0.6.
Identified by Properties Example

Proportion variance 
explained*

Univariate P-value Bidirectional  
Z-score P-value

Fisher 
P-value

Bivariate 
P-value

Trait 1 Trait 2 Same Opposite

Fisher Single trait 
effects

Trait 1: 2e-7 (0) 
Trait 2: 5e-4 (5e-4)

1.8x10-7 6.2x10-7 4.6x10-3 2.8x10-7 2.8x10-8 2.8x10e-8

Bidirectional Z Pleiotropic Same direction 
Trait 1: 5.8e-4 (1e-4)
Trait 2: 4.4e-4 (1e-4) 

8.1x10-8 2.8x10-6 2.0x10-8 4.8x10-1 1.8x10-7 6.3x10-8

Opposite direction 
Trait 1: 1.2e-4 (1e-4) 
Trait 2: 1.7e-4 (1e-4) 

1.6x10-2 3.3x10-3 7.7x10-1 1.2x10-8 1.3x10-7 2.9x10-7

* = explained proportion of trait variance: final trait variance after forcing in all associations (original trait variance = effect simulated)

 
Supplementary Figure 1A-D  Quantile-Quantile plots showing observed versus the expected P-value distri-
bution under the null model of no genotype-phenotype association for univariate analysis of (A) trait 1, (B) 
trait 2, (C) bivariate analysis and (D) Fisher method. Plots are presented for traits with a Pearson correlation 
coefficient of 0.6.

1A 1B
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Supplementary Figure 2A-D  Quantile-Quantile plots showing observed versus the expected P-value distribu-
tion with simulated positive control type-phenotype associations for univariate analysis of (A) trait 1, (B) trait 
2, (C) bivariate analysis and (D) Fisher method. Plots are presented for traits with a correlation coefficient of 
0.6.

1C 1D

2A 2B
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Supplementary Figure 3  Correlation plot. Bivariate analysis versus Fisher’s method for the simulated dataset 
with forced positive control associations with unequal sample size (ratio of 1:2). Axes are truncated at -10log(P) 
= 15 for display purposes.

2C 2D
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Abstract

Calcium antagonists block the L-type calcium channels by binding to the α1c 

subunit, which is encoded by the CACNA1C gene. Clinically, only verapamil and 

diltiazem depress sinus node function and atrio-ventricular conduction. Re-

cently, rs2238018 located in CACNA1C was associated with RR interval (inverse 

heart rate). The objective of this study was to investigate whether the effect of 

diltiazem and verapamil on RR interval is modified by rs2238018. Hereto, we 

included 18,063 ECGs from 8,967 participants of the Rotterdam Study who 

were successfully genotyped and after exclusion of ECGs with left or right bun-

dle branch block, RR interval <600 milliseconds (>100 beats per minute) or 

>1500 milliseconds (<40 beats per minute), or absence of P-waves. The study 

outcome was the RR interval within genotype strata with diltiazem and vera-

pamil use compared to no use. Interaction was formally tested by the inclusion 

of a drug * genotype interaction term. Age, sex, heart failure, myocardial in-

farction, hypertension, body mass index and concomitant use of beta-blocker, 

digoxin and anti-arrhythmics were used as covariates in a repeated measure-

ment analysis. Use of diltiazem (292 exposed ECGs) was associated with a 35.4 

millisecond longer RR interval (95%CI: 21.1-49.6). The effect of diltiazem was 

potentiated in rs2238018 allele carriers with RR interval prolongation up to 74.4 

(95%CI: 47.5-107.3) and 77.2 (95%CI: 4.1-150.3) milliseconds for heterozygous and 

homozygous variant allele carriers, respectively (P-value interaction=0.003). 

For verapamil (98 exposed ECGs) a similar but non-significant trend was  

observed. In conclusion, we demonstrated that CACNA1C SNP rs2238018 signifi-

cantly modifies the RR interval prolonging (heart rate lowering) effect of diltiazem. 
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Introduction

Calcium antagonists are a chemically diverse group of drugs (i.e. phenylalkylamines such as 
verapamil, benzothiazepines such as diltiazem and dihydropyridines such as nifedipine) that 
share the property of blocking the inward calcium ion flow through L-type calcium channels.  
They exert this effect by binding to the α1c subunit, which is the pore forming subunit of the 
L-type calcium channel1. Clinically, only verapamil and diltiazem depress sinus node function 
and atrio-ventricular conduction. Although all calcium antagonists give vasodilatation through 
L-type calcium channel blockade in vascular smooth muscle cells, only dihydropyridines are 
associated with rebound tachycardia as the result of sympathetic activation in response to dihy-
dropyridine induced vasodilatation which antagonizes their negative chronotropic effects1. Dil-
tiazem and verapamil are prescribed for a variety of indications, including angina pectoris and 
supraventricular tachyarrhythmias, since the negative chronotropic and inotropic effects results 
in a reduction of oxygen consumption and rate control, which is beneficial in these conditions. 
Therefore, the strength by which the drugs exert these negative chronotropic effects might be 
relevant for drug therapy efficacy.

Recently, we performed a genome-wide association study on RR interval (inverse heart rate) 
that led to the identification of several genetic loci. In additional analyses, sub-borderline single 
nucleotide polymorphisms (SNPs) contributed to an increase in explained variance of the popu-
lation variation of heart rate when these variants were included in a polygenic allele count that 
was tested in an independent sample. One of the SNPs included in the polygenic model that led 
to the maximal explained variance was rs22380182 located in CACNA1C, the gene encoding the 
α1c subunit of the L-type calcium channel3. 

In summary, diltiazem and verapamil modulate heart rate, act on the L-type calcium channel 
and common variant rs2238018 within the gene encoding the α1c subunit of the L-type calcium 
channel is associated with heart rate. Therefore, we conducted a population based study to in-
vestigate whether the effect of diltiazem and verapamil on RR interval is modified by rs2238018. 
Additionally, since the L-type calcium channel in the myocardium is also under hormonal 
regulation by dihydrotestosterone in vitro4,5 and basal heart rate levels differ between men and 
women and vary with testosterone levels among men6 we tested whether the effects were sex 
dependent. 

Methods

Setting and design
The study we report on was primarily carried out in the Rotterdam Study. The Rotterdam Study 
is an ongoing prospective population-based cohort study of chronic diseases in Caucasian el-
derly, which started in 1990. The Medical Ethics Committee of the Erasmus University approved 
the study. All inhabitants of Ommoord, a Rotterdam suburb in the Netherlands, aged 55 years 
and over (n=10,278) were invited to participate. Of them, 78% (n=7,983) gave their written in-
formed consent for participation. Baseline examinations took place from March 1990 through 
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July 1993. Follow up examinations are carried out periodically with completion of the fourth 
examination cycle in 2004. This cohort is designated RS-I. In addition, in 2000 a second co-
hort (first extended cohort, RS-II) was enrolled. All inhabitants of Ommoord aged 55 years and 
above at that time and not yet participating in RS-I were invited (n=4,504). Of them, 3,011 (67%) 
entered the study with consent. In 2005 the second follow up examination of the RS-II cohorts 
was completed. In 2006 a further extension of the cohort (second extended cohort, RS-III) was 
initiated in which 3,932 subjects, 65% out of 6,057 invited, living in the Ommoord district and 
aged 45 years and over were included. The RS-III cohort completed the first examination round 
in 2008. Overall, there were 24,903 ECGs available in 12,961 individuals.

In addition to the periodical examinations, all participants were continuously monitored for 
major morbidity and mortality through linkage with general practitioner and municipality re-
cords. Detailed information on design, objectives and methods of the Rotterdam Study was 
described elsewhere7-9.

Study population
All members of the Rotterdam Study cohorts who had at least one ECG and successful genotyp-
ing were eligible for inclusion in the study population. This resulted in 19,897 ECGs available in 
9,685 participants. ECGs were excluded for presence of left or right bundle branch block, absence 
of P-waves or a RR interval <600 milliseconds (>100 beats per minute) or >1500 milliseconds 
(<40 beats per minute). Consequently, 18,063 ECGs from 8,967 participants were included.

RR interval measurement
All electrocardiograms were recorded on ACTA electrocardiographs (ESAOTE, Florence, Italy) 
and digital measurements of the RR intervals were made using the Modular ECG Analysis  
System (MEANS)10. The MEANS program locates the QRS complexes and determines a stable ref-
erence point in each complex. The QRS detector of MEANS operates on multiple simultaneously 
recorded leads, which are transformed to a detection function that brings out the QRS complexes 
among the other parts of the signal. RR intervals are taken as the intervals between the reference 
points in adjacent QRS complexes. The median RR interval was computed, after exclusion of RR 
intervals that immediately precede and follow any premature ventricular complex. 

 Drug exposure
For all participants exposure to medication is continuously monitored since January 1, 1991, 
through computerized pharmacy records of the pharmacies in the Ommoord district. The 
pharmacy data include the Anatomical Therapeutical Chemical-code11, the dispensing date, the 
total amount of drug units per prescription, the prescribed daily number of units, and product 
name of the drugs. This provides us with information on start and duration of use of all pre-
scribed medication. 

ECGs were classified as exposed to the drug of interest when the date of the ECG was covered 
by an exposure period of the participant. The exposure period starts at the prescription filling 
date and the duration of this period is defined as the number of units issued per prescription 
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divided by the prescribed number of daily units. The exposure of interest was defined as use of 
mainly cardiac acting L-type calcium channel antagonists (ATC-code C08D) at the time of ECG 
measurement. Drug exposure to each of the two subgroups, the phenylalkylamine derivatives 
(ATC-code C08DA) and the benzothiazepine derivatives (ATC-code C08DB), was assessed specifi-
cally. In practice only one drug within each of these groups is used, namely verapamil (ATC-
code C08DA01) and diltiazem (ATC-code C08DB01).

Covariates
Hypertension, myocardial infarction, heart failure as well as body mass index as well as beta 
blocker (ATC-code C07), digoxin (ATC-code C01AA), sotalol (ATC-code C07AA07) and class-I/
III anti-arrhythmic medication (ATC-code C01B) use were included as covariates. Blood pres-
sure and BMI measures were obtained at the same day as the ECG recordings during a visit to 
the research center. Hypertension was defined as a systolic blood pressure ≥140 mmHg and/or 
diastolic blood pressure ≥90mmHG and/or use of antihypertensive medication treatment, cor-
responding to the lower limit for grade 1 hypertension according to the World Health Organiza-
tion guidelines12.  Myocardial infarction and heart failure ascertainment have been described 
previously13-15. The presence of these covariates was assessed at each ECG index date.  

Genotyping
For the presented study we extracted the genotype for rs2238018 based on our previous report2. 
This SNP is included on the used genome-wide genotyping arrays in the Rotterdam Study co-
horts and passed all quality checks. For detailed information on genotyping procedures we refer 
to previous reports2,16. No other genotypes were extracted and analyzed.

Statistical analysis
The association between calcium channel blocker exposure and RR interval duration was stu-
died by use of linear regression for repeated measurements as implemented in the PROC MIXED 
function (SAS, version 9.2, SAS Institute Inc., Cary, NC, USA) to account for correlation between 
RR interval measures in repeated ECG recording within individuals. First, the association be-
tween the drug exposure of interest and RR interval was assessed. Subsequently, this associa-
tion was studied in genotype strata to assess effect modification which was formally tested by 
inclusion of interaction terms. Both stratified as well as interaction analysis were performed 
primarily using additive genetic models. In a second analysis a dominant genetic model was 
tested, but this was considered a secondary outcome. To minimize confounding by indication 
we additionally assessed the effect of variant allele carriage within strata of drug exposure. For 
diltiazem, the analysis were repeated within sex strata to assess if the interaction was sex depen-
dent. Due to low numbers, we did not perform sex stratified analysis for verapamil. Analyses 
were at least adjusted for age at the moment of the ECG recording, sex and the cohort of origin. 
In more extensive models, hypertension, myocardial infarction, heart failure as well as body 
mass index and concomitant drug use were included as time dependent covariates. 
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Results

Study participants
Out of the total of 19,897 ECGs (from 9,685 participants with genotype data), 18,063 ECGs (7,601 
ECGs from male subjects, 42.1%) from 8,967 participants (3,799 men, 42.4%) were included after 
applying the exclusion criteria. The baseline characteristics (characteristics at the first ECG in-
cluded in the analysis) are presented in Table 1. There were 98 ECGs recorded while a subject was 
taking verapamil and 292 ECGs were recorded during use of diltiazem. These 98 and 292 ECGs 
belonged to 74 and 223 individuals, respectively. The observed T-allele frequency of rs2238018 
was 19.6%.

Heart rate
The mean RR interval at the baseline ECG was significantly (P=5.7×10-40) lower in females (868.0 
milliseconds) than in males (907.3 milliseconds). Use of verapamil was associated with a 24.4 
milliseconds longer RR interval than in non-users but this association was borderline non-sig-
nificant (P=0.06). In contrast, diltiazem use was strongly associated with RR interval [+35.4 
milliseconds (95%CI: 21.1;49.6), P=1.1×10-6] after adjustment for cohort sex, age, heart failure, 
myocardial infarction, hypertension, body mass index, beta-blocker, digoxin and anti-arrhyth-
mic use. (Table 2) 

	
Drug specific interactions with CACNA1C genotype on heart rate

We stratified for rs2238018 genotype to asses the effect of verapamil or diltiazem use on RR 
interval per genotype. For both verapamil and diltiazem a larger effect was observed within 
the strata of heterozygous and homozygous variant carriers (Table 3). Testing the interaction 
between rs2238018 genotype and use of verapamil or diltiazem showed a significant interaction 

Table 1  Baseline characteristics of the study populations.

RS-I RS-II RS-III Total

Number of subjects 4997 1958 2012 8967

Sex, male 2045 (40.9%) 877 (44.8%) 877 (43.6%) 3799 (42.4%)

Mean age at first ECG (SD) 68.8 (8.5) 64.9 (7.5) 56.0 (5.6) 65.1 (9.3)

Mean heart rate at first ECG (SD), bpm 69.8 (11.2) 69.0 (10.6) 69.2 (10.1) 69.5 (10.8)

Mean RR interval at first ECG (SD), ms 882.2 (143.4) 890.7 (138.3) 885.1 (130.8) 884.7 (139.6)

Number of ECGs 12952 3099 2012 18063

Number of exposed ECGs*

verapamil 86 9 3 98

diltiazem 237 46 9 292

RS-I: Rotterdam Study-I cohort, RS-II: Rotterdam Study-II cohort; RS-III: Rotterdam Study-III cohort; SD: standard deviation; 
bpm: beats per minute; ms: milliseconds; ECG: electrocardiogram; 
*no simultaneous exposure to verapamil or diltiazem was observed
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between rs2238018 variant allele carriage and use of diltiazem with an additive genetic model 
(Pinteraction =3.1×10-3). To minimize confounding by indication when comparing use and non-use 
within drug strata we additionally addressed the effect of the T-allele within drug strata. Within 
non-users of verapamil each additional T-allele was associated with a 3.7 millisecond longer RR 
interval (95%CI: -0.8;8.3, P=0.11). Within users this effect was stronger but also non-significant 
[+23.4 milliseconds per additional T-allele (95%CI: -53.4;100.2), P=0.55]. For diltiazem, the ef-
fects in non-users and users were +3.3 milliseconds (95%CI: -1.3;7.9), P=0.16 and +39.6 milli- 
seconds (95%CI: 8.4;70.8), P=0.01 per additional T-allele, respectively. These results are consis-
tent with the genotype stratified analyses.

Sex dependency
Use of diltiazem had an RR interval prolonging effect within both males [+32.6 milliseconds 
(95%CI: 10.7; 54.6), P=3.5×10-3] and females [+39.1 milliseconds (95%CI: 20.4; 57.9), P=4.4×10-5]. 
The effect within rs2238018 variant carriers was stronger in women. Within female carriers of 
at least one variant allele of rs2338018, use of diltiazem was associated with a 101.5-millisecond 

Table 2  Verapamil, Diltiazem and heart rate

Unexposed ECG’s RR interval 
prolongation

Exposed ECG’s RR interval 
prolongation*

P-value

Verapamil 17965 Reference 98 +24.4 (-1.1-50.0) 6.1x10-2

Diltiazem 17771 Reference 292 +35.4 (21.1-49.6) 1.1x10-6

*adjusted for sex, age and cohort, heart failure, myocardial infarction, hypertension, BMI, beta-blocker use, digoxin use, sotalol 
or class-I/-III anti-arrhythmic use 

Table 3  Verapamil, Diltiazem, rs2238018 and heart rate

rs2238018 
genotype stratum

Unexposed 
ECG’s

RR interval 
prolongation

Exposed 
ECG’s

RR interval 
prolongation*

P-value

Verapamil CC 11596 Reference 54 +9.3 (-24.6-43.2) 0.59

CT 5730 Reference 41 +42.8 (2.6-83.0) 3.7x10-2

TT 639 Reference 3 +94.2 (-66.7-255.1) 0.25

Interaction 0.18

CT+TT 6369 Reference 44 +45.1 (6.0-84.2) 2.4x10-2

Interaction 0.20

Diltiazem CC 11445 Reference 205 +21.0 (4.2-37.7) 1.4x10-2

CT 5696 Reference 75 +74.4 (47.5-107.3) 5.2x10-7

TT 630 Reference 12 +77.2 (4.1-150.3) 3.9x10-2

Interaction 3.1x10-3

CT+TT 6326 Reference 87 +73.5 (46.7-100.3) 8.0x10-8

Interaction 1.7x10-3

* adjusted for ,sex, age and cohort, heart failure, myocardial infarction, hypertension, BMI, beta-blocker use, digoxin use, sotalol 
or class-I/-III anti-arrhythmic use
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longer RR interval. This corresponds to approximately 7-8 beats per minute. Sensitivity analy-
sis were performed to assess the impact of low numbers of exposed ECGs in the homozygous 
carriers on the additive genetic model by applying a dominant genetic model and excluding 
homozygous variant allele carriers from the analysis. This showed consistent results (Table 4).

Formal testing of this higher order interaction by including all factorial interaction terms 
showed a significant interaction for diltiazem * sexe * rs2238018 (P=0.04 and P=0.03 under 
additive and dominant genetic models, respectively, adjusted for cohort, age, heart failure, myo-
cardial infarction, hypertension, body mass index, beta-blocker use, digoxin use and sotalol 
or class-I/-III anti-arrhythmic use). Given the low numbers we refrained from sex stratified 
analysis for verapamil.

 Discussion

In this prospective population based cohort study we showed that the RR interval prolonging 
(heart rate lowering) effect of diltiazem is potentiated by a common variant (rs2238018) within 
the CACNA1C gene encoding the alpha subunit of the L-type calcium channel. The genotype-
stratified results suggested a similar effect for verapamil but the interaction term was non-
significant. Additionally, we showed that the potentiating effect of genotype on of RR interval 
prolongation by diltiazem was strongest in women. No other studies reported so far on the 
interaction between diltiazem or verapamil and genetic variation within CACNA1C on heart rate. 
Previous pharmacogenetic studies on calcium antagonists and CACNA1C are difficult to com-
pare.  Beitelshees et al. studied the combined clinical endpoint of death, nonfatal myocardial in-

Table 4  Diltiazem, sexe, rs2238018 and heart rate

rs2238018 
genotype stratum

Unexposed 
ECG’s

RR interval 
prolongation

Exposed 
ECG’s

RR interval 
prolongation*

P-value

Male CC 4805 Reference 97 26.1 (0.1-52.1) 4.9x10-2

CT 2363 Reference 41 56.6 (13.7-99.5) 9.8x10-3

TT 291 Reference 4 -5.7 (-139.3-127.8) 0.93

Interaction 0.65

CT+TT 2654 Reference 45 49.8 (8.9-90.8) 1.7x10-2

Interaction 0.45

Female CC 6640 Reference 108 16.5 (-5.5-38.4) 0.14

CT 3333 Reference 34 98.7 (58.8-138.6) 1.4x10-6

TT 339 Reference 8 137.4 (42.3-232.5) 4.9x10-3

Interaction 1.5x10-4

CT+TT 3672 Reference 42 101.5 (65.5-137.5) 3.7x10-8

Interaction 1.0x10-4

* adjusted for sex, age and cohort, heart failure, myocardial infarction, hypertension, BMI, beta-blocker use, digoxin use, sotalol 
or class-I/-III anti-arrhythmic use
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farction or nonfatal stroke17 using a case-control approach nested within a genetic sub study of a 
randomized trial on atenolol versus verapamil. They reported odds ratio for the combined out-
come by comparing treatment strategies within genotype strata, which is difficult to interpret 
in other settings. Furthermore, the variant they report as relevant (rs1051375) is monomorphic 
in the HapMap European reference population, so linkage disequilibrium between rs2238018 
studied by us and this variant could not be assessed. Other pharmacogenetic studies focused 
on dihydropyridine calcium antagonists, used outcome definitions based on blood pressure 
response and all included a different set of SNPs within CACNA1C18,19.

Any inferences on the underlying mechanisms by which rs2238018 and diltiazem interact on 
RR interval are speculative. Underlying mechanisms could be direct effects on the affinity of 
the drug for binding the L-type calcium channel or indirect through decreased L-type calcium 
ion channel density. In addition, the vascular effects of verapamil and diltiazem could be of 
relevance. If the SNP were associated with a lower drug affinity in smooth muscle myocytes 
only, this would result in less vasodilatation and perhaps a decrease in sympathetic activity. 
This would counteract the negative chronotropic effects and might result in a net increase of 
negative chronotropy. The observation that the interacting effect is mainly present in women 
might be related to potential differences in ion channel density between men and women due 
to hormonal differences4-6.

One of the strengths of our study is the availability of a large number of digitally stored and 
analyzed ECGs with repeated measures for a large proportion of the individuals which allows for 
more precision due to repeated measures. Additionally, the use of digital recordings all analyzed 
with the validated MEANS system10,20,21 probably resulted in low reader variability. Furthermore, 
detailed information on drug dispensing records allowed for detailed ascertainment of drug 
exposure. Due to the prospective nature of the Rotterdam Study, with collection of the data 
independent of disease outcomes or (digital) ECG measures, information bias is unlikely. ECGs 
were excluded only if they showed left or right bundle branch block, or a RR interval <600 milli-
seconds (>100 beats per minute) or >1500 milliseconds (<40 beats per minute) to minimize 
measurement error and impact of non-physiological heart rate states.  We additionally excluded 
ECGs with an absence of P-waves to minimize confounding by indication since this can be the 
result of atrial fibrillation or flutter and this is related with both the outcome (RR interval) and 
exposure (verapamil, diltiazem) studied. In theory residual confounding by indication could 
exist if the genotype (carriage of the variant T-allele) is associated with a protective effect on 
e.g. angina pectoris due to coronary disease and this on itself is associated with shorter RR 
interval (higher heart rate) and use of the drug. However, no association of genetic variation 
within CACNA1C is know to be associated with coronary heart disease so this is unlikely to be 
the case. Confounding was also minimized by adjustment for known factors which influence 
heart rate. Inclusion of the covariables hardly changed any of the effect estimates indicating that 
confounding was minimal. A limitation of the current study is the low number of verapamil  
users. Although a trend of incremental longer RR interval for exposure to verapamil was  
observed with additional variant alleles, we could not provide statistical significance for this 
interaction. Unfortunately, testosterone levels were only available in a small subset of the popu-
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lation6, so that we were not able to study the effect on the interacting effect of rs2238018 and 
calcium antagonists. The presence of such an interaction would be informative on the potential 
underlying mechanism of the sex depencency. Finally, in the current study we limited the analy-
sis to non-dihydropyridine calcium antagonists only based on the hypothesis that the negative 
chronotropic effects of non-dihydropyridine calcium antagonists were potentiated by CACNA1C 
genotype. What remains unanswered is a possible interacting effect of dihydropyridine calcium 
antagonists and CACNA1C genotype. Although these drugs do not have a clinical effect on heart 
rate in general, CACNA1C genotype might be an effect modifier resulting in negative chronotro-
pic effects in a subgroup of individuals due to a shift in balance of cardiac and vascular effects.

In conclusion, we demonstrated that CACNA1C SNP rs2238018 significantly modifies the RR 
interval prolonging (heart rate lowering) effect of diltiazem. Additionally, we showed that this 
potentiating effect is mainly observed in women. Since the clinical relevance of these drugs for 
angina pectoris and supraventricular arrhythmias is based on the negative chronotropic and 
inotropic effects, this gene-drug interaction may be of clinical relevance for drug efficacy. 
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6  General discussion

Introduction

Sudden cardiac death (SCD) has a genetic risk component and identifying the genetic pathways 
contributing to SCD can lead to knowledge of novel mechanistic pathways underlying ventricular 
arrhythmogenesis. Possibly, it may also support clinicians in future risk stratification of patients. 
Inherent to the operational character of its definition the etiology of SCD is heterogeneous. SCD is 
defined as a natural death due to cardiac causes, heralded by abrupt loss of consciousness, within 
one hour after the onset of acute symptoms or an unwitnessed, unexpected death of someone 
seen in a stable medical condition less than 24 hours previously with no evidence of a non-cardi-
ac cause1. Important reasons to study the quantitative traits that are associated with an increased 
risk of SCD are its etiological heterogeneity and the assumption that common genetic complex 
disorders such as SCD have a normally distributed genetic liability conferred by Mendelian inher-
ited genes and thus the trait would be normally distributed as a quantitative trait2, 3.

The main objectives of this thesis were to identify the genetic loci associated with SCD and 
quantitative ECG derived intermediate traits and to develop methodology to enhance our ability 
to do so. This discussion will place the main findings in perspective and some generic method-
ological considerations relevant for genome-wide association studies will be discussed in more 
depth, both in general and more specifically for pharmacogenetics as one of the promises of 
human genetics and of relevance for SCD as a consequence of drug induced arrhythmia4-7.

Main Findings

QT interval duration, Sudden Cardiac Death and NOS1AP
The QT interval is an ECG based measure for cardiac repolarization and prolongation is associ-
ated with SCD risk. Using genome-wide analysis, a common variant in the nitric oxide synthase 
1 adaptor protein (NOS1AP) gene was identified8 and consistently associated with QT interval 
variation across independent replication studies9-11. The genome-wide association study that 
identified single nucleotide polymorphism rs10494366 associated with QT interval used one of 
the earlier Affymetrix genotyping platforms (including ~100,000 variants) with limited cover-
age of the genome variation. Since the identified variant might not be the causative variant, 
we studied the NOS1AP region using dense genotype information to localize the region associ-
ated with the QT interval with more precision. We identified common variant rs12134842 in the 
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NOS1AP region as the strongest genetic predictor of QT interval (chapter 2.1). Each additional 
minor allele of rs12143842 was associated with a 4.4 millisecond longer QT interval duration, 
compared to 3.5 milliseconds for each additional minor allele of rs10494366. The rs12143842 
variant was moderately linked to rs10494366 (r2= 0.46) and conditional analysis showed that 
the associations of both variants with QT interval were statistically independent of each other. 
This led to the conclusion that possibly multiple genetic variants at NOS1AP modulate the QT 
interval, which was later confirmed by us and others12-15. It should be kept in mind that a non-
identified causative variant might exist that is correlated to both rs12143842 and rs10494366 and 
drives both observed associations, even though they appear to be independent. We did perform 
haplotype analysis to see if incorporating genotype and linkage disequilibrium information 
improved the association signal since it was shown that multimarker haplotype analysis could 
improve the power of genetic association studies if an unmeasured marker is underlying the 
association observed16,17. Haplotype analysis did not show more significant results compared 
with rs12143842 alone. Till the causative variants are identified the genetic architecture of the 
well-established NOS1AP-QT interval association remains unclear. There are increasing efforts to 
identify the causative variants underlying genome-wide association study findings. It has been 
shown by simulation studies that through linkage rare causative variants can create significant 
associations for common variants, including multiple associations that appear independent18. 
The simulations additionally showed that these so called synthetic associations could be located 
far away from the causative rare variant18. This requires careful interpretation of the results in 
genome-wide association analyses in follow up studies like the Rotterdam Study, and it is im-
portant to consider the possibility of such potential pitfalls when designing studies to identify 
the causative variant19. Fortunately, there is compelling evidence that these synthetic associa-
tions do not underlie many of the common variant associations20.

After the presence of multiple independent association signals at the NOS1AP locus was rec-
ognized, the first study soon appeared assessing the association of multiple NOS1AP variants 
with SCD12. In chapter 2.2 the association between these NOS1AP genetic variants and SCD in the 
Rotterdam Study is described. No strong associations were observed between the genetic vari-
ants studied and SCD. Limiting the analysis to witnessed SCD strengthened all results strength-
ened and showed a significant risk increase for carriage of each additional rs12143842 T-allele. 
In this study we also meta-analysed the results of the initial report and our report. Irrespective 
of the case definition used the association between rs16847548 (a proxy for rs12143482) and 
SCD strengthened upon combining the individual study results. Strengthening of the associa-
tion of a second marker (rs12567209), independent of rs16847548, was conditional on the case 
definition used and was only observed when limiting to witnessed SCD in the Rotterdam Study. 
We interpreted these results as replication of the original report since it met most criteria for 
adequate replication21. For instance, it was conducted in an independent sample with a similar 
phenotype observed in a comparable population based sample. In addition, the same SNPs or 
good proxies were studied using the same statistical methods and models and the joint analysis 
led to a smaller P-value than seen in the initial report. However, we observed a dependency of 
the significance in the Rotterdam Study and joint analysis on the case-definition used. Within 
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the Rotterdam Study SCD is defined according to the commonly used operational definition 
that includes both witnessed as well as unwitnessed cases. We expected that this may introduce 
misclassification of the outcome. For instance, if some cases were in fact strokes with a rapidly 
fatal course this might give a dilution of effects (see section on Methodological considerations 
for a more general discussion on misclassification). The actual consequence of restricting the 
case definition to witnessed SCD only is dependent on the ratio of increasing power due to in-
creased precision and loss of power due to lower numbers by exclusion of correctly classified 
cases. Therefore the effect of stricter case definitions will vary for studies that have different case 
ascertainment procedures and different case mixes.

Genome-wide association studies of ECG derived traits: discovery of novel quantitative trait loci
With the increasing availability of genome-wide genotype information several studies joined 
forces and formed consortia to study complex traits and diseases. In 2008 the QTGEN con-
sortium formed, including participants from three cohort studies, i.e. the Framingham Heart 
Study, Cardiovascular Health Study and the Rotterdam Study, including 13,685 subjects. The aim 
of this consortium was to identify genetic loci that influence QT interval duration in the general 
population (chapter 3.1). As time moved on more studies generated genome-wide genotype 
data and logistic and methodological difficulties in performing consortium based genome-wide 
association studies were overcome. This led to the initiation of larger initiatives like the QT-
International Genetics Consortium (QT-IGC), which is ongoing at the moment, but also large 
consortia focussing on other ECG based measures such as the RR interval (chapter 3.2) and QRS 
duration (chapter 3.3). All these efforts were successful in identifying novel loci associated with 
these traits. However they explain only 5-6% of the variation observed in QT and QRS duration 
and even less of the variation in RR interval (<1%), while for all these traits it is estimated that 
the heritability is 30-40%. In general, both variants within loci known to be of relevance and at 
genetic loci not previously recognized were identified. In the study on QT for example, five out 
of ten observed loci included ion channel genes that were known to be involved in myocardial 
repolarization, namely NOS1AP, KCNQ1, KCNH2, KCNE1 and SCNA5. These ion channel coding 
genes harbouring QT associations are known from Mendelian long-QT syndromes (Table 1). 

Table 1  Overview of loci associated with QT interval in the QTGEN study within genes known for their in-
volvement in cardiac repolarization.

Gene Protein Mendelian disorder Known associations 
in the general population

Novel associations 
in general population

NOS1AP Nitric oxide 
synthtase 1 activaor protein

– Yes8,22 Yes 

KCNQ1 Alpha subunit slow delayed 
rectifier potassium channel

LQT1, SQT223 Yes24 Yes 

KCNH2 Alpha subunit rapid delayed 
rectifier potassium channel

LQT223 Yes25 Yes 

KCNE1 Beta subunit potassium chan-
nel (assembles with KCNQ1)

LQT523 Yes26 No 

SCN5A Alpha subunit sodium channel LQT327	 No Yes 

LQT= long-QT syndrome, SQT= short-QT syndrome
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In addition to these known loci, additional associations were observed at novel loci not previ-
ously recognised as relevant, including 16q21 near NDRG4, SETD6, CNOT1, SLC38A7 and GINS3. 
It is difficult to identify the gene truly impacting cardiac repolarization solely on the observed 
association signal. Existing literature might aid in interpreting these results, but will not always 
give a conclusive answer. At the moment of conducting the study, NDRG4 and GINS3 were con-
sidered promising candidates at the 16q21 locus for further study based on available expression 
data and results from functional studies in zebrafish28,29. At that moment CNOT1 was not consid-
ered amongst the more likely candidates at this region. Only later CNOT1 was added to the list 
of potential relevant genes at this locus based on the identification of the CCR4-Not complex as 
a central regulator of adult heart function in Drosophila30. It remains to be elucidated through 
which genes at the associated genomic regions genetic variation influences QT interval. In ad-
dition, as discussed above for chapter 2.1, rare variants can cause significant associations for 
common variants and therefore this possibility should be considered in interpreting the results 
for both the association signals in both the genes known to be involved in Mendelian QT inter-
val disorders as well as the novel loci18. The observation that several of the associations map to 
genes known to cause Mendelian forms of repolarization disease argues against synthetic effects 
caused by rare variants located far away, since the results do point at well established functional 
key elements.

Another example of the difficulties in interpreting the results of genome-wide association 
studies can be found in our RRGEN study (chapter 3.2). Several of the identified loci, e.g GJA1 
and PLN, are known to harbor rare mutations that cause congenital structural heart disease31-

34. This might implicate that common variation can result in variation in cardiac structure in 
the general population and so influence heart rate or that the common variant associates with 
heart rate due to linkage with rare variants with large effects on cardiac structure that impact 
heart rate. However, PLN and GJA1 are reported to have multiple other effects on the heart. GJA1 
encodes the major gap junction responsible for impulse propagation in the heart35 and is an 
important regulator of gene expression during human cardiogenesis36. PLN encodes phospho-
lamban, a well known protein that modulates heart rate in the sinus node37,38 and was previously 
associated with QT interval in our QTGEN study13 and left ventricular diastolic dimensions39. This 
suggests that alternative pathways exist through which these loci might influence heart rate. 
All in all, even for loci of known cardiac relevance no inference could be made on the mode of 
action on heart rate without further study. In the report on QRS duration we therefore included 
functional studies on one of the identified loci in order to create a better understanding of 
one of the findings. The most significant region included multiple significant associations that 
spanned multiple genes encoding sodium channels, both known and previously unrecognized 
to play a role in cardiac conduction. Using a mouse model our collaborators showed that the 
sodium channel previously unrecognized to be of relevance for cardiac conduction (SCN10A) 
was actually expressed in the heart, preferentially in the ventricular conduction system, and 
selective blockade of the encoded channel resulted in a cardiac conduction delay. 
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After identifying a set of loci associated with the trait of interest a genetic risk score is  
often generated and tested for association with a clinically more relevant outcome based on 
the continuous trait studied. In the Rotterdam Study, it has been shown that a prolonged heart 
rate corrected QT interval (QTc) over 450 milliseconds in men and over 470 milliseconds in 
women was associated with an 2.5 fold increased risk of SCD. The 20% of the population with 
the highest genetic risk score (carrying the most alleles identified as QT prolonging in the QT-
GEN study, weighted by their effect) had on average 12 milliseconds longer QT intervals and a 
3 fold increased risk of a prolonged QTc as defined above when compared to the 20% of the 
population carrying the least alleles with QT prolonging effect. A 12 millisecond longer QT is in 
excess of the effect observed for QT prolonging drugs which were withdrawn from the market 
due to increased arrhythmia risk4. This supports the clinical relevance of the genetic variants 
identified, although this should be placed in perspective. It is not said that all arrhythmia and 
SCD risk associated with certain drugs and the long-QT syndromes is caused by prolongation of 
the QT interval. Alternative pathways through which drugs and genetic mutations confer SCD 
susceptibility might exist. This is supported by the observation that not all drugs that prolong 
the QT interval increase the risk of SCD risk and not all drugs that are associated with SCD do 
prolong the QT interval. Therefore, not all variation at the identified loci might increase the risk 
of SCD or the risk increase might not be proportional to the effect on QT interval. Well-sized 
and adequately phenotyped samples will be required to answer these questions. Additionally, 
the method used in the QTGEN study to asses the effect of the genetic risk score on the risk of QT 
prolongation might suffer from overestimation of the true effect due to the fact that the people 
with longer QT intervals were included in the genome-wide association analysis. A sort of simi-
lar approach was applied for QRS duration with the advantage that the subjects with the clinical 
outcome (ventricular conduction defect defined as QRS duration of more than 120 milliseconds) 
were independent of the subjects included in the association analysis identifying the loci. Here 
it was shown that each additional copy of an allele that was associated with longer QRS duration 
increased the risk of a ventricular conduction defect by 8%.

Combining genome-wide association study results of correlated traits
As the genome-wide association studies on multiple individual traits within the same or partly 
overlapping collection of samples ignores the additional information (increase in phenotype 
accuracy), that is present when traits are correlated, we sought a method to efficiently combine 
the results of the univariate genome-wide association studies in order to increase the power to 
identify truly associated loci (chapter 4). The main advantage would be increased efficiency as 
the analyses are relatively simple and easy because already available GWA analyses are combined. 
Although we have used simulations to describe the behaviour of the proposed method, its ad-
ditional value has to be proven in practice by applying it to real data with adequate replication 
of new loci identified by means of this novel approach. We intend to introduce this method on 
the short term to assess its value in practice. In addition, extension of the applicability of this 
method to more than two traits would be desirable.
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Common variation and effect modification
Based on the observed association between genetic variation within CACNA1C and RR inter-
val40 as well as the fact that drugs that block the L-type calcium channel do this by binding the 
protein encoded by CACNA1C41, we hypothesized that the effects of the phenylalkylamine (vera-
pamil) and benzothiazepine (diltiazem) calcium antaganonists on RR interval, and thus heart 
rate, are modified by the CACNA1C genotype. Although another group of calcium antagonists 
is also commonly prescribed (i.e. dihydropyridines) these were not included since they do not 
lead to slowing of the heart rate. 

We observed a significant interaction between CACNA1C genotype and diltiazem. Although 
verapamil showed a similar trend no significant associations were observed, perhaps due to 
lower numbers of exposed RR interval measurements. Additionally, we performed a sex strati-
fied analysis based on the observation of a relation between testosterone levels and heart rate42, 
large differences in heart rate between men and women in general and the rate dependent  
effects of calcium antagonists (larger effect at higher heart rates)41. We showed that the inter-
acting effect between diltiazem and CACNA1C genotype was sex dependent, with the largest 
effect in women. These observations raise a number of questions which we are not yet able to 
answer. First, what is the underlying mechanism of the drug-gene interaction. Although there 
seem to be plausible explanations, they are all speculative. In short, alterations in the functional 
properties and affinity for calcium channel blockers could be relevant as well as changes in ion 
channel density and thus number of occupied and open channels after drug administration. 
The second question we are unable to answer with our observational study is on the underlying 
mechanism of the observed effect modification by sex. Based on the rationale that led to doing 
the analysis, several explanations are plausible. Differences in hormone levels between men and 
women, especially testosterone, might result in differences in gene expression and ion channel 
densities43,44. In a situation of higher ion channel expression in men the ion channel reserve in 
women could be lower compared to men. When two factors impact this ion channel density the 
effects could be potentiated and result in stronger interaction in women. To complicate things 
further, the rate dependent effects could be of relevance. 

We investigated the possibility to study the effect of testosterone on the interaction following 
on a previous study on the effects of testosterone on heart rate42. Unfortunately, the numbers 
were very low due to the limited number of testosterone level measurements and such an analy-
sis was not feasible. 

	
Methodological considerations

The methodological considerations relevant to the presented studies have been discussed in the 
individual chapters. In this paragraph a more detailed discussion is presented on the frame-
work of genome-wide association studies in general and pharmacogenomic genome-wide  
association studies in particular. More specifically, the impact of outcome and exposure defi-
nition is discussed since it might affect the statistical power and therefore contribute to the 
missing heritability45. The missing heritability refers to the difference between the heritability 
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estimates and variance explained by the genetic variants identifi ed in GWA studies46,47. Here 
we discuss the basic principles of the eff ects of phenotypic heterogeneity in the framework of 
genome-wide association studies on common complex disorders.

Discussion on the general framework in genome-wide association studies
Th e general principle underlying genome-wide association studies is the common variant – 
common disease assumption48. Th is assumption is based on a polygenic quantitatively distrib-
uted disease liability in the population that results from a combination of Mendelian inherited 
genes. Common disorders are the extremes of quantitative traits resulting from the quantita-
tive genetic liability3. Th is genetic liability is accompanied by an environmental liability that in 
aggregate result in the population’s risks distribution. Th e quantitative trait underlying a disease 
will be the net result of multiple intermediate traits. (Figure 1) 

figure 1 If disease outcome Z is seen as the extreme of a quantitative distributed trait, other quantitative 
traits can underlie this distribution, each with their own genetic and environmental quantitatively distributed 
liability that in aggregate result in the disease liability distribution.

If the clinical disease outcome studied (Z) consists of diff erent patho-physiological entities 
with diff erent underlying intermediate traits (Figure 2) the power to identify associated genetic 
variation will be aff ected. For the variants that are not associated with Z1 or Z2 such misclassifi -
cation of the outcome would not lead to spurious associations since the genotype distributions 
between cases and controls will not be altered. In the situation where variants do associate with 
Z1 but not Z2 (or vice versa), using a phenotype defi nition that includes both Z1 and Z2 will 
bring the genotype distribution closer to unity. Th is means that the frequency of the truly caus-
ative variant within those classifi ed as diseased will be closer to the total population mean and 
the genotype distribution in the control sample. Th e measure of eff ect will be smaller and more 
diffi  cult to detect (i.e. loss of statistical power). Th is situation can occur when lack of informa-
tion or knowledge leads to imprecise defi nitions of the disease or when case ascertainment pro-
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cedures can not further specify the phenotype (e.g. sudden cardiac death in population based 
studies where the underling cause can be unknown and heterogeneous) resulting in a case mix 
actually consisting of separate disease entities. A nice example of a strict case defi nition in the 
fi eld of SCD genetics can be found in the paper of Bezzina et al.49 where the outcome of interest 
is ventricular fi brillation in the presence of acute ischemia. As described in this discussion for 
chapter 2.2, approaches in population based studies could include defi ning diff erent versions of 
the phenotype by limiting the case defi nition to a subset that is more likely to be homogeneous, 
like only witnessed SCD or restricting to events occurring at younger age groups. However, 
this does not mean that case mix heterogeneity is always something to avoid. In the situation 
where diff erent disease entities share intermediate traits and/or genetic risks, such a case mix-
ture could be more powerful in identifying shared risk factors. In the example of SCD this might 
occur if a shared vulnerability to arrhythmia exists in ischemic heart disease, heart failure and 
(drug induced-) long QT syndrome. Studying the appropriate intermediate traits will limit the 
problem of outcome misclassifi cation. However, lack of knowledge might limit the identifi ca-
tion of relevant intermediate traits since they should not be limited to symptoms or diagnostic 
criteria of a disease entity only.

figure 2 If a clinical disease entity Z actually consists of two distinct phenotypes (Z1 and Z2) they should 
be studied separately since combining them into one outcome is inappropriate and results in misclassifi cation 
with a loss of power to identify the genetic liability as a result. Studying the appropriate intermediate trait 
might overcome this problem.

It is important to keep these principles in mind when defi ning the aim of a genome-wide asso-
ciation study and interpreting the results. Continuous re-evaluation of disease defi nitions based 
on developing (patho-) physiological knowledge and novel insights into genetic liability will 
lead to better outcome defi nitions and thus more power. Perhaps, such a step-wise approach 
will help in identifying the so far unexplained heritability of common disorders. 
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Pharmacogenetics
In contrast to GWA studies that have been successful in identifying many loci for complex dis-
orders, pharmacogenetic studies could be described ‘disappointing’. In pharmacogenetics some 
successes are reported for adverse events (e.g. simvastatin induced myopathy50 and flucloxacil-
lin induced liver injury51) and efficacy (e.g interferon-α treatment in hepatitis C infection52,53), 
where common variants with large effects were identified using relatively small numbers of 
cases. In the following section several methodological considerations are discussed that are 
relevant to conduct and interpretation of genome-wide association studies in pharmacogenet-
ics with a particular focus on definitions of drug exposure, phenotype of interest and use of 
intermediate traits. 

We have to realize that drugs undergo selection during their development and their effects 
are often studied on quantitative intermediate traits. This gives us a clue on the genetic effects 
we can expect. In general, a drug that has serious adverse events due to genetic variation will 
not be marketed if the genetic variation underlying this reaction is common and the effects are 
large since the adverse event rate will be unacceptably high. The same holds if a very large group 
is non-responsive to the intended effect. Furthermore, drugs are often studied on intermediate 
end-points, like HDL and LDL cholesterol levels changes for statins and platelet aggregation in-
hibition parameters for anti-thrombotic agents. Variation within these intermediate traits does 
not per se translate directly into variation in the occurrence of the relevant clinical endpoints 
(prevention of myocardial infarction, stroke, death). Since the complete range of actions (and 
thus relevant intermediate traits) of drugs are often not known it can not be taken for granted 
that genetic variation underlying variation of the intermediate traits usually studied also explain 
variation in the clinical endpoints. This is in line with the difficulty of identifying the relevant 
intermediate traits for complex disorders due to lack of knowledge of underlying mechanisms. 

In principle the same framework can be applied as described above with the addition of a 
drug exposure and redefining the intermediate traits and outcome definition (Figure 3), which 
are now based on the drug exposure. In other words, the phenotypes are redefined according 
to the context. If we take the example of drug induced arrhythmia, a major problem in drug 
development and safety, the dichotomous outcome Z is defined as the occurrence of fatal ar-
rhythmia due to exposure to drug Y. However, the dichotomous outcome Z has an underlying 
quantitative trait and liability distribution that is the result of intermediate traits 1, 2 and 3. An 
example of an intermediate trait can be the effect of drugs on cardiac repolarization duration 
(QT interval). These intermediate traits are quantitatively distributed, each with a genetic and 
environmental quantitatively distributed liability. The introduction of drug exposure compli-
cates matters in the sense that especially in the early phase of marketing the available numbers 
of exposed subjects are often low. The definition of the exposure is an additional factor that 
can influence the power to detect genetic variation associated with the (intermediate) trait of 
interest. If not a specific drug but a whole class of drugs is studied this can impact the results if 
some drugs within that class do not influence the trait studied (i.e. no consistent class effect). 
The same argument holds if the drug exposure is defined based on a common association with 
outcome Z but drugs act through different intermediate traits. In this case the analysis will 
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figure 3 Introducing drug exposure. If outcome Z is defi ned as the occurrence due to exposure to Y, the 
intermediate traits can be defi ned as the eff ect of Y on a certain biological process or product, each with their 
own genetic and environmental quantitatively distributed liability, that in aggregate result in the underlying 
liability distribution of the dichotomous outcome.

figure 4 Two types of exposure with an eff ect on outcome Z through shared and diff erent mechanisms (in-
termediates).
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suff er from dilution toward the null hypothesis of no association and a reduction in power. In 
fi gure 4 this is relevant when not the quantitative trait underlying Z is studied but any of the 
intermediate traits 1 or 3, and exposure X and Y are combined (e.g. anti-psychotics as exposure 
X and tri-cyclic antidepressants as exposure Y) as the exposure of interest since they both in-
crease the risk of outcome Z (e.g. fatal arrhythmia). If intermediate trait 2 is studied, the impact 
of the exposure defi nition is dependent on the underlying genetic liability. If the genetic liability 
is shared for exposure X and Y combining the exposure groups will increase the power to detect 
the genetic liability underlying intermediate trait 2 (e.g. drug induced QT prolongation). 

Finally, in the situation as depicted in Figure 5 with outcome Z being a clinical composite of 
biologically two diff erent outcomes Z1 and Z2 as a consequence of exposure to X and Y, respec-
tively, insuffi  cient specifi city of the exposure defi nition results in a loss of power, regardless of 
the trait studied (intermediate, Z1 or Z2). If on the other hand the exposure is adequately de-
fi ned, but Z1 and Z2 are combined, again this will result in misclassifi cation of the outcome and 
dilution towards the null of no association.

In general and especially in pharmacogenetics it is not only sample size that matters. An equal 
amount of eff ort invested in sample collection should be invested on refi nement of case and 
exposure defi nitions and thorough phenotyping (including drug and environmental exposures) 
of study subjects. 

Figure 5 Outcome Z being biologically two distinct phenotypes as a consequence of exposure to X and Y 
respectively each with their own intermediates.
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Future directions

In this thesis we showed that genome-wide association studies could identify genetic varia-
tion influencing SCD risk and ECG derived intermediate traits. The identified loci leave much 
of the heritability unexplained. A lot of attention is focused on rare variants with larger effects 
although the contribution to the explained heritability remains unclear at his moment. Efforts 
like the 1000 Genomes project and individual studies deep-sequencing large numbers of in-
dividuals will create more insight into the role of rare variants in the near future. As brought 
forward in the main part of this discussion phenotype heterogeneity might be a relevant issue in 
discovering novel loci influencing human disease and drug response. Not only is this relevant to 
discovery but perhaps even more important for follow up studies that try to identify the causal 
variants. Therefore we should not only invest in improving (technical) genetic methods and 
knowledge, but also in generating databases with extensive phenotype data on large numbers of 
subjects. Identifying relevant intermediate traits can lead to better understanding and redefini-
tion of diseases, ultimately resulting in more power to detect genetic variation underlying the 
genetic liability. An approach that may identify novel intermediate traits could be a ‘phenome-
wide’ association analysis. For example, this could include linking the human metabolome54-56, 
just one of the deep phenotyping tools57, to disease phenotypes identifying relevant intermedi-
ate traits at the level of small molecule metabolites found in the human body. Subsequently, the 
identified traits could be studied in relation to human genetic variation58,59. Such an approach 
would be applicable to both complex diseases as well as complex pharmacogenetic phenotypes. 
Better human phenotyping would lead to better understanding of the recent findings and in-
crease the statistical power for future research57. The relevance for clinical medicine of such 
higher resolution phenotyping is only present if decision and or treatment consequences are 
linked to further differentiating diagnosis, which is were pharmacogenetics comes into play.

Concluding remark

The underlying genetic liability for SCD is far from resolved and has mainly been successful for 
several of its intermediate traits. It remains to be seen what part of the identified loci contribute 
to SCD risk. Nevertheless, important insights into normal physiology are being generated by 
genome-wide association studies. We only touched upon the tip of the iceberg and need to look 
for the larger part under water for which not only progression of human molecular genetics is 
relevant but also more precise phenotyping.
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Summary 

Sudden cardiac death (SCD) has a genetic risk component and identifying the genetic path-
ways contributing to SCD risk can lead to knowledge of novel mechanistic pathways underlying 
ventricular arrhythmogenesis and aid in risk stratification. Inherent to its definition, which is 
operational of character, the underlying etiology of SCD is heterogeneous. SCD is defined as a 
natural death due to cardiac causes, heralded by abrupt loss of consciousness, within one hour 
after the onset of acute symptoms or an unwitnessed, unexpected death of someone seen in a 
stable medical condition less than 24 hours previously with no evidence of a non-cardiac cause. 
Important reasons to study the quantitative traits that underlie the common disorder of interest 
are this heterogeneity, together with the assumption that common genetic complex disorders, 
such as SCD, have a normally distributed genetic liability conferred by Mendelian inherited 
genes and thus the trait would be normally distributed as a quantitative trait. For SCD, several 
of such endophenotypical risk factors measured on electrocardiographic recordings (ECG) are 
available, namely: 1) the QT interval, 2) the QRS duration and 3) the RR interval. 

In addition to identification of genetic loci contributing to SCD risk, the results from genome-
wide association studies on risk factors for SCD might generate novel candidate genes for fur-
ther study with respect to gene-drug interactions. 

The main objectives of this thesis were: 1) refining the NOS1AP – QT interval association signal 
and assessing the relation with SCD, 2) to identify, by means of genome wide association studies, 
the genetic variants underlying the genetically determined variation within quantitative endo-
phenotypes of SCD, 3) to develop methodology to enhance our ability to do so and, finally, 4) to 
perform hypothesis driven gene-drug interaction studies. Studies described in this thesis were 
conducted within the Rotterdam Study, a population based cohort study, often in collaboration 
with other studies in larger consortia.

 
In part 2, the association between genetic variation at the NOS1AP locus, QT-interval and SCD 
is studied within the Rotterdam Study. In chapter 2.1 fine-mapping of the association at the 
NOS1AP region and QT interval is presented. We identified common variant rs12134842 as the 
strongest genetic predictor of QT interval at the NOS1AP region. We were the first to show that 
multiple genetic variants at NOS1AP independently associate with the QT interval, which was 
later confirmed in other studies. In chapter 2.2 the association between NOS1AP genetic variants 
and SCD in the Rotterdam Study is described. We provided additional evidence that rs12567209 
and rs16847548 are associated with SCD as was previously reported in an independent sample. 
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The strength of the association was dependent on the definition of SCD that was used. We per-
formed secondary analysis that used the stricter outcome definition of witnessed SCD only. This 
resulted in stronger associations despite a reduction of fifty percent in the number of cases 
(from 208 to 109).

In part 3 we describe the results of large-scale consortium based genome-wide association stu-
dies on intermediate traits and risk factors for SCD, such as QT interval (chapter 3.1), RR in-
terval (chapter 3.2) and QRS duration (chapter 3.3). These studies were performed in order to 
identify novel loci influencing the trait variability in the general population. These analyses are 
not based on prior hypotheses and asses the association of approximately 2.5 million genetic 
variants with these traits. For all three traits multiple novel loci were identified and for many of 
these identified loci the mechanisms underlying the associations remain to be elucidated. In a 
collaborative effort we showed that SCN10A, the locus at which we observed the most significant 
association with QRS duration, is expressed in the specialized His-Purkinje conduction system 
and selective blockade of this channel resulted in QRS duration prolongation (chapter 3.3). In 
chapter 3.2 we showed that loci not reaching genome-wide significance are informative since 
inclusion of these loci increased the explained variance for RR interval. Increasing the sample 
size would likely lead to additional identification of relevant loci. 

The observation that some of the identified loci in part 3 were overlapping, together with the 
fact that some of these traits are correlated, resulted in the development of an efficient method 
that takes benefit from additional power that can be derived from studying correlated traits in 
order to identify additional pleiotropic loci. In part 4 we describe a method using univariate 
genome-wide association results from two traits that, via several simple steps, can be combined 
to derive significance statistics taking both directionality and trait correlation into account.  
Using simulations we describe the test statistic behaviour under different conditions and show 
that the results correlate highly with standard multivariate methods. We are aiming to intro-
duce this method on the short term to assess its value in practice. 

In part 5 we applied the candidate gene approach after we formulated the hypothesis that genet-
ic variant rs2238018 in CACNA1C (chapter 3.2), encoding the L-type calcium channel α1c-subunit 
targeted by calcium channel blockers, interacts with verapamil and dilitiazem on RR interval. 
We observed a significant interaction between use of diltiazem and carriage of the variant  
allele on RR interval prolongation (heart rate lowering). This effect was strongest in women. For 
verapamil a similar trend was observed but did not reach statistical significance, possibly due 
to low numbers.

Part 6 places the main findings into perspective and discusses some relevant methodological 
considerations in more depth. The difficulties in interpreting genome-wide association results 
are discussed as well as the relevance of phenotype definitions for successful genetic (phar-
maco-)epidemiological research. The discussion ends with some recommendations, including 
investing not only in human molecular genetics but also human phenotyping.
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Samenvatting

Het risico op plotse hartdood is deels genetisch bepaald en het identificeren van de componen-
ten die bijdragen aan dit risico kan nieuwe inzichten geven in de mechanismen die ten grond-
slag liggen aan het ontstaan van ventriculaire ritmestoornissen. De onderliggende oorzaken 
van plotse hartdood zijn zeer divers van aard, inherent aan de operationele definitie. Plotse 
hartdood wordt gedefinieerd als een natuurlijke dood met cardiale oorzaak, voorafgegaan 
door een plotseling bewustzijnsverlies, binnen één uur na de eerste symptomen, of, een niet 
waargenomen en onverwacht overlijden van een persoon die tot 24 uur voorafgaand nog in 
een stabiele medische conditie gezien is en zonder aanwijzingen voor een niet cardiale oorzaak. 
Deze heterogeniteit, samen met de veronderstelling dat genetisch complexe aandoeningen  
zoals plotse hartdood in de algemene populatie een normaal verdeelde genetische gevoeligheid 
hebben die resulteert in een kwantitatieve normaal verdeelde onderliggende eigenschap, zijn 
belangrijke redenen om de kwantitatieve risicofactoren te bestuderen van complexe en vaak 
voorkomende aandoeningen. Voor plotse hartdood zijn enkele van deze risicofactoren te meten 
op het elektrocardiogram, namelijk: 1) het QT interval, 2) het RR interval en 3) de QRS duur. 
Naast het identificeren van loci die een rol spelen in plotse hartdood kunnen de resultaten van 
genoomwijde associatie studies nieuwe kandidaten voor studies naar gen-medicatie interactie 
voortbrengen.

De doelstelling van dit proefschrift waren: 1) het verfijnen van het associatie signaal tussen 
NOS1AP en QT interval en het bestuderen van de associatie tussen NOS1AP en plotse hartdood, 
2) door middel van genoomwijde associatiestudies de genetische varianten onderliggend aan de 
genetische bepaalde variatie tussen individuen van de kwantitatieve risicofactoren van plotse 
hartdood te identificeren, 3) nieuwe methoden te ontwikkelen om ons vermogen dit te doen te 
vergroten, en 4) het verrichten van hypothese gedreven gen-medicatie interactiestudies. De be-
schreven studies zijn verricht binnen de Erasmus Rotterdam Gezondheids Onderzoek (ERGO) 
studie (internationaal bekend als de Rotterdam Study), vaak in nauwe samenwerking met an-
dere studies.

In deel 2 wordt de associatie tussen genetische variatie in de NOS1AP regio, QT interval en 
plotse hartdood bestudeerd in de ERGO studie. In hoofdstuk 2.1 wordt de verfijning van het asso-
ciatie signaal tussen NOS1AP en QT interval beschreven. De veelvoorkomende variant rs12143842 
werd geïdentificeerd als de sterkste genetische voorspeller van QT interval in de NOS1AP regio. 
Met deze studie waren wij ook de eersten die aantoonden dat meerdere varianten onafhankelijk 
van elkaar het QT interval beïnvloeden, wat later bevestigd is door anderen. In hoofdstuk 2.2 

Boek Mark.indb   181 25-01-2011   17:47:21



182 Samenvatting

worden de resultaten beschreven van de studie naar de associatie tussen NOS1AP varianten en 
plotse hartdood binnen de ERGO studie. In deze studie  hebben wij additioneel bewijs geleverd 
voor een associatie van de varianten rs12567209 en rs16847548 met plotse hartdood, zoals eerder 
was beschreven in een onafhankelijke studie populatie. De sterkte van de associatie in de ERGO 
studie was afhankelijk van de striktheid die gehanteerd werd in de definitie van plotse hartdood. 
Secundaire analyses waarbij de definitie beperkt werd tot alleen waargenomen plotse hartdood 
resulteerden in sterkere associaties ondanks een vermindering in het aantal cases van bijna 
vijftig procent (van 208 naar 109).

In deel 3 staan de resultaten beschreven van grote genoomwijde associatiestudies centraal 
die verkregen zijn door in grote consortia kwantitatieve risicofactoren, als QT interval (hoofd-
stuk 3.1), RR interval (hoofdstuk 3.2) en QRS duur (hoofdstuk 3.3), van plotse hartdood te bestu-
deren. Deze studies hebben tot doel nieuwe loci te ontdekken die bijdragen aan de genetisch 
bepaalde variabiliteit van de bovengenoemde eigenschappen in de algemene bevolking. Aan 
deze analyses liggen geen hypotheses ten grondslag en worden 2.5 miljoen genetische varianten 
bestudeerd op hun associatie met deze risicofactoren. Voor alle drie bestudeerde risicofactoren 
zijn er meerdere nieuwe loci geïdentificeerd, waarbij voor het merendeel de mechanismen die 
de associatie onderliggen nog onbekend zijn. In consortiumverband hebben we voor SCN10A, 
de meest sterke associatie met QRS duur, kunnen aantonen dat het natriumkanaal, waarvoor 
dit gen codeert, aanwezig is in het gespecialiseerde His-Purkinje geleidingssysteem en dat se-
lectieve blokkade van dit kanaal leidt tot QRS duur verlenging (hoofdstuk 3.3). In hoofdstuk 3.2 
beschrijven we dat een genotype score met inclusie van loci die niet voldeden aan de genoom-
wijde significantie eisen de verklaarde variantie kan doen toenemen. Vergroting van het aantal 
deelnemers in de studie kan leiden tot de identificatie van extra geassocieerde loci.

In deel 3 hebben we gezien dat er een gedeeltelijke overlap bestaat tussen de geïdentificeerde 
loci voor QT interval, RR interval en QRS duur. Samen met het feit dat de bestudeerde eigen-
schappen gedeeltelijk gecorreleerd zijn heeft dit ons er mede toe bewogen een methode te 
ontwikkelen die op efficiënte wijze pleiotrope loci kan identificeren en die daarnaast profiteert 
van de extra informatie die uit de correlatie kan worden afgeleid. In deel 4 beschrijven we een 
methode welke univariate genoomwijde resultaten via enkele simpele stappen combineert, 
daarbij rekening houdend met de correlatie en richting van de effecten. Met simulaties hebben 
we het gedrag van de test statistiekdistributie bestudeerd in verschillende situaties en hebben 
aangetoond dat de resultaten van onze methode sterk correleren met standaard multivariate 
methoden. Het doel is om deze methode op korte termijn te implementeren en de waarde ervan 
in de praktijk te bepalen.

In deel 5 worden de resultaten van een kandidaat gen-analyse gepresenteerd. Deze analyse  
was gebaseerd op de hypothese dat de genetische variant rs2238018 in het CACNA1C gen (hoofd-
stuk 3.2), coderend voor de α1c-subunit van de L-type calcium kanaal waarop calcium anta-
gonisten hun blokkerende werking uitoefenen, de effecten van diltiazem en verapamil op RR 
interval beïnvloeden. De resultaten lieten een significante interactie zien tussen het gebruik 
van diltiazem en dragerschap van een variant allele op RR intervalverlenging (hartfrequentie-

Boek Mark.indb   182 25-01-2011   17:47:22



183Samenvatting

verlaging). Dit effect was het sterkst bij vrouwen. Voor verapamil werden gelijkende effecten 
gezien, echter geen statistische significantie werd bereikt.

In deel 6 worden de belangrijkste bevindingen in perspectief geplaatst en relevante metho-
dologische overwegingen in meer detail besproken. Onder meer de moeilijkheden in het in-
terpreteren van genoomwijde associatieresultaten en de relevantie van fenotype definitie voor 
genetisch (farmaco-)epidemiologisch onderzoek worden besproken. De discussie eindigt met 
enkele aanbevelingen, waaronder de noodzaak om te investeren in betere fenotypering naast 
genotypering.
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