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Aims Increases in fat-free mass and fat mass have been associated with higher risk of atrial fibrillation (AF) in observa-
tional studies. It is not known whether these associations reflect independent causal processes. Our aim was to
evaluate independent causal roles of fat-free mass and fat mass on AF.

...................................................................................................................................................................................................
Methods
and results

We conducted a large observational study to estimate the associations between fat-free mass and fat mass on inci-
dent AF in the UK Biobank (N = 487 404, N events = 10 365). Genome-wide association analysis was performed to
obtain genetic instruments for Mendelian randomization (MR). We evaluated the causal effects of fat-free mass and
fat mass on AF with two-sample method by using genetic associations from AFGen consortium as outcome. Finally,
we evaluated independent causal effects of fat-free mass and fat mass with multivariate MR. Both fat-free mass and
fat mass had observational associations with incident AF [hazard ratio (HR) = 1.77, 95% confidence interval (CI)
1.72–1.83; HR = 1.40, 95% CI 1.37–1.43 per standard deviation increase in fat-free and fat mass, respectively]. The
causal effects using the inverse-variance weighted method were 1.55 (95% CI 1.38–1.75) for fat-free mass and 1.30
(95% CI 1.17–1.45) for fat mass. Weighted median, Egger regression, and penalized methods showed similar esti-
mates. The multivariate MR analysis suggested that the causal effects of fat-free and fat mass were independent of
each other (causal risk ratios: 1.37, 95% CI 1.06–1.75; 1.28, 95% CI 1.03–1.58).

...................................................................................................................................................................................................
Conclusion Genetically programmed increases in fat-free mass and fat mass independently cause an increased risk of AF.
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Introduction

Atrial fibrillation (AF) is the most common arrhythmia affecting 2–3%
of the population, and its prevalence is expected to increase globally
due to the aging population.1,2 Major risk factors for AF are shared
with other cardiovascular diseases; in particular, the growing obesity
epidemic is expected to contribute to an increase in the prevalence
of AF.1

Several epidemiological studies have shown that obesity increases
the risk of AF, potentially through promoting inflammation, oxidative
stress, autonomic dysfunction, cardiac fibrosis, insulin resistance, and
hypertension.3–6 An alternative hypothesis suggests that due to the

increased haemodynamic and musculoskeletal load, obesity leads to
atrial hypertrophy and larger atrial mass, and thus, increased AF risk.6

However, increased body size could have these effects, independent
of obesity. In fact, a recent study suggested fat-free mass (comprised
of mostly muscle mass) to be the key anthropometric driver of ele-
vated AF risk,7 questioning the independent role of obesity in AF de-
velopment. Further, other studies have shown that the risk-
increasing effect of fat-free mass for AF is stronger compared to
body fat and other measures of obesity.4,5,8 However, due to high
inter-correlations among different body composition traits, it is diffi-
cult to assess their causality in AF development by the use of obser-
vational data. Evaluating distinct causal effects of fat-free mass and fat
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mass would shed light on the AF pathophysiology, which would have
direct clinical and public health implications.

Mendelian randomization (MR) is a method for evaluating causality
of risk factors on disease by using genetic variants as proxies for risk
factors. The causal role of obesity in AF has been supported by a MR
study using body mass index (BMI) associated genetic variants as in-
strumental variable.9 However, BMI is not an ideal measure to ad-
dress the role of different anthropometric aspects, as it does not
distinguish between fat and muscle mass. In fact, two individuals with
very different composition of fat-free mass and fat mass can have the
same BMI.

Our aim was to evaluate the potential causal roles of fat-free mass
and fat mass in AF development by use of well-powered genetic
instruments from the UK Biobank in a multivariate MR framework. In
particular, we had two questions: (i) does an increase in fat-free mass
cause AF, independent of obesity; and (ii) does an increase in fat mass
cause AF, independent of total fat-free mass?

Methods

Data sources and statistical analyses used in this study are illustrated in
Figure 1. UK Biobank was used for our observational analysis, and for
obtaining genetic instruments for MR analysis. The summary statistics
data from AFGen consortium10 were used to obtain genetic associations
for AF in MR analysis.

UK Biobank
UK Biobank is a large, prospective cohort study aiming to improve human
health, and the prevention, diagnosis, and treatment of chronic diseases.11

In 2006–10, over 500 000 individuals aged 40–69 years underwent a
range of physical measurements, detailed assessments about health-
related factors, and sampling of blood, urine, and saliva.

Fat-free mass and fat mass were assessed using bioelectrical impedance
technique (N = 492 441 and N = 491 643, respectively, Tanita
BC418MA). For sensitivity analysis, we utilized lean mass and fat mass
from dual-energy X-ray absorptiometry (DXA, N = 5170). We used BMI
[estimated as weight (kg) divided by height squared (m2), N = 499 514] as
a measure of total body mass.

AF was defined as primary or secondary cause of hospitalization
or death based on ICD-9 code 427.3 and ICD-10 code I48. The follow-
up of hospitalizations ended on 31 March 2015 in England, 31 August
2014 in Scotland, and 28 February 2015 in Wales; whereas the
death registry included all deaths that occurred before 31 January 2016 in
England and Wales and 30 November 2015 in Scotland. Individuals were
censored on these dates, time of AF, or time of death; whichever
occurred first.

The genome-wide genetic data was available for 488 377 UK Biobank
individuals. Genotyping has been conducted with the UK BiLEVE and UK
Biobank Axiom arrays and imputed with IMPUTE2 by using both HRC
and 1000 Genomes Phase 3 merged with the UK10K haplotype reference
panels. Quality control (QC) of genetic markers consisted of tests for
batch effects, plate effects, departures from Hardy–Weinberg equi-
librium, sex effects, array effects, and discordance. Samples were checked
for their missing rate and heterozygosity. Detailed description of the data
QC and imputation has been provided by Bycroft et al.12 We used the
March 2018 release of the imputed genetic marker data (including cor-
rected imputations from the UK10K and 1000 Genomes Phase 3

reference panel). We restricted the sample to unrelated individuals with
self-reported British descent and European ethnicity based on principal
component analysis (N = 336 442 for BMI, N = 331 615 for fat-free, and
N = 331 088 for fat mass). Further, we excluded genetic markers with
minor allele count <_30 and imputation quality <0.8.

The UK Biobank study was approved by the North West Multi-
Centre Research Ethics Committee and all participants provided written
informed consent to participate in the UK Biobank study. The study
protocol is available in Supplementary material online.11

Statistical analyses
We conducted a large observational study in the UK Biobank to evaluate
the associations of body composition measures and incident AF events.
For observational analyses, we excluded prevalent AF events (N = 5684).
All anthropometric measures were rank transformed to normality to
allow for easier comparisons across measures. Associations between
body composition measures and incident AF were analysed using Cox
proportional hazards models in two sets of models: (i) adjusting for age,
sex, and region of the UK Biobank assessment centre; (ii) further adjust-
ment for additional covariates (physical activity, smoking, alcohol con-
sumption, blood pressure, diabetes, and lipid medication) to account for
possible confounding effects. Regression splines of Cox proportional haz-
ards were used to assess non-linear associations. Proportional hazards as-
sumption was inspected using Schoenfeld’s tests. Further, we performed
some sensitivity analyses with DXA-derived measurements. We
observed high correlation between bioimpedance-derived fat-free mass
and DXA-derived lean mass (r = 0.96), as well as between bioimpedance-
derived fat mass and DXA-derived fat mass (r = 0.86). Based on these
observations, and to maximize power, we decided to perform our main
analyses with the bioimpedance-derived measures, but also to perform
some sensitivity analyses using DXA measurements.

To obtain genetic instruments for MR analysis providing comparable
statistical power, we conducted genome-wide association studies
(GWAS) for bioimpedance-derived fat-free mass and fat mass in the UK
Biobank. The GWAS were conducted with a linear regression assuming
additive models for association between genotype dosages and pheno-
types using PLINK (version 2.0).13 Age, sex, genotype array, and 10 princi-
pal components were used as covariates. Independent variants
(Supplementary material online, Tables S1 and S2) were determined using
conditional analysis for a region around the lead single-nucleotide poly-
morphism (SNP). Effect sizes for association with AF were obtained from

Figure 1 Flowchart of the data sources and statistical analyses.
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..the AFGen consortium summary statistics10 (N AF cases = 17 931, N
controls = 115 142, Supplementary material online, Tables S1 and S2).

We then performed two-sample MR for fat-free mass and fat mass in-
dividually with inverse-variance weighted (IVW) regression, as well as
using several robust MR methods in sensitivity analyses (weighted median,
Egger regression, and penalized methods). Egger regression was used to
assess horizontal pleiotropy.

To further evaluate whether fat-free mass and fat mass have potential
causal effects on AF independently of each other, we used a multivariable
MR weighted regression-based method, in which the effects of multiple
related risk factors can be estimated simultaneously.14,15 In this method,
we extracted the effect sizes for SNPs associated (P <_ 5� 10-8) with fat-
free mass, fat mass, and BMI from the summary statistics for all traits and
AF. As the lead SNPs for body composition traits might be intercorre-
lated, we pruned the variants by linkage disequilibrium (LD) with PLINK
(r2 = 0.05, clumping window = 500 kbp), by using the SNP with the small-
est P-value for association with AF as the index variant in each locus.
Then, we inspected relations between the SNP effects for body compos-
ition traits (Figure 2); because for multivariate MR to be useful, there
needs to be some variants that have stronger effects with one trait than
the other (i.e. the collinearity of genetic effects cannot be too high). This
seemed to hold for fat-free mass and fat mass (r = 0.84) and fat-free mass
and BMI (r = 0.67). Thus, we then conducted multivariate MR for two
models; First, the SNP effects on AF (bAF) were modelled against the
SNP effects for fat-free mass, adjusted for the effects for fat mass (bAF �
bFat-free mass þ bFat mass) using a weighted linear regression model, where
the weights were defined by inverse standard errors of bAF. Then, to fur-
ther evaluate whether fat-free mass was causally related with AF inde-
pendently of total body mass, we adjusted the SNP effects of fat-free
mass for the SNP effects for BMI (bAF� bFat-free massþ bBMI). Due to high
correlations between the fat mass and BMI genetic effects (r = 0.96), the
model bAF � bFat mass þ bBMI is likely to be invalid and thus was not fur-
ther considered.

Analyses were conducted with R (version 3.3.0) packages survival,
TwosampleMR and MendelianRandomization.

Results

The demographic and clinical characteristics of study participants are
shown in Table 1. Mean age at baseline was 56.5 years [standard

deviation (SD) 8.1 years] and 54% of subjects were females. During
follow-up (median 6.1 years; interquartile range 5.4–6.7 years;
3 005 107 person-years at risk), 10 852 incident AF cases occurred in
participants free from the disease at baseline.

Observational analyses
Both fat-free mass and fat mass had strong associations with incident
AF in observational analyses, but the effect was much stronger for
fat-free mass than for fat mass [hazard ratio (HR) = 1.77, 95% confi-
dence interval (CI) 1.72–1.83; HR = 1.40, 95% CI 1.37–1.43 per SD-
increase in fat-free mass and fat mass, respectively, Take home figure,
Supplementary material online, Table S3]. Adjusting for additional
covariates slightly attenuated these associations (HR = 1.70, 95% CI
1.65–1.76; HR = 1.34, 95% CI 1.31–1.37 per SD-increase in fat-free
mass and fat mass, respectively, Take home figure, Supplementary ma-
terial online, Table S3). Although not a focus of the present study,
cross-sectional associations of fat-free mass [odds ratio (OR) = 1.77,
95% CI 1.69–1.85] and fat mass (OR = 1.51, 95% CI 1.47–1.56) with
prevalent AF were similar to the main results. In comparison, we esti-
mated associations between some additional factors and incident AF
(Supplementary material online, Table S4). For example, left ventricu-
lar ejection fraction showed strong association with incident AF
(HR = 0.57, 95% CI 0.43–0.76). The point estimates for DXA-derived
measures were stronger than corresponding bioimpedance-derived
measures (HR = 1.99, 95% CI 1.33–2.93; HR = 1.50, 95% CI 1.16–
1.94 per SD-increase in lean and fat mass, respectively). However, it
should be noted that the number of incident AF events was low
(N = 64) in these analyses.

Due to differences in body composition in males and females, we
also estimated these associations by sex. The association of fat mass
with incident AF was higher in females (HR = 1.49, 95% CI 1.44–1.54)
than in males (HR = 1.35, 95% CI 1.31–1.39, respectively,
Pinteraction = 1.2� 10-5). The effects of fat-free mass were similar for
both genders (HR = 1.75, 95% CI 1.65–1.85 for females; HR = 1.77,
95% CI 1.71–1.84 for males; Pinteraction = 0.26). The associations of
both measures with AF were non-linear (all Pnonlinearity <0.003,
Figure 3). In particular, the associations were J-shaped for fat mass and
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Figure 2 Effect sizes for genetic instruments for body composition traits used in multivariate Mendelian randomization analysis.
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..AF in females; and fat-free mass and AF in males (Supplementary ma-
terial online, Figure S1).

Mendelian randomization
Our univariate MR analyses suggested causal effects of fat-free mass
and fat mass on AF in the same direction as in the observational ana-
lysis (causal risk ratio = 1.55, 95% CI 1.38–1.75; causal risk
ratio = 1.30, 95% CI 1.17–1.45 per SD-increase in fat-free mass and
fat mass, respectively, Take home figure, Supplementary material on-
line, Table S3). Penalized IVW regression, MR-Egger, and median-
based regression showed consistent results with the regular IVW
(Supplementary material online, Figures S2 and S3), and no directional
horizontal pleiotropy was detected (PEgger intercept >0.14). At an alpha
level 0.05, the statistical power was >99% to detect the effects of fat-
free mass and fat mass on AF at the observed effect sizes of 1.77 and
1.40 per SD-increase, respectively (Supplementary material online,
Table S3). We had >80% power to detect causal effects down to 1.08
and 1.12 per SD-increase for fat-free mass and fat mass on AF,
respectively.

The multivariate MR showed that the potential causal effects of
fat-free mass and fat mass on AF were independent of each other
(Take home figure, Supplementary material online, Table S3).
However, when adjusted for fat mass, the effect of fat-free mass was
substantially lower compared to that of univariate MR [causal risk
ratio = 1.37, 95% CI 1.06–1.75 (as compared to 1.55 in the univariate
MR), Take home figure, Supplementary material online, Table S3]. In
contrast, the effect for fat mass did not change substantially when
adjusted for fat-free mass [causal risk ratio = 1.28, 95% CI 1.03–1.58
(as compared to 1.30 in the univariate MR), Take home figure,
Supplementary material online, Table S3]. When keeping BMI con-
stant, the effect of fat-free mass on AF was 1.50 (95% CI 1.27–1.77).
For sensitivity analysis, we restricted instruments to those SNPs that
had specific associations for fat mass or fat-free mass (Pfat mass < Pfat-

free mass � 10 and vice versa). This resulted in 26 SNPs for fat mass,
and 388 SNPs for fat-free mass. The point estimate for fat-free mass
was identical to that of univariate MR (causal risk ratio = 1.55, 95% CI
1.16–2.07), but larger for fat mass (causal risk ratio = 1.44, 95% CI
1.08–1.91).

As our observational analyses suggested non-linearity and
larger effect sizes for fat mass in females, we applied two addition-
al MR analyses using individual-level data from the UK Biobank:
sex-stratified two-stage least-squares17 and non-linear MR.18,19 In
these analyses, we included all (prevalent and incident) AF events
in the UK Biobank (N events = 15 990 among unrelated, European
descent individuals with genetic data passing quality control). The
results are presented in Supplementary material online, Table S5.
Consistent with the observational results, we indeed observed
larger effects of fat mass on AF in females than in males (causal risk
ratio = 1.30, 95% CI 1.22–1.39 in females; causal risk ratio = 1.21,
95% CI 1.15–1.29 in males). The effects of fat-free mass on AF
were similar in both genders.

Non-linear MR using piecewise linear method18 suggested that the
overall effects of fat-free mass and fat mass on AF were non-linear,
but gender-specific analyses showed that the non-linear effects were
significant in females, but not in males.

Discussion

Principal findings
We conducted a large observational and MR analysis assessing the
effects of fat-free mass and fat mass in development of AF. In line with
previous observational studies,4,5,7 the observational association of
fat-free mass was stronger than the association of fat mass. Both ob-
servational and MR analyses suggested that the magnitude of the as-
sociation of fat-free mass with AF was equal in both sexes, whereas
fat mass showed stronger associations in women than in men. Our
MR analyses suggested that both fat-free mass and fat mass are caus-
ally related with AF. Our multivariate MR analysis showed that these
effects are independent of each other.

Our results allow us to draw the following conclusions. First, our
MR analyses suggest that the association between fat-free mass and
AF, which has been reported in several recent observational stud-
ies,4,5,7,8 is causal by nature. The mechanisms explaining this associ-
ation are not well established, but atrial hypertrophy is likely to have
a central role.6 However, our MR analysis showed clearly lower ef-
fect sizes for fat-free mass compared with those obtained using ob-
servational data. This indicates that observational estimates for
associations of fat-free mass with AF are likely to be confounded—a
notion also supported by the attenuation of point estimates upon ad-
justment for potential confounders—and highlights inherent limita-
tions of observational methods. Observational analyses are prone to
several biases, such as confounding, reverse causality, and multicolli-
nearity. Instead, MR utilizes genetic variants as proxies for risk factors,
which are, in under some assumptions, free from these biases.
Second, in contrast to recent observational analyses questioning the
independent role of fat mass (reflecting adiposity) in AF develop-
ment,6,7 our multivariate MR analysis show that fat mass per se also
predisposes to AF, as the causal effect of fat mass on AF was inde-
pendent and not mediated through the effect on fat-free mass.

Clinical implications
Our analyses suggest that larger body mass, whether composed of
fat-free mass or fat mass, promotes development of AF. Obesity
might increase the risk of AF through several potential mediating
mechanisms, including increasing the risk of clinical risk factors, such
as hypertension, diabetes, and the metabolic syndrome. Obesity can
also directly or indirectly have deleterious effects on inflammation,
oxidative stress, autonomic dysfunction, cardiac fibrosis, and left ven-
tricular and atrial enlargement.6 Thus, aggressively targeting obesity
with multi-modality therapeutic intervention is likely to be an effect-
ive way to prevent AF and resultant comorbidities such as stroke.

In contrast, even if our results suggest that fat-free mass is also caus-
ally related with AF, strategies aiming to decrease fat-free mass (which
is mostly composed of muscle mass) might have unfavourable health
effects, as they would involve reduced physical activity and fitness.
Limiting strength training may have deleterious effects on other cardi-
ometabolic conditions, such as diabetes and atherosclerotic cardiovas-
cular disease, particularly for secondary prevention.20 Furthermore,
higher muscular strength (measured as relative grip strength, thus
accounting for body mass) and increased overall cardiorespiratory fit-
ness both decrease the risk for AF.21 That said, it is important to
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recognize the potential risks related to activities aiming extensive gains
in muscle mass or consumption of bodybuilding supplements. Indeed,
there are case reports of AF presumably caused by supplements
aimed to increase muscle bulk and strength.22–25 More research is
needed to identify biological mechanisms underlying the associations
between fat-free mass and AF, and determine whether protective and
harmful gains in fat-free mass can be distinguished, especially as our
analyses indicate that the risk-increasing might be non-linear.

In conclusion, reductions in fat mass and fat-free mass are likely to
affect different biological pathways, and both of these mechanisms
seem to lower AF risk independently. Thus, weight loss is likely to be
a key factor in preventing AF, regardless of the person’s current body
composition. This observation is also in line with the 2016 European
Society of Cardiology (ESC) Guidelines for the management of AF
developed in collaboration with European Association for Cardio-
Thoracic Surgery (EACTS), where weight loss should be considered
to reduce AF burden and symptoms in obese patients with AF.26

Strengths and limitations
The main strength of this study is its large study sample, which
allowed us to perform comprehensive time-to-event analysis for inci-
dent AF and well-powered GWAS to obtain genetic instruments for
MR analyses. Indeed, we identified hundreds of genetic variants for
body composition traits, and even though many of them might not be
valid genetic instruments for MR analysis, we applied established sen-
sitivity analyses17 to minimize the effects of pleiotropic SNPs. These
include weighted median method, which allows 50% of the genetic
instruments to be invalid and Egger regression that adjusts for direc-
tional pleiotropy. Further, we applied multivariate MR,14,15 which is
useful for evaluating independent causal effects of multiple related
risk factors, as it accounts for pleiotropic effects within the model.
One main advantage of this method is that it does not require exclu-
sions of SNP associated with several of the investigated exposures,
which might be subjective and lead to a genetic instrument that is no
longer biologically meaningful.27 However, it is important to acknow-
ledge that MR analysis has several other potential limitations,17 and
while using multiple genetic instruments improves the power of MR,
there is always some risk of pleiotropy despite extensive sensitivity
analyses. Thus, the results from MR study should always be consid-
ered as another layer of evidence,28 strengthening or challenging the
findings from observational studies rather than proving causality.

There are also limitations in our study. First, as DXA meas-
urements were available only a small subset of individuals
(N = 3695 available for GWAS), we conducted our main analysis
with bioimpedance-derived fat-free mass and fat mass, which is
not ideal as they might be influenced by factors, such as hydra-
tion. However, the correlations between bioimpedance meas-
ures and the DXA-derived ‘gold standard’ measures were high,
and we conducted some sensitivity analyses with DXA-
measures. Second, based on our observational analyses, the as-
sociation of fat mass with AF was different in females and males.
To assess causal effects by gender, we conducted individual-
level MR analysis by gender in the UK Biobank, which might
bias causal estimates slightly towards the confounded observa-
tional association,17 as the genetic instruments were obtained
by using the same dataset. Unfortunately, we could not assess
the causal effects by gender using the two-sample MR method,
because the outcome data for MR analysis was from AFGen
Consortium, which did not report gender-specific associations.
Third, the AF prevalence and incidence rates are not generaliz-
able to general population due to ‘healthy volunteer bias’
among the UK Biobank study participants. Moreover, the defin-
ition of AF was based on hospital and death registries, which
presumably leads to under diagnosis of AF, especially of milder
cases. However, while the AF prevalence as well as the strength
of risk factor associations may be underestimated, the presence
of associations between body composition traits and AF are still
likely be generalizable to the broader population.29 Fourth, we
could not adjust our observational models for low-density lipo-
protein (LDL) cholesterol or other lipid fractions, as there
were not yet available in the UK Biobank. However, we
adjusted our models for lipid-lowering medication as a proxy
for dyslipidaemia. Also, the MR analyses are by design unaffect-
ed by potential confounding by lipid levels (or other

Table 1 Baseline characteristics of the UK Biobank
participants (N 5 502 619)

Gender

Females 273 455 (54)

Males 229 164 (46)

Baseline age (years) 56.5 (8.1)

Ethnicity

White 472 803 (94.1)

Black 8064 (1.6)

Asian 11 456 (2.3)

Mixed 7518 (1.5)

Smoking status

Never 273 590 (54.4)

Previous 173 091 (34.4)

Current 52 986 (10.5)

Alcohol consumption

Daily or almost daily 101 787 (20.3)

Three or four times a week 115 459 (23.0)

Once or twice a week 129 317 (25.7)

One to three times a month 55 870 (11.1)

Special occasions only 58 025 (11.5)

Never 40 658 (8.1)

Diabetes 26 407 (5.3)

Blood pressure (mmHg)

Systolic 139.8 (19.7)

Diastolic 82.3 (10.7)

Lipid medication 82 366 (16.4)

Physical activity,a (MET-hours/week) 43.8 (43.7)

Body mass index (kg/m2) 27.4 (4.8)

Fat mass (kg) 24.9 (9.6)

Fat-free mass (kg) 53.2 (11.5)

Prevalent atrial fibrillation 5684 (1.1)

Incident atrial fibrillation 10 852 (2.2)

Data are presented as mean (SD) or N (%).
aMissing values of the variable were imputed with predictive mean matching.16
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confounders). Finally, the majority of participants in the UK
Biobank were of European ancestry, and the GWAS was con-
ducted using only Europeans. Hence, the generalizability of the
results to other ethnicities is unknown.

In conclusion, increases in fat-free mass and fat mass are associated
with higher risk for AF, and these relationships are likely to be causal
by nature. Treating and preventing obesity is likely to be the most ef-
fective way to reduce the AF risk caused by large body mass. To fully
understand the causal processes, more research is needed to evalu-
ate the mediating mechanisms between body composition traits
and AF.

Supplementary material

Supplementary material is available at European Heart Journal online.
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