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Background: Although several observational studies have shown an association
between birth weight (BW) and atrial fibrillation (AF), controversy remains. In this study,
we aimed to explore the role of elevated BW on the etiology of AR

Methods: A two-sample Mendelian randomization (MR) study was designed to infer
the causality. The genetic data on the associations of single-nucleotide polymorphisms
(SNPs) with BW and AF were separately obtained from two large-scale genome-wide
association studies with up to 321,223 and 1,030,836 individuals, respectively. SNPs
were identified at a genome-wide significant level (o < 5 x 1078). The inverse
variance-weighted (IVW) method was employed to obtain causal estimates as our
primary analysis. Sensitivity analyses with various statistical methods were applied to
evaluate the robustness of the results, and multivariable MR analysis was conducted to
determine whether this association was mediated by the body mass index (BMI).

Results: In total, 144 SNPs were identified as the genetic instrumental variables. MR
analysis revealed a causal effect of elevated BW on AF (OR = 1.27, 95% Cl = 1.14-1.40,
p = 5.70 x 1078). All the results in sensitivity analyses were consistent with the primary
result. The effect of BW on AF was attenuated when adjusted for BMI (OR = 1.16, 95%
Cl =1.01-1.33, p = 0.04).

Conclusions: This study indicated that elevated BW was significantly associated with

increased lifelong risk of AF, which may be partially mediated by BMI.

Keywords: atrial fibrillation, birth weight, body mass index, causal association, genome-wide association study,
mendelian randomization

INTRODUCTION

Atrial fibrillation (AF) represents the most common sustained cardiac arrhythmia with significant
morbidity and mortality, responsible for a substantial health care burden all over the world
(1-3). The global number of individuals with AF was estimated to be 33.5 million in 2010,
and accumulated evidence have suggested an increasing prevalence and incidence of AF during
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the recent years (3-5). Considerable effort has been made to
manage this disease, whereas the benefit of eliminating the
established AF remains limited (1, 2, 6). Further exploration of
the AF pathophysiology and discovery of the new risk factors are
warranted, since the efficient prevention is of great importance
(7, 8).

Birth weight (BW) represents a well-established risk factor
for ischemic heart disease (9-11). In addition, numerous
studies have suggested that BW is also associated with several
cardiovascular risk factors such as type 2 diabetes mellitus and
hypertension (12, 13). However, it remains inconclusive whether
BW is associated with the risk of AF. To our knowledge, only
four previous studies have explored the association between BW
and AF, with discordant results (14-17). Further investigation is
warranted to reveal whether this association is causal (18).

Mendelian randomization (MR) analysis has been
increasingly used to infer the causation (19, 20). MR exploits
genetic variants, usually single-nucleotide polymorphisms
(SNPs), as proxies for the exposure of interest (19, 20). Based
on Mendel’s second law, these SNPs were randomly allocated
at conception, which could be thought as a natural randomized
controlled trial (21). MR analysis is less susceptible to potential
unmeasured confounders and reverse causation (19, 20). Two-
sample MR is an extension of this methodology, which derives
the genetic association data from two separate genome-wide
association studies (GWASs) (22, 23). With the enlargement
of the sample size, the statistical power is largely improved. In
this study, we aim to systematically appraise the evidence of the
causal association between BW and AF using the two-sample
MR analysis.

METHODS
Study Design

A two-sample MR study was designed to investigate the causal
association between BW and the risk of AF (Figure 1). This
method was based on three key assumptions (19). First, the
genetic instrumental variables, i.e., SNPs, should be strongly
associated with the BW. Second, the instrumental variables
should be independent of confounders that may affect the
association between the BW and the risk of AF. Third, the
instrumental variables should be only associated with the risk of
AF via BW.

Data Sources

Exposure: BW

The exposure in this study was genetically predicted BW, in
standard deviations (SDs). The SNPs that proxied for BW were
extracted from the hitherto largest GWAS meta-analysis on BW
using data from the Early Growth Genetics (EGG) Consortium
and the UK biobank (n = 321,223) (24). This trans-ethnic
(92.8% were European ancestry) meta-analysis consisted of three
components: (i) 80,745 individuals of European ancestry from
35 studies within the EGG consortium, (ii) 12,948 individuals
of diverse (non-European) ancestries from 9 studies within the
EGG consortium, and (iii) 227,530 individuals of all ancestries

MR Instruments
(144 SNPs)

FIGURE 1 | Conceptual framework of the two-sample Mendelian
randomization study design. This method is based on three key assumptions
as follows: (A) The SNPs should be associated with the birth weight; (B) The
SNPs should be independent of the confounders; (C) The SNPs should be
associated with the atrial fibrillation only via the birth weight. MR, Mendelian
randomization; SNP, single-nucleotide polymorphism.

from the UK Biobank (Supplementary Table 1). Premature and
multiple births were excluded in most of the included studies.

Outcome: AF

The outcome in this study was AF. Summary statistics data
on associations of SNPs with AF were derived from a recently
published GWAS (n = 1,030,836) (25). This GWAS was the
largest one on AF to date, which analyzed a total of 34,740,186
genotyped SNPs on up to 60,620 cases and 970,216 controls
from six resources (Supplementary Table2). The majority
(98.6%) of the individuals were of European ancestry. AF was
mainly diagnosed according to the International Classification of
Diseases (ICD-9 and ICD-10).

Statistical Analysis

Selection and Validation of Instrumental Variables
(SNPs)

To ensure a close relationship between the genetic instrumental
variables and BW, SNPs were identified at a genome-wide
significant level (p < 5 x 107%) from the corresponding GWAS
summary dataset. To check for correlations between each SNP,
the pairwise-linkage disequilibrium (LD) was calculated using
LD-Link based on European (https://ldlink.nci.nih.gov/) (26).
When 72 > 0.001, only the SNP with lower p-value was retained.
In addition, the effects of SNPs on AF were obtained from the
corresponding dataset. If the specified SNP was not available for
AF, a highly correlated SNP (2 > 0.8) was selected for proxy
(27). Additionally, any palindromic SNPs were removed from our
analysis. Finally, F statistic was calculated for each SNP in order
to detect whether this SNP was valid (F > 10) or not.

Primary MR Analysis

The inverse variance-weighted (IVW) method was employed
to evaluate the causal association between BW and AF in this
study as our primary analysis (28). Specifically, the causal effect
of each SNP was estimated using the Wald estimator, and the
relevant standard error was calculated using the Delta method
(28). Then the IVW method was performed to meta-analyze
each Wald ratio. Results were presented as odds ratios (ORs)
with 95% confidence intervals (CIs) of AF per SD increased
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BW. The association of each SNP with BW was further plotted
against its effect on AF. In addition, a power calculation was
carried out using an online web-based tool named mRnd (https://
shiny.cnsgenomics.com/mRnd/) (29). In this study, the statistical
power was required to be at least 80%.

Sensitivity Analysis and Pleiotropy Assessment

In the follow-up sensitivity analyses, the maximum likelihood,
simple median, weighted median (30), simple mode, weighted
mode, MR-Egger (31), and Mendelian Randomization
Pleiotropy Residual Sum and Outlier (MR-PRESSO) (32)
methods were applied to test the robustness of our primary
analysis. These methods were more robust for SNPs with
potential pleiotropy. Subsequently, a leave-one-out analysis was
conducted to determine whether the estimated causal effect
was disproportionately affected by a single SNP. MR-Egger
intercept test was performed to evaluate the potential directional
pleiotropy. When the p-value of intercept was larger than 0.05,
no horizontal pleiotropy existed. Additionally, a funnel plot was
generated to visually inspect the pleiotropy, in which symmetry
provided evidence against directional pleiotropy (33).

Multivariable MR Analysis

To determine whether the association between BW and AF
was mediated or confounded by anthropometric traits, we
investigated the effect of BW on AF conditional on body mass
index (BMI) using multivariable MR analysis. The summary
statistics data on associations of SNPs with BMI were obtained
from a large GWAS and included about 700,000 individuals of
European ancestry (34).

All  the analyses were implemented using the
“MendelianRandomization” and “TwoSampleMR” R packages
in R (version 3.6.2) software environment (35, 36).

Ethics Approval
Our study only made use of publicly available data, and hence, no
additional ethics approval was required.

RESULTS

In total, 229 SNPs were obtained from the GWAS dataset of
BW, which achieved the genome-wide significance (p < 5 x
1078). After exclusion of the correlated SNPs, 146 SNPs were
retained. Among these SNPs, rs12623454, and rs6040076 were
palindromic, which may cause ambiguity in the strand direction.
Therefore, 144 SNPs were selected as genetic instrumental
variables in our analyses. All the selected SNPs were valid (F >
10), and their characteristics and associations with BW and AF
are shown in Supplementary Table 3.

TABLE 1 | MR-Egger intercept test of the causal association between birth weight
and atrial fibrillation.

Exposure Outcome Intercept (95% CI) P

Birth weight Atrial fibrillation —0.004 (—0.010, 0.003) 0.24

Cl, confidence interval.

Method OR (95%Cl) P
Inverse variance weighted - 1.27 (1.14,1.40)  5.70E-06
Maximum likelihood HH 1.28 (1.20,1.36)  5.16E-15
Simple median —a— 1.31(1.18,1.45)  1.63E-07
Weighted median —a— 1.31(1.17,1.46)  1.33E-06
Simple mode P 1.37(1.06,1.77)  1.80E-02
Weighted mode —a— 1.34 (1.14,1.58)  4.80E-04
MR-Egger (P for pleiotropy = 0.24) I L > 1.50 (1.11, 2.01) 8.18E-03
MR-PRESSO (raw) —a— 1.27 (1.14,1.40)  1.20E-05
MR-PRESSO (7 outliers) - 1.29 (1.18,1.41)  6.69E-08
s 1 12 e s s 2
FIGURE 2 | The association between birth weight and atrial fibrillation investigated with different statistical methods. OR, odds ratio; Cl, confidence interval; MR,
Mendelian randomization; MR-PRESSO, Mendelian Randomization Pleiotropy Residual Sum and Outlier.
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variance-weighted.

MR Method

Inverse variance weighted

* .- : O . %o,
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FIGURE 3 | Funnel plot of the Mendelian randomization analysis. The X axis presents the estimate of the causal effect, and the Y axis presents the relevant inverse
standard error. The dots indicate each SNP, and the line indicates the overall estimate using VW method. SNP, single-nucleotide polymorphism; IVW, inverse

The Association Between BW and AF

The primary result using IVW method is shown in Figure 2,
Supplementary Figure 1. The OR and 95% CI of AF per SD
increased BW were 1.27 (1.14-1.40), p = 5.70 x 107°. This
result suggested that the genetically predicted BW was causally
associated with the risk of AF. The power of the primary analysis
was 1.00, as shown in Supplementary Table 4. In addition,
the visual inspection of the association of each SNP with BW
and its effect on AF is shown in Supplementary Figure 2. The
results of sensitivity analyses with various statistical methods
were consistent with our primary result, as shown in Figure 2.
And the leave-one-out analysis suggested that the overall
estimate was unlikely driven by any single SNP, as shown in
Supplementary Figure 3. The result of MR-Egger intercept test
is shown in Table 1. The intercept and 95% CI were —0.004
(—0.010, 0.003), p = 0.24, which suggested no evidence of
directional pleiotropy. Additional evidence against directional
pleiotropy was provided by the symmetric funnel plot, as shown
in Figure 3.

BMI Partially Mediated the Association

Between BW and AF

As shown in Supplementary Figure 4, genetically predicted BW
was robustly associated with elevated BMI. Table 2 presents the
effect of BW on AF when adjusted for BMI. The OR and 95%
CI of AF per SD increased BW conditional on BMI were 1.16
(1.01-1.33), p = 0.04. A model of mediation analysis is presented
in Figure 4. The total effect of elevated BW was to increase
the risk of AF by 26.6% (14.3-40.2%), while the direct effect of
elevated BW conditional on BMI accounted for an increase of AF
risk by 15.8% (0.8-33.1%). This indicated that BMI was partially

TABLE 2 | Multivariable Mendelian randomization analysis for association
between birth weight and atrial fibrillation conditional on body mass index.

Exposure Outcome OR (95% CI) P
Birth weight Atrial fibrillation 1.16 (1.01, 1.33) 0.04
Body mass index Atrial fibrillation 1.70 (1.02, 2.84) 0.04

OR, odds ratio; Cl, confidence interval.

N

SNPs — Birth Weight ————————Atrial Fibrillation

Direct effect:
15.8% (0.8% - 33.1%)

Total effect: 26.6% (14.3% - 40.2%)

FIGURE 4 | A model for how birth weight impacts atrial fibrillation. SNP,
single-nucleotide polymorphism; BMI, body mass index.

involved in the association between BW and AF, while BW was
still an independent risk factor for AF.

DISCUSSION

This MR study showed that genetically elevated BW was
significantly associated with the increased risk of AF in later life.
Though BMI may partially mediate this association, BW is still a
robust risk factor for AF.

The association between BW and the risk of cardiovascular
diseases was first described in 1989 (9). Since then, multiple
studies have confirmed an established risk of low weight at
birth on cardiovascular diseases in adulthood, such as coronary
artery disease, myocardial infarction, type 2 diabetes mellitus, and
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hypertension (9-13). However, only four previous studies have
assessed the potential association between BW and the risk of AF,
with conflicting results (14-17). The Women’s Health Study of
27,982 women, including 735 AF cases during a median follow-
up of 14.5 years, indicated that BW was significantly associated
with the incident AF among women (14). The Atherosclerosis
Risk in Communities cohort of 10,132 individuals, identifying
882 AF cases during an average follow-up of 10.3 vyears,
demonstrated that low BW was independently associated with
increased risk of AF (15). The prospective cohorts in Sweden
of 29,551 men and 23,454 women, comprising 2,711 men and
1,491 women who developed AF during 12 years of follow-up,
showed that low BW in men and high BW both in men and
women were associated with higher risk of AF (16). The Helsinki
Birth Cohort Study of 13,345 individuals, including 907 incident
cases during 70.5 years of follow-up, suggested a significant U-
shaped association between BW and AF (17). Although several
recognized confounding factors have been adjusted in these
studies, the influence of unmeasured confounders was inevitable,
which may account for the divergent results.

MR analysis can avoid the potential unmeasured confounders
thus making stronger causal inference (19, 20). Previously, a
large-scale MR study (12) supported that lower BW was causally
associated with an increased risk of coronary artery disease,
myocardial infarction, and type 2 diabetes mellitus, which were
well-recognized risk factors for AF (7, 37). This seems to
be diametrically opposed to the results we present here, the
underlying mechanism of which is unknown. The present study
provided evidence for the causal association between the elevated
BW and the increased risk of AF. Though BMI may partially
mediate this association, BW is still a robust risk factor for
AF. Increased atrial size, involved in the pathophysiology of
AFE, has been recognized as a well-established risk factor for
AF (38). Given the potential association between body mass
and left atrial size, it is plausible that the association of BW
with AF may be mediated through body mass and left atrial
size subsequently (39). The strong association between BMI
and diastolic dysfunction is another possible explanation for
the relationship between BW and AF mediated by BMI (40,
41). Further investigations are warranted to explore the exact
mechanism by which high BW is associated with high AF risk.

A major strength of this study is the design of MR analysis,
which can avoid the potential unmeasured confounders and
reverse causation in comparison to conventional observational
studies (19, 20). The use of MR analysis enables a causal inference
for the association between BW and the risk of AF. Another
important strength is that the genetic data were derived from the
largest GWAS to date. An extremely large sample size ensures
good statistical power for MR analysis. An additional strength is
that large number of SNPs were identified in this study, which is
more conducive to reliable and precise results. In addition, our
findings plausibly suggest a feasible and effective prevention to
ease the burden of AF by preventing the overweight of newborns.
A balanced diet and regular check-ups during pregnancy are
required to control the BW of newborns, which is of great
significance to the prevention of AF. People born with high
weight can pay more attention to their risk of developing AF and
adopt a healthy lifestyle or other way to lower their risk.

There are several limitations in our study that also require
discussion. First, a potential threat to the reliability of the
results is the violation of the requisite MR assumptions. Potential
pleiotropy could not be completely ruled out, which may lead to
biased estimates. However, no evidence of pleiotropic effect was
observed in the pleiotropy assessment and sensitivity analyses
with robust methods. Second, there was partial overlap between
the individuals included in the GWAS datasets for BW and AF,
which could bias the result if substantial. Although the precise
degree of the overlap was difficult to quantify, the UK biobank,
one of the three components of BW GWAS, was also part
of the AF GWAS (12.9%). The real proportion was probably
smaller; thus, the risk of bias from sample overlap was likely
to be low. Third, most of the individuals in our study were of
European ancestry, which may limit the generalizability of the
results to other population. Fourth, we were unable to address the
sexual disparities in association between BW and AF risk because
sex-specific genetic data were not available. Fifth, although the
phenotypes of multiple births and gestational age <37 weeks
have been almost excluded, a non-linear association between BW
and AF could also exist, which might bias the result. Finally, we
only revealed the causal association between BW and the risk of
AF from a genetic perspective, without involving the maternal
intrauterine environment.

CONCLUSIONS

This study indicated that elevated BW was significantly
associated with increased lifelong risk of AF, which may be
partially mediated by BML.
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