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Background—Previous reports have implicated multiple genetic loci associated with AF, but the contributions of genomewide variation to AF susceptibility have not been quantified.
Methods and Results—We assessed the contribution of genome-wide single-nucleotide polymorphism variation to AF risk
(single-nucleotide polymorphism heritability, h2g) using data from 120 286 unrelated individuals of European ancestry
(2987 with AF) in the population-based UK Biobank. We ascertained AF based on self-report, medical record billing
codes, procedure codes, and death records. We estimated h2g using a variance components method with variants having
a minor allele frequency ≥1%. We evaluated h2g in age, sex, and genomic strata of interest. The h2g for AF was 22.1%
(95% confidence interval, 15.6%–28.5%) and was similar for early- versus older-onset AF (≤65 versus >65 years of age),
as well as for men and women. The proportion of AF variance explained by genetic variation was mainly accounted for
by common (minor allele frequency, ≥5%) variants (20.4%; 95% confidence interval, 15.1%–25.6%). Only 6.4% (95%
confidence interval, 5.1%–7.7%) of AF variance was attributed to variation within known AF susceptibility, cardiac
arrhythmia, and cardiomyopathy gene regions.
Conclusions—Genetic variation contributes substantially to AF risk. The risk for AF conferred by genomic variation is
similar to that observed for several other cardiovascular diseases. Established AF loci only explain a moderate proportion of
disease risk, suggesting that further genetic discovery, with an emphasis on common variation, is warranted to understand
the causal genetic basis ofAF.  (Circ Cardiovasc Genet. 2017;10:e001838. DOI: 10.1161/CIRCGENETICS.117.001838.)
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A

F affects ≈34 million individuals worldwide1 and
imposes a major public health burden.2 Epidemiological
data underscore the heritable nature of AF.3–8 Both traditional
genetic mapping approaches and genome-wide association
studies (GWAS) have identified numerous loci implicated in
the pathogenesis of AF.9–12 Despite progress identifying susceptibility loci for AF, the aggregate contributions of genetic
variation to AF susceptibility remain unclear.

methods can provide estimates of the proportion of phenotypic
variance explained by additive genetic variation, otherwise
referred to as narrow-sense single-nucleotide polymorphism
(SNP) heritability (h2g). Measurements of h2g estimated in
unrelated subjects can minimize the potential inflation of traditional heritability estimates caused by shared familial environmental factors. Moreover, such methods enable partitioning of
the contributions of variation in specific genomic regions, and
according to variant characteristics and annotations, to disease
susceptibility.17,18 Currently, the contribution of genome-wide
variation to AF susceptibility is not well understood.
We, therefore, sought to assess the genetic architecture of
AF by using genome-wide imputation data from the population-based UK Biobank, leveraging recently released data for
>120 000 individuals of predominantly European ancestry. We
performed a GWAS of AF in the participants and specifically
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Because complex phenotypes may be caused by the aggregate effects of thousands of variants that are not associated
with disease at genome-wide significance levels,13,14 several
approaches have been developed to assess the total contributions
of genome-wide variation to disease susceptibility.15–18 Such
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estimated h2g stratified by age of AF onset, sex, allele frequency, and variation within previously implicated AF susceptibility gene regions.

Methods
Study Participants
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The UK Biobank is a prospective, population-based cohort study,
which enrolled >500 000 individuals aged 40 to 69 from the United
Kingdom. Participants were invited to 1 of the 22 centers in the
United Kingdom between 2006 and 2010 (the initial assessment
visit). Blood, urine, and saliva samples, information from questionnaires on health and lifestyle, and physical measurements were collected. In the current study, we assessed 152 249 participants with
available genome-wide genotyping information from an interim
data release. Individuals of non-European ancestry and close relatives were removed. Unrelated individuals were chosen by omitting
first-, second-, and third-degree relatives with an empirical kinship
coefficient >0.044 as estimated and defined by the KING software
performed by UK Biobank.19 Individuals of European ancestry were
identified from a principal component analysis of 40 538 common
variants with low level of linkage disequilibrium followed by the application of an outlier detection algorithm20 to the 2 leading principal
components performed by UK Biobank as well. All participants provided written informed consent to participate in research as described
previously,21 and the UK Biobank was approved by the UK Biobank
Research Ethics Committee (reference number 11/NW/0382). Use
of UK Biobank data was approved by the local Partners Healthcare
Institutional Review Board.

AF Ascertainment
We defined AF based on data ascertained from baseline interviews,
procedure codes, billing codes, and death records. A detailed description of the AF definition we derived and used is provided in Table I
in the Data Supplement. Briefly, we classified participants as having
AF if they reported a history of AF, atrial flutter, or had undergone
cardioversion, atrioventricular node ablation, pulmonary vein isolation procedure, atrial flutter ablation, or had received an International
Classification of Diseases (ICD) billing code of 427.3 (ICD-9) or I48
(ICD-10).

Genotyping, Imputation, and Variant Selection
Two thirds of the samples in the interim UK Biobank data release
were genotyped on the UK Biobank Axiom array. About 50 000
samples were genotyped by the UK BiLEVE array. Both the UK
Biobank Axiom array and the UK BiLEVE array include ≈800 000
SNPs, with >95% marker overlap. All genotyping was performed at
Affymetrix Research Services laboratory in Santa Clara, CA.
For different arrays, different quality control filters were applied to
select variants for imputation. Genotypes were prephased to estimate
the underlying haplotype of each individual by SHAPEIT-3, and the
haplotype estimates were then used for imputation to infer unobserved
genotypes using IMPUTE2, with the 1000 Genomes Phase 3 and
UK10K reference panels. Phasing and imputation were centrally performed at the Wellcome Trust Center for Human Genetics in Oxford.
Additionally, the first 15 principal components of ancestry were estimated by flashPCA.22 Detailed descriptions of the genotyping, imputation procedures, and principal component calculation can be found
on the UK Biobank website (http://www.ukbiobank.ac.uk/).23,24
All analyses were performed using the imputed data set restricted
to variants of high imputation quality (info ≥0.4) with low missingness rates (<5%), minor allele frequency (MAF) of at least 1%, and
high genotype imputation probability (≥0.9) across at least 90% of
samples. Variants that passed these quality control criteria were transformed to hard-called genotypes in PLINK, version 1.90b,25 using a
probability threshold ≥0.9. In total, 8 325 606 genetic variants (SNPs
and indels) with MAF ≥1% and low missingness rate (<5% in hardcalled genotypes) were retained for association analysis.

To estimate h2g, additional quality control was applied as described
previously.26 Specifically, we removed variants with a missingness
rate of ≥0.5%, MAF <1%, and variants with differential missingness
between cases and referents (P value, <0.05). To reduce suspicious
linkage disequilibrium bias from REML estimation15,27–29 and because
of computational capacity of the software, we further performed 2
rounds of linkage disequilibrium pruning at r2=0.9 (PLINK 1.90b;25
ie, using a –indep-pairwise 50 5 0.9 flag) and decreased the total number of variants to 811 488 (with a small fraction of biallelic indels).

Statistical Analysis
To validate the definition of AF we developed, we performed a
GWAS of AF in the UK Biobank and then compared the associations of top variants to a prior independent analysis from the AFGen
Consortium.11 The prior analysis included a GWAS in ≈18 000 individuals with AF and >100 000 without, as well as an exome-chip
association analysis comprised ≈22 000 individuals with AF and
150 000 without. In total, 25 independent loci were identified in this
analysis (23 in the GWAS and an additional 2 in the exome-chip
analysis). To perform the GWAS in the UK Biobank, each variant
was tested for association with AF using logistic regression assuming
an additive genetic model. We fit models adjusted for baseline age,
sex, and 1 principal component of ancestry that was associated with
AF. To account for array differences, we also adjusted for array type
in all analyses.
We then examined associations between the top variants at the
25 established AF susceptibility loci from the AFGen analysis with
those of the present analysis in the UK Biobank for concordance.
Correlation between the log-odds ratios for the top variants tagging
the 25 loci in the prior analysis and the present analysis in the UK
Biobank was assessed using Spearman ρ. We created a weighted linear genetic risk score for each individual in the UK Biobank using the
25 top AF variants. To create the score, we summed the product of the
AF risk allele count (ie, 0, 1, or 2) for the variant multiplied by the
log-relative risk for the respective variant, which we derived from the
prior analysis as implemented in PLINK 1.90b using the score flag
(Table II in the Data Supplement). If the hard-called variant was missing, PLINK used the mean genotype frequency in the sample instead.
Thus, for each individual, we obtained a single continuous variable
representing AF genetic risk, which we used in subsequent analyses.25
Scores were treated as continuous variables and tested for association
with AF using multivariable logistic regression based on a 2-sided P
value <0.05, adjusted for age, sex, array, and 1 principal component
of ancestry as above. For the remainder of the GWAS, we considered
loci to be significantly associated with AF if a variant was associated
with AF with a P value <5×10−8.
We calculated h2g based on linkage disequilibrium-pruned markers using BOLT-REML as specified previously.15 In brief, BOLTREML uses an efficient implementation of restricted maximum
likelihood to estimate the genetic and residual variance components
for a given phenotype using genetic data. In the analysis, we adjusted
for baseline age, sex, array, and 1 AF-related principal component
of ancestry. We converted the estimate on the observed scale into a
liability scale26 by setting the disease prevalence as the observed proportion of AF cases in the UK Biobank sample. For all h2g estimates,
we provided the 95% confidence intervals (CI).
Given the association between age and AF risk, we estimated h2g
stratified by early- versus older-onset AF status to determine whether
h2g varies by age. In the early-onset AF analyses, we included individuals in whom the last follow-up or AF onset occurred ≤65 years of
age. In the older-onset AF analyses, we included individuals in whom
the last follow-up or AF onset was >65 years of age. We also stratified h2g estimates by sex given the increased risk of AF among men,
to assess whether additive genetic variation contributes to disease risk
differentially in each stratum. Additionally, we computed estimates
for low-frequency variants (MAF between 1% and 5%), and common
variants (MAF, ≥5%), separately to investigate the contribution of
variant frequency to the genetic architecture of AF.
To determine the extent to which previously identified AF susceptibility loci contributed to disease risk, we further assessed h2g
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stratified by variation at established GWAS loci for AF alone, with
additional putative AF susceptibility genes and with an expanded
panel of AF, cardiac arrhythmia, and cardiomyopathy genes given the
associations between such conditions and AF. We defined established
AF GWAS loci as the top SNP±500 kb for each of 25 loci identified
in a prior independent GWAS11 (Table II in the Data Supplement). We
defined putative AF susceptibility genes (n=37) as those implicated
through prior linkage, candidate gene sequencing, or large-scale association testing reports (Table III in the Data Supplement) as described
previously.30 The expanded panel of AF, cardiac arrhythmia, and cardiomyopathy genes (n=82) included all previously implicated putative AF genes, in addition to nonoverlapping clinically established
cardiac arrhythmia and cardiomyopathy genes (n=53; Table IV in the
Data Supplement). For the AF and expanded cardiac arrhythmia and
cardiomyopathy gene sets, we included variants within 5 kb upstream
and downstream of each included gene, to capture potential regulatory variation related to each gene. We then partitioned the variance in
AF risk explained by genetic variation in these regions. For all stratified analyses of h2g, we used the observed prevalence of AF within
each stratum to convert the measurement from the observed to the
liability scale.
Statistical analyses were performed using PLINK, version
1.90b,25 R 3.2.1, and BOLT-REML.15 Manhattan plots and regional
association plots were created using R (qqman)31 and LocusZoom,32
respectively.

Results
In total, 120 286 unrelated individuals of European ancestry
were included in our analysis, of whom 2987 fulfilled our definition for AF. Individuals with AF were older than individuals
without AF, and a greater proportion were men, in keeping
with well-established epidemiological observations (Table).33

Genetic Associations With AF
We tested ≈8.5 million variants that passed quality control filters for association with AF. No substantive genomic inflation
was observed (ƛ=1.026; Figure I in the Data Supplement) with
additional principal components of ancestry. The results of the
GWAS for AF are displayed in Figure 1. Seven loci exceeded
the genome-wide significance threshold, 5 of which were
known previously and 2 of which have not been reported previously (Figure 2; Table V in the Data Supplement). Of the 2 loci
not reported previously, 1 was located on chromosome 5q31
(rs31209; ≈3 kb downstream of PITX1; P value, 1.7×10−8). SNP
rs31209 is also an expression quantitative trait loci for PITX1
with reduced expression associated with the protective T allele
Table. Characteristics of the 120 286 Subjects Included in the
Analysis

N
Baseline age, y
Women, %

2987

117299

Discussion

62.3 (5.9)

56.8 (7.9)

In our analysis of 120 286 individuals of European ancestry
from the population-based UK Biobank, common and lowfrequency genetic variation accounted for 22.1% of variance
in AF risk. The proportion of variance in AF risk was similar
for early-onset and for older-onset AF and between men and
women. Nearly all the observed variance in AF risk explained
by genetic variation was attributed to common variants. Established AF susceptibility loci accounted for only one fourth
of the AF h2g, indicating that a substantial proportion of AF
risk is driven by variation in regions that have not exceeded
genome-wide significance in analyses to date.

53
138 (19)

82 (11)

82 (10)

29.1 (5.5)

27.5 (4.8)

Hypertension, %

50

46

UK BiLEVE array, %

39

34

Body mass index at baseline, kg/m

2

We estimated the overall h2g of AF attributable to additive common and low-frequency genetic variation to be 22.1% (95%
CI, 15.6%–28.5%; Figure 3). The h2g estimation was similar
for early-onset AF (22.8%; 95% CI, 13.9%–31.7%) and olderonset AF (24.2%; 95% CI, 2.5%–45.9%). The h2g estimates
were similar for both sexes (21.0%; 95% CI, 3.6%–38.4%,
in women versus 22.1%; 95% CI, 11.7%–32.4%, in men).
We observed that common variants (MAF, ≥5%) explained
20.4% (95% CI, 15.1%–25.6%) of AF variance, whereas lowfrequency variants (MAF, 1%–5%) provided minimal contribution to AF susceptibility.
In aggregate, the 25 known AF susceptibility loci from a
prior GWAS explained 5.3% (95% CI, 4.2%–6.5%) of variance in AF risk, corresponding to nearly one fourth of the AF
h2g. Collectively, the 23 known loci and additional 37 putative
AF susceptibility genes explained only 5.4% (95% CI, 4.3%–
6.6%) of total AF variance, whereas the additional inclusion
of cardiac arrhythmia and cardiomyopathy gene regions (total
n, 82 genes) explained a total of 6.4% (95% CI, 5.1%–7.7%)
of AF variance. In aggregate, ≈29% (=6.4%/22.1%) of AF h2g
was explained by accounting for all known AF loci, putative
cardiac arrhythmia, and cardiomyopathy gene regions.

Referents

31

Diastolic blood pressure, mm Hg

SNP Heritability of AF

AF Cases

140 (19)

Systolic blood pressure, mm Hg

in testis (P value, 2.7×10−12).34 The second locus was identified
on chromosome 12p12 (rs117640426; upstream of RASSF8; P
value, 8.7×10−9; Table V in the Data Supplement). Given the
relatively low frequency of the top variant at the RASSF8 locus,
we repeated the analysis stratified by the genotyping array used
to minimize the possibility of confounding by an unrecognized
batch effect. We observed concordant directions of allelic effect
and nominally significant associations between rs117640426
and AF, although the effect sizes differed between the 2 arrays
(Table VI in the Data Supplement).
Twenty of 25 variants tagging established AF susceptibility loci from a prior independent analysis11 were associated
with AF in the UK Biobank with a P value <0.05 (Figure 1).
The log-odds ratios for concordant risk alleles from the current
analysis were highly correlated with the log-relative risks from
the prior analysis11 (ρ=0.904; P value, 5.7×10−10). When the
25 established AF variants were combined using a weighted
genetic risk score approach and tested for association with AF
in the UK Biobank, a significant association was observed (P
value, 1.4×10−112; Table II in the Data Supplement). Based on
our results, the AF definition we used to ascertain AF in the
UK Biobank was considered valid for further analysis.

Data shown as mean (SD), unless otherwise indicated. AF indicates atrial
fibrillation.
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Figure 1. Manhattan plot demonstrating associations between tested variants and atrial fibrillation (AF). Known AF loci are shown in blue,
and loci uniquely associated with AF in the UK Biobank are shown in red.

Our population-based study supports and extends prior
observations of AF heritability by providing quantitative and
genetically determined estimates. In the Framingham Heart
Study, individuals with an affected first-degree relative had a
≈40% increased hazard after accounting for clinical risk factors for disease.6 Similarly, an Icelandic study indicated that
the relative risk of AF declined from 1.77 with an affected
first-degree relative to 1.05 with an affected fifth-degree relative.3 A Danish twin study estimated the heritability of AF to
be as high as 62%,4 although overestimation of heritability
can occur in family-based studies.35 Our approach limits the
potential confounding by shared environmental factors and
provides an unbiased estimate of additive genetic contribution
to AF variance from common genetic variants.
Our findings have 3 major implications. First, the fact that
about one fifth of variance in AF risk was explained by additive

genetic variation underscores the substantial contribution of
genome-wide variation to AF susceptibility. Common genetic
variation accounted for most AF genetic risk, highlighting the
complex polygenic architecture of AF. The complex genetic
architecture of AF contrasts with some other inherited arrhythmia syndromes, such as long QT syndrome and catecholaminergic polymorphic ventricular tachycardia, which are often
driven by rare and penetrant mutations.36 Our findings also
indicate that variation at known AF susceptibility loci, as well
as at putative arrhythmia and cardiomyopathy gene regions,
accounts for only a modest proportion of AF risk observed
in the community, thereby justifying future genetic discovery
efforts in larger samples.
Second, the h2g of AF we observed is similar to that of
other complex cardiovascular traits, including hypertension,
dyslipidemia, and type 2 diabetes mellitus, which range from

Figure 2. Regional association plots for loci uniquely associated with atrial fibrillation in the UK Biobank. A, associations at chromosome
5q31 and (B) at 12p12. SNP indicates single-nucleotide polymorphism.
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Figure 3. SNP heritability of atrial fibrillation (AF) in clinical and genomic strata. Error bars represent the 95% confidence intervals for the
h2g estimates. Early-onset AF was defined as that occurring on or before age 65, and older-onset AF as occurring on or after age 65. Lowfrequency variants were SNPs with minor allele frequencies between 1% and 5% and common variants with frequencies ≥5%. Genomewide association studies (GWAS) loci were comprised of the 23 top SNPs from a prior independent association study±500 kb. AF genes
included 37 putative AF susceptibility genes±5 kb. AF, cardiac arrhythmia, and cardiomyopathy genes included 82 putative susceptibility
genes±5 kb. The numbers of individuals and variants included in each stratum are provided in Table VII in the Data Supplement.

26% to 30%.15 A prior effort in a smaller subset of the UK
Biobank demonstrated a heritability of AF of 11.3% using a
definition of AF based on a single ICD-10 code.37 In contrast,
our comprehensive AF definition included self-report, ICD-9
and ICD-10 codes, and AF-related procedures, such as catheter ablation, which likely minimized misclassification of AF
cases as referents. Genetic risk for AF has previously been
associated with a variety of clinical outcomes, including incident AF,38,39 ischemic stroke,39,40 and variably with catheter
ablation success,41 although any potential clinical application
of genetic risk information may be highly context dependent.
Whether the magnitude of AF risk explained by genomewide variation, or perhaps family history of AF, will contribute meaningfully to clinical risk assessment warrants further
evaluation.
Third, we identified 2 loci associated with AF risk,
although neither was associated with AF in the prior independent meta-analysis of ≈18 000 individuals with and >100 000
without AF (Table V in the Data Supplement),11 which may
warrant further evaluation. The first locus was ≈3 kb downstream of PITX1 at chromosome 5q31. PITX1 belongs to the
same RIEG/PITX homeobox family as a known AF susceptibility gene, PITX2. PITX2 is involved in specifying pulmonary
venous myocardial sleeves, suppression of a default left-atrial
sinus node, and conditional knockout of the Pitx2c transcript
has been linked to increased AF susceptibility in mice.42–44
Activation of PITX1 was suggested to be associated with
tumor suppression in various cancers,45,46 but the function of
PITX1 in cardiac function has not been well-understood. The
second novel locus is at 53 kb upstream of RASSF8, encoding a candidate tumor suppressor protein,47 but the association
of RASSF8 and cardiac physiology remains unclear. These

variants may represent spurious associations or, alternatively,
may be sample-specific associations. Future examination with
the upcoming release of the full 500 000-person UK Biobank
data set will help clarify the validity of these loci.
Our study should be interpreted in the context of the
study design. First, our study is comprised of individuals of
European ancestry, so the findings may not be generalizable to
other ancestral groups. Genetic association studies in diverse
populations are warranted. Second, we did not observe a difference in h2g according to age, in contrast to epidemiological
evidence supporting greater heritability for early-onset AF.6 It
is likely that older onset forms of AF are less heritable than
earlier onset forms,6 although our analysis was underpowered to precisely quantify h2g values in the older age stratum.
Larger samples will be necessary to fully address the contributions of genetic variation across a broad spectrum of ages.
Our power calculations48,49 indicated that the minimum h2g that
could be detected with 80% power in the older-onset group
was 18.9%, in contrast to 5.3% in the overall sample (Table
VIII in the Data Supplement). Larger analyses are warranted
to quantify the relative contributions of genetic variation to AF
risk in different age and important clinical risk factor strata.
Third, potential misclassification of some referent individuals may have created a negative bias in the h2g estimates we
observed, particularly because AF may be subclinical. Fourth,
we assessed variants with MAF ≥1%, and, therefore, the
contribution of rare or loss of function variants to total AF
variance was not assessed. Whole genome-sequencing results
may provide insights into the contribution of rare variation to
AF susceptibility. We acknowledge that our approach of using
hard-called genotypes may have reduced power for discovery
as compared with an approach using dosages and estimated
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genotype probabilities. However, we submit that our computationally efficient approach was balanced by the use of robust
high-confidence genotype information.

Conclusion
In a population-based sample of European ancestry, we
observed that ≈22% of AF susceptibility was attributable to
additive genetic variation, with a predominant enrichment for
common genetic variants. Genetic variants located at known
AF loci contributed modestly to AF variance, indicating that
substantial additional variation exists that is not associated
at genome-wide significance thresholds in current studies.
Further analyses to explore AF genetic architecture in larger
datasets, including partitioning by genomic annotation and by
variation underlying clinical AF risk factors, is warranted.
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CLINICAL PERSPECTIVE

Atrial fibrillation affects ≈34 million individuals worldwide. Recently, a widespread heritable component underlying atrial
fibrillation has been appreciated. Genetic association studies have identified multiple genetic loci related to atrial fibrillation. Yet the aggregate contributions of genetic variation to atrial fibrillation risk remain undefined. We, therefore, estimated
atrial fibrillation heritability in the population-based UK Biobank study using genome-wide single-nucleotide polymorphism information in >120 000 individuals, of whom ≈3000 had atrial fibrillation. We observed that ≈22% of the variance
in atrial fibrillation risk was accounted for by additive genetic variation. The proportion of variance explained by genetic
factors was similar for both men and women. We further observed that nearly one third of the additive genetic variance of
atrial fibrillation was explained by genomic variation at known atrial fibrillation loci, putative cardiac arrhythmia, and putative cardiomyopathy gene regions. Our findings underscore the notion that genetic variation contributes substantially to atrial
fibrillation risk. Nevertheless, established disease loci for atrial fibrillation, arrhythmias, and cardiomyopathies do not fully
account for genetic susceptibility to atrial fibrillation. Future genetic discovery efforts in large data sets and using whole
genome sequencing may help elucidate the genetic basis of this complex and morbid condition.
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Supplemental Table 1. Fields and codes utilized to define atrial fibrillation in the UK Biobank dataset.

Field

Description

Algorithm elements

20002
20004
41202
41204
41203
41205

Non-cancer illness code, self-reported
Operation code
Diagnoses - main ICD10
Diagnoses - secondary ICD10
Diagnoses - main ICD9
Diagnoses - secondary ICD9

41200

Operative procedures - main OPCS

41210

Operative procedures - secondary OPCS

40002
40001

Contributory (secondary) causes of death: ICD10
Underlying (primary) cause of death: ICD10

atrial fibrillation – 1471, atrial flutter - 1483
cardioversion - 1524
atrial fibrillation or flutter - I48, I48.0, I48.1, I48.2, I48.3, I48.4, I48.9
atrial fibrillation or flutter - I48, I48.0, I48.1, I48.2, I48.3, I48.4, I48.9
427.3, 427.31, 427.32
427.3, 427.31, 427.32
AVN ablation- K57.1,
atrial fibrillation ablation, flutter ablation, and cardioversion - K62.1,
K62.2, K62.3, K62.4
AVN ablation - K57.1,
atrial fibrillation ablation, flutter ablation, and cardioversion - K62.1,
K62.2, K62.3, K62.4
atrial fibrillation or flutter - I48, I48.0, I48.1, I48.2, I48.3, I48.4, I48.9
atrial fibrillation or flutter - I48, I48.0, I48.1, I48.2, I48.3, I48.4, I48.9
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Supplemental Table 2. Top genetic variants previously associated with atrial fibrillation in an
independent analysis used to develop a genetic risk score.
SNP
Risk Allele
Weight
rs72700118

A

0.1324

rs3771537

A

0.085

rs2540949

A

0.0794

rs2288327

G

0.089

rs337711

T

0.0701

rs2967791

T

0.0717

rs4946333

G

0.0744

rs7508

A

0.0879

rs35176054

A

0.1291

rs75190942

A

0.1592

rs11264280

T

0.1154

rs520525

A

0.113

rs11718898

C

0.0733

rs6843082

G

0.3706

rs12664873

T

0.0782

rs1997572

G

0.0973

rs7026071

T

0.0907

rs7915134

C

0.1133

rs11598047

G

0.1618

rs883079

T

0.1084

rs1152591

A

0.0821

rs74022964

T

0.1112

rs2106261

T

0.1845

rs6800541

T

0.0632

rs11047543

G

0.0944

Score
N of variants

Mean ± SD
in AF cases

Mean ± SD
in referents

Effect size (Standard Error)

P-value

25

2.38 ± 0.39

2,23 ± 0.36

1.12 (0.05)

1.4 x10-112
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Supplemental Table 3. Genes previously implicated in atrial fibrillation pathogenesis (n=37).
Gene

Reference

Gene

Reference

ACE

1

KCNN3

2

AGT

3, 4

KCNQ1

5-7

ANK2

8

LMNA

9, 10

C9ORF3

2

MYOZ1

2

CAND2

11

NEURL1

2

CAV1

2

NPPA

12

CAV3

2

NUP155

13

GATA4

14-17

PITX2

2

GATA5

18, 19

PRRX1

2

GATA6

20, 21

SCN10A

22

GJA1

11

SCN1B

23, 24

GJA5

25, 26

SCN2B

24

HCN4

2

SCN3B

27

IL6R

28

SCN5A

29-35

KCNA5

36

SYNE2

2

KCNE1

37-39

SYNPO2L

2

KCNE2

40

TBX5

11, 41

KCNH2

42, 43

ZFHX3

2

KCNJ2

44

Page 4 of 18

Supplemental Table 4. Genes previously implicated in cardiomyopathies and cardiac
arrhythmias (n=53).
Gene

Reference

Gene

Reference

ABCC9

45

MYBCP3

46

ACTC1

46

MYH6

46

ACTN2

46

MYH7

45

CACNA1C

46

MYL2

45

CACNB2

46

MYL3

45

CASQ2

46

MYOZ2

47

CSRP3

46

PKP2

45-48

DES

45-48

PLN

46

DMD

45, 47

PRKAG2

46

DSC2

45-48

PSEN1

45

DSG2

45-48

PSEN2

45

DSP

45-48

RYR2

46

DTNA

45

SCN1B

46

EYA4

45

SCN5A

46

GLA

45

SGCD

45

GPD1L

46

TAZ

45

JPH2

45

TCAP

45

JUP

45-48

TGFB3

45

KCNE1

47

TMEM43

46

KCNE2

47

TPM1

45

KCNE3

47

TMPO

45

KCNH2

46

TNNC1

45

KCNJ2

46

TNNI3

45

KCNQ1

46

TNNT2

45

LAMP2

46

TTN

49

LDB3

45

VCL

45

LMNA

46
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Supplemental Table 5. Loci uniquely associated with atrial fibrillation in the UK Biobank.
Primary analysis

RA /
REA

Nearest
gene

RAF
(%)

Odds ratio
(95%CI)

P-value

RAF
(%)

Odds ratio
(95%CI)

P-value

rs31209

A/T

PITX1

62

1.17 (1.11-1.24)

1.7x10-8

64

1.00 (0.97-1.02)

0.84

rs117640426

C/T

RASSF8

1

1.70 (1.42-2.03)

8.7x10-9

3

0.96 (0.86-1.08)

0.53

Locus SNP
5q31
12p12

Association in prior AFGen
European ancestry analysis50

*RA = risk allele; NRA = non-risk allele; RAF = risk allele frequency
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Supplemental Table 6. Association results at RASSF8 locus stratified by genotyping arrays

Array

Locus

SNP

RA/NRA

Sample size

Odds ratio (95%CI)

UK BiLEVE
Axiom

12p12

rs117640426

C/T

41007

2.05 (1.56-2.68)

2.21x10

UK Biobank
Axiom

12p12

rs117640426

C/T

78185

1.49 (1.17-1.89)

0.001288

*RA = risk allele; NRA = non-risk allele; RAF = risk allele frequency
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P-value

-07

Supplemental Table 7. Number of individuals and variants included in genomic strata in which heritability was calculated.
Genomic stratum

Number of individuals
(AF cases)

Number of variants

Overall sample

120,286 (2,987)

811,488

Early-onset AF (≤65 years old)

90,667 (2,068)

811,488

Older-onset AF (>65 years old)

29,619 (919)

811,488

56,936 (2,064)

811,488

63,350 (923)

811,488

Low-frequency variants

120,286 (2,987)

383,495

Common variants

120,286 (2,987)

427,993

Known loci (n=25)

120,286 (2,987)

6,789

Remaining genome

120,286 (2,987)

804,699

Known atrial fibrillation loci (n=25) and putative atrial fibrillation genes (n=37)

120,286 (2,987)

7,508

Other genomic regions

120,286 (2,987)

803,980

Known atrial fibrillation loci (n=25), putative atrial fibrillation genes, or cardiac
arrhythmia or cardiomyopathy gene regions (n=82)

120,286 (2,987)

9,590

Other genomic regions

120,286 (2,987)

801,898

By age of onset

By Sex
Men
Women
By minor allele frequency

By established atrial fibrillation loci

By atrial fibrillation susceptibility gene regions

By atrial fibrillation, cardiac arrhythmia, and cardiomyopathy susceptibility gene
regions

AF: atrial fibrillation
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Supplemental Table 8. Power calculation for heritability estimates stratified by age subgroup.
Group
Overall sample

Cases (n) Controls (n) AF Prevalence h2g Power
2,987

117,299

2.5%

0.20

1.00

0.15

1.00

0.10

0.99

0.05

0.75

0.20

1.00

0.15

0.99

0.10

0.96

0.05

0.47

0.20

0.86

0.15

0.63

0.10

0.33

0.05

0.12

Age-stratified
Early-onset AF (≤ 65 years)

Older-onset AF (> 65 years)

2,068

919

88,599

28,700

2.3%

3.1%

Power calculations based on the method designed by Visscher et al.51 and available online
(http://cnsgenomics.com/shiny/gctaPower/). Power estimates (probability of estimating a SNP-heritability that is greater than zero) to
detect various h2g are listed above. Our overall and early onset AF groups have 80% power to detect h2g = 0.10 and lower, whereas
in the older-onset AF group power is limited to higher h2g estimates (~ 0.20).
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Supplemental Figure 1. QQ plot summarizing genome-wide variation associated with atrial
fibrillation.
Variants are stratified by minor allele frequencies (MAF). Low frequency variants (MAF 0.010.05) are indicated in red, and common variants (MAF ≥ 0.05) are indicated in blue. Genomic
inflation factors (λ) are 1.01 and 1.03 for low frequency and common variation, respectively). N=
8,325,606 variants overall (2,405,829 low frequency, and 5,919,777 common).
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