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Background 
Ventricular fibrillation (VF) in the setting of acute ST elevation myocardial infarction 

(STEMI) is a leading cause of mortality. Although the risk of VF has a genetic 

component, the underlying genetic factors are largely unknown. Since heart rate and 

ECG intervals of conduction and repolarization during acute STEMI differ between 

patients who do and patients who do not develop VF, we investigated whether SNPs 

known to modulate these ECG indices in the general population also impact on the 

respective ECG indices during STEMI and on the risk of VF.

Methods and Results 
The study population consisted of participants of the Arrhythmia Genetics in the 

NEtherlandS (AGNES) study, which enrols patients with a first STEMI that develop 

VF (cases) and patients that do not develop VF (controls). SNPs known to impact on 

RR interval, PR interval, QRS duration or QTc interval in the general population were 

tested for effects on the respective STEMI ECG indices (stage 1). Only those showing 

a (suggestive) significant association were tested for association with VF (stage 2). On 

average, VF cases had a shorter RR and a longer QTc interval compared to non-VF 

controls. Eight SNPs showed a trend for association with the respective STEMI ECG 

indices. Of these, three were also suggestively associated with VF.

Conclusions 
RR interval and ECG indices of conduction and repolarization during acute STEMI 

differ between patients who develop VF and patients who do not. Although the effects 

of the SNPs on ECG indices during an acute STEMI seem to be similar in magnitude 

and direction as those found in the general population, the effects, at least in isolation, 

are too small to explain the differences in ECGs between cases and controls and to 

determine risk of VF.
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Genetics, ECG and ventricular fibrillation

Introduction
Sudden cardiac death (SCD) is a leading cause of death in adults in the Western world 

[1]. The overwhelming majority (~80%) of SCDs in adults are caused by the sequelae 

of coronary artery disease, namely myocardial ischemia or acute myocardial infarction 

(MI) [2]. While the risk of VF is known to have a genetic component, the underlying 

genetic factors are yet largely unknown [3–5]. 

Electrocardiographic indices of conduction and repolarization are considered 

important quantifiable intermediate phenotypes for arrhythmia risk [6]. In support 

of this concept, ECG indices measured during the acute phase of ST elevation MI 

(STEMI) were associated with risk of ensuing VF [7]. A number of studies have 

demonstrated that heart rate, PR interval, QRS duration and QTc interval are heritable 

traits [8–10] and over the last years genome-wide association studies (GWAS) in large 

samples of the general population have uncovered several common single nucleotide 

polymorphisms (SNPs) affecting these ECG traits [11–21].  

The objective of this study was to assess whether SNPs, previously associated with 

heart rate and ECG indices of conduction and repolarization in GWAS in the general 

population, modulate ECG indices and risk of VF during acute STEMI. Specifically, 

we hypothesized that ECG-related SNPs modulate heart rate and ECG conduction 

and repolarization intervals in the setting of acute STEMI and thereby modulate (and 

predict) the risk of VF in this condition.

Methods 
Ethics statement
The study protocol was approved by the Institutional Review Board of the Academic 

Medical Center, University of Amsterdam, and was conducted according to the 

principles of the Declaration of Helsinki. All participants gave written informed 

consent. 

Study samples
The study population consisted of participants of the Arrhythmia Genetics in the 

NEtherlandS (AGNES) case-control study which has been described in detail 

previously [3,4]. In brief, the AGNES study enrols patients with a first acute STEMI. 

Cases are defined as patients who were successfully resuscitated after documented VF 

that occurred between the onset of symptoms and coronary intervention. Controls are 

defined as acute STEMI patients who did not develop VF. Patients with a previous 

MI or major co-morbidity were excluded. All individuals studied were of self-declared 

European ancestry. 
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Measurement of ECG indices 
The first recorded ECG that was acquired during STEMI and before reperfusion 

treatment was used for analysis. For cases, both ECGs acquired pre-VF as well as post-

VF were included. ECGs of insufficient quality (due to e.g. baseline drift or missing 

leads) and ECGs with rhythms other than sinus rhythm or atrial fibrillation (AF) were 

excluded. Patients with AF (n = 23) were excluded for the analyses of PR interval, 

but included for the other ECG indices. All ECGs were digitized at 400 dpi (giving 

a spatial resolution 0.064 mm or 1.6 ms / pixel on an ECG traced at 25 mm / sec). 

Calibrated measurements were performed on-screen after 4 times enlargement of the 

digitized ECGs in ImageJ (National Institutes of Health, Bethesda, Maryland, http://

rsb.info.nih.gov/ij/). RR-interval (heart rate) was measured from the ECG. PR interval 

was measured from the onset of the P-wave to the onset of ventricular depolarization. 

QRS duration was measured from the onset of ventricular depolarization to the J 

point. QTc interval was measured using the tangent method [22]. Lead II was used 

when the T wave was of sufficient amplitude to warrant QT measurement, otherwise 

leads V5 or V2 were used. QT was corrected for heart rate (QTc) using Fridericia’s 

formula (QTc = QT / (cube root (RR)). ST deviation was calculated as the sum of 

all ST deviation from baseline at 60ms after the J point in all 12 leads. ST deviation 

was not reported if individual leads were disconnected or in patients with left bundle 

branch block. The mean of three consecutive beats wherever possible was measured 

for all parameters and used in subsequent analyses. Patients with AV block, PR 

interval ≥ 200 ms or QRS duration ≥ 120 ms were excluded from the ECG analyses 

involving the continuous endpoints PR interval, QRS duration and QTc interval. For 

PR interval and QRS duration, additional dichotomous endpoints were assessed i.e. 

PR interval ≥ 200 ms and QRS duration ≥ 120ms. 

Selection of SNPs and Genotyping
We inspected the published GWAS concerning heart rate and ECG indices of 

conduction and repolarization and identified SNPs reported to be associated with 

these parameters at genome-wide significant P-values (P < 5×10-8) [23]. In case of 

high linkage disequilibrium (r2 ≥ 0.75) between identified SNPs, only a single SNP, 

capturing the maximum amount of variation present in the correlated SNPs, was 

selected for our analysis.  This was the case for SNPs at the SCN10A, SCN5A, 

KCNH2, KCNQ1, CNOT1, ARHGAP24, NOS1AP, CDKN1A, GJA1 and MYH6 

loci. A total of 65 SNPs were identified in this way. Genotypes for these SNPs were 

either obtained by direct genotyping (Illumina610 Quad genotyping array) or were 

estimated by imputation using HapMap build 36 as the reference panel. Details on 

genotyping and imputation in the AGNES sample have been described previously [4].
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Statistical Analysis
We tested differences between cases and controls in continuous variables with an 

independent sample t-test, or the Mann-Whitney U test when the data was not 

normally distributed. We compared differences in the percentages of categorical 

variables with the Pearson χ2 test. We used linear regression modelling in association 

analyses of continuous endpoints and logistic regression modelling for association 

analyses of dichotomous endpoints (VF, PR ≥ 200 ms and QRS ≥ 120 ms). In all 

models, we assumed an additive genetic model and corrected for age, sex and the 

culprit artery (harbouring the occluding lesion) [7] as well as the possible interaction 

between culprit artery and the SNPs. The occurrence of the latter was first tested 

using a Wald test. 

Our analysis plan had a two-stage design. In the first stage, we tested for association 

of the selected SNPs with the corresponding ECG parameter during STEMI. In the 

second stage, we selected those SNPs with a (suggestive) significant effect on the ECG 

parameter and analyzed their effect on the occurrence of  VF. 

The Bonferroni thresholds for statistical significance were P ≤ 0.0002 for the first 

stage (corrected for two tests per SNP and six outcomes: HR, QTc, PQ, PQ ≥ 200, 

QRS and QRS ≥ 120, resulting in a total of 210 tests) and P ≤ (0.05/number of SNPs 

carried over from stage 1) for the second stage. For both stages, P-values between the 

Bonferroni threshold and 0.05 were considered as a suggestive trend.

Power and detectable effects
Given the observed standard deviations in our study population for heart rate and 

the ECG indices, the reported effects of the identified SNPs would result in effect 

sizes ≤ 0.2 SD. With the present range in sample sizes (417 – 515), the power to de-

tect an effect size of 0.2 of a SNP with a minor allele frequency (MAF) ranging from 

0.05 to 0.5 would range from 1 to 31% for a two-sided p-value of 0.0002 (Bonferro-

ni threshold) and from 24 – 90% for a two-sided p-value of 0.05 (suggestive trend). 

The present study, therefore, lacks the power to significantly detect effect sizes as 

found in the general population (from the GWAs). However, given the fact that our 

heart rate and ECG indices were measured in patients experiencing a STEMI, we 

hypothesized that the SNP effects might be markedly increased in this sensitized 

population. 

Given the present range in sample sizes, the study had 80% power to detect effect 

sizes of 0.7 to 0.3 (± 5% explained variance) for the quantitative traits at MAFs 

ranging from 0.05 to 0.5 assuming an additive genetic model and a two-sided signifi-

cance threshold of 0.0002 (Stage 1). For PR interval with an overall standard devia-

tion of 20 ms, for example, this translates into detectable allele effects (beta) ranging 
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from 14 to 6 ms. For the dichotomized endpoints, we were able to detect odds ratio’s 

ranging from 2.3 to 1.6 (Stage 1, α = 0.0002).

Results
VF and ischemic ECG indices 
Baseline characteristics of the study population are shown in Table 1. As reported 

previously [3,4], AGNES cases had a lower prevalence of diabetes mellitus and 

hypercholesterolemia, and lower mean body mass index (BMI) than AGNES controls. 

AGNES cases more often had a family history of sudden cardiac death as compared 

to controls.

STEMI ECGs of sufficient quality were available for 599 patients. Of these, 79 (13%) 

patients had QRS ≥ 120 ms, and 85 (14%) patients had a PR ≥ 200 ms or higher 

degree AV block; several patients had a combination of these ECG abnormalities. 

Because of these exclusions and missing values, the number of available observations 

varied between 417 and 515. VF cases showed, on average, a shorter RR interval, a 

longer QTc interval, a greater ST segment deviation and more often prolongation 

of the QRS interval (≥ 120 ms) as compared to controls (Table 1). Location of the 

Table 1. Baseline characteristics of the AGNES case-control set
CK-MB, creatine kinase-MB; LAD, left anterior descending artery; LCX, left circumflex artery; RCA, right coronary 
artery. *In case of missing values, the sample sizes of the total, case and control sets (total, case, control) for 
which information was available are given. † Normally distributed continuous variables are presented as mean 
± SD or as Median [interquartile range] otherwise. Categorical variables data are presented as number (%). ‡ 
P value for comparison of cases and controls using independent t-test, Mann-Whitney test, or chi-square test 
where appropriate. 
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culprit coronary lesion modified the effect of QRS duration and QTc interval on risk 

of VF (Table 2). For instance, QRS duration was more prolonged in cases compared 

to controls only among patients with a left circumflex artery (LCX) occlusion 

(Pinteraction = 0.002). QTc-interval tended to be more prolonged among patients 

with left anterior descending artery (LAD) or LCX occlusion (Pinteraction = 0.026).

ECG candidate SNPs and STEMI ECG indices (Stage 1) 
None of the 65 SNPs tested displayed an association with the corresponding ECG 

trait that passed the Bonferroni-corrected significance threshold of P ≤ 0.0002, nor 

showed an interaction with culprit artery. Eight SNPs displayed a trend (0.0002 < P 

< 0.05) in association with STEMI ECG indices (Table 3). Regarding the continu-

ous ECG outcomes, SNPs rs223116 and rs281868 showed a trend for association 

with RR interval (P = 0.004 and 0.014, respectively) and SNP rs6795970 showed a 

trend for association with PR interval (P = 0.004). SNPs rs1886512 and rs883079 

showed a trend for association with QRS duration (P = 0.010 and 0.007, respec-

tively). SNPs rs17779747 and rs8049607 showed a trend for association with QTc 

interval (P = 0.004 and 0.036, respectively). Regarding the dichotomized ECG 

Table 2. ECG characteristics of AGNES cases and controls according to the artery 
harbouring the stenotic lesion
LAD, left anterior descending artery; LCX, left circumflex artery; RCA, right coronary artery 
* P value of comparison between cases and controls using a logistic regression model adjusted for age and sex. 
(All patients with AV block or PR ≥ 200 ms or QRS ≥ 120 ms & AF are excluded) 
where appropriate. 
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Table 3. Association analysis of SNPs with ECG indices of conduction and repolarization 
during myocardial ischemia 
SE, Standard Error * Direction of effect estimate per copy coded allele; Inc, Increasing effect; Dec, Decreasing 
effect; data from previous GWA studies † Effect estimate is given per copy of the coded allele adjusted for age, 
sex and culprit artery (all patients with AV block or PR ≥ 200 ms or QRS ≥ 120 ms are excluded).
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endpoints, the C-allele of SNP rs11708996 showed a trend for association with PR 

≥ 200ms with an odds ratio of 2.39 (95% CI: 1.33 – 4.30; P = 0.004). None of the 

QRS SNPs showed any significant association with QRS ≥ 120 ms. 

STEMI ECG SNPs and risk of VF (Stage 2)
We next tested the eight SNPs from Stage 1 showing a trend for association with the 

ECG parameters for association with VF. Of these eight, none passed the Bonferroni-

corrected significance threshold (P ≤ 0.0063) for association with risk of VF during 

STEMI. However, two SNPs, namely rs6795970 and rs17779747, were nominally 

associated with VF (P = 0.009 and 0.026, respectively) independent of the culprit 

artery. Another SNP, rs223116 displayed a nominal association with VF in patients 

with an occlusion in the LCX (P = 0.039) or RCA (P = 0.037) only (Table 4). 

Discussion
In the current study, we confirm and extend previous observations that heart rate and 

ECG indices of conduction and repolarization differ between acute STEMI patients 

who develop VF and acute STEMI patients who do not develop VF. Although our 

analysis only detected nominal association with the STEMI ECG traits for only a 

minority of SNPs, the effect size and direction for the association of these SNPs 

was comparable to that found for the corresponding trait in the general population. 

Furthermore, of the eight SNPs displaying such association, three also displayed a 

trend for association with VF. 

Table 4. Association analysis of SNPs with VF in AGNES cases versus AGNES controls 
SE, Standard Error * Direction of effect estimate per copy coded allele; Inc, Increasing effect; Dec, Decreasing 
effect; data from previous GWA studies † Effect estimate is given per copy of the coded allele adjusted for age, 
sex and culprit artery (all patients with AV block or PR ≥ 200ms or QRS ≥ 120 ms are excluded).
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Ischemic ECG indices and VF
Ischemic ECGs of patients with VF (cases) showed, on average, shorter RR intervals, 

longer QTc intervals and more ST segment deviation than patients without VF 

(controls). When the culprit artery harbouring the occluding lesion was taken into 

account, cases with an LCX occlusion had a longer QRS duration. This finding is 

similar to our previous findings in a smaller sample of STEMI patients with and 

without VF [7]. However, the observation in this previous study of longer QRS 

interval in cases with an RCA occlusion was not observed in the present study. With 

respect to QTc interval, cases with either an LAD or LCX occlusion had a longer 

QTc-interval compared to controls. This extends our earlier findings, where similar 

(though non-significant) differences in QTc interval were found for the same culprit 

arteries. The observed longer QRS duration and QTc interval in cases with VF reflect 

cardiac conduction delay and prolonged repolarization time, respectively, consistent 

with a more pro-arrhythmic substrate in cases [24].

ECG candidate SNPs, STEMI ECG indices and VF
Recent GWAS have identified multiple common genetic variants affecting heart rate, 

conduction and repolarization in individuals from the general population [11–21]. 

However, whether these variants also influence ECG indices in the setting of STEMI 

has not yet been investigated. In our study, none of the association P-values exceeded 

our stringent pre-set threshold for statistical significance. Eight SNPs displayed a 

suggestive association to the corresponding STEMI ECG parameter, and of note all 

eight SNPs displayed an effect that was similar in direction and magnitude to that 

observed in the general population [11–21]. However our findings also demonstrate 

that SNPs which are known to exert only small effects on ECG parameters in the 

general population, do not have a markedly increased effect on ECG indices in the 

setting of acute STEMI. 

None of the eight SNPs that displayed nominal association with STEMI ECG 

parameters passed our stage 2 Bonferroni threshold (P<0.0063) for the association 

with VF. However, as previously reported [11], the A-allele of rs6795970 in the 

SCN10A gene appears to be associated with a decreased risk of VF in the AGNES 

population (P=0.009). The rs6795970 SNP has consistently been shown to impact 

on PR interval in different studies carried out in the general population [11–13], with 

the A-allele being the PR-prolonging allele. We now show that this SNP may also be 

associated with a longer PR interval during acute STEMI. In addition to PR interval, 

rs6795970 has been found associated with QRS in GWA studies, underscoring the 

shared molecular underpinning of atrio-ventricular and ventricular conduction.  In 
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spite of this, the effect of rs6795970 on QRS duration in our study was small and 

non-significant. SNP rs6795970 is in high LD (r2=0.93) with rs6801957 with both 

SNPs being localized within the SCN10A gene located immediately downstream of 

SCN5A on chromosome 3. SNP rs6801957 is located in a T-box transcription factor 

binding motif within an enhancer element and the PR- and QRS-prolonging minor 

allele of this SNP was recently shown to affect TBX3/TBX5 binding and T-box factor 

response of the enhancer [25]. These recent findings suggest that rs6801957 is the 

causal SNP and that this SNP may modulate SCN5A and / or SCN10A expression 

levels in human heart and thereby impact on conduction and arrhythmia risk. 

The common genetic variants identified to date as modulators of ECG indices in 

the general population all carry very small effect sizes and even when considered in 

aggregate, explain only a very small percentage of the variation in these indices. For 

instance, in a meta-analysis for identification of QTc-associating SNPs by Pfeufer 

and co-workers [15], SNPs at 10 different loci in aggregate explained only around 

3% of the variance in this trait. The effects of these common genetic variants on the 

STEMI ECG are small and insufficient to explain the differences found in STEMI 

ECGs of cases and controls. This underscores the need for further studies aimed at 

uncovering additional genetic variants, such as rare variants associated with larger 

effects, which would lead to a more-complete representation of the allelic architecture 

of these differences in STEMI ECGs.

Strengths and Limitations
In this study, we had the unique opportunity to study the effect of genetic variants, 

known to impact on ECG indices in the general population, on VF in a well-defined 

case-control set of patients with a first acute STEMI. Our study is rather unique 

in that the availability of STEMI ECGs and DNA from patients in whom STEMI 

is complicated by VF is very scarce due to the high mortality in these patients. On 

the other hand, as a consequence, our sample size is limited, which can result in 

insufficient statistical power. Furthermore, the STEMI ECGs used in this study were 

retrieved retrospectively and, therefore, the time between the onset of complaints and 

acquisition of the STEMI ECG varied among the study participants. Also since the 

ECGs were retrieved retrospectively, some were of insufficient quality for analysis, 

limiting the size of the sample available for analysis. The first recorded ECG that was 

acquired during STEMI and before reperfusion treatment was used for this analysis. 

Due to the nature of this complex and specific phenotype under investigation a resting 

ECG without STEMI prior to the index event is missing for most of the patients and 

the effects of SNPs on baseline ECGs from these patients could, therefore, not be 

tested. Our analysis did not account for effects which may arise from differences in 
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infarct size, intake of amiodarone or cardioversion. However, with respect to infarct 

size, additional adjustment for peak CKMB as a marker of infarct size, resulted in 

similar effect estimates but with larger confidence intervals, mainly related to the 

reduced sample size as peak CKMB was not available in all patients (Suppl. Table S1). 

Conclusion
In conclusion, ECG indices of conduction and repolarization differ between STEMI 

patients with VF and STEMI patients who do not develop VF. Although the effects of 

some SNPs on ECG parameters during an acute STEMI were similar in magnitude 

and direction as those found in the general population, the effects were too small 

to explain the differences in conduction and repolarization indices and to exert any 

marked impact on risk of VF. Nevertheless, rs6795970, located within the SCN10A 

gene, associated with longer PR interval in the general population and with longer 

PR interval and risk of VF during STEMI in our study, merits investigation in future 

larger studies.
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Supplementary Table

Suppl. table S1. Association analysis of SNPs with VF in AGNES cases versus AGNES 
controls with additional correction for peak CKMB levels.
*effect estimate is given per copy of the coded allele adjusted for age, sex, culprit artery and CKMB. † P values 
for interaction between SNPs and culprit artery on risk of VF

levels.	  

SNP GWAS 
End point 

Coded/Non 
Coded Allele 

GWAS 
Effect* 

Minor Allele 
(Frequency) 

Odds ratio [95% 
CI]* 

P 
value 

P value 
Interaction† 

Gene 

rs223116 RR A/G Dec A (0.24) 1.04 [0.79 – 1.36] 0.785 0.286 THTPA – NGDN – ZFHX2 
rs281868 RR G/A Dec A (0.49) 0.95 [0.76 – 1.19] 0.650 0.237 SLC35F1 
rs6795970 PR A/G Inc A (0.39) 0.81 [0.64 – 1.02] 0.078 0.696 SCN10A 
rs11708996 PR ≥ 200 

ms 

C/G Inc C (0.16) 1.26 [0.91 – 1.77] 0.169 0.118 SCN5A 
rs1886512 QRS A/T Dec A (0.37) 0.93 [0.74 – 1.18] 0.549 0.153 KLF12 
rs883079 QRS C/T Inc C (0.26) 1.02 [0.79 – 1.31] 0.900 0.836 TBX5 
rs17779747 QTc T/G Dec T (0.34) 1.15 [0.90 – 1.47] 0.263 0.644 KCNJ2 
rs8049607 QTc T/C Inc C (0.49) 0.97 [0.77 – 1.22] 0.780 0.941 LITAF 
	  


