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Supplementary Figure 1: quantile–quantile (QQ) plot for the GWAS of RHR in A) the UK Biobank and B) the IC-RHR 

 

 
Quantile–quantile (QQ) plot for the GWAS of RHR within A) the UK Biobank B) the 99 cohorts of the IC-RHR. The genomic intercept indicated a possibility of population stratification for the UK Biobank GWAS. 
However, the attenuation ratio statistic indicated polygenicity to be the main cause of the observed inflation of test statistics for the UK Biobank GWAS of RHR. The X-axis shows the expected distribution in –log10(P-
value). The Y-axis the observed distribution in –log10(P-value). The red line follows expected P-values from a theoretical χ2-distribution, whereas the black line follows the observed P-values in the current GWAS.



Supplementary Figure 2: Network plot of DEPICT gene set enrichment analyses way.  

 
Pathway analysis identified 1.471 significantly enriched gene-sets relevant for resting heart rate. Enriched genesets were further clustered on 
the basis of the correlation between scores for all genes using an Affinity Propagation method as provided by DEPICT. The 155 meta-gene 
set clusters are shown. Each cluster was named according to  the  name  of  the  most central gene  set as identified using the Affinity 
Propagation method. Identified meta-clusters were compared to the clusters found in the study of Eppinga et al. and were determined to be 
new if not a single cluster within the meta-cluster had been identified before. A red border around the node indicates a newly discovered 
meta-geneset, a black border a previously discovered geneset. P-value is provided in a single hue blue scale, the strength of the correlation 
is provided by the color and width of the edges.    



Supplementary Figure 3: ECG-wide heatmap and single cell gene expression dotplot of RHR 
associated SNPs. 

 

The ECGenetics browser was used to gain insights in the electrophysiological effect of the RHR SNPs and were tested for their association 
with  non-normalized (left panel) and normalized ECG association patterns (middle panel). All SNPs associated with at least one point on 
the ECG at a Bonferonni-corrected P-value of 0.05/493/1000 = 1 × 10-7 are shown. Effects were aligned to the most positively associated 
allele across all time points, in which red indicates a positive effect, blue a negative effect and yellow indicating no effect. Single nucleus 
RNA data from the study of Tucker et al. was queried for all identified genes to gain insights in transcriptional and cellular diversity of RHR 
gene expression. The right panel shows a dotplot detailing information of single cell gene expression for the most likely candidate gene, with 
the dot size detailing the percentage of cells which showed expression for the gene and the blue hue the mean scaled expression.    



Supplementary Figure 4: ECG-wide Mendelian randomization analyses of RHR associated SNPs

 
The ECG genetics browser was used to gain insights in the total effect of the 493 RHR variants on ECG morphology. An ECG-wide MR approach (inverse variance weighted fixed-effects model) was used and this 
figure shows the results on the non-normalized (panel A) and normalized association pattern (panel B). The X-axis shows the time in ms, the Y-axis the signed -log10(P-values). The dotted black lines are the average 
ECG amplitude of the full cohort as analyzed in the study by Verweij et al. The red lines the P-value for association with each time point of the ECG (n=500 timepoints) on a log10 scale, signed to show direction of 
association. Supporting data is provided in Supplementary Data 12. 

.



Supplementary Figure 5: Forestplot of the results of the association between the genetic risk score of 
RHR and all-cause mortality across different sets of SNPs, effect sizes, P value thresholds, populations 
and follow-up lengths.  

 
Genetic risk scores of resting heart rate were constructed using newly discovered variants within the full meta-analyses with the independent 
effect sizes of the IC-RHR (blue), the effect sizes of the UK Biobank (red) and using the previously discovered variants (green) at five P value 
thresholds (1 × 10-8, 5 × 10-8, 1 × 10-7, 1 × 10-6, 1 × 10-5). The darkness of the color represents the strictness of the inclusion P-value 
threshold, with lighter color meaning a more liberal threshold.   
The association with all-cause mortality was tested in different subsets of the UK Biobank (all individuals, ncases = 396,183, ncontrols = 
16,289; individuals which were in the UK Biobank interim release from May 2015 and included in the GWAS by Eppinga et al., ncases = 
113,102, ncontrols = 4,953; those that were not in the not UK Biobank interim release and therefore not  included in the GWAS by Eppinga et 
al. (ncases = 28,3081, ncontrols = 11,336). The results are shown in panel A). 
The analyses were re-performed using mortality data up until the date available in the study of Eppinga et al. (All individuals, ncases = 
405,373, ncontrols = 7,099; individuals which were in the UK Biobank interim release from May 2015, ncases = 115,956, ncontrols = 2,099); 
those that were not in the not UK Biobank interim release and therefore not  included in the GWAS by Eppinga et al. (ncases = 289,417, 
ncontrols = 5,000;. The results are shown in panel B). 
This figure shows that the discrepancy in the results between the current and our previous study is likely due to the MR-approach used (Two-
sample vs. One-sample, respectively). Using genetic variants associated with RHR in the current study and effect sizes from the IC-RHR 
(shown in blue), we did not find that a) liberating the P value threshold for inclusion of RHR variants to 1 × 10-5 (HR 1.017, 95% CI 0.993-
1.041, P=0.16), b) assessing the association in only individuals included in the UK Biobank interim release of May 2015 (HR 1.027, 95% CI 
0.976-1.082, P=0.30) or c) the combination of the previous two options (HR 1.025, 95% CI 0.982-1.069, P=0.25) contribute to the 
discrepancy of the results as we still did not find an association between genetically predicted RHR and all-cause mortality. Using genetic 
variants associated with RHR in our previous study, we find evidence for a significant association with all-cause mortality when loosening 
the P-value threshold for inclusion to P < 1 × 10-5 while assessing the association within the individuals which were included in the UK 
Biobank interim release and hence in the discovery GWAS (HR 1.171, 95% CI 1.064-1.121, P=6.91 × 10-6), while this was not true when 
testing the association in individuals not included in the UK Biobank interim release (HR 0.994, 95% CI 0.962-1.027, P=0.71). This makes it 
likely that the MR approach (One- vs Two-sample) rather than genetic variant selection is the reason for the discrepancy between the 
current and previous results describing the association between genetically predicted RHR and all-cause mortality. Scaling back the follow-
up length did not alter the results apart from broadening the confidence intervals. 
The Y-axes show hazard ratios and 95% confidence intervals. GV= genetic variant; IC-RHR = International cohorts for resting heart rate; 
UKB = UK Biobank; HR = hazard ratio; CI = confidence interval; IQR = inter-quartile range.  



Supplementary Figure 6: Scatterplots of the Mendelian randomization analyses between genetically 
predicted RHR and mortality and longevity within the UK Biobank. 

 



  





  







 
Scatter plots of the Mendelian randomization analyses between genetically predicted RHR and mortality and longevity within the UK 
Biobank. The variants’ effect size and standard error on RHR (obtained from the IC-RHR meta-analysis) are displayed on the X-axis, the 
variants’ effect size and standard error on (major causes of) of mortality or longevity on the Y-axis. The blue line is the regression line of the 
inverse variance weighted multiplicative random effects meta-analysis, the green line of the MR contamination mixture model, the red line of 
the MR-Egger analysis, the orange line of the MR Lasso method and the purple line of the weighted median method. SNP denotes single 
nucleotide polymorphism, MR denotes Mendelian randomization. 

  



Supplementary Figure 7: Scatterplots of the Mendelian randomization analyses between genetically 
predicted RHR and cardiovascular diseases within the UK Biobank.  

 



 
Scatter plots of the Mendelian randomization analyses between genetically predicted RHR and cardiovascular diseases within the UK 
Biobank. The variants’ effect size and standard error on RHR (obtained from the IC-RHR meta-analysis) are displayed on the X-axis, the 
variants’ effect size and standard error on (major causes of) of mortality or longevity on the Y-axis. The blue line is the regression line of the 
inverse variance weighted multiplicative random effects meta-analysis, the green line of the MR contamination mixture model, the red line of 
the MR-Egger analysis, the orange line of the MR Lasso method and the purple line of the weighted median method. SNP denotes single 
nucleotide polymorphism, MR denotes Mendelian randomization. 

  



Supplementary Figure 8: Dose-response curve of the non-linear Mendelian randomization analyses 
between genetically predicted RHR and cardiovascular diseases within the UK Biobank.  

 



 

The graphs represent the non-linear Mendelian randomization estimates. Shown are the dose-response curve between genetically predicted 
RHR and all-cause mortality and cardiovascular diseases in the UK Biobank study. The comparisons are conducted within strata and 
therefore the graph provides information on the expected average change in the outcome if a person with a RHR of (say) 70 bpm instead had 
a RHR value of 90 bpm. Consequences of the expected change in the outcome can only be made if the individuals with a RHR of 70 bpm are 
otherwise similar to those with a RHR of 90 bpm. The gradient at each point of the curve is the localized average causal effect. Shaded areas 
represent 95% confidence intervals.  

  



Supplementary Figure 9: Scatterplots of the Mendelian randomization analyses between genetically 
predicted RHR and cardiovascular diseases within the CARDIoGRAMplusC4D, AFGen or 
MEGASTROKE cohorts. 

   



 

  



 

Scatter plots of the Mendelian randomization analyses between genetically predicted RHR and cardiovascular diseases within the 
CARDIoGRAMplusC4D, AFGen or MEGASTROKE cohorts. The variants’ effect size and standard error on RHR (obtained from the UK 
Biobank GWAS) and are displayed on the X-axis, the variants’ effect size and standard error on (major causes of) of mortality or longevity 
on the Y-axis. The blue line is the regression line of the inverse variance weighted multiplicative random effects meta-analysis, the green line 
of the MR contamination mixture model, the red line of the MR-Egger analysis, the orange line of the MR Lasso method and the purple line 
of the weighted median method. SNP denotes single nucleotide polymorphism, MR denotes Mendelian randomization. 

  



Supplementary Figure 10: Scatterplots of the Mendelian randomization analyses between genetically 
predicted RHR and blood pressure phenotypes within the ICBP consortium. 
   

 
Scatter plots of the Mendelian randomization analyses between genetically predicted RHR and blood pressure phenotypes within the ICBP 
consortium, after subtraction of the effect sizes from individuals from the UK Biobank from the total ICBP effect sizes. The variants’ effect 
size and standard error on RHR (obtained from the UK Biobank GWAS) and are displayed on the X-axis, the variants’ effect size and 
standard error on blood pressure phenotypes on the Y-axis. The plots on the left display the results before MR-Steiger filtering, the plots on 
the right after MR steiger filtering. The discrepancy between the results before and after MR-Steiger filtering for systolic blood pressure and 
pulse pressure indicate that the association between the RHR associated genetic variants and pulse pressure is unlikely mediated through 
RHR entirely. The blue line is the regression line of the inverse variance weighted multiplicative random effects meta-analysis, the green line 
of the MR contamination mixture model, the red line of the MR-Egger analysis, the orange line of the MR Lasso method and the purple line 
of the weighted median method. SNP denotes single nucleotide polymorphism, MR denotes Mendelian randomization.  



Supplementary Table 1: Sensitivity analysis for the Two-sample Mendelian randomization analysis between RHR and dilated cardiomyopathy 
 

Method Nsnp Beta Se  P-value OR 95% CI 
min 

95% CI 
plus 

Noutcome 
 

Ncontrol 
 

Inverse variance weighted (fixed 
effects) 377 0.378 0.077 9.82 × 10-07 1.459 1.254 1.697 824 411648 
Inverse variance weighted 
(multiplicative random effects) 377 0.378 0.081 2.89 × 10-06 1.459 1.245 1.709 824 411648 
MR Egger 377 0.274 0.156 0.08 1.315 0.968 1.786 824 411648 
Weighted median 377 0.188 0.130 0.15 1.207 0.935 1.558 824 411648 
MR Lasso 377 0.389 0.079 7.55 × 10-07 1.475 1.265 1.721 824 411648 
MR contamination mixture model 377 0.549 0.158 4.98 × 10-04 1.731 1.271 2.357 824 411648 
 

We corrected for potential reversed causation through exclusion of 96 SNPs that showed  a minimal association (P<0.05) with Q-R upslope at −18ms of the R peak, which has been proven to be a biomarker for DCM. 
This corresponds to the “pval_241” column in the Non-RR interval corrected ECG associations (column IR) in Online Table 11. Similar to the main analysis, we found evidence for some balanced horizontal pleiotropy 
(I2 index = 8.66% (CI= 0.0-20.4); Cochran’s Q = 411.65, df = 367; P = 0.09), but not for unbalanced horizontal pleiotropy (Q-Q’ = 0.66, df = 1, P = 0.42; MR-Egger intercept 0.006 ± 0.006, P = 0.44). There was no 
evidence for weak instrument bias in the MR-Egger regression (I2

GX = 0.96). 
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