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 1. Additional details on the Discovery and Replication Cohorts 

Discovery Cohorts 

British Women’s Heart and Health Study (BWHHS): The BWHHS is a prospective cohort study 

of heart disease in British women, randomly selected from 23 British Towns who were aged 

60 to 79 years at their initial assessment (1999-2001).1 At baseline each woman completed a 

medical questionnaire, was interviewed, examined, provided a blood sample and a 12-lead 

ECG.1 Illumina HumanCVD genotype data are available on 3443 Caucasian women from the 

cohort. 

Genetic Regulation of Arterial Pressure of Humans in the Community (GRAPHIC) Study: The 

GRAPHIC Study comprises 2024 individuals from 520 nuclear families recruited from the 

general population in Leicestershire, UK between 2003-2005 for the purpose of investigating 

the genetic determinants of blood pressure and related cardiovascular traits.2 Families were 

included if both parents aged 40-60 years and two offspring ≥18 years wished to participate. 

A detailed medical history was obtained from study subjects by standardized questionnaires 

and clinical examination was performed by research nurses following standard procedures. 

Measurements obtained included height, weight, waist-hip ratio, clinic and ambulatory 

blood pressure and a 12-lead ECG.  

Whitehall II Study: The Whitehall II study recruited 10,308 participants (70% men) between 

1985 and 1989 from 20 London-based Civil service departments.3 Clinical measurements are 

taken every 5 years. Blood samples for DNA were collected in 2002–2004 from more than 

6000 participants. 12-lead ECG measurements and other phenotype information from phase 

7 (2002-2004) examinations were used in the calculation of the ECG-LVH indices 

investigated in this analysis.  

Replication cohorts 

British Regional Heart Study (BRHS): The British Regional Heart Study recruited 7735 men 

aged 40-59. Full details are reported elsewhere.4 Men were recruited from 24 medium sized 

British towns between 1978 and 1980. Twenty years later, when aged 60-79, participants 

were re-measured, including the application of 12-lead ECG, and provided a whole blood 

sample for DNA analysis.  

British Genetics of Hypertension (BRIGHT) Study: The MRC BRIGHT study comprises 

hypertensive probands ascertained from families with multiplex affected sibships or as 
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parent-offspring trios, recruited between 1996 and 2002. Case ascertainment and 

phenotyping has been described previously.5 Briefly, cases had BP readings ≥150/100 mmHg 

based on one reading or ≥145/95 mmHg based on the mean of three readings. ECGs were 

obtained at the time of recruitment and analysed in the same Glasgow Centre as all the 

discovery cohorts. Only single individuals from each family were genotyped and included in 

the analysis.  

Prevention of Renal and Vascular End stage Disease (PREVEND) Study: The PREVEND Study is 

a prospective investigation of the natural course of albuminuria, and its relationship to renal 

and cardiovascular disease, in a large cohort drawn from the general population in the 

Netherlands. Details of the study protocol are described elsewhere.6 In total, 8592 

subjects were included in the PREVEND baseline cohort (n=7768 with urinary albumin 

concentration of at least 10mg/L). After exclusion of non-Caucasians, non-available DNA, 

QRS duration more than 120ms or less than 50 ms, history of myocardial infarction, extreme 

QRS axis and missing phenotype or covariates, 7060 individuals were included in the present 

analysis. 

2. eQTL analysis in monocyte transcriptomes 

Analyses of eQTLs related to the 4 novel ECG-LVH loci were carried out in monocyte 

transcriptomes from 395 healthy blood donors (recruited from one Centre) and 363 patients 

with premature myocardial infarction (recruited from 4 centres) assembled by the 

Cardiogenics consortium (http://www.cardiogenics.eu). All subjects were of white European 

descent. RNA was extracted from monocytes isolated from whole blood with CD14 micro 

beads (AutoMacs Pro, Miltenyi). Genomic DNA was extracted from peripheral blood by 

standard procedures. Gene expression profiling was performed using Illumina Human Ref-8 

arrays (Illumina Inc., San Diego, CA) containing 24,516 probes. mRNA was amplified and 

labelled using the Illumina Total Prep RNA Amplification Kit (Ambion, Inc., Austin, TX). After 

hybridization, array images were scanned using the 7 Illumina BeadArray Reader and probe 

intensities were extracted using the Gene expression module of the Illumina Bead Studio 

software. Variance Stabilization Transformation (VST) was applied to the raw intensities and 

quantile normalization was performed in the R statistical environment using the Lumi and 

Beadarray packages. Whole-genome genotyping was carried out using either the Human 

Custom 1.2M or the Human Quad Custom 670 arrays from Illumina. The expression level of 
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all genes within 1 Mb of each lead SNP was first assessed. For those genes showing 

expression, expression was assigned to indicate whether expression was within the top 20%, 

the bottom 20% or between 20-80% of genes expressed to give an indication of the relative 

level of expression (high, low or medium, respectively) for that gene in monocytes. The 

associations of lead SNPs with transcript levels of expressed genes at individual loci was 

assessed using additive regression models adjusted for age, gender and centre status using 

Stata 11 software (http://www.stata.com/) . Proxy SNPs (r2>0.9) were used (if available) 

where the lead SNP was not present on the genotyping platform. Not all genes were 

represented on the expression platform. Where a lead SNP showed a significant association 

with expression, the region was assessed for additional SNPs also showing an eQTL effect on 

the relevant gene. If another SNP was found showing a stronger association with expression 

while in weak linkage with the lead SNP (r2<0.5), a conditional analysis was carried out to 

determine if the association of the lead SNP with expression was independent of the other 

variant. The full findings from this analysis are shown in Supplementary Table 4. The 

principle findings are reported in the main paper. 

3. eQTL association in publicly-available datasets  

We used the Genevar 3.5.0 software (http://www.sanger.ac.uk/resources/ software/ 

genevar/) to query two publicly available eQTL datasets.7,8 The first dataset consists of gene 

expression assessed using the Illumina HumanHT-12 version 3 array in 156 Lymphoblastoid 

cell line (LCL) samples, 160 skin and 166 fat samples derived simultaneously from a subset of 

healthy female twins of the MuTHER resource.7 The same individuals were genotyped using 

the Illumina 1M-Duo and 1.2M-Duo arrays. The study design (Matched Co-Twin Analysis) 

permits immediate replication of eQTLs using co-twins.7 The second dataset consists of 75 

samples genotyped on Illumina 550K SNP array with gene expression measured for the 

same individuals in primary fibroblasts, LCLs and primary T cells samples using the Illumina 

WG-6 v3 expression array.8  

We looked for associations of the 4 replicated SNPs and/or their proxies (R2>0.9) with 

expression of genes up to 1Mb upstream or downstream of the SNP. Significant associations 

were identified using the default settings (permutation p-value < 1x10-03). The minor allele 

of rs2290893 was significantly association with higher RBMS2 expression in both fibroblast 

twin sets.7 Although this SNP was not present in the Dimas et al dataset,8 several of its 

http://www.stata.com/�
http://www.sanger.ac.uk/resources/%20software/%20genevar/�
http://www.sanger.ac.uk/resources/%20software/%20genevar/�
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proxies were significantly associated with RBMS2 expression in fibroblasts. No significant 

associations were found for these SNPs with other genes and no significant association were 

found for the other 3 replicated SNPs and/or their proxies.  

4. Additional details in the ECHOGEN Study.  

Association statistics for echo-LV mass were obtained from the meta-analysis described 

previously by Vasan et al.9 The discovery analysis for this study combined data from 5 

cohorts (Cardiovascular Health Study, Framingham Heart Study, Rotterdam Study, 

Multinational Monitoring of Trends and Determinants in Cardiovascular Disease study 

(MONICA-KORA), and Gutenberg Heart Study) with total sample size N=12,612. Subjects 

underwent routine trans-thoracic echocardiography, and methodology for measurement of 

LV dimensions, and calculation of LV mass, are given in detail in Supplementary Ref 9. 

Within cohort association analyses regressed LV mass on to additively coded (expected) 

genotype dose, with age, sex, height and weight as covariates, using linear regression (with 

random effects to account for relatedness where necessary). Results were combined across 

cohorts using an inverse variance weighted meta-analysis. 

5. Estimated power for replication 

Power of the replication sample was calculated using the Russ Lenth online power calculator 

for linear regression (http://www.stat.uiowa.edu/~rlenth/Power) with the standard 

deviation of the model error taken from GRAPHIC using founders only, a significance 

threshold of 4.17x10-3 and a replication sample size of 11,777. Initially power was 

calculated at over 95% to detect the betas observed in the discovery cohort analysis. These 

estimates did not account for the winner’s curse. 

 In order to formally assess the potential bias introduced by any Winner’s Curse, further 

power calculations were estimated based on an adjusted discovery beta, corrected as 

described by Zhong and Prentice10. This method calculates the expected effect estimate 

given the error variance, effect size, and p-value threshold used for SNP selection for 

replication. The detectable beta used in the power calculation is taken as a weighted 

average of the corrected estimator and the uncorrected estimator. Power was then 

calculated using Russ Lenth as before. 
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9. Supplementary Tables and Figures 

Supplementary Table 1: Pearson correlation coefficients for traits and covariates. 

   Cornell 
Product 

Sokolow-
Lyon 

QRS Voltage 
Sum 

QRS Voltage 
Product 

Cornell 
Product 

BWHHS 
1.000 

   
GRAPHIC    
WHII    

Sokolow-
Lyon 

BWHHS -0.0139 
1.000 

  
GRAPHIC -0.0588   
WHII -0.0265   

QRS 
Voltage 
Sum  

BWHHS 0.3917 0.614 
1.000 

 
GRAPHIC 0.1199 0.7499  
WHII 0.330 0.684  

QRS 
Voltage 
Product 

BWHHS 0.6138 0.429 0.8434 
1.000 GRAPHIC 0.2121 0.6425 0.9269 

WHII 0.444 0.500 0.880 

Sex 
BWHHS - - - - 
GRAPHIC 0.0626 -0.2232 -0.4614 -0.5212 
WHII 0.121 -0.149 -0.321 -0.3423 

Age 
BWHHS 0.1276 0.0077 0.1196 0.1561 
GRAPHIC 0.0539 -0.2964 -0.3974 -0.3249 
WHII 0.149 -0.0154 0.0117 0.0385 

BMI 
BWHHS 0.1994 -0.167 -0.0832 -0.0035 
GRAPHIC 0.0703 -0.2265 -0.2299 -0.1602 
WHII 0.203 -0.289 -0.154 -0.0919 

Systolic BP 
BWHHS 0.2483 0.1797 0.2781 0.2894 
GRAPHIC 0.1433 0.1590 -0.2178 0.2444 
WHII 0.298 0.0767 0.179 0.187 
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Supplementary Table 2: Heritability of ECG indices of Left Ventricular Hypertrophy in the GRAPHIC 
Study  

 

Trait 
Adjusting for Age, Age2, Sex,  

 

Adjusting for further 
covariates† 

Heritability (SE) P-Value 
 

Heritability (SE) P-Value 

Sokolow-Lyon Index 0.3980 (0.0462) 1.28E-18 
 

0.3880 (0.0482) 8.75E-17 

QRS Voltage Product 0.3236 (0.0459) 8.93E-14 
 

0.3179 (0.0485) 3.38E-12 

QRS Voltage Sum 0.4356 (0.0446) 1.18E-23 
 

0.4455 (0.0470) 2.06E-22 

Cornell Product 0.4013 (0.0452) 9.73E-20 
 

0.3866 (0.0476) 5.73E-17 

Heritability calculated using SOLAR in 1,799-1,881 subjects dependent upon trait. †Further 
adjustments made for SBP,  DBP, BMI, HDL, LDL, total cholesterol, triglycerides, history of 
hypertension, history of diabetes, waist-girth, waist-hip ratio, ever-smoked, plasma sodium, plasma 
blood potassium, CRP and eGFR. 
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Supplementary Table 3: Quality filters and SNP exclusion criteria 

Number of SNPs excluded in the three discovery cohorts prior to meta-analysis based on specific 
quality filters. 

 

 

Exclusion criteria BWHHS GRAPHIC WHII 

No. of SNPs with missingness >5% 4 0 821 

No. of SNPs with MAF<1% 11,737 12,583 12,494 

No. of SNPs with HWE p<0.0001 124 130 171 

Other 2908 484 636 

No. of SNPs entering analysis 34,321 35,897 34,972 
 

MAF = minor allele frequency; HWE = Hardy-Weinberg equilibrium (p-value estimated for controls/founders 
only).; Other = SNPs that had model convergence errors during the analysis process. 
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Supplementary Table 4: Expression QTL (eQTL) analysis in monocytes for the 4 ECG-LVH associated loci. 
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Supplementary Table 5: Percentage of total variance explained by each of the four novel ECG-LVH loci in each study 
individually and combined*  

 
SNP Gene Locus Trait BWHHS GRAPHIC WHII Combined 

rs6797133 SCN5A Cornell Product 0.12 0.08 0.25 0.12 (0.02-0.30) 

rs2290893 PTGES3 QRS Voltage Sum 0.26 0.46 0.06 0.28 (0.09 - 0.06) 

rs2292462 NMB QRS Voltage Sum 0.11 0.17 0.34 0.17 (0.05 - 0.38) 

rs4966014 IGF1R QRS Voltage Sum 0.28 0.01 0.11 0.09 (0.001 - 0.33) 

*Combined variance calculated from a meta-analysis of the regression correlation coefficients and shown with 95% 

confidence intervals. 
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Supplementary Table 6: Association analysis of the four ECG-LVH associated loci with echo-determined LV mass  

The echo LV mass–SNP associations were analysed in silico in the EchoGen Consortium GWAS meta-analysis of 

echocardiographically determined LV mass by Vasan et al.9 

SNP Gene Chr Position 
Coded 
Allele 

Non-Coded 
Allele 

Meta 
Beta 

Meta 
SE 

Meta 
 p-value 

Mean 
MAF 

rs2290893 PTGES3 12 55364887 A G -0.0774 0.4574 0.8656 0.3609 
rs2292462 NMB 15 83001758 G T -0.3252 0.4482 0.4681 0.4570 
rs4966014 IGF1R 15 97065541 C T 0.1816 0.5375 0.7355 0.3193 
rs6797133 SCN5A 3 38631037 A G 0.1697 0.4526 0.7077 0.3924 
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Supplementary Table 7: Association analysis of candidate renin-angiotensinogen system polymorphisms with ECG-LVH traits 

  

SNP A1 A2 Gene (Polymorphism) Index of  Left Ventricular 
Hypertrophy 

Discovery Beta (SE) Discovery P-value 

rs5186 C A AGTR1 (A1166C) Cornell Product -1.64 (0.86) 0.058 

    
QRS Voltage Sum -13.6 (46.2) 0.77 

    
QRS volatge Product -3.58 (5.73) 0.53 

        Sokolow-Lyon -4.81 (9.56) 0.61 
rs699 C G AGT (M235T) Cornell Product 0.25 (0.79) 0.75 

    
QRS Voltage Sum 46.2 (43.5) 0.29 

    
QRS volatge Product 13.0 (5.36) 0.016 

        Sokolow-Lyon 7.89 (8.99) 0.38 
rs1799998 C T CYP11B2 (-344 C/T) Cornell Product -0.0052 (0.81) 0.99 

    
QRS Voltage Sum 48.1 (82.6) 0.56 

    
QRS volatge Product 4.16 (10.8) 0.70 

        Sokolow-Lyon -5.92 (12.4) 0.63 

rs4343 A G ACE (G2350A, I/D) Cornell Product -0.27 (0.80) 0.74 

    QRS Voltage Sum 34.7 (43.1) 0.42 
    QRS volatge Product 1.83 (5.30) 0.36 
        Sokolow-Lyon 6.68 (8.86) 0.45 
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Supplementary Table 8:  Association of variants in LVH candidate genes with ECG-LVH traits. 

We identified genes that are either annotated with the gene ontology term cardiac muscle hypertrophy (GO:0003300) or with the OMIM term hereditary ventricular 
hypertrophy (MIM: 192600). Additional genes implicated in LVH were also identified through literature search. Relevant references are included below the Table.  The table 
shows the discovery meta-analysis summary statistics for SNPs in candidate genes. Only the most significant association with any one of the indices of left ventricular 
hypertrophy are shown for each gene. 

Biological 
Process 

SNP CHR BP A1 A2  Gene Ref SNPs 
on 

50K 
array 

Index of  Left 
Ventricular 

Hypertrophy 

Discovery Beta (95% CI) Discovery 
P-value 

Calcium 
Homeostasis 

rs2746073 1 191045850 A T RGS2 GO:0003300 2 Cornell Product -2.03  ( -3.78 , -0.28 ) 0.0229 

rs7554607 1 235333226 G A RYR2 Yamaguchi et al  247 QRS Voltage Sum 137.3  ( 57.03 , 217.5 ) 0.000799 

rs3752581 6 118976423 G A PLN Shanmugam et al  3 Sokolow-Lyon -15.19  ( -32.3 , 1.92 ) 0.0818 

rs10849860 12 120152637 G A P2RX4 GO:0003300 5 Cornell Product -1.93  ( -3.97 , 0.11 ) 0.0632 

Hemodynamic 
load 

rs2493129 1 228907565 A G AGT Kaufman et al  88 Cornell Product -5.62  ( -10.37 , -0.86 ) 0.0206 

rs12721272 3 149929654 A G AGTR1 Kaufman et al  47 QRS Voltage Sum 293.5  ( 31.68 , 555.3 ) 0.028 

rs4714384 6 12405839 G A EDN1 GO:0003300 27 QRS Voltage Product -11.93  ( -22.6 , -1.25 ) 0.0286 

rs2853796 7 150334848 C A NOS3 Xin et al  24 QRS Voltage Product -13.97  ( -24.05 , -3.9 ) 0.00656 

rs4917675 10 115789467 G A ADRB1 Fu et al  12 QRS Voltage Product 12.13  ( 0.65 , 23.61 ) 0.0384 

rs4354 17 58925184 A G ACE Kaufman et al  43 QRS Voltage Product -39.16  ( -72.32 , -6.01 ) 0.0206 

rs4646124 23 15526717 A G ACE2 Lieb et al  18 Cornell Product -2.27  ( -4.25 , -0.29 ) 0.0244 

Structural 
Proteins 

rs868407 1 199607964 G A TNNT2 OMIM: 192600 12 Sokolow-Lyon 17.25  ( -1.48 , 35.99 ) 0.071 

rs936175 3 46879712 A C MYL3 OMIM: 192600 8 QRS Voltage Product 11.54  ( -3.89 , 26.98 ) 0.143 

rs10865971 3 52456446 G A TNNC1 OMIM: 192600 3 QRS Voltage Product 13.91  ( -0.66 , 28.47 ) 0.0613 

rs3729989 11 47326617 G A MYBPC3 OMIM: 192600 9 Cornell Product 3.6  ( 1.32 , 5.88 ) 0.00197 

rs7931539 11 107091031 G A SLN Shanmugam et al  5 QRS Voltage Product -11.6  ( -23.91 , 0.7 ) 0.0646 

rs3729823 14 22956249 G C MYH7 OMIM: 192600 1 QRS Voltage Product -7.88  ( -69.15 , 53.38 ) 0.801 

rs893132 15 32877352 G A ACTC1 OMIM: 192600 13 QRS Voltage Product -16.11  ( -26.19 , -6.03 ) 0.00173 

rs17752921 15 61130684 G A TPM1 OMIM: 192600 10 Cornell Product -2.99  ( -5.51 , -0.47 ) 0.0202 

rs3729709 19 60359618 G A TNNI3 OMIM: 192600 6 Cornell Product -4.27  ( -7.16 , -1.38 ) 0.00374 
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Other rs12032720 1 153541584 G C FDPS GO:0003300 3 Cornell Product 1.45  ( -0.32 , 3.22 ) 0.108 

 rs3817368 2 68951366 C A BMP10 GO:0003300 3 Cornell Product -1.02  ( -2.6 , 0.55 ) 0.202 

 rs4973377 2 231690236 A G HTR2B GO:0003300 10 Cornell Product 2.26  ( 0.17 , 4.35 ) 0.0344 

 rs3791596 2 239796293 G C HDAC4 GO:0003300 77 QRS Voltage Product 19.63  ( 4.52 , 34.74 ) 0.0109 

 rs7647790 3 8747089 A G CAV3 GO:0003300 22 QRS Voltage Sum 330.4  ( 30.56 , 630.3 ) 0.0308 

 rs34417936 5 55283892 A G IL6ST GO:0003300 20 QRS Voltage Sum 285.4  ( 28.7 , 542 ) 0.0293 

 rs11771414 7 151073786 A G PRKAG2 OMIM: 192600 118 QRS Voltage Product -16.25  ( -26.3 , -6.2 ) 0.00153 

  rs2061821 15 83923658 A G AKAP13 GO:0003300 12 Cornell Product 1.85  ( 0.25 , 3.45 ) 0.0233 
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Supplementary Figure 1: ECG-LVH Trait Distributions in the Discovery Cohorts. 
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B) GRAPHIC Trait Distributions 
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C) Whitehall II Trait Distributions 
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Supplementary Figure 2: QQ plots showing genomic control by study per trait 
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Supplementary Figure 3: Forest plots for SNPs that did not show association, after Bonferroni correction, in the replication samples. Plots show beta coefficients with 95% 
confidence intervals and p-values in each individual cohort as well as the meta-analysis of the discovery and replication cohorts. 
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