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Background: Observational studies have shown that heart rate (HR), heart rate variability (HRV), P-wave
terminal force, P-wave duration, T-wave amplitude and PR interval are associated with risk factors for atrial
fibrillation (AF) or bradycardia. Arrhythmias are associated with many causes of hospitalization. However,
observational studies are susceptible to confounding factors that have not yet been identified. The objective
of this study was to clarify the causal relationships by Mendelian randomization analysis.

Methods: We conducted a two-sample and multivariate Mendelian randomization (MVMR) analysis using
genome-wide association study (GWAS) data from a European population to assess the total and direct causal
effects of HR, three HRV traits, P-wave terminal force, P-wave duration, T-wave top amplitude in five-lead
modes, and the PR interval on the risk of AF (N=191,205), bradycardia (N=463,010), and supraventricular
tachycardia (SVT) (N=463,010).

Results: The results of the univariate MR analysis revealed the following significant causal effects: the
higher the genetically predicted PR interval, the lower the risk of AF; the higher the HR and T-wave top
amplitude (aVR leads and V3 + V4 + aVL leads), the lower the risk of bradycardia; and the higher HR and
the lower PR interval, the higher the risk of SVT. The multivariate MR results indicated that the HRV_
standard deviation of the normal-to-normal (SDNN) interval had an independent causal effect on the risk
of AF [odds ratio (OR): 0.515; 95% confidence interval (CI): 0.278-0.954; P=0.03], and the T-wave top
amplitude in the aVR leads (OR: 0.998; 95% CI: 0.996-0.999; P<0.001) and the HRV_SDNN (OR: 0.988;
95% CI: 0.976-1.000; P=0.045) had independent causal effects on the risk of bradycardia.

Conclusions: The HRV_SDNN had an independent causal effect on AF, while the HRV_SDNN and
T-wave top amplitude in the aVR leads had independent causal effects on bradycardia, which suggests that

some of the electrocardiographic parameters have preventive effects on the incidence of AF and bradycardia.

Keywords: Mendelian randomization (MR); atrial fibrillation (AF); supraventricular tachycardia (SVT);
bradycardia
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Introduction

Arrhythmia is a common reason for hospitalization. As
life expectancy increases, the prevalence of arrhythmias
continues to increase, and arrhythmias have become a
leading cause of death (1,2). Atrial fibrillation (AF) and atrial
flutter are not only the most common types of arrhythmia
but are also risk factors for a variety of cardiovascular
diseases (e.g., ischemic stroke and heart failure) (3). AF is
associated with increasing morbidity and mortality, and thus
represents a growing public health concern and economic
burden (4-7). Bradycardia is a common arrhythmia or an
abnormal heart rate (HR), for which a large number of
pacemakers are implanted each year (8,9). Bradycardia is a
concomitant symptom of certain diseases (e.g., severe acute
respiratory syndrome coronavirus 2 infection, epilepsy, and
multiple myeloma) (10-13) and may even lead to increased
mortality in these patients (11,14). Another common type
of arrhythmia is supraventricular tachycardia (SVT), which

Highlight box

Key findings

e Heart rate variability-standard deviation of the normal-to-normal
(HRV_SDNN) and atrial fibrillation (AF) have an independent
causal effect, the T-wave top amplitude in the aVR leads had
independent causal effects on the risk of bradycardia.

What is known and what is new?

® Observational studies have been conducted to correlate changes
in electrocardiogram (ECG) parameters with the occurrence of
arrhythmias, but the results are inconsistent and susceptible to
confounding factors.

* Newly reported evidence for an independent causal effect of HRV_
SDNN and AF, as well as T-wave top amplitude in aVR leads
and HRV_SDNN had independent causal effects on the risk of
bradycardia.

What is the implication, and what should change now?

e This manuscript provides evidence of the causal relationship
between some ECG parameters and arrhythmias, which will
give a cost-effective early identification method for predicting or
screening the occurrence of arrhythmias.

* A clear causal relationship would correlate the mechanism
of arrhythmogenesis with the electrophysiological activity
represented by ECG-related parameters, which would advance the
understanding of arrhythmias.
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can be divided into several different subtypes according
to the different mechanisms and can lead to obvious
discomfort, pain, and a higher hospital admission rate (15).
SVT is the most common form of tachycardia in infants (16),
and the prevalence of SVT is also higher in older
populations (it is more than five times more common in
people aged >65 years than younger people) and in children.
The true prevalence of SVT in children is unknown, but it
is estimated that 1 in 250-1,000 children has SVT (17,18).

The electrocardiogram (ECG) describes the electrical
activity of the heart at a macroscopic level and is the
objective basis for the diagnosis of cardiac arrhythmias (19).
Prediction for arrhythmias is crucial for early intervention
and hence management of arrhythmias. A study has placed
high hopes on ECG for arrhythmia prediction (20).
Previous observational studies suggest that HR, heart rate
variability (HRV), P-wave terminal force, P-wave duration,
and the PR interval are all associated with an increased risk
of AF (21-30). In addition, increased T-wave amplitude is
associated with the risk of AF (31), and an increased PR
interval is associated with the risk of atrial flutter (32).
T-wave amplitude is associated with the risk of coronary
heart disease and myocardial infarction, which may lead
to bradycardia (33). However, observational studies are
susceptible to confounding factors, such as age, gender, race
(23-26), physical activity, and health status, which are risk
factors for some HR abnormalities and have a large impact
on ECG parameters. If a causal relationship between ECG
parameters and arrhythmias can be clarified, it could help
clinicians to refine the mechanism of arrhythmogenesis and
predict or screen for the occurrence of arrhythmias using a
cost-effective, early-identification method.

Mendelian randomization (MR) relies on the natural
random assignment of genetic variants in the population
during meiosis. These genetic variants are generally
unaffected by confounding factors and reverse causality,
thus enabling a more reliable assessment of the exposure-
outcome causal associations (34). The present study
adopted a two-sample MR method to assess the causal
effect of different ECG parameters on several common
arrhythmias using the latest genome-wide association
study (GWAS) summary data. A multivariate Mendelian
randomization (MVMR) analysis was also conducted to
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assess the independent causal relationship between the
ECG parameters and arrhythmias. We present this article in
accordance with the STROBE-MR reporting checklist (35)
(available at https://jtd.amegroups.com/article/
view/10.21037/jtd-24-814/rc).

Methods
Study design

To explore the genetic association between the eight
ECG-related parameters (exposure) and the risk of AF,
bradycardia, and SVT, a two-sample MR analysis was
conducted using the GWAS data. In the MR analysis,
genetic variants were treated as instrumental variables (IVs)
for exposure based on the three following assumptions: (I)
relevance: genetic IVs are significantly associated with the
eight ECG parameters; (II) independence: genetic IVs are
not related to potential confounding factors that may affect
the eight ECG parameters and AF, bradycardia, and SVT;
(IIT) exclusion restriction: genetic IVs do not directly affect
AF, bradycardia, and SV'T; and only affect them through the
8 ECG-related parameters. The whole process is shown in
Figure 1. The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013).

Data source

Publicly available GWAS databases, including the GRASP
= HuGeAMP database, were searched to obtain eligible
data sets of the eight ECG parameters and AF, bradycardia,
and SV'T.

Summary-level data on the ECG-related parameters

The summary-level ECG data were derived from several
large-scale GWAS meta-analyses covering the eight ECG-
related parameters based on European populations. The
eight ECG parameters were the resting HR [max N=85,787
(European)] (36), three HRV traits {i.e., the root mean
square of successive differences (RMSSD) [max N=26,785
(European)], the peak-valley respiratory sinus arrhythmia
or high frequency power (pvRSA/HF) [max N=24,342
(European)], and the standard deviation of the normal-to-
normal interval (SDNN) [max N=28,112 (European)]} 37),
PR interval [N=271,570 (European)] (38), P-wave duration
[N=37,678 (European) + 6,778 (African)], P-wave terminal
force [N=33,955 (European) + 6,778 (African)] (39), and
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T-wave top amplitude [max N=37,977 (European)] in five-
lead modes (septal: ECG lead V1 + V2; lateral: ECG lead I +
aVL + V5 + V6, inferior: ECG lead II + IIT + aVF; anterior:
ECG lead V3 + V4 + aVL; avr: ECG lead aVR) (40).
For further details, see Table 1.

Summary-level data on HR abnormalities

Data related to AF and atrial flutter were obtained from the
FinnGen consortium (R8, accessed on May 9, 2023, https://
www.finngen.fi/en). The data set comprised 34,748 cases
and 156,457 controls. The bradycardia and SVT data sets,
comprising 1,254 cases and 461,756 controls for bradycardia
and 1,306 cases and 461,704 controls for SVT, respectively,
were both derived from the IEU GWAS database (https://
gwas.mrcieu.ac.uk/) (41-43). All the GWAS summary data

on outcomes were based on European populations (7able 1).

Statistics

Extraction of IVs

Single-nucleotide polymorphisms (SNPs) in exposure and
outcome were searched in the GWAS database according
to the above assumptions. SNPs that satisfied the GWAS
significance (P<5x10™) or threshold of P<1x10~ (44)
(when the number of SNPs used for the MR analysis was
too few) in the exposure-GWAS were extracted as I'Vs to
ensure that the genetic variants were significantly correlated
with exposure. Only independent SNPs not in linkage
disequilibrium (LD, r’<0.01 within a 5,000-kb window)
were retained. The remaining SNPs were then used to
extract relevant information from the outcome-GWAS
before coordinating the summary statistics so that the effect
of the SNPs on the outcome and exposure was relative to
the same allele, and the palindromic SNPs were excluded
from the MR analysis [Supplementary file (Appendix 1) and
Table S1].

Univariate MR analysis

The MR analysis was conducted following the above three
assumptions. The inverse-variance weighted (IVW) (45)
method was used as the primary method. To ensure that
the three core assumptions were not breached, MR-Egger
regression (46,47), weighted median (48,49), and a causal
analysis using summary effect estimates (CAUSE) (50)
were performed as the sensitivity analyses. We further used
several visual plots, such as leave-one-out plots and funnel
plots, to detect possible significant outliers. MR-Egger
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Figure 1 Flow diagram of the Mendelian randomization design. GWAS, genome-wide association study; SNP, single-nucleotide
polymorphism; MR, Mendelian randomization; MVMR, multivariate mendelian randomization; het, heterogeneity; pleio, horizontal
pleiotropy; CAUSE, causal analysis using summary effect estimates; MR-PRESSO, Mendelian Randomization Pleiotropy RESidual Sum

and Outlier; MR-Radial, IVW radial regression and egger radial regression; IVW, inverse-variance weighted.

© Journal of Thoracic Disease. All rights reserved. 7 Thorac Dis 2024;16(7):4553-4566 | https://dx.doi.org/10.21037/jtd-24-814



Journal of Thoracic Disease, Vol 16, No 7 July 2024 4557
Table 1 Description of the GWAS data sources used in the Mendelian randomization study
Exposure/outcome Sample size Ancestry PMID/GWAS ID
HR 85,787 European 23583979
HRV_RMSSD 26,785 European 28613276
HRV_pvRSAHF 24,342 European 28613276
HRV_SDNN 28,112 European 28613276
PR interval 271,570 European 32439900
P-wave duration 37,678+6,778 European + African 28794112
P-wave terminal force 33,955+6,778 European + African 28794112
T-wave top amplitude 37,977 European 26962151
Atrial fibrillation and atrial flutter 34,748 cases and 156,457 controls European N/A
Bradycardia 1,254 cases and 461,756 controls European ukb-b-11664
Supraventricular tachycardia 1,306 cases and 461,704 controls European ukb-b-11748

GWAS, genome-wide association study; HR, heart rate (resting); HRV, heart rate variability; RMSSD, root mean square of successive
differences; pvRSAHF, peak-valley respiratory sinus arrhythmia or high frequency power; SDNN, standard deviation of the normal-to-

normal interval; N/A, not applicable.

follows the INstrument Strength Independent of Direct
Effect (InSIDE) assumption (46,47), the weighted median
approach assumes that valid IVs provide more than half
of the weight (48), and the weighted mode assumes that
multiple genetic variants are valid (49).

Heterogeneity was assessed by the Cochran Q
heterogeneity test and I’ statistics. A P value <0.05 or I’
value >50% implied significant heterogeneity, and outlier
SNPs were detected and excluded by the Mendelian
randomization pleiotropy residual sum and outlier (MR-
PRESSO) test. If the MR-PRESSO test failed to detect
outliers, then IVW radial regression and Egger radial
regression were used to further detect and exclude outlier
SNPs (51,52). Then, 25%<I’<50% implied moderate
heterogeneity, and the random-effects model was selected
for analysis.

The presence of horizontal pleiotropy would violate
the MR core assumptions, and the intercept test (P>0.05
indicates no pleiotropy) of MR-Egger regression was used to
assess horizontal pleiotropy. An MR-PRESSO analysis was
conducted to detect (the global test) and correct (the outlier
test) the abnormal SNPs that might lead to horizontal
pleiotropy and to evaluate significant differences in the
causal estimate before and after outlier removal (distortion
test) (51) [(available online: https://cdn.amegroups.cn/static/
public/jtd-24-814-1.xIsx) for details of all the tool variables
used for the MR analysis]. A CAUSE analysis was performed

© Journal of Thoracic Disease. All rights reserved.

to account for correlated and uncorrelated horizontal
pleiotropy, and a threshold of P<1x10™ was used to ensure
sufficient SNPs to assess the deleterious parameters.
When estimating the correlations between the summary
statistics due to sample overlap or population structure, all
the variants were used if the total number of SNPs in the
summary data set was less than 1,000,000 to avoid poor
estimates of the confounding parameters, and the remaining
steps were performed according to the default parameters in
the CAUSE package (50).

MVMR analysis

Phenotypes with positive results in the univariate MR
(P<0.05) analysis were used as exposures. An MVMR
analysis was performed after the detection and removal of
outlier SNPs by the MR-PRESSO analysis. The MVMR-
IVW method was used as the primary multivariate method,
and the associated sensitivity tests included the MVMR-
Egger, MVMR-Lasso, and MVMR-median tests. MVMR-
PRESSO and MVMR-Egger intercept tests were used to
identify potential horizontal pleiotropy.

When performing the MVMR analysis with bradycardia
as the endpoint, considering that T-wave top amplitude_
avr and T-wave top amplitude_anterior are different leads
of the same waveband that both essentially respond to
ventricular repolarization, the exposures were divided into

two groups for the MVMR analysis (HR, HRV_RMSSD,
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Outcome: Atrial fibrillation Outcome: Bradycardia Outcome: Supraventricular tachycardia

Exposure nSNP OR (95% Cl) nSNP OR (95% Cl) nSNP OR (95% Cl)

HR 12 = 0.9809 (0.9609 to 1.0013) 10 = 0.9996 (0.9995 to 0.9998) 10 = 1.0003 (1.0002 to 1.0005)
HRV pvRSAHF 4 e 1.1408 (0.9951 to 1.3078) 6 - 1.0011 (0.9992 to 1.0030) 4 — 0.9999 (0.9979 to 1.0020)
HRV_RMSSD 6 1.3090 (1.0447 to 1.6402) 18 = 1.0022 (1.0004 to 1.0041) 4 "7 0.9987(0.9948 to 1.0026)
HRV_SDNN 17 " >1.5182(1.1398 t0 2.0221) 10 — " >1.0038 (1.0003 to 1.0074) 10 —— T " >1.0016 (0.9984 to 1.0048)
PR 156 0.9937 (0.9905 to 0.9969) 102 1.0000 (1.0000 to 1.0001) 116 0.9999 (0.9999 to 1.0000)
Ptforce 22 1.0000 (1.0000 to 1.0001) 10 1.0000 (1.0000 to 1.0000) 10 1.0000 (1.0000 to 1.0000)
Pwave Duration 4 * 0.9940 (0.9760 to 1.0123) 4 4 0.9999 (0.9997 to 1.0001) 4 =i 0.9997 (0.9995 to 0.9999)
Twave_anterior 10 = 0.9718 (0.9331 to 1.0121) 7 =— 1.0015 (1.0003 to 1.0026) 7 —r 0.9997 (0.9983 to 1.0011)
Twave_avr 20 . 1.0761 (1.0125 to 1.1436) 45 e 0.9979 (0.9969 to 0.9989) 5 S 1.0001 (0.9991 to 1.0011)
Twave_inferior 16 —— 0.9644 (0.8854 to 1.0504) 7 o 1.0007 (0.9994 to 1.0019) 8 = 0.9996 (0.9985 to 1.0007)
Twave_lateral 14 - 0.9898 (0.9349 to 1.0478) 8 e 1.0005 (0.9995 to 1.0014) 4 — 0.9996 (0.9985 to 1.0007)
Twave_septal 9 S 0.8968 (0.7877 to 1.0210) 5 - 1.0006 (0.9991 to 1.0021) 6 = 1.0005 (0.9993 to 1.0018)

T T T T s I B
091 1214 18 0.997 1 1.003 1.006 0997 1 1.003
OR OR OR

Figure 2 Forest plot of the univariate Mendelian randomization results. The causal effects of the ECG-related parameters on arrhythmia

risk were expressed as the OR per unit. Error bars represent the 95% ClIs of the estimates. nSNP, the number of single-nucleotide
polymorphisms; HR, heart rate (resting); Twave, T-wave top amplitude; septal, ECG lead V1 + V2; lateral, ECG lead I + aVL + V5 + V6;
inferior, ECG lead II + III + aVF; anterior, ECG lead V3 + V4 + aVL; avr, ECG lead aVR; Ptforce, P-wave terminal force; Pwave duration,
P-wave duration; HRV, heart rate variability; RMSSD, root mean square of successive differences; pvRSAHE, peak-valley respiratory sinus

arrhythmia or high frequency power; SDNN, standard deviation of the normal-to-normal interval; PR, PR interval; OR, odds ratio; CI,

confidence interval.

HRV_SDNN, and T-wave top amplitude_avr or T-wave
top amplitude_anterior). If the Cochran Q of the MVMR-
IVW, the MVMR-Egger intercept test, and the MVMR-
PRESSO global test all indicated the existence of horizontal
pleiotropy or heterogeneity and the MVMR-PRESSO test
still failed to detect significant outliers by increasing the
number of simulation calculations, we supplemented the
MVMR-Lasso method to identify and eliminate abnormal
SNPs (53,54). MR-Lasso analysis is an analytical method
that identifies some genetic variants as valid IVs and then
evaluates causality by fitting the regularized regression
model with a standard IVW method with only valid genetic
variants (55).

The F-statistic for each SNP was calculated using the
following formula: F-statistic = beta’/se’ (56). Considering
the multiple tests, the significance threshold was set at
P<0.00139 (0=0.05/36, 12 exposures and three outcomes)
based on Bonferroni correction. Referring to previous
articles (44), we considered the results to be strongly
significant when P<0.00139 and the evidence to be
suggestive when 0.00139<P<0.05. Bonferroni correction
was not used in the MVMR analysis due to its mutually
adjusted nature (57).

Software

All the analyses were performed with R software (version
4.1.1), and the MR analyses were performed using
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the “TwoSampleMR”, “MendelianRandomization”,
“MRPRESSO”, “Radial MR”, and “CAUSE” packages.

Results
Univariate MR

The F-statistics for all the included SNPs were greater than
10, which avoided the influence of weak IVs in our study to
a certain extent (available online: https://cdn.amegroups.cn/
static/public/jtd-24-814-1.xlsx).

ECG-related parameters and AF

Evidence from the primary IVW MR method suggested
that the genetically predicted PR interval was negatively
associated with the development of AF [odds ratio
(OR): 0.994; 95% confidence interval (CI): 0.991-0.997;
P=9.8x107"]. The genetically determined HRV_SDNN,
HRV_RMSSD, and T-wave top amplitude_avr were
positively associated with the development of AF (HRV_
SDNN, OR: 1.518; 95% CI: 1.140-2.022; P=0.004;
HRV_RMSSD, OR: 1.309; 95% CI: 1.067-1.605;
P=0.01; T-wave top amplitude_avr, OR: 1.076, 95% CI:
1.012-1.144; P=0.02). The other genetically determined
ECG-related parameters were not causally associated with
the development of AF [Figure 2 and Supplementary file
(Appendix 1), Table S2].
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ECG-related parameters and bradycardia

Evidence from the major IVW MR method suggested
that the genetically determined T-wave top amplitude_avr,
and HR were negatively associated with the occurrence
of bradycardia (T-wave top amplitude_avr, OR: 0.998;
95% CI: 0.997-0.999; P<0.001; HR, OR: 1.000; 95% CI:
0.999-1.000; P<0.001). The evidence suggested that the
HRV_RMSSD, HRV_SDNN, and T-wave top amplitude_
anterior were positively associated with the occurrence
of bradycardia (HRV_RMSSD, OR: 1.002; 95% CI:
1.000-1.004; P=0.02; HRV_SDNN, OR: 1.004; 95% CI
1.000-1.007; P=0.03; T-wave top amplitude_anterior, OR:
1.001; 95% CI: 1.000-1.003; P=0.02), whereas the other
genetically determined ECG-related parameters were not
causally associated with the occurrence of bradycardia

[Figure 2 and Supplementary file (Appendix 1), Table S2].

ECG-related parameters and SVT
Evidence from the primary IVW MR approach suggested

a positive correlation between the genetically determined
HR and the occurrence of SVT (OR, 1.000; 95% CI:
1.000-1.001; P<0.001). The evidence suggested that
the PR interval and P-wave duration were negatively
associated with the occurrence of SVT (PR interval, OR:
1.000; 95% CI: 1.000-1.000; P=0.001; P-wave duration,
OR: 1.000; 95% CI: 1.000-1.000; P=0.007), whereas the
other genetically determined ECG-related parameters
were not causally related to the occurrence of bradycardia
[Figure 2 and Supplementary file (Appendix 1), Table S2].

Sensitivity analyses

The results of some sensitivity analyses suggested possible
heterogeneity [Supplementary file (Appendix 1), Table S2];
however, there was no evidence of horizontal pleiotropy and
heterogeneity (Egger-intercept test and heterogeneity test,
P>0.05) [Supplementary file (Appendix 1), Tables S3,54]. In
addition, the MR-PRESSO method and the leave-one-out
plot did not detect abnormal SNPs, and the funnel plot was
roughly symmetrical [Supplementary file (Appendix 2)].

The higher values of Eta and Q suggested that the results
were more influenced by the multiplicity of the correlation
levels (50,58). The CAUSE analysis results showed that
the causal model did not hold in estimating the causal
associations described above (all P>0.05) [Supplementary
file (Appendix 1), Table S5].
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MVMR

All exposures with positive results (P<0.05) in the univariate
MR were selected as exposures for the MVMR analysis.

ECG-related parameters and AF

After adjusting the T-wave top amplitude_avr, PR interval,
and HRV_RMSSD, we found that the HRV_SDNN had an
independent causal effect on the occurrence of AF (HRV_
SDNN, OR: 0.515; 95% CI: 0.278-0.954; P=0.03). In
addition, no outliers were detected by the MVMR-PRESSO
test, and no heterogeneity and pleiotropy were detected by
the MR-Egger intercept test and heterogeneity test (both
P>0.05) [Figure 2 and Supplementary file (Appendix 1),
Table S6].

ECG-related parameters and bradycardia

After adjusting the HR and HRV_RMSSD and eliminating
the outliers (rs11578508 and rs6127471), we found that
the T-wave top amplitude_avr and HRV_SDNN had
independent causal effects on the occurrence of bradycardia
(T-wave top amplitude_avr, OR: 0.998; 95% CI: 0.996—
0.999; P<0.001; HRV_SDNN, OR: 0.988; 95% CI:
0.976-1.000; P=0.045), while the HR and HRV_RMSSD
had no independent causal effects on the occurrence of
bradycardia. After adjusting for the T-wave top amplitude_
anterior and HR and eliminating the outliers (rs7633988
and rs6127471), we found that the HRV_SDNN and
HRV_RMSSD were independently causally related to the
occurrence of bradycardia (HRV_RMSSD, OR: 1.008;
95% CI: 1.000-1.016; P=0.04; HRV_SDNN, OR: 0.988;
95% CI: 0.977-1.000; P=0.04). All the other sensitivity
analysis results were generally consistent with those found
using the MVMR-IVW method. In addition, no outliers
were detected by the MVMR-PRESSO test, and no
heterogeneity or pleiotropy was detected by the MR-Egger
intercept test and heterogeneity test (both P>0.05) [Figure 3
and Supplementary file (Appendix 1), Table S6].

ECG-related parameters and SVT

Of the 116 SNPs significantly associated with the PR
interval in the univariate analysis, 39 SNPs were associated
with the HR only, 12 SNPs were associated with the P-wave
duration only, and 19 SNPs were associated with both the
HR and P-wave duration. Considering the overlap of some
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Outcome: Atrial fibrillation
Method Exposure nSNP P
MVMR-IVW HRV_RMSSD 98 0.053 —
MVMR-Egger HRV_RMSSD 98 0.04 —
MVMR-Lasso HRV_RMSSD 98 0.053 |
MVMR-Median HRV_RMSSD 98 0.01 —
MVMR-PRESSO ~ HRV_RMSSD 98 0.055 | n—
MVMR-IVW Twave_avr 98 0.82 +
MVMR-Egger Twave_avr 98 0.82 L
MVMR-Lasso Twave_avr 98 0.82 T
MVMR-Median Twave_avr 98 0.70 -
MVMR-PRESSO Twave_avr 98 0.82 b
MVMR-IVW PR 98 0.95 1
MVMR-Egger PR 98 0.96 .
MVMR-Lasso PR 98 0.95 1
MVMR-Median PR 98 0.81 ?
MVMR-PRESSO PR 98 0.95 *
MVMR-IVW HRV_SDNN 98 0.03
MVMR-Egger HRV_SDNN 98 0.04
MVMR-Lasso HRV_SDNN 98 0.03
MVMR-Median HRV_SDNN 98 0.002
MVMR-PRESSO HRV_SDNN 98 0.04
025 035 050 071 10 141 20 283
Causal effect
Outcome: Bradycardia
Method Exposure nSNP P
MVMR-IVW HR 32 0.25 t
MVMR-Egger HR 32 0.12 '
MVMR-Lasso HR 32 0.25 t
MVMR-Median HR 32 0.49 *
MVMR-PRESSO HR 32 0.26 t
MVMR-IVW HRV_RMSSD 32 0.06 —
MVMR-Egger HRV_RMSSD 32 0.08 —
MVMR-Lasso HRV_RMSSD 32 0.06 —
MVMR-Median HRV_RMSSD 32 0.10 —
MVMR-PRESSO HRV_RMSSD 32 0.07 —
MVMR-IVW HRV_SDNN 32 0.045
MVMR-Egger HRV_SDNN 32 0.06
MVMR-Lasso HRV_SDNN 32 0.045
MVMR-Median HRV_SDNN 32 0.19
MVMR-PRESSO HRV_SDNN 32 0.055
MVMR-IVW Twave_avr 32 <0.001 .
MVMR-Egger Twave_avr 32 0.005 -
MVMR-Lasso Twave_avr 32 <0.001 -
MVMR-Median Twave_avr 32 0.004 -
MVMR-PRESSO Twave_avr 32 0.001 -
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Outcome: Supraventricular tachycardia

Method Exposure nSNP P
MVMR-IVW HR 8 0.19 s
MVMR-Egger HR 8 0.48 X
MVMR-Lasso HR 8 0.19 L]
MVMR-Median HR 8 0.19
MVMR-PRESSO HR 8 0.24
MVMR-IVW Pwave duration 8 0.62 .
MVMR-Egger Pwave duration 8 0.18 .
MVMR-Lasso Pwave duration 8 0.62 L]
MVMR-Median Pwave duration 8 0.10
MVMR-PRESSO Pwave duration 8 0.63 [
0975 1 1.025
Causal effect
Outcome: Bradycardia
Method Exposure nSNP P
MVMR-IVW HR 35 0.08
MVMR-Egger HR 35 0.08
MVMR-Lasso HR 35 0.08
MVMR-Median HR 35 0.17
MVMR-PRESSO HR 35 0.09
MVMR-IVW HRV_RMSSD 35 0.04 —
MVMR-Egger HRV_RMSSD 35 0.048 —
MVMR-Lasso HRV_RMSSD 35 0.04 —
MVMR-Median HRV_RMSSD 35 0.07
MVMR-PRESSO HRV_RMSSD 35 0.049 —
MVMR-IVW HRV_SDNN 35 0.04
MVMR-Egger HRV_SDNN 35 0.045
MVMR-Lasso HRV_SDNN 35 0.04
MVMR-Median HRV_SDNN 35 0.07
MVMR-PRESSO HRV_SDNN 35 0.050
MVMR-IVW Twave_anterior 35 0.57 -
MVMR-Egger Twave_anterior 35 0.72 -
MVMR-Lasso Twave_anterior 35 0.57 -
MVMR-Median Twave_anterior 35 0.37 —
MVMR-PRESSO Twave_anterior 35 0.58 s

0975 1.025

1
Causal effect

0975 1 1.025
Causal effect

Figure 3 Forest plot of the multivariable Mendelian randomization results. The causal effects of the ECG-related parameters on arrhythmia

risk were expressed as the OR per unit. Error bars represent the 95% ClIs of the estimates. MVMR, multivariate mendelian randomization;

VW, inverse-variance weighted; HR, heart rate (resting); HRV, heart rate variability; RMSSD, root mean square of successive differences;

PR, PR interval; SDNN, standard deviation of the normal-to-normal interval; Twave, T-wave amplitude; avr, ECG lead aVR; anterior,
ECG lead V3 + V4 + aVL; Pwave duration, P-wave duration; nSNP, the number of single-nucleotide polymorphisms; OR, odds ratio; CI,

confidence interval.

SNPs caused by the inclusion of the P-wave duration in the
PR interval, an MVMR analysis was performed with the
HR and P-wave duration as exposures (59).

The results suggested that there was no independent
causal relationship between the HR or P-wave duration
and the occurrence of SVT. The results of the sensitivity
analyses were similar to those found using the IVW method.
No heterogeneity or horizontal pleiotropy were detected
by the heterogeneity and MR-Egger intercept tests, and
no outliers were detected by the MR-PRESSO analysis
(all P>0.05) [Figure 3 and Supplementary file (Appendix 1),
Table S6].

Discussion

Using a univariate MR analysis, we not only drew
conclusions consistent with those drawn by previous studies

© Journal of Thoracic Disease. All rights reserved.

on the causal relationship between the HRV_SDNN,
PR interval, and HRV_RMSSD and the occurrence of
AF, as well as the resting HR, PR interval, and P-wave
duration and the occurrence of SVT (26,60,61), we also
identified novel causal relationships between the T-wave
top amplitude (aVR leads) and the occurrence of AF, as well
as between the resting HR, HRV_SDNN, HRV_RMSSD,
and T-wave top amplitude (aVR leads and V3 + V4 + aVL

leads) and the occurrence of bradycardia.

Statistics

Unlike previous studies (26,60,61), the present study
employed a more rigorous MR-Radial approach to
minimize potential horizontal pleiotropy. However, this
may have resulted in the loss of a portion of potentially valid
SNPs. Furthermore, taking into account the interactions
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between the different ECG parameters, MVMR analyses
were conducted to explore the independent effects of
ECG parameters on heart rate abnormalities. Notably,
the MVMR analysis suggested that there was a causal
relationship between the HRV_SDNN and AF, as well
as the T-wave top amplitude in the aVR leads and HRV_
SDNN and the occurrence of bradycardia remained.

The results of the CAUSE analysis were found to be
inconsistent with the aforementioned results obtained via
IVW and other sensitivity methods. However, given the
relatively relaxed threshold (1x107) for extracting IVs
and the strictness of removing variants with ambiguous
alleles (G/C or A/T), we postulated that the CAUSE
analysis might remove SNPs that are strongly correlated
with exposure and used in other MR analyses, thereby
resulting in the loss of some information, particularly when
the number of SNPs used in other MR analyses is low.
CAUSE was employed to circumvent false alarms caused
by correlated horizontal pleiotropy. The results of the MR-
Egger intercept test, MR-PRESSO, and other methods
for detecting uncorrelated horizontal pleiotropy did not
reach statistical significance. Additionally, the effect size of
CAUSE for detecting correlated horizontal pleiotropy was
relatively small. Therefore, the disparate results observed
between CAUSE and IVW do not indicate that the positive
IVW result is a false alarm due to correlated horizontal
pleiotropy.

ECG-related parameters and AF

Nevertheless, in contrast to previous study (60), no causal
relationships were identified between alterations in HR
and the occurrence of AF. This may be because we did
not stratify the resting HR in the present study. We might
not have found a causal relationship between the total
resting HR and the occurrence of AF due to the U-shaped
association between the resting HR and the AF risk ratio
that has been reported in previous study (60).

The effect of the HRV_SDNN on the occurrence of AF
changed, and the significance of the causal relationships
between the T-wave top amplitude (aVR leads), HRV_
RMSSD, and PR interval and the occurrence of AF, as well
as those between the resting HR and P-wave duration and
the occurrence of SVT, was not observed in the multivariate
analysis results. This result was expected given the strong
correlation between the resting HR, HR variability index,
and ECG parameters; therefore, the effect of the HRV_
SDNN on the occurrence of AF changed after adjusting
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for other parameters, while the independent causal effect of
some parameters on AF or SV'T" was no longer significant.

ECG-related parameters and bradycardia

As more electrical activity is transmitted by parasympathetic
nerves than by sympathetic nerves, the resting HR in
humans is mainly determined by the parasympathetic
sector (62). Further, the changes in RMSSD also represent
parasympathetic activity (63). However, the multivariate
analysis results suggested that RMSSD and the resting HR
had no independent effect on the occurrence of bradycardia.
Even so, the positive results of the univariate MR analysis
of RMSSD and the resting HR, and the lower P value of
RMSSD in the two multivariate analyses suggested that the
acetylcholine (ACh) released from the vagus nerve may play
an important role in the occurrence of bradycardia.

The ACh released from the vagus nerve can stimulate
Guai/o-coupled muscarinic M2 receptors and affect
membrane excitability via the Gpy-mediated direct
activation of G protein-coupled inwardly rectifying
potassium (GIRK) channels (62). The decrease in HRV_
RMSSD implies a decrease in the phase change of cardiac
vagal activity, which suggests a diminished activation of the
GIRK channels. In addition, rs180238 and rs4262 (partial
SNPs used for the MVMR analysis) were found to be
significantly associated with a guanine nucleotide binding
protein (G protein, gamma 11) (GNGI1) in the expression
quantitative trait loci of the HRV SNPs (37), which encodes
the Go By heterotrimer of the gamma 11 subunit and
is expressed at high levels in the heart (64,65). Reduced
gamma-11 availability may reduce GPy component-induced
GIRK activation. Therefore, the exponential decrease in the
HRV_RMSSD may imply an attenuation in the activation
affecting GIRK channels. Meanwhile, studies have shown
that excessive vagal stimulation is dependent on increased
GIRK currents in mice and directly leads to atrioventricular
block (which often occurs with bradycardia) (66,67).

The SDNN represents sympathetic and parasympathetic
activity, but it is not clear whether changes in HRV are
related to sympathetic or vagal nerves (63). Research has
shown that knocking out the gene for a key factor (RGS4)
in the cardiac vagal pathway may result in unchanged
resting HR but bradycardia in mice after the administration
of M2 receptor-receptor agonists (68). The independent
causal relationship between the SDNN and bradycardia
after adjustment for RMSSD and HR may imply that
sympathetic nerves play an important role in genetically
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mediated bradycardia. Sympathetic nerves in the fight-
or-flight response can increase the HR by secreting
catecholamines that stimulate f-adrenergic receptors in
cardiomyocytes (69), but norepinephrine may have less of
an effect on the resting HR and does not reduce the release
of ACh in the human heart (70). However, in addition to
norepinephrine, sympathetic nerves also release different
levels of co-transmitters (e.g., adenosine triphosphate,
neuropeptide-Y, and galanin) depending on the level of
stimulation. Among these, galanin has been shown to reduce
vagally mediated bradycardia (71). Thus, lower sympathetic
activity may imply a reduction in co-transmitters, leading to
the weakened inhibition of bradycardia.

In the univariate analysis, the T-wave top amplitude (aVR
lead) was causally associated with the occurrence of AF and
bradycardia. A decrease in the T-wave top amplitude may
indicate an abnormal ventricular repolarization process,
possibly related to myocardial pathology and autonomic
disorders. Bradycardia and T-wave depression caused by
alterations in the autonomic nervous system have been
observed in athletes (72-74). The aVR lead is the only lead
in the body ECG that does not face the “typical” associated
wall of the left ventricle (75). A decrease in the T-wave top
amplitude detected by the aVR lead may indicate a lesion
of the right ventricular myocardium or a disruption of the
sympathetic-parasympathetic balance on the right side
of the heart, which may play a role in the pathogenesis
of AF (76). The different results between the T-wave top
amplitude_avr and T-wave top amplitude_anterior in the
multivariate analysis of bradycardia suggest that the change
in the top amplitude of the T-wave under the aVR leads is
more informative.

Limitations

This study had several limitations. First, due to the overlap
of SNPs in the GWAS, we did not analyze whether there
was an independent causal relationship between the PR
interval and the occurrence of SVT, which would require
a larger sample of GWAS data for a correlation analysis.
Second, referring to previous MR studies and clinical
trials (26,60,61,77-81), this study also unified AF with
atrial flutter as an outcome. Although atrial flutter is less
common and may occur over time in the same individual,
caution is needed in interpreting these results (82,83).
Third, a U-shaped relationship between some ECG-related

parameters and HR abnormalities has been observed in
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some observational studies; thus, further stratification
studies on ECG-related parameters need to be conducted.
Fourth, P-wave duration and P-wave terminal force were
included in the GWAS for ethnic groups other than
Europeans, which could affect the robustness of the MR
results. As the relevant GWAS research is mainly conducted
among participants of European descent, further research is
needed to assess the universality of our results among other
ethnic groups. Fifth, despite the relatively low power values
observed in our study, this does not affect our significant
results [Supplementary file (Appendix 1), Table S7]. Sixth,
as with the other two samples of Mendelian randomization,
our study is limited to an analysis of causality and does
not provide specific cutoff values. Further analysis would
require larger studies and individual-level data. Sixth,
the sample for the PR interval GWAS was partly from
the UK Biobank, and thus might overlap with the SVT
and bradycardia samples. Although the exact number of
overlapping samples could not be determined, we calculated
the sample overlap rate (60,543/463,010=0.13) according to
the maximum overlap and used a stronger IV (F-statistic:
29.9-1,224.3) to avoid large bias or type I error rates (84).
Nevertheless, the results of both sets of MR analyses should
be interpreted with caution.

Conclusions

The present study provides new evidence of independent
causal relationships between the HRV_SDNN and
occurrence of AF, as well as the aVR lead T-wave top
amplitude, and HRV_SDNN and the occurrence of
bradycardia. Given the limitations of this study, the results
should be interpreted with caution in the clinical context;
however, the results of this study may still provide some
reference for the prediction and prevention of arrhythmias
in the future.
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Supplementary

Appendix 1
Removal of abnormal instrumental varviables

Atrial fibrillation

When resting heart rate (HR) was used as the exposure, no duplicated single-nucleotide polymorphisms (SNPs), after the
outliers (rs1015451, rs11153730, rs17287293, rs4489968) were detected and removed by Mendelian randomization pleiotropy
residual sum and outlier (MR-PRESSO), a total of 12 SNPs were extracted as instrumental variables.

When heart rate variability_root mean square of successive differences (HRV_RMSSD) was used as the exposure, no
duplicated SNPs, after the outlier (rs10842383) was detected and removed by MR-PRESSO, a total of 6 SNPs were extracted
as instrumental variables.

When heart rate variability_peak-valley respiratory sinus arrhythmia or high frequency power (HRV_pvRSA/HF) was used
as the exposure, no duplicated SNPs, after the outlier (rs10842383) was detected and removed by MR-PRESSO, a total of 4
SNPs were extracted as instrumental variables.

When heart rate variability_ standard deviation of the normal-to-normal interval (HRV_SDNN) was used as the exposure,
the duplicated SNP (rs1384598) was removed, and after the outliers (rs10842383, rs11922153, rs2349556, rs2680344) were
detected and removed by MR-PRESSO, a total of 17 SNPs were extracted as instrumental variables.

When the PR interval was used as the exposure, the following duplicated SNPs were removed (rs10786206, rs12190287,
rs2395137, rs2540286, rs2912774, rs6084574, rs6496452, rs7660883).

Detection and removal of outliers were conducted by MR-PRESSO (rs10226357, rs1031262, rs10883908, rs11047497,
rs11067104, rs11191116, rs12869776, rs12889267, rs144789148, rs1692144, rs17287293, rs17446418, rs1769758, rs1997571,
12042995, 15214502, rs2403550, rs2629745, rs28709422, rs287606, rs2970854, rs3176326, rs36034102, rs3922843,
rs4245338, 154390169, rs4655001, rs55734480, rs56049025, rs59212267, rs60632610, rs62521284, rs6682872, rs6900627,
1rs72690486, rs763076, rs7645178, rs883079).

The outliers were removed by IVW radial regression (rs1037100, rs10516755, rs10784418, rs11153730, rs1124477,
rs116757907, rs11689011, rs1173743, rs117845584, rs1188285, rs12228985, rs12443745, rs12513783, rs12751675,
rs12961264, rs13032472, rs1337024, rs17496249, rs1986524, rs2072966, rs2137897, rs2163107, rs2243857, rs231276,
152947080, 1529795, 1535680304, rs35816944, rs3747570, rs3794809, rs3825751, rsd1306688, rs4871397, rs55679363,
1rs56352403, rs565720, rs57214150, rs61824887, rs61928421, rs62008078, rs62472627, rs6435953, rs6599230, rs6599240,
rs6791171, rs6824178, rs7552783, rs762032, rs78518764, rs7997798, rs881299), and a total of 156 SNPs were extracted as
instrumental variables.

When using P-wave terminal force as the exposure, the duplicated SNP (rs251492) was removed, and after the outliers
(rs12144965, rs445754) were detected and removed by MR-PRESSO and the outliers (rs10890369, rs11242779, rs4435363,
rs7939513) were detected and removed by IVW radial regression, a total of 22 SNPs were extracted as instrumental variables.

When using P-wave duration as the exposure, the duplicated SNPs (rs41312411, rs6773331, rs6790396) were removed,
and after the outliers (rs11894252, rs1467026, rs3807989, rs452036, rs7312625) were detected and removed by MR-
PRESSO, a total of 4 SNPs were extracted as instrumental variables.

When T-wave top amplitude_anterior [electrocardiogram (ECG) lead V3 + V4 + aVL] was used as the exposure, the
duplicated SNP (rs6790396) was removed, and after the outliers (rs7633988, rs7638909) were detected and removed by MR-
PRESSO and the outliers (rs11134683, rs16928366) were detected and removed by IVW radial regression, a total of 10 SNPs
were retained as instrumental variables.

When T-wave top amplitude_avr (ECG lead aVR) was used as the exposure, the duplicated SNPs (rs12374310, rs4233994)
were removed, and after the outliers (rs4076737, rs7638909, rs7846485) were detected and removed by MR-PRESSO and the
outliers (rs11134683, rs16928366) were detected and removed by IVW radial regression, a total of 20 SNPs were extracted as
instrumental variables.

When T-wave top amplitude_inferior (ECG lead II + IIT + aVF) was used as the exposure, the duplicated SNP (rs6790396)
was removed, and after the outliers (rs7638909, rs9851710) were detected and removed by MR-PRESSO, a total of 16 SNPs
were extracted as instrumental variables.

When T-wave top amplitude_lateral (ECG lead I + aVL + V5 + V6) was used as the exposure, no duplicated SNPs, after
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the outliers (rs6783110, rs7633988) were detected and removed by MR-PRESSO and the outliers (rs17128209, rs7191330,
rs728926) were detected and removed by IVW radial regression, a total of 14 SNPs were extracted as instrumental variables.

When T-wave top amplitude_septal (ECG lead V1 + V2) was used as the exposure, the duplicated SNP (rs12623169) was
removed, and after the outliers (rs10111852, rs10850409) were detected and removed by MR-PRESSO, a total of 9 SNPs
were extracted as instrumental variables.

Bradycardia
When heart rate was used as the exposure, a total of 10 SNPs were extracted as instrumental variables, no duplicated SNPs,
and no outliers were detected by MR-PRESSO.

When HRV_RMSSD was used as the exposure, a total of 18 SNPs were extracted as instrumental variables, no duplicated
SNPs, and no outliers were detected by MR-PRESSO.

When HRV_pvRSA/HF was used as the exposure, a total of 6 SNPs were extracted as instrumental variables, no duplicated
SNPs, and no outliers were detected by MR-PRESSO.

When HRV_SDNN was used as the exposure, after removing the duplicated SNP: rs1384598, a total of 10 SNPs were
extracted as instrumental variables, and no outliers were detected by MR-PRESSO.

When the PR interval was used as the exposure, the duplicated SNPs (rs10786206, rs2540286, rs6084574 and rs6496452)
were removed.

Detection and removal of outliers (rs12190287 and rs3746471) were conducted by MR-PRESSO.

The outliers (rs13032472, rs34187723, rs3795063, rs62008078, rs66507060 and rs696) were removed by IVW radial
regression and Egger radial regression, and a total of 102 SNPs were extracted as instrumental variables.

When using P-wave terminal force as the exposure, a total of 10 SNPs were extracted as instrumental variables after
removing the duplicated SNP (rs251492), and no outliers were detected by MR-PRESSO.

When using P-wave duration as the exposure, the duplicated SNP (rs6790396) was removed, and no outliers were detected
by MR-PRESSO, but the heterogeneity test suggested the existence of outliers, so the outliers were removed by IVW radial
regression and Egger radial regression (rs1467026 and rs4276421), and a total of 4 SNPs were retained as instrumental
variables.

When T-wave top amplitude_anterior was used as the exposure, the duplicated SNP (rs6790396) was removed, no outliers
were detected by MR-PRESSO, but the heterogeneity test suggested the existence of outliers, so the outlier was removed by
IVW radial regression and Egger radial regression (rs686930), a total of 7 SNPs were extracted as instrumental variables.

When T-wave top amplitude_avr was used as the exposure, there were no duplicated SNPs and no outliers were detected
by MR-PRESSO, but the heterogeneity test suggested the existence of outliers, so the outlier was removed by IVW radial
regression and Egger radial regression (rs10842350), a total of 4 SNPs were extracted as instrumental variables.

When T-wave top amplitude_inferior was used as the exposure, the duplicated SNP (rs6790396) was removed, and no
outliers were detected by MR-PRESSO, a total of 7 SNPs were extracted as instrumental variables.

When T-wave top amplitude_lateral was used as the exposure, there were no duplicated SNPs, and after the outliers
(rs10842350, rs6783110, rs7191330 and rs7633988) were detected and removed by MR-PRESSO a total of 8 SNPs were
extracted as instrumental variables.

When T-wave top amplitude_septal was used as the exposure, the duplicated SNP (rs12623169) was removed. MR-
PRESSO did not detect outliers, and a total of 5 SNPs were extracted as instrumental variables.

Supraventricular tachycardia
When heart rate was used as the exposure, a total of 10 SNPs were extracted as instrumental variables, no duplicated SNPs,
and no outliers were detected by MR-PRESSO.

When HRV_RMSSD was used as the exposure, a total of 4 SNPs were extracted as instrumental variables, no duplicated
SNPs, and no outliers were detected by MR-PRESSO.

When HRV_pvRSA/HF was used as the exposure, a total of 4 SNPs were extracted as instrumental variables, no duplicated
SNPs, and no outliers were detected by MR-PRESSO.

When HRV_SDNN was used as the exposure, after removing the duplicated SNP (rs1384598), a total of 10 SNPs were
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extracted as instrumental variables, and no outliers were detected by MR-PRESSO.

When the PR interval was used as the exposure, the following duplicated SNPs (rs10786206, rs2540286, rs6084574,
rs6496452) were removed. A total of 116 SNPs were extracted as instrumental variables, and no outliers were detected by
MR-PRESSO.

When using P-wave terminal force as the exposure, a total of 10 SNPs were extracted as instrumental variables after
removing the duplicated SNP (rs251492). and no outliers were detected by MR-PRESSO.

When using P-wave duration as the exposure, after removing the duplicated SNP (rs6790396) and detecting and removing
the outlier (rs452036) by MR-PRESSO, the heterogeneity test still suggested that there were potential outliers affecting the
results, and after removing the outlier (rs11894252) by IVW radial regression and Egger radial regression, a total of 4 SNPs
were extracted as instrumental variables.

When T-wave top amplitude_anterior was used as the exposure, the duplicated SNP (rs6790396) was removed. After
detecting and removing the outlier (rs6807275) by MR-PRESSO, a total of 7 SNPs were retained as instrumental variables.

When T-wave top amplitude_avr was used as the exposure, there were no duplicated SNPs and no outliers were detected
by MR-PRESSO, and a total of 5 SNPs were extracted as instrumental variables.

When T-wave top amplitude_inferior was used as the exposure, the duplicated SNP (rs6790396) was removed. MR-
PRESSO did not detect outliers, and a total of 8 SNPs were extracted as instrumental variables.

When T-wave top amplitude_lateral was used as the exposure, there were no duplicated SNPs and no outliers were
detected by MR-PRESSO, and a total of 4 SNPs were extracted as instrumental variables.

When T-wave top amplitude_septal was used as the exposure, the duplicated SNP (rs12623169) was removed. MR-
PRESSO did not detect outliers, and a total of 6 SNPs were extracted as instrumental variables.
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Table S1 Removal of abnormal instrument variables

Outcome Exposure Threshold Duplicated SNPs MR-PRESSO MR-Radial nSNP
AF HR 5x10° J 4 J 12
HRV_RMSSD 5x10° J 1 J 6
HRV_pvRSA/HF 5x10° J 1 J 4
HRV_SDNN 1x10° 1 4 J 17
PR 5x10® 8 38 51 156
Ptforce 1x10° 1 2 4 22
Pwave Duration 5x10° 3 5 J 4
Twave_anterior 1x107 1 2 2 10
Twave_avr 1x10° 2 3 4 20
Twave_inferior 1x10° 1 2 J 16
Twave_lateral 1x10° J 2 3 14
Twave_septal 1x10° 1 2 J 9
Bradycardia HR 5x10® J J J 10
HRV_RMSSD 1x10° J J J 18
HRV_pvRSA/HF 1x10° J J J 6
HRV_SDNN 1x10° 1 J J 10
PR 5x10® 4 2 6 102
Ptforce 1x10° 1 J J 10
Pwave Duration 5x10°® 1 J 2 4
Twave_anterior 1x10° J 1 7
Twave_avr 5x10° J J 1 4
Twave_inferior 1x10° 1 J J 7
Twave_lateral 1x10° 4 J J 8
Twave_septal 1x10° 1 J J 5
Supraventricular HR 5%x10® J J J 10
tachycardia HRV_RMSSD 5x10° J J J 4
HRV_pvRSA/HF 5x10° J J J 4
HRV_SDNN 1x10° 1 J J 10
PR 5x10° 4 J J 116
Ptforce 1x10° 1 J J 10
Pwave Duration 5x10% 1 1 1 4
Twave_anterior 1x10° J 1 J 7
Twave_avr 5x10° J J J 5
Twave_inferior 1x10° 1 J J 8
Twave_lateral 5x10° J J J 4
Twave_septal 1x10° 1 J J 6

SNP, single-nucleotide polymorphism; MR-PRESSO, number of SNPs removed by MR-PRESSO; MR-Radial, number of SNPs removed
by IVW radial regression and Egger radial regression; nSNP, number of SNPs used for MR analysis; ./, no abnormal SNPs were removed;
AF, atrial fibrillation; HR, resting heart rate; Twave, T-wave top amplitude; septal: ECG lead V1 + V2; lateral: ECG lead | + aVL + V5 + V6;
inferior, ECG lead Il + Ill + aVF; anterior: ECG lead V3 + V4 + aVL; avr, ECG lead aVR; Ptforce, P-wave terminal force; Pwave duration,
P-wave duration; PR, PR interval; HRV, heart rate variability; RMSSD, root mean square of successive differences; pvRSA/HF, peak-valley
respiratory sinus arrhythmia or high frequency power; SDNN, standard deviation of the normal-to-normal interval.
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Table S2 Results of univariate Mendelian randomization

Outcome Exposure Method nSNP P value OR or_|ci95 or_uci95

AF HR Inverse variance weighted 12 0.07 0.981 0.961 1.001
MR Egger 12 0.68 1.018 0.938 1.104

Weighted median 12 0.71 0.996 0.974 1.018

Weighted mode 12 0.89 0.998 0.971 1.026

Inverse variance weighted (multiplicative random effects) 12 0.07 0.981 0.961 1.001

HRV_RMSSD Inverse variance weighted 6 0.02 1.309 1.045 1.640
MR Egger 6 0.78 0.919 0.525 1.610

Weighted median 6 0.33 1.154 0.868 1.535

Weighted mode 6 0.55 1.123 0.786 1.603

Inverse variance weighted (multiplicative random effects) 6 0.01 1.309 1.067 1.605

HRV_pvRSA/HF Inverse variance weighted 4 0.06 1.141 0.995 1.308
MR Egger 4 0.95 0.990 0.770 1.273

Weighted median 4 0.33 1.082 0.925 1.267

Weighted mode 4 0.498 1.068 0.903 1.264

Inverse variance weighted (multiplicative random effects) 4 0.06 1.141 0.995 1.308

HRV_SDNN Inverse variance weighted 17 0.004 1.518 1.140 2.022
MR Egger 17 0.26 2.092 0.604 7.247

Weighted median 17 0.12 1.338 0.930 1.926

Weighted mode 17 0.23 1.406 0.820 2.411

Inverse variance weighted (multiplicative random effects) 17 0.004 1.518 1.140 2.022

PR Inverse variance weighted 156 <0.001 0.994 0.991 0.997
MR Egger 156 0.19 0.995 0.987 1.003

Weighted median 156 0.003 0.993 0.988 0.998

Weighted mode 156 0.07 0.993 0.985 1.001

Inverse variance weighted (multiplicative random effects) 156 <0.001 0.994 0.991 0.997

Ptforce Inverse variance weighted 22 0.46 1.000 1.000 1.000
MR Egger 22 0.80 1.000 1.000 1.000

Weighted median 22 0.81 1.000 1.000 1.000

Weighted mode 22 0.81 1.000 1.000 1.000

Inverse variance weighted (multiplicative random effects) 22 0.43 1.000 1.000 1.000

Pwave duration  Inverse variance weighted 4 0.52 0.994 0.976 1.012
MR Egger 4 0.68 0.985 0.924 1.050

Weighted median 4 0.54 0.994 0.973 1.014

Weighted mode 4 0.50 0.989 0.962 1.017

Inverse variance weighted (multiplicative random effects) 4 0.10 0.994 0.987 1.001

Twave_anterior  Inverse variance weighted 10 0.17 0.972 0.933 1.012
MR Egger 10 0.14 0.962 0.918 1.008

Weighted median 10 0.15 0.965 0.920 1.013

Weighted mode 10 0.16 0.965 0.921 1.010

Inverse variance weighted (multiplicative random effects) 10 0.13 0.972 0.937 1.008

Twave_avr Inverse variance weighted 20 0.02 1.076 1.012 1.144
MR Egger 20 0.30 1.099 0.926 1.304

Weighted median 20 0.07 1.083 0.993 1.181

Weighted mode 20 0.31 1.069 0.945 1.209

Inverse variance weighted (multiplicative random effects) 20 0.005 1.076 1.022 1.133

Twave_inferior Inverse variance weighted 16 0.41 0.964 0.885 1.050
MR Egger 16 0.28 0.830 0.600 1.148

Weighted median 16 0.61 0.969 0.861 1.092

Weighted mode 16 0.76 0.967 0.789 1.186

Inverse variance weighted (multiplicative random effects) 16 0.41 0.964 0.885 1.050

Twave_lateral Inverse variance weighted 14 0.72 0.990 0.935 1.048
MR Egger 14 0.99 1.000 0.909 1.101

Weighted median 14 0.48 0.971 0.897 1.052

Weighted mode 14 0.45 0.952 0.843 1.075

Inverse variance weighted (multiplicative random effects) 14 0.69 0.990 0.941 1.041

Twave_septal Inverse variance weighted 9 0.10 0.897 0.788 1.021
MR Egger 9 0.66 1.100 0.730 1.658

Weighted median 9 0.50 0.953 0.829 1.095

Weighted mode 9 0.71 0.969 0.828 1.134

Inverse variance weighted (multiplicative random effects) 9 0.10 0.897 0.788 1.021

Table S2 (continued)
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Table S2 (continued)

Outcome Exposure Method nSNP P value OR or_|ci95 or_uci95

Bradycardia HR Inverse variance weighted 10 <0.001 1.000 0.999 1.000
MR Egger 10 0.93 1.000 0.999 1.001

Weighted median 10 0.001 1.000 0.999 1.000

Weighted mode 10 0.02 0.999 0.999 1.000

Inverse variance weighted (multiplicative random effects) 10 <0.001 1.000 0.999 1.000

HRV_RMSSD Inverse variance weighted 18 0.02 1.002 1.000 1.004
MR Egger 18 0.59 1.003 0.992 1.014

Weighted median 18 0.21 1.002 0.999 1.004

Weighted mode 18 0.85 1.000 0.995 1.004

Inverse variance weighted (multiplicative random effects) 18 0.01 1.002 1.001 1.004

HRV_pvRSA/HF Inverse variance weighted 6 0.26 1.001 0.999 1.008
MR Egger 6 0.76 1.002 0.992 1.011

Weighted median 6 0.92 1.000 0.998 1.002

Weighted mode 6 0.74 0.999 0.996 1.003

Inverse variance weighted (multiplicative random effects) 6 0.26 1.001 0.999 1.0083

HRV_SDNN Inverse variance weighted 10 0.03 1.004 1.000 1.007
MR Egger 10 0.14 1.016 0.997 1.035

Weighted median 10 0.058 1.004 1.000 1.009

Weighted mode 10 0.09 1.006 1.000 1.013

Inverse variance weighted (multiplicative random effects) 10 0.03 1.004 1.000 1.007

PR Inverse variance weighted 102 0.12 1.000 1.000 1.000
MR Egger 102 0.53 1.000 1.000 1.000

Weighted median 102 0.89 1.000 1.000 1.000

Weighted mode 102 0.62 1.000 1.000 1.000

Inverse variance weighted (multiplicative random effects) 102 0.12 1.000 1.000 1.000

Ptforce Inverse variance weighted 10 0.98 1.000 1.000 1.000
MR Egger 10 0.81 1.000 1.000 1.000

Weighted median 10 0.83 1.000 1.000 1.000

Weighted mode 10 0.72 1.000 1.000 1.000

Inverse variance weighted (multiplicative random effects) 10 0.98 1.000 1.000 1.000

Pwave Duration Inverse variance weighted 4 0.30 1.000 1.000 1.000
MR Egger 4 0.70 0.999 0.997 1.002

Weighted median 4 0.19 1.000 1.000 1.000

Weighted mode 4 0.36 1.000 1.000 1.000

Inverse variance weighted (multiplicative random effects) 4 0.15 1.000 1.000 1.000

Twave_anterior  Inverse variance weighted 7 0.02 1.001 1.000 1.008
MR Egger 7 0.29 1.002 0.998 1.006

Weighted median 7 0.01 1.002 1.000 1.003

Weighted mode 7 0.06 1.002 1.000 1.004

Inverse variance weighted (multiplicative random effects) 7 0.02 1.001 1.000 1.003

Twave_avr Inverse variance weighted 4 <0.001 0.998 0.997 0.999
MR Egger 4 0.61 0.999 0.996 1.002

Weighted median 4 <0.001 0.998 0.997 0.999

Weighted mode 4 0.09 0.998 0.997 1.000

Inverse variance weighted (multiplicative random effects) 4 <0.001 0.998 0.997 0.998

Twave_inferior Inverse variance weighted 7 0.29 1.001 0.999 1.002
MR Egger 7 0.04 1.004 1.001 1.007

Weighted median 7 0.11 1.001 1.000 1.003

Weighted mode 7 0.11 1.002 1.000 1.003

Inverse variance weighted (multiplicative random effects) 7 0.29 1.001 0.999 1.002

Twave_lateral Inverse variance weighted 8 0.33 1.000 1.000 1.001
MR Egger 8 0.68 1.000 0.998 1.003

Weighted median 8 0.35 1.001 0.999 1.002

Weighted mode 8 0.42 1.001 0.999 1.002

Inverse variance weighted (multiplicative random effects) 8 0.33 1.000 1.000 1.001

Twave_septal Inverse variance weighted 5 0.45 1.001 0.999 1.002
MR Egger 5 0.16 1.009 0.999 1.018

Weighted median 5 0.25 1.001 0.999 1.003

Weighted mode 5 0.32 1.001 0.999 1.004

Inverse variance weighted (multiplicative random effects) 5 0.42 1.001 0.999 1.002

Table S2 (continued)
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Table S2 (continued)

Outcome Exposure Method nSNP P value OR or_|ci95 or_uci95
Supraventricular HR Inverse variance weighted 10 <0.001 1.000 1.000 1.001
tachycardia MR Egger 10 0.73 1.000 0.999 1.001
Weighted median 10 0.006 1.000 1.000 1.001
Weighted mode 10 0.10 1.000 1.000 1.001
Inverse variance weighted (multiplicative random effects) 10 <0.001 1.000 1.000 1.001
HRV_RMSSD Inverse variance weighted 4 0.52 0.999 0.995 1.008
MR Egger 4 0.37 0.984 0.957 1.011
Weighted median 4 0.13 0.997 0.993 1.001
Weighted mode 4 0.24 0.997 0.993 1.001
Inverse variance weighted (multiplicative random effects) 4 0.52 0.999 0.995 1.003
HRV_pvRSA/HF Inverse variance weighted 4 0.93 1.000 0.998 1.002
MR Egger 4 0.64 1.004 0.991 1.017
Weighted median 4 0.27 0.999 0.997 1.001
Weighted mode 4 0.47 0.999 0.995 1.002
Inverse variance weighted (multiplicative random effects) 4 0.93 1.000 0.998 1.002
HRV_SDNN Inverse variance weighted 10 0.33 1.002 0.998 1.005
MR Egger 10 0.82 0.998 0.979 1.017
Weighted median 10 0.89 1.000 0.995 1.004
Weighted mode 10 0.60 0.998 0.991 1.005
Inverse variance weighted (multiplicative random effects) 10 0.33 1.002 0.998 1.005
PR Inverse variance weighted 116 0.001 1.000 1.000 1.000
MR Egger 116 0.02 1.000 1.000 1.000
Weighted median 116 0.03 1.000 1.000 1.000
Weighted mode 116 0.03 1.000 1.000 1.000
Inverse variance weighted (multiplicative random effects) 116 0.001 1.000 1.000 1.000
Ptforce Inverse variance weighted 10 0.94 1.000 1.000 1.000
MR Egger 10 0.36 1.000 1.000 1.000
Weighted median 10 0.51 1.000 1.000 1.000
Weighted mode 10 0.52 1.000 1.000 1.000
Inverse variance weighted (multiplicative random effects) 10 0.92 1.000 1.000 1.000
Pwave Duration Inverse variance weighted 4 0.007 1.000 1.000 1.000
MR Egger 4 0.72 1.001 0.996 1.006
Weighted median 4 0.02 1.000 0.999 1.000
Weighted mode 4 0.16 1.000 0.999 1.000
Inverse variance weighted (multiplicative random effects) 4 <0.001 1.000 1.000 1.000
Twave_anterior  Inverse variance weighted 7 0.68 1.000 0.998 1.001
MR Egger 7 0.68 1.001 0.996 1.006
Weighted median 7 0.75 1.000 0.998 1.001
Weighted mode 7 0.76 1.000 0.998 1.001
Inverse variance weighted (multiplicative random effects) 7 0.68 1.000 0.998 1.001
Twave_avr Inverse variance weighted 5 0.87 1.000 0.999 1.001
MR Egger 5 0.77 1.001 0.997 1.004
Weighted median 5 0.88 1.000 0.999 1.001
Weighted mode 5 0.89 1.000 0.999 1.001
Inverse variance weighted (multiplicative random effects) 5 0.87 1.000 0.999 1.001
Twave_inferior Inverse variance weighted 8 0.50 1.000 0.998 1.001
MR Egger 8 0.14 1.003 1.000 1.006
Weighted median 8 0.75 1.000 0.998 1.001
Weighted mode 8 0.85 1.000 0.998 1.001
Inverse variance weighted (multiplicative random effects) 8 0.50 1.000 0.998 1.001
Twave_lateral Inverse variance weighted 4 0.45 1.000 0.998 1.001
MR Egger 4 0.93 1.000 0.995 1.006
Weighted median 4 0.61 1.000 0.998 1.001
Weighted mode 4 0.91 1.000 0.998 1.001
Inverse variance weighted (multiplicative random effects) 4 0.33 1.000 0.999 1.000
Twave_septal Inverse variance weighted 6 0.40 1.001 0.999 1.002
MR Egger 6 0.22 0.998 0.994 1.001
Weighted median 6 0.83 1.000 0.998 1.001
Weighted mode 6 0.43 0.999 0.998 1.001
Inverse variance weighted (multiplicative random effects) 6 0.40 1.001 0.999 1.002

nSNP, number of SNPs used as instrumental variables; SNP, single-nucleotide polymorphism; OR, odds ratio; or_Ici95, lower limit of the odds ratio; or_uci95, upper limit
of the odds ratio; AF, atrial fibrillation; HR, resting heart rate; Twave, T-wave top amplitude; septal, ECG lead V1 + V2; lateral, ECG lead | + aVL + V5 + V6; inferior: ECG
lead Il + Il + aVF; anterior: ECG lead V3 + V4 + aVL; avr, ECG lead aVR; Ptforce: P-wave terminal force; Pwave duration, P-wave duration; PR, PR interval; HRV, heart rate
variability; RMSSD, root mean square of successive differences; pvRSA/HF, peak-valley respiratory sinus arrhythmia or high frequency power; SDNN, standard deviation
of the normal-to-normal interval.
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Table S3 Results of heterogeneity test

Outcome Exposure Method Q Q_df Q_pval I?
Atrial fibrillation HR Inverse variance weighted 17.595 11 0.091 37.482%
HR Inverse variance weighted (multiplicative random effects) 17.595 11 0.091 37.482%
HR MR Egger 16.237 10 0.093 38.413%
HRV_RMSSD MR Egger 2.266 4 0.687 0
HRV_RMSSD Inverse variance weighted 4.090 5 0.537 0
HRV_RMSSD Inverse variance weighted (multiplicative random effects) 4.090 5 0.537 0
HRV_pvRSA/HF MR Egger 1.620 2 0.445 0
HRV_pvRSA/HF Inverse variance weighted 3.293 3 0.349 8.893%
HRV_pvRSA/HF Inverse variance weighted (multiplicative random effects) 3.293 3 0.349 8.893%
HRV_SDNN Inverse variance weighted 23.366 16 0.104 31.526%
HRV_SDNN Inverse variance weighted (multiplicative random effects) 23.366 16 0.104 31.526%
HRV_SDNN MR Egger 22.952 15 0.085 34.647%
PR Inverse variance weighted 142.605 155 0.754 0
PR Inverse variance weighted (multiplicative random effects) 142.605 155 0.754 0
PR MR Egger 142.487 154 0.737 0
Ptforce Inverse variance weighted 18.606 21 0.610 0
Ptforce Inverse variance weighted (multiplicative random effects) 18.606 21 0.610 0
Ptforce MR Egger 18.407 20 0.561 0
Pwave Duration Inverse variance weighted 0.454 3 0.929 0
Pwave Duration Inverse variance weighted (multiplicative random effects) 0.454 3 0.929 0
Pwave Duration MR Egger 0.365 2 0.833 0
Pwave Duration Inverse variance weighted 7.337 9 0.602 0
Pwave Duration Inverse variance weighted (multiplicative random effects) 7.337 9 0.602 0
Pwave Duration MR Egger 6.573 8 0.583 0
Twave_anterior Inverse variance weighted 13.471 19 0.814 0
Twave_anterior Inverse variance weighted (multiplicative random effects) 13.471 19 0.814 0
Twave_anterior MR Egger 13.405 18 0.767 0
Twave_avr Inverse variance weighted 19.693 15 0.184 23.830%
Twave_avr Inverse variance weighted (multiplicative random effects) 19.693 15 0.184 23.830%
Twave_avr MR Egger 18.524 14 0.184 24.421%
Twave_inferior Inverse variance weighted 10.084 13 0.687 0
Twave_inferior Inverse variance weighted (multiplicative random effects) 10.084 13 0.687 0
Twave_inferior MR Egger 10.011 12 0.615 0
Twave_lateral MR Egger 12.383 7 0.089 43.473%
Twave_lateral Inverse variance weighted 14.258 8 0.075 43.893%
Twave_|lateral Inverse variance weighted (multiplicative random effects) 14.258 8 0.075 43.893%
Twave_septal Inverse variance weighted 17.595 11 0.091 37.482%
Twave_septal Inverse variance weighted (multiplicative random effects) 17.595 11 0.091 37.482%
Twave_septal MR Egger 16.237 10 0.093 38.413%
Bradycardia HR Inverse variance weighted 9.612 9 0.383 6.367%
MR Egger 8.506 8 0.386 5.953%
Inverse variance weighted (multiplicative random effects) 9.612 9 0.383 6.367%
HRV_RMSSD Inverse variance weighted 13.940 17 0.671 0
MR Egger 13.921 16 0.605 0
Inverse variance weighted (multiplicative random effects) 13.940 17 0.671 0
HRV_pvRSA/HF Inverse variance weighted 7.298 5 0.199 31.492%
MR Egger 7.275 4 0.122 45.019%
Inverse variance weighted (multiplicative random effects) 7.298 5 0.199 31.492%
HRV_SDNN Inverse variance weighted 11.281 9 0.257 20.217%
MR Egger 9.450 8 0.306 15.347%
Inverse variance weighted (multiplicative random effects) 11.281 9 0.257 20.217%
PR Inverse variance weighted 107.607 101 0.308 6.140%
MR Egger 107.586 100 0.284 7.051%
Inverse variance weighted (multiplicative random effects) 107.607 101 0.308 6.140%
Ptforce Inverse variance weighted 7.320 9 0.604 0
MR Egger 7.252 8 0.510 0
Inverse variance weighted (multiplicative random effects) 7.320 9 0.604 0

Table S3 (continued)
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Table S3 (continued)

Outcome Exposure Method Q Q_df Q_pval 1?
Pwave Duration Inverse variance weighted 1.576 3 0.665 0
MR Egger 1.434 2 0.488 0
Inverse variance weighted (multiplicative random effects) 1.576 3 0.665 0
MR Egger 1.299 2 0.522 0
Inverse variance weighted (multiplicative random effects) 1.353 3 0.717 0
Twave_anterior Inverse variance weighted 7.400 6 0.285 18.917%
MR Egger 7.121 5 0.212 29.784%
Inverse variance weighted (multiplicative random effects) 7.400 6 0.285 18.917%
Twave_avr Inverse variance weighted 0.884 3 0.829 0
MR Egger 0.195 2 0.907 0
Inverse variance weighted (multiplicative random effects) 0.884 3 0.829 0
Twave_inferior Inverse variance weighted 9.769 6 0.135 38.583%
MR Egger 3.940 5 0.558 0
Inverse variance weighted (multiplicative random effects) 9.769 6 0.135 38.583%
Twave_lateral Inverse variance weighted 7.979 7 0.334 12.271%
MR Egger 7.979 6 0.240 24.804%
Inverse variance weighted (multiplicative random effects) 7.979 7 0.334 12.271%
Twave_septal Inverse variance weighted 3.4083 4 0.493 0
MR Egger 0.390 3 0.942 0
Inverse variance weighted (multiplicative random effects) 3.403 4 0.493 0
Supraventricular HR Inverse variance weighted 7.357 9 0.600 0
tachycardia MR Egger 5.700 8 0.681 0
Inverse variance weighted (multiplicative random effects) 7.357 9 0.600 0
HRV_RMSSD Inverse variance weighted 4.580 3 0.205 34.503%
MR Egger 2.906 2 0.234 31.176%
Inverse variance weighted (multiplicative random effects) 4.580 3 0.205 34.503%
HRV_pvRSA/HF Inverse variance weighted 3.924 3 0.270 23.552%
MR Egger 3.369 2 0.186 40.639%
Inverse variance weighted (multiplicative random effects) 3.924 3 0.270 23.552%
HRV_SDNN Inverse variance weighted 9.032 9 0.434 0.359%
MR Egger 8.845 8 0.356 9.551%
Inverse variance weighted (multiplicative random effects) 9.032 9 0.434 0.359%
PR Inverse variance weighted 113.915 115 0.511 0
MR Egger 113.152 114 0.505 0
Inverse variance weighted (multiplicative random effects) 113.915 115 0.511 0
Ptforce Inverse variance weighted 5.792 9 0.761 0
MR Egger 4.813 8 0.777 0
Inverse variance weighted (multiplicative random effects) 5.792 9 0.761 0
Pwave Duration Inverse variance weighted 0.276 3 0.965 0
MR Egger 0.009 2 0.995 0
Inverse variance weighted (multiplicative random effects) 0.276 3 0.965 0
Twave_anterior Inverse variance weighted 10.546 6 0.103 43.105%
MR Egger 9.844 5 0.080 49.208%
Inverse variance weighted (multiplicative random effects) 10.546 6 0.108 43.105%
Twave_avr Inverse variance weighted 4.522 4 0.340 11.535%
MR Egger 4.393 3 0.222 31.711%
Inverse variance weighted (multiplicative random effects) 4.522 4 0.340 11.535%
Twave_inferior Inverse variance weighted 10.088 7 0.184 30.609%
MR Egger 5.881 6 0.437 0
Inverse variance weighted (multiplicative random effects) 10.088 7 0.184 30.609%
Twave_lateral Inverse variance weighted 1.843 3 0.606 0
MR Egger 1.770 2 0.413 0
Inverse variance weighted (multiplicative random effects) 1.843 3 0.606 0
Twave_septal Inverse variance weighted 5.734 5 0.333 12.807%
MR Egger 2.131 4 0.712 0
Inverse variance weighted (multiplicative random effects) 5.734 5 0.333 12.807%

AF, atrial fibrillation; HR, resting heart rate; Twave, T-wave top amplitude; septal, ECG lead V1 + V2; lateral, ECG lead I+ aVL+ V5+ V6; inferior: ECG lead Il + Il + aVF;
anterior: ECG lead V3 + V4 + aVL; avr: ECG lead aVR; Ptforce, P-wave terminal force; Pwave duration, P-wave duration; PR, PR interval; HRV, heart rate variability;
RMSSD, root mean square of successive differences; pvRSA/HF, peak-valley respiratory sinus arrhythmia or high frequency power; SDNN, standard deviation of the
normal-to-normal interval.
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Table S4 Results of MR-Egger intercept test

Outcome Exposure egger_intercept se P value
AF HR -0.016 0.017 0.382
HRV_RMSSD 0.017 0.012 0.248
HRV_pvRSA/HF 0.015 0.012 0.325
HRV_SDNN -0.008 0.016 0.610
PR -0.001 0.003 0.732
Ptforce 0.002 0.004 0.661
Pwave Duration 0.006 0.021 0.794
Twave_anterior 0.004 0.004 0.408
Twave_avr -0.002 0.008 0.800
Twave_inferior 0.013 0.013 0.363
Twave_|lateral —-0.002 0.006 0.791
Twave_septal -0.017 0.017 0.338
Bradycardia HR 0.000 0.000 0.338
HRV_RMSSD 0.000 0.000 0.892
HRV_pvRSA/HF 0.000 0.000 0.915
HRV_SDNN 0.000 0.000 0.248
PR 0.000 0.000 0.889
Ptforce 0.000 0.000 0.801
Pwave Duration 0.000 0.001 0.743
Twave_anterior 0.000 0.000 0.677
Twave_avr 0.000 0.000 0.494
Twave_inferior 0.000 0.000 0.061
Twave_lateral 0.000 0.000 0.998
Twave_septal -0.001 0.000 0.181
Supraventricular HR 0.000 0.000 0.234
tachycardia HRV_RMSSD 0.001 0.000 0.395
HRV_pvRSA/HF 0.000 0.000 0.624
HRV_SDNN 0.000 0.000 0.691
PR 0.000 0.000 0.384
Ptforce 0.000 0.000 0.351
Pwave Duration —-0.001 0.001 0.657
Twave_anterior 0.000 0.000 0.577
Twave_avr 0.000 0.000 0.786
Twave_inferior 0.000 0.000 0.086
Twave_lateral 0.000 0.000 0.811
Twave_septal 0.000 0.000 0.130

AF, atrial fibrillation; HR, resting heart rate; Twave, T-wave top amplitude; septal, ECG lead V1 + V2; lateral: ECG lead | + aVL + V5 + V6;
inferior, ECG lead Il + lll + aVF; anterior, ECG lead V3 + V4 + aVL; avr, ECG lead aVR; Ptforce, P-wave terminal force; Pwave duration,
P-wave duration; PR, PR interval; HRV, heart rate variability; RMSSD, root mean square of successive differences; pvRSA/HF, peak-valley
respiratory sinus arrhythmia or high frequency power; SDNN, standard deviation of the normal-to-normal interval.
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Table S5 Results of CAUSE

Outcome Exposure Model Gamma Eta Q P
AF HR Sharing -0.04 (-0.14, 0.13) 0.08 (0, 0.32) 0.29
Causal -0.02 (-0.03, 0) 0.02 (-0.12, 0.19) 0.05 (0, 0.27) 0.27
HRV_RMSSD Sharing 0.24 (-1.7,1.79) 0.05 (0, 0.26) 0.93
Causal 0.12 (-0.08, 0.32) -0.15 (-1.85, 1.59) 0.05 (0, 0.27) 0.63
HRV_pvRSA/HF Sharing 0.37 (-0.89, 1.68) 0.05 (0, 0.25) 0.62
Causal 0.09 (-0.03, 0.21) 0.12 (-1.06, 1.6) 0.04 (0, 0.24) 0.43
HRV_SDNN Sharing 0.98 (-2.25, 3) 0.07 (0, 0.31) 0.32
Causal 0.32 (-0.06, 0.69) -0.13 (-3.11, 2.68) 0.05 (0, 0.27) 0.31
PR Sharing 0.01 (-0.08, 0.1) 0.03 (0, 0.2) 0.90
Causal 0 (0, 0.01) 0.01 (-0.08, 0.08) 0.05 (0, 0.28) 0.96
Ptforce Sharing 0(0,0) 0.02 (0, 0.17) 0.95
Causal 0(0, 0) 0(0,0) 0.04 (0, 0.26) 0.96
Pwave Duration Sharing -0.02 (-0.19, 0.1) 0.02 (0, 0.15) 0.87
Causal 0 (-0.01, 0.01) -0.03 (-0.07, 0.06) 0.09 (0, 0.31) 0.56
Twave_anterior Sharing -0.1 (-1.07, 0.97) 0.06 (0, 0.26) 0.81
Causal -0.04 (-0.24, 0.15) -0.02 (-1.04, 1.03) 0.06 (0, 0.29) 0.98
Twave_avr Sharing 0.07 (-1.07, 1.22) 0.07 (0, 0.31) 0.30
Causal 0.2 (-0.39, 0.79) 0.02 (-1.15, 1.18) 0.07 (0, 0.33) 0.77
Twave_inferior Sharing -0.02 (-1.03, 0.96) 0.05 (0, 0.26) 1.00
Causal 0(-0.19, 0.18) -0.02 (-1.03, 0.95) 0.05 (0, 0.28) 1.00
Twave_lateral Sharing -0.038 (-1.51, 1.4) 0.07 (0, 0.31) 0.43
Causal -0.07 (-0.84, 0.7) -0.02 (-1.52, 1.45) 0.07 (0, 0.33) 1.00
Twave_septal Sharing 0.14 (-0.73, 0.97) 0.06 (0, 0.29) 0.69
Causal 0.1 (-0.1, 0.3) 0.03 (-0.8, 0.91) 0.06 (0, 0.29) 0.70
Bradycardia HR Sharing 0 (0, 0) 0.27 (0.06, 0.52) 0.01
Causal 0(0,0) 0(0,0) 0.05 (0, 0.26) 0.02
HRV_RMSSD Sharing (-0.01, 0.01) 0.1 (0, 0.35) 0.22
Causal 0(0,0) 0 (-0.01, 0.01) 0.05 (0, 0.28) 0.20
HRV_pvRSA/HF Sharing (-0.01, 0.01) 0.06 (0, 0.26) 0.89
Causal 0(0,0) 0 (-0.01, 0.01) 0.07 (0, 0.31) 1.00
HRV_SDNN Sharing 0.01 (-0.02, 0.02) 0.07 (0, 0.32) 0.36
Causal 0 (0, 0.01) 0 (-0.02, 0.02) 0.05 (0, 0.28) 0.33
PR Sharing 0(0,0) 0.05 (0, 0.26) 0.55
Causal 0(0, 0) 0(0,0) 0.05 (0, 0.3) 0.57
Ptforce Sharing 0(0,0) 0.08 (0, 0.31) 0.30
Causal NA 0(0,0) 0.05 (0, 0.28) 0.28
Pwave Duration Sharing 0 (0, 0) 0.06 (0, 0.24) 0.46
Causal 0(0, 0) 0(0,0) 0.07 (0, 0.32) 0.55
Twave_anterior Sharing 0 (-0.01, 0.01) 0.06 (0, 0.31) 0.47
Causal 0(0,0) 0 (-0.01, 0.01) 0.06 (0, 0.29) 0.43
Twave_avr Sharing 0 (0, 0.01) 0.05 (0, 0.25) 1.00
Causal 0(0,0) 0 (0, 0.01) 0.06 (0, 0.3) 1.00
Twave_inferior Sharing 0 (0, 0.01) 0.06 (0, 0.3) 0.52
Causal 0(0,0) 0(-0.01, 0) 0.06 (0, 0.29) 0.43
Twave_lateral Sharing 0 (-0.01, 0.01) 0.06 (0, 0.27) 0.95
Causal 0(0,0) 0 (-0.01, 0.01) 0.07 (0, 0.32) 0.96
Twave_septal Sharing 0 (-0.01, 0.01) 0.06 (0, 0.27) 0.81
Causal 0(0,0) 0 (-0.01, 0.01) 0.07 (0, 0.3) 0.99
Supraventricular HR Sharing 0(0, 0 0.05 (0, 0.26) 0.87
tachycardia Causal 00,0 00,0 0.06 (0, 0.3) 0.79
HRV_RMSSD Sharing 0 (-0.02, 0.01) 0.05 (0, 0.27) 0.56
Causal 0(0,0) 0 (-0.02, 0.01) 0.05 (0, 0.26) 0.52
HRV_pvRSA/HF Sharing 0 (-0.01, 0.01) 0.04 (0, 0.24) 0.98
Causal 0(0, 0 0 (-0.01, 0.01) 0.05 (0, 0.28) 1.00
HRV_SDNN Sharing 0 (-0.02, 0.02) 0.05 (0, 0.26) 0.99
Causal 0(0, 0 0 (-0.02, 0.02) 0.05 (0, 0.28) 0.98
PR Sharing 0(0,0) 0.16 (0.01, 0.43) 0.07
Causal 0(0, 0) 0(0,0) 0.03 (0, 0.23) 0.06
Ptforce Sharing 0(0,0) 0.09 (0, 0.34) 0.24
Causal 0(0, 0) 0(0,0) 0.04 (0, 0.26) 0.20
Pwave Duration Sharing 0 (0, 0) 0.04 (0, 0.22) 0.97
Causal 0(0, 0) 0(0,0) 0.05 (0, 0.28) 0.98
Twave_anterior Sharing 0 (-0.01, 0.01) 0.06 (0, 0.29) 0.80
Causal 0(0,0) 0 (-0.01, 0.01) 0.06 (0, 0.3) 0.69
Twave_avr Sharing 0 (0, 0.01) 0.07 (0, 0.32) 0.38
Causal 0(0,0) 0(-0.01, 0) 0.05 (0, 0.27) 0.30
Twave_inferior Sharing 0 (-0.01, 0.01) 0.07 (0, 0.3) 0.37
Causal 0(0,0) 0 (-0.01, 0.01) 0.07 (0, 0.3) 0.55
Twave_lateral Sharing 0 (-0.01, 0.01) 0.05 (0, 0.27) 0.88
Causal 0(0,0) 0 (-0.01, 0.01) 0.06 (0, 0.28) 0.60
Twave_septal Sharing 0 (0, 0.01) 0.07 (0, 0.33) 0.36
Causal 0(0,0) 0 (-0.01, 0.01) 0.06 (0, 0.29) 0.26

AF, atrial fibrillation; HR, resting heart rate; Twave, T-wave top amplitude; septal, ECG lead V1 + V2; lateral, ECG lead | + aVL + V5 + V6; inferior: ECG lead Il + Il + aVF;
anterior: ECG lead V3 + V4 + aVL; avr, ECG lead aVR; Ptforce, P-wave terminal force; Pwave duration, P-wave duration; PR, PR interval; HRV, heart rate variability;
RMSSD, root mean square of successive differences; pvRSA/HF, peak-valley respiratory sinus arrhythmia or high frequency power; SDNN, standard deviation of the
normal-to-normal interval; Sharing, means two traits have shared genetics; Causal, means the exposure can causally affect the outcome; Gamma, the effect size of
exposure on outcome; Eta: the effect size of correlated pleiotropy; Q, the proportion of variants exhibiting correlated pleiotropy; P, the probability of accepting the model.
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Table S6 Results of multivariable Mendelian randomization

Outcome Methods Exposure nSNP OR or_|ci95 or_uci9s pval
AF MVMR-IVW HRV_RMSSD 98 1.538 0.995 2.379 0.053
MVMR-Egger HRV_RMSSD 98 1.576 1.014 2.450 0.04
MVMR-Lasso HRV_RMSSD 98 1.538 0.995 2.379 0.053
MVMR-Median HRV_RMSSD 98 1.737 1.140 2.646 0.01
MVMR-PRESSO HRV_RMSSD 98 1.538 0.997 2.374 0.055
MVMR-IVW Twave_avr 98 1.007 0.948 1.069 0.82
MVMR-Egger Twave_avr 98 1.007 0.948 1.069 0.82
MVMR-Lasso Twave_avr 98 1.007 0.948 1.069 0.82
MVMR-Median Twave_avr 98 1.017 0.935 1.106 0.70
MVMR-PRESSO Twave_avr 98 1.007 0.949 1.069 0.82
MVMR-IVW PR 98 1.000 0.995 1.005 0.95
MVMR-Egger PR 98 1.000 0.995 1.005 0.96
MVMR-Lasso PR 98 1.000 0.995 1.005 0.95
MVMR-Median PR 98 1.001 0.994 1.008 0.81
MVMR-PRESSO PR 98 1.000 0.995 1.005 0.95
MVMR-IVW HRV_SDNN 98 0.515 0.278 0.954 0.03
MVMR-Egger HRV_SDNN 98 0.529 0.284 0.983 0.04
MVMR-Lasso HRV_SDNN 98 0.515 0.278 0.954 0.03
MVMR-Median HRV_SDNN 98 0.392 0.217 0.705 0.002
MVMR-PRESSO HRV_SDNN 98 0.515 0.279 0.951 0.04
Bradycardia MVMR-IVW HR 32 1.000 1.000 1.000 0.25
MVMR-Egger HR 32 1.000 1.000 1.001 0.13
MVMR-Lasso HR 32 1.000 1.000 1.000 0.25
MVMR-Median HR 32 1.000 1.000 1.000 0.49
MVMR-PRESSO HR 32 1.000 1.000 1.000 0.26
MVMR-IVW HRV_RMSSD 32 1.007 1.000 1.015 0.06
MVMR-Egger HRV_RMSSD 32 1.007 0.999 1.015 0.09
MVMR-Lasso HRV_RMSSD 32 1.007 1.000 1.015 0.06
MVMR-Median HRV_RMSSD 32 1.007 0.999 1.014 0.10
MVMR-PRESSO HRV_RMSSD 32 1.007 1.000 1.015 0.07
MVMR-IVW HRV_SDNN 32 0.988 0.976 1.000 0.045
MVMR-Egger HRV_SDNN 32 0.989 0.977 1.001 0.06
MVMR-Lasso HRV_SDNN 32 0.988 0.976 1.000 0.045
MVMR-Median HRV_SDNN 32 0.992 0.98 1.004 0.19
MVMR-PRESSO HRV_SDNN 32 0.988 0.976 1.000 0.055
MVMR-IVW Twave_avr 32 0.998 0.996 0.999 <0.001
MVMR-Egger Twave_avr 32 0.998 0.997 0.999 0.005
MVMR-Lasso Twave_avr 32 0.998 0.996 0.999 <0.001
MVMR-Median Twave_avr 32 0.998 0.997 0.999 0.004
MVMR-PRESSO Twave_avr 32 0.998 0.996 0.999 0.001
Bradycardia MVMR-IVW HR 35 1.000 1.000 1.000 0.08
MVMR-Egger HR 35 1.000 1.000 1.001 0.08
MVMR-Lasso HR 35 1.000 1.000 1.000 0.08
MVMR-Median HR 35 1.000 1.000 1.001 0.17
MVMR-PRESSO HR 35 1.000 1.000 1.000 0.09
MVMR-IVW HRV-RMSSD 35 1.008 1.000 1.016 0.04
MVMR-Egger HRV-RMSSD 35 1.008 1.000 1.016 0.048
MVMR-Lasso HRV-RMSSD 35 1.008 1.000 1.016 0.04
MVMR-Median HRV-RMSSD 35 1.011 0.999 1.022 0.07
MVMR-PRESSO HRV-RMSSD 35 1.008 1.000 1.016 0.049
MVMR-IVW HRV-SDNN 35 0.988 0.977 1.000 0.04
MVMR-Egger HRV-SDNN 35 0.988 0.977 1.000 0.04
MVMR-Lasso HRV-SDNN 35 0.988 0.977 1.000 0.04
MVMR-Median HRV-SDNN 35 0.985 0.968 1.002 0.07
MVMR-PRESSO HRV-SDNN 35 0.988 0.977 1.000 0.050
MVMR-IVW Twave_anterior 35 1.000 0.998 1.001 0.57
MVMR-Egger Twave_anterior 35 1.000 0.998 1.001 0.73
MVMR-Lasso Twave_anterior 35 1.000 0.998 1.001 0.57
MVMR-Median Twave_anterior 35 0.999 0.996 1.002 0.37
MVMR-PRESSO Twave_anterior 35 1.000 0.998 1.001 0.58
Supraventricular tachycardia MVMR-IVW HR 8 1.000 0.999 1.000 0.19
MVMR-Egger HR 8 1.000 0.999 1.001 0.48
MVMR-Lasso HR 8 1.000 0.999 1.000 0.19
MVMR-Median HR 8 1.000 0.999 1.000 0.19
MVMR-PRESSO HR 8 1.000 0.999 1.000 0.24
MVMR-IVW Pwave duration 8 1.000 1.000 1.000 0.62
MVMR-Egger Pwave duration 8 1.000 0.999 1.000 0.18
MVMR-Lasso Pwave duration 8 1.000 1.000 1.000 0.62
MVMR-Median Pwave duration 8 1.000 1.000 1.000 0.10
MVMR-PRESSO Pwave duration 8 1.000 1.000 1.000 0.63

nSNP, number of SNPs used as instrumental variables; pval, P value; or_Ici95, lower limit of the odds ratio; or_uci95, upper limit of the odds ratio; MVMR, Multivariate
Mendel randomization; IVW, inverse-variance weighted; OR, odds ratio; SNP, single-nucleotide polymorphism; AF, atrial fibrillation; HR, resting heart rate; HRV, heart rate
variability; RMSSD, root mean square of successive differences; pvRSA/HF, peak-valley respiratory sinus arrhythmia or high frequency power; SDNN, standard deviation
of the normal-to-normal interval; Twave, T-wave top amplitude; anterior, ECG lead V3 + V4 + aVL; avr, ECG lead aVR; Pwave duration, P-wave duration.
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Table S7 Power for Mendelian randomization

Outcome Exposures Power
AF HR 0.05
HRV_RMSSD 0.23
HRV_pvRSAHF 0.07
HRV_SDNN 0.69
PR interval 0.05
P-wave duration NA
P-wave terminal force NA
Twave_anterior 0.05
Twave_avr 0.07
Twave_inferior 0.05
Twave_|lateral 0.05
Twave_septal 0.07
Bradycardia HR 0.05
HRV_RMSSD 0.05
HRV_pvRSAHF 0.05
HRV_SDNN 0.05
PR interval 0.05
P-wave duration NA
P-wave terminal force NA
Twave_anterior 0.05
Twave_avr 0.05
Twave_inferior 0.05
Twave_lateral 0.05
Twave_septal 0.05
Supraventricular tachycardia HR 0.05
HRV_RMSSD 0.05
HRV_pvRSAHF 0.05
HRV_SDNN 0.05
PR interval 0.05
P-wave duration NA
P-wave terminal force NA
Twave_anterior 0.05
Twave_avr 0.05
Twave_inferior 0.05
Twave_|lateral 0.05
Twave_septal 0.05

Online tools were used to calculate the power of Mendelian randomization (https://shiny.cnsgenomics.com/mRnd/). The R® used in the
calculation is determined by the formula: R>=2x (1-MAF) x MAF x p%/(se’ x N) . Given that the GWAS data for P-wave duration and P-wave
terminal force did not provide effect allele frequencies, we did not calculate power for P-wave duration and P-wave terminal force. AF,
atrial fibrillation; HR, resting heart rate; Twave, T-wave top amplitude; septal: ECG lead V1 + V2; lateral: ECG lead I+ aVL+ V5+ V6; inferior:
ECG lead Il + lll + aVF; anterior: ECG lead V3 + V4 + aVL; avr, ECG lead aVR; HRV, heart rate variability; RMSSD, root mean square of
successive differences; pvRSA/HF, peak-valley respiratory sinus arrhythmia or high frequency power; SDNN, standard deviation of the
normal-to-normal interval.
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Appendix 2
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Figure S1 Visualization of Atrial fibrillation outcomes. (A) Scatter plot of HRV-RMSSD and AF; (B) Leave one out plot of HRV-RMSSD and AF; (C) Scatter plot of HRV-
SDNN and AF; (D) Leave one out plot of HRV-SDNN and AF; (E) Scatter plot of PR and AF; (F) Leave one out plot of PR and AF; (G) Scatter plot of Twave_avr and AF;
(H) Leave one out plot of Twave_avr and AF. Twave, T-wave top amplitude; avr, ECG lead aVR; PR, PR interval; HRV, heart rate variability; RMSSD, root mean square of

successive differences; SDNN, standard deviation of the normal-to-normal interval; AF, atrial fibrillation.
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Figure S2 Visualization of bradycardia outcomes. (A) Scatter plot of HR and Bradycardia; (B) Leave one out plot of HR and Bradycardia; (C) Scatter plot of HRV-RMSSD
and Bradycardia; (D) Leave one out plot of HRV-RMSSD and Bradycardia; (E) Scatter plot of HRV-SDNN and Bradycardia; (F) Leave one out plot of HRV-SDNN and
Bradycardia; (G) Scatter plot of Twave_anterior and Bradycardia; (FH) Leave one out plot of Twave_anterior and Bradycardia; (I) Scatter plot of Twave_avr and Bradycardia;
J, Leave one out plot of Twave_avr and Bradycardia. HR, heart rate (resting); Twave, T-wave top amplitude; anterior, ECG lead V3 + V4 + aVL; avr, ECG lead aVR; HRV,

heart rate variability; RMSSD, root mean square of successive differences; SDNN, standard deviation of the normal-to-normal interval.
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Figure S3 Visualization of supraventricular tachycardia outcomes. (A) Scatter plot of HR and SVT; (B) Leave one out plot of HR and SVT; (C) Scatter plot of PR and SVT;
(D) Leave one out plot of PR and SVT; (E) Scatter plot of P-wave duration and SVT; (F) Leave one out plot of P-wave duration and SVT. HR, heart rate (resting); PR, PR

interval; Pwave duration, P-wave duration; SVT, Supraventricular tachycardia.

© Journal of Thoracic Disease. All rights reserved. https://dx.doi.org/10.21037/jtd-24-814



	jtd-16-07-4553
	error field45-JTD-24-814-Supplementary.

