Research

JAMA Cardiology | Original Investigation

Assessment of the Relationship Between Genetic
Determinants of Thyroid Function and Atrial Fibrillation
A Mendelian Randomization Study

Christina Ellervik, MD, PhD, MSci, DMSci; Carolina Roselli, MSci; Ingrid E. Christophersen, MD, PhD; Alvaro Alonso, MD, PhD; Maik Pietzner, PhD;

Collen M. Sitlani, PhD; Stella Trompet, PhD; Dan E. Arking, PhD; Bastiaan Geelhoed, MD; Xiuging Guo, PhD; Marcus E. Kleber, PhD; Henry J. Lin, MD;
Honghuang Lin, PhD; Peter MacFarlane, MD, PhD; Elizabeth Selvin, MPH, PhD; Christian Shaffer, BS; Albert V. Smith, PhD; Niek Verweij, PhD;

Stefan Weiss, PhD; Anne R. Cappola, MD, ScM; Marcus Dorr, MD; Vilmundur Gudnason, MD, PhD; Susan Heckbert, MD, PhD; Simon Mooijaart, MD, PhD;
Winfried Marz, MD; Bruce M. Psaty, MD, PhD; Paul M. Ridker, MD, MPH; Dan Roden, MD; David J. Stott, MD; Henry V6lzke, MD, PhD;

Emelia J. Benjamin, MD, ScM; Graciela Delgado, MSc; Patrick Ellinor, MD, PhD; Georg Homuth, MD; Anna Kéttgen, MD, MPH; Johan W. Jukema, MD, PhD;
Steven A. Lubitz, MD, MPH; Samia Mora, MD, MHS; Michiel Rienstra, MD, PhD; Jerome I. Rotter, MD; M. Benjamin Shoemaker, MD, MSc;

Nona Sotoodehnia, MD, MPH; Kent D. Taylor, PhD; Pim van der Harst, MD, PhD; Christine M. Albert, MD, MPH; Daniel I. Chasman, PhD

= Editorial page 97
IMPORTANCE Increased free thyroxine (FT,) and decreased thyrotropin are associated with
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increased risk of atrial fibrillation (AF) in observational studies, but direct involvement is unclear.
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OBJECTIVE To evaluate the potential direct involvement of thyroid traits on AF.

DESIGN, SETTING, AND PARTICIPANTS Study-level mendelian randomization (MR) included 11
studies, and summary-level MR included 55 114 AF cases and 482 295 referents, all of
European ancestry.

EXPOSURES Genomewide significant variants were used as instruments for standardized FT,,
and thyrotropin levels within the reference range, standardized triiodothyronine (FT5):FT,
ratio, hypothyroidism, standardized thyroid peroxidase antibody levels, and hyperthyroidism.
Mendelian randomization used genetic risk scores in study-level analysis or individual
single-nucleotide polymorphisms in 2-sample MR for the summary-level data.

MAIN OUTCOMES AND MEASURES Prevalent and incident AF.

RESULTS The study-level analysis included 7679 individuals with AF and 49 233 referents (mean
age [standard error], 62 [3] years; 15 859 men [29.7%)]). In study-level random-effects
meta-analysis, the pooled hazard ratio of FT, levels (nanograms per deciliter) for incident AF was
1.55 (95% Cl, 1.09-2.20; P = .02; I> = 76%) and the pooled odds ratio (OR) for prevalent AF was
2.80 (95% Cl, 1.41-5.54; P = .003; I* = 64%) in multivariable-adjusted analyses. The FT, genetic
risk score was associated with an increase in FT, by 0.082 SD (standard error, 0.007; P < .001)
but not with incident AF (risk ratio, 0.84; 95% Cl, 0.62-114; P = .27) or prevalent AF (OR, 1.32;
95% Cl, 0.64-2.73; P = .46). Similarly, in summary-level inverse-variance weighted
random-effects MR, gene-based FT, within the reference range was not associated with AF

(OR, 1.01; 95% Cl, 0.89-1.14; P = .88). However, gene-based increased FT5:FT, ratio, increased
thyrotropin within the reference range, and hypothyroidism were associated with AF with
inverse-variance weighted random-effects OR of 1.33 (95% Cl, 1.08-1.63; P = .006), 0.88

144

(95% Cl, 0.84-0.92; P < .001), and 0.94 (95% Cl, 0.90-0.99; P = .009), respectively, and robust
to tests of horizontal pleiotropy. However, the subset of hypothyroidism single-nucleotide
polymorphisms involved in autoimmunity and thyroid peroxidase antibodies levels were not
associated with AF. Gene-based hyperthyroidism was associated with AF with MR-Egger OR of
1.31(95% Cl, 1.05-1.63; P = .02) with evidence of horizontal pleiotropy (P = .045).

CONCLUSIONS AND RELEVANCE Genetically increased FT5:FT, ratio and hyperthyroidism, but
not FT, within the reference range, were associated with increased AF, and increased
thyrotropin within the reference range and hypothyroidism were associated with decreased
AF, supporting a pathway involving the pituitary-thyroid-cardiac axis.
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Assessment of the Relationship Between Genetic Determinants of Thyroid Function and Atrial Fibrillation

n observational longitudinal studies, increased free thy-

roxine (FT,) within the reference range,! subclinical

hyperthyroidism,?*and overt primary hyperthyroidism?*
are associated with increased risk of atrial fibrillation (AF),
whereas overt and subclinical hypothyroidism are associated
with reduced risk of AF.? Risk of AF is highest at the time of
diagnosis of hyperthyroidism but risk persists despite anti-
thyroid treatment.*” This raises the question of whether FT,
is on the causal pathway or instead a biomarker for the hyper-
thyroid-AF association.

Regulation of thyroid function is complex and involves not
only the thyroid itself but also the pituitary and hypothala-
mus as well as feedback mechanisms. Produced and released
by the pituitary, thyrotropin induces the thyroid to release thy-
roxine, which circulates in equilibrium between a seques-
tered, protein-bound form and the bioavailable free form, ie,
FT,. Free thyroxine levels are regulated by feedback onto the
pituitary to suppress thyrotropin production. In thyroidal and
peripheral tissues, FT, is converted to the active free triiodo-
thyronine (FT5) hormone, a process that can be assessed by the
circulating FT,:FT, ratio.® In the myocytes, FT; binds to nuclear
receptors with positive inotropic (cardiac contractility) and
chronotropic effects (heart rate and rhythm).® Thus, FT, lev-
els are only 1 measure of thyroid function and its association
with AF may not reflect a direct relationship even if there is
causality along the pituitary-thyroid-cardiac axis.

The physiologic diversity of influences on thyroid func-
tion is reflected in the genes implicated by genome-wide as-
sociation studies (GWAS) of FT, levels within the reference
range, %12 FT,:FT, ratio,'® thyrotropin levels within the refer-
ence range,'°'2 hypothyroidism,'?!*!> concentration of thy-
roid peroxidase antibodies!®!” (TPOAb, a marker of autoim-
mune thyroid disease), and hyperthyroidism.!? Genes
implicated in FT, levels are involved in thyroid develop-
ment, thyroid hormone action and transport, intracellular
mechanisms of hormone action, and metabolism of thyroid
hormones.?

The mendelian randomization (MR) instrumental variable
design mimics a randomized clinical trial by leveraging allelic
randomization during meiosis and subsequent irreversible ex-
posure to genotype at conception and is typically less likely af-
fected by confounding or reverse causation than conventional
observational analyses.'® If circulating F T, levels are directly in-
volved in the development of AF, then genetic variation influ-
encing FT, should also be associated with AF risk with effects
that are quantitatively consistent with the observational
associations.'® Similar arguments may be made for other mea-
sures of thyroid function, such as circulating thyrotropin.

We used MR to explore whether FT, levels within the ref-
erence range, FT5:FT, ratio, thyrotropin levels within the ref-
erencerange, hypothyroidism, TPOAD, or hyperthyroidism may
be on a causal pathway for AF. Mendelian randomization was
implemented with genetic risk scores in study-level analysis
from 11 studies with 56 912 participants and in a 2-sample strat-
egy using summary-level analysis from 66 studies of 537 409
participants within the AF Genetics (AFGen) Consortium. To
account for potential pleiotropy among instruments for the re-
lated traits of thyroid function, MR instruments for FT,, thy-
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Key Points

Question Are free thyroxine (FT,) and thyrotropin levels within
the reference range, triiodothyronine (FT,):FT, ratio,
hypothyroidism, thyroid peroxidase antibody levels, or
hyperthyroidism on a direct pathway for atrial fibrillation (AF)?

Findings This mendelian randomization study of 55114
individuals with AF and 482 295 referents found that genetically
increased FT5:FT, ratio and hyperthyroidism were associated with
increased risk of AF, and thyrotropin within the reference range
and hypothyroidism were inversely associated with risk of AF.
There was no support for a direct involvement of FT, within the
reference range or thyroid peroxidase antibody levels in AF.

Meaning Low thyrotropin, as an early sign of an overactive
thyroid gland, with a concomitant increased FT5:FT, ratio are
genetically associated with AF.

rotropin, and hypothyroidism were stratified according to
involvement in other thyroid traits.

Methods

The analytic approach consisted of 2 parts. First, we assessed
the relevance of FT, levels in AF by performing MR with a
genetic risk score of 4 FT,-associated single-nucleotide poly-
morphisms (SNPs) among population-based cohorts and popu-
lation-based randomized clinical trials. Second, we assessed
potential relevance of an expanded set of thyroid instru-
ments for FT, and thyrotropin levels within the reference range,
FT5:FT, ratio, hypothyroidism, TPOAb, and hyperthyroidism
(determined by low thyrotropin levels) by performing an MR
through the 2-sample method within published summary-
level GWAS data for thyroid traits'®1317:20 and AF?'-22 (eTable 1
in the Supplement). See the eMethods in the Supplement for
study information, study-specific funding and disclosure
information, genetic instruments and genotyping, and study-
specific characteristics of genotyping methodology.

Participants

A total of 56 912 participants with 7679 AF cases (2093 preva-
lent and 5586 incident) and 49 233 referents (eTable 2 in the
Supplement) were included from 11 cross-sectional and pro-
spective cohort studies of European ancestry contributing to
the AFGen Consortium. Mean age ranged from 53 to 76 years.
Among the 11 studies, FT, (nanograms per deciliter) and
thyrotropin (milli-international units per liter) levels were
available respectively in 7 studies (n = 26 089) and 8 studies
(n = 27916). All protocols were approved by local institu-
tional review boards. Participant consent was obtained if the
local institutional review boards required this. Analyses were
not restricted to thyroid measures within the reference
range.

Summary-Level Analysis
Instrument-exposure associations (ie, FT,, thyrotropin, FT5:

FT, ratio, hypothyroidism, TPOAb, and hyperthyroidism) were
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Figure 1. Observational Meta-analyses of Free Thyroxine (FT,) on Atrial Fibrillation (AF) (Study Level)

HR or OR Decreased : Increased Weight,
Study Model (95% ClI) Risk @ Risk % P Value
ARIC29 Incident AF 1.44(1.18-1.77) — 29.02 <.001
CHS30 Incident AF 1.15(0.88-1.51) —— 27.10 .30
PREVEND3! Incident AF 0.75 (0.09-6.48) i 2.46 .79
PROSPER32 Incident AF 2.80(1.96-3.99) —— 24.21 0
WGHS33 Incident AF 1.33(0.75-2.37) —— 17.21 33
Pooled HR Incident AF 1.55(1.09-2.20) —a— 100.00 .02
Pooled OR Prevalent AF 2.80(1.42-5.54) — 100.00 .003

0‘.5‘ o 1 o ‘1‘0 See eTable 3 in the Supplement for

Random Effects, HR or OR (95% Cl)

details. HR indicates hazard ratio;
OR, odds ratio.

from GWAS for various thyroid traits among individuals of Eu-
ropean ancestry.!?' The instrument-AF associations for com-
mon variants (minor allele frequency, >1%) came from a GWAS
of AF from the AFGen Consortium among individuals of Eu-
ropean ancestry, including 66 studies with a total of 55114 in-
dividuals with AF (7672 incident, 47442 prevalent) and 482 295
referents.?’?2 In the AFGen GWAS, we identified 30 of 31 SNPs
for FT, within the reference range,'? 1 of 1 SNP for FT5:FT, ra-
tio (the DIOL, rs2235544),'® 56 of 61 SNPs for thyrotropin within
the reference range,'? 15 of 30 SNPs for hypothyroidism,'423
4 of 5 SNPs for TPOAD concentration,'®!” and 8 of 8 SNPs for
hyperthyroidism (which was defined by low thyrotropin lev-
els in population-based cohorts in which patients receiving
medication for autoimmune thyroiditis were excluded).!? For
the rare variant (minor allele frequency, 0.4%) in the TTR gene,
the association with AF came from an exome-wide associa-
tion study by meta-analysis including 22 346 cases and 132 086
referents.?!

Atrial fibrillation diagnosis used cohort-specific defini-
tions, including physician adjudication, questionnaire self-
report, electrocardiography, and diagnosis codes for AF or
flutter (International Classification of Diseases, Ninth Revi-
sion: 427.3, 427.31 or 427.32; International Statistical Classifi-
cation of Diseases and Related Health Problems, Tenth Revi-
sion: 148) present in hospitalization discharges or death
certificates as previously described.?? For analyses of inci-
dent AF, individuals with baseline AF were excluded.

Instrument strength in MR was estimated with an
approximated F statistic?* (eMethods in the Supplement).
The instruments for FT, in study-level analyses all had
instrument strength above the minimum required threshold
of 10 (F>10), except for 1 SNP (AADAT, rs7694879). The
genetic instruments for summary-level analyses all had
instrument strengths (F) larger than 10 (ie, for FT,, range:
29-394; FT4:FT, ratio, 21; thyrotropin, 29-576; hypothyroid-
ism, 23-105; TPOAb, 10-19; and hyperthyroidism, 30-94).
Mendelian randomization results are presented in SD units
of the biomarkers (eMethods in the Supplement). We per-
formed associations for 6 primary hypotheses (FT,, FT5:FT,
ratio, thyrotropin, hypothyroidism, TPOAb, and hyperthy-
roidism). While tests of these primary hypotheses involved
multiple secondary analyses, the tests were correlated,
we therefore considered a 2-tailed P < .008 (= .05/6) to be
significant.
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Study-Level MR Using a Genetic Risk Score

Instrumental estimates were combined across studies using
inverse-variance weighted random-effects (IVW-RE) meta-
analyses. First, we examined the observational associations
of FT, or thyrotropin with prevalent or incident AF using lo-
gistic or Cox regression, respectively. A genetic risk score for
FT, levels (GRSgr,) was created by summing the allele count
of 4 genotyped alleles (DIO1, LHX3, AADAT, and FOXEI) or the
maximum likelihood dose of imputed alleles at each of the vari-
ants, weighted by the effect size, ie, the B coefficients. Men-
delian randomization instrumental effects were derived by the
instrumental variable ratio (Wald) estimator, which was the ra-
tio of the meta-analysis 3 coefficient from the geneticrisk score
on AF association divided by the meta-analysis 3 coefficient
from the genetic risk score on FT, association, with standard
errors calculated using the 6 method.?®

Two-Sample Summary-Level MR

For the individual SNPs, MR instrumental estimates were de-
termined by instrumental variable ratio. To determine the pri-
mary overall instrumental estimate, IVW fixed-effects MR was
applied across the individual instrumental estimates and their
standard errors, assuming all genetic variants are valid instru-
ments with no pleiotropy.2® The between-instrument hetero-
geneity Cochran Q statistic and the I?,; index were used to as-
sess heterogeneity in the MR.2” By several approaches, we
performed sensitivity analyses to investigate potential pleio-
tropic bias?®28: IVW-RE MR, MR-Egger regression, weighted
median MR, funnel plots, and leave-1-variant-out analysis for
IVW-RE, where 1 variant at a time is left out.

. |
Results

FT, in Study-Level Analysis

Characteristics of studies are presented in eTable 2 in the
Supplement. In meta-analysis of multivariable-adjusted, ob-
servational study-level data, the pooled hazard ratio of FT,
(nanograms per deciliter; to convert to picomoles per liter, mul-
tiply by 12.871) for incident AF was 1.55 (95% CI, 1.09-2.20;
P = .02; I = 76%) with no evidence of participation bias (P for
Egger = .94) and the pooled odds ratio (OR) for prevalent AF
was 2.80 (95% CI, 1.42-5.54; P = .003; I? = 64%) with evi-
dence of participation bias (P for Egger = .003) (Figure 1 and
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Table. Two-Sample Mendelian Randomization Estimates of Relationship Between Genetically Predicted Thyroid Function
and Combined Incident and Prevalent Atrial Fibrillation Using CHARGE AF Genetics Consortium in European Individuals®

Heterogeneity

Instrument Exposure MR Method 2I3.POf OR (95% CI) P Value 1232 % (95% CI) P Value
FT, BT, IVW-FE 30 1.00 (0.95-1.05) .93 81 (73-86) <.001
FT, IVW-RE 30 1.01 (0.89-1.14) .88 81 (73-86) <.001
DIO1 FT5:FT,4ratio IVR 1 1.33(1.08-1.63) <.001 NA NA
Thyrotropin Thyrotropin IVW-FE 56 0.88(0.89-0.91) <.001 27 (0-48) .04
Thyrotropin IVW-RE 56 0.88 (0.84-0.92) <.001 27 (0-48) .04
Hypothyroidism Hypothyroidism IVW-FE 15 0.95(0.91-0.97) <.001 52 (13-73) .01
Hypothyroidism IVW-RE 15 0.94 (0.90-0.99) <.001 52 (13-73) .01
TPOAb TPOAD levels IVW-FE 4 0.76 (0.49-1.18) .22 0 (0-85) .43
TPOAD levels IVW-RE 4 0.76 (0.49-1.18) .22 0 (0-85) 43
Hyperthyroidism Hyperthyroidism IVW-FE 8 1.05 (1.03-1.08) <.001 77 (54-88) <.001
Hyperthyroidism IVW-RE 8 1.04 (0.99-1.10) .13 77 (54-88) <.001

Abbreviations: AF, atrial fibrillation; FT,, free thyroxine; FTs, free
trilodothyronine; GWAS, genome-wide association studies; IVR, instrumental
variable ratio (Wald) estimator; IVW-FE, inverse-variance weighted fixed-effects
MR; IVW-RE, inverse-variance weighted random-effects MR; MR, mendelian

randomization; NA, not applicable; OR, odds ratio; SNP, single-nucleotide
polymorphism; TPOADb, thyroid peroxidase antibody levels.

@ From GWAS of 66 studies with 55 114 AF cases and 482 295 referents.

eTable 3in the Supplement).?°-33 Meanwhile, each increment
in the GRSy, was associated with a 0.082 SD (standard error,
0.007) increase of standardized FT, (P < .001) in multivariable-
adjusted random-effects meta-analyses (eTables 4 and 5 in the
Supplement) with only minimal potential pleiotropic effects
on thyrotropin in multivariable-adjusted random-effects meta-
analyses (eTable 6 in the Supplement). In the MR analysis, the
instrumental estimates of FT, (per SD) were nonsignificant for
incident or prevalent AF with an overall risk ratio of 0.84 (95%
CI, 0.62-1.14; P = .27) across 7 studies and OR 0f 1.32 (95% CI,
0.64-2.73, P = .46) across 5 studies in multivariable-adjusted
random-effects meta-analyses, respectively (eTables 7 and 8
in the Supplement). Results were similar if analyses were re-
stricted to studies that had complete information on GRSg.,
FT, and AF (eTable 9 in the Supplement), if the TTR variant
was included in the GRSy, (eTables 7 and 8 in the Supple-
ment), or if the TTR variant was analyzed alone (eTables 7, 8,
and 10 in the Supplement).

FT,in Summary-Level Analysis

The individual instrument-exposure and instrument-
outcome associations are shown in eTable 11 in the Supple-
ment. In summary-level MR analysis, the IVW-RE OR for
combined prevalent and incident AF per SD of FT, within the
reference range was 1.01 (95% CI, 0.89-1.14; P = .88) (Table and
eFigure 1A in the Supplement). Results were similar for preva-
lent and incident AF separately in summary-level IVW fixed-
effects and MR-Egger analysis (eTables 12, 13, and 14 in the
Supplement). Weighted median analysis was significant with
OR for AF per SD of FT, of 0.87 (95% CI, 0.79-0.95; P = .001)
(eTable 12 in the Supplement).

Estimates for the individual FT, instruments in summary-
level analysis were not homogeneous (Figure 2), which was re-
flected in the I?; values of 81% (95% CI, 73%-86%; P < .001)
(Table). There was no difference in the point estimate when
parsing out the FT, SNPs into those associated with thyrotro-
pin (IVW-RE OR, 1.00; 95% CI, 0.78-1.46; P = .68) and those

jamacardiology.com

not (IVW-RE OR, 1.00; 95% CI, 0.87-1.14; P = .96) (P for in-
teraction = 0.70) (Figure 2). FT, SNPs were distributed sym-
metrically about the combined effect size in the funnel plot
(eFigure 1B in the Supplement), and MR-Egger did not show
evidence of horizontal pleiotropy (P for MR-Egger = .63)
(eTable 12 in the Supplement). Leave-1-variant-out analysis did
not identify variants with exaggerated influence on the com-
bined effect estimate (eTable 15 in the Supplement). Subanaly-
sis of identical instruments (n = 4) as in the study-level analy-
sis revealed a similar point estimate (eTable 16 in the
Supplement).

FT5:FT,Ratio

In 2-sample summary-level MR, a genetically predicted 1 SD-
increase in FT5:FT, ratio by the C allele was associated with
increased AF with an OR of'1.33 (95% CI, 1.08-1.63; P = .006)
(Table and eTable 12 in the Supplement). Results were similar
for incident and prevalent AF separately (eTables 13 and 14 in
the Supplement).

Thyrotropin

In random-effects meta-analysis of observational study-
level data, the pooled hazard ratio of thyrotropin (milli-
international units per liter) for incident AF was 1.00 (95%
CI, 0.98-1.01; P = .87; I? = 23%) with P = .06 for participation
bias, and the pooled OR for prevalent AF was 0.99 (95% CI,
0.97-1.02; P = .52; I? = 0%) with no evidence of participation
bias (P = .52) in multivariable-adjusted analyses (eTable 17 in
the Supplement).

Instrument-exposure and instrument-outcome associa-
tions are shown in eTable 18 in the Supplement. A genetically
predicted 1 SD-increase in thyrotropin was inversely associ-
ated with AF with IVW-RE OR of 0.88 (95% CI, 0.84-0.92;
P <.001; I?\;g = 27%) (Table and eFigure 2A and Bin the Supple-
ment). Results were similar with the MR-Egger and weighted
median analyses (eTable 12 in the Supplement). The thyrotro-
pin variants were distributed symmetrically about the
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Figure 2. Summary-Level Analysis of FT, SNPs and Atrial Fibrillation

Decreased : Increased
Effect Other IVOR Risk With : Risk With
Gene SNP Chromosome Allele Allele (95% Cl) Increased FT, | Increased FT,
FT,4 SNPs not associated with thyrotropin
DIO1 rs12033572 1 C G 1.09(0.78-1.52) —
DIO1 rs1450193852 1 T C 1.23(0.88-1.72) —
DIO1 rs2235544 1 A C 0.86 (0.77-0.96) ——
DIO1 rs9548782 1 G A 0.86 (0.66-1.12) ——
ACMSD rs4954192 2 C T 1.15(0.72-1.84) —
SOX2-0T rs6785807 3 G A 0.90(0.63-1.29) —
LOC728012 rs17185536 6 T C 1.74 (1.32-2.29) m
SLC17A4 rs1379643592 6 C T 0.86 (0.55-1.33) —
SLC17A4 rs9356988 6 G A 1.01(0.74-1.39) ——
CAB rs67583169 8 C G 1.29(0.90-1.83) —
LHX3 rs4842131 9 C T 1.48 (1.26-1.73) —a—
LHX3 rs556795452 9 A G 1.48 (0.99-2.21) e
SLCO1B1 rs4149056 12 C T 0.58(0.37-0.91) «~®W——
DIO2 rs1508161322 14 G A 0.68(0.45-1.02) ~——®—+
DIO2 rs978055°2 14 A T 0.66(0.43-1.01) ~—®——
DIO30S rs11626434 14 C G 0.68(0.50-0.92) «~—®@——
DIO30S rs123238712 14 C T 0.67(0.43-1.03) ~—®—+
usP3 rs12907106 15 G C 1.48 (0.94-2.32) +—a—
SNX29 rs8063103 16 G C 1.87(1.17-2.99) —a—
NCOR1 rs11078333 17 A T 0.71(0.49-1.03) ~—®%—+
MC4R rs56069042 18 A G 0.87(0.55-1.37) —
SLC25A52 rs1080094? 18 G A 0.88(0.61-1.27) ——
SLC25A52 rs113107469 18 T C 0.99 (0.78-1.24) +
IVW-RE (12=79%, P<.001) 1.00 (0.87-1.14) <
FT, SNPs associated with thyrotropin
AADAT rs6854291 4 A G 0.84 (0.67-1.04) —a—
1D4 rs10946313 6 T C 1.80(1.23-2.65) —
FOXE1 rs10739496 9 T C 0.71(0.58-0.87) —a—
FOXE1 rs109846062 9 G T 0.93(0.64-1.35) —
GLIS3 rs10119187 9 T C 1.20(0.80-1.81) —)
NEK6 rs10818937 9 C T 2.22(1.38-3.56) —
DIO2 rs225014 14 T C 0.68(0.49-0.96) «~—®@——
IVW-RE (12=86%, P<.001) 1.07 (0.78-1.46) <>
Overall (/2=81%, P<.001) 1.01(0.89-1.14) <>
i
0.5 ‘1 3

RR (95% CI)

The mendelian randomization effect estimate is risk of atrial fibrillation (IV OR)
per standardized FT,.

2 Independent SNPs within a locus as defined by Teumer et al.’

FT, indicates free thyroxine; IV OR, instrumental variable odds ratio;
IVW-RE, inverse variance-weighted random-effects; RR, risk ratio;
SNP, single-nucleotide polymorphism.

combined effect size in the funnel plot (eFigure 2C in the
Supplement), and MR-Egger did not show evidence of hori-
zontal pleiotropy (P for MR-Egger = .95) (eTable 12 in the
Supplement). Leave-1-variant-out analysis did not identify
variants with exaggerated influence on the combined effect
estimate (eTable 19 in the Supplement). Results were similar
for incident and prevalent AF separately (eTables 13 and 14
in the Supplement). The IVW-RE association of thyrotropin
levels with AF was stronger among thyrotropin SNPs that
were also identified in GWAS for hypothyroidism vs those
that were not and was stronger among thyrotropin SNPs
that were not associated with FT, vs those that were, but
none of these differences was statistically significant
(Figure 3).

JAMA Cardiology February2019 Volume 4, Number 2

Hypothyroidism and TPOAb

Genetically predicted hypothyroidism was inversely associ-
ated with AF with an IVW-RE OR of 0.94 (95% CI, 0.90-
0.99; P = .009; I?;g = 52%) (Table and eFigure 3A,
eTable 12, eTable 20 in the Supplement). This association
was significantly stronger among hypothyroid SNPs that
were also identified for association with thyrotropin (OR,
0.90; 95% CI, 0.86-0.94) than those that were also identi-
fied with autoimmune function (OR, 0.99; 95% CI, 0.94-
1.04; P for difference between effects of autoimmune SNPs
vs thyrotropin SNPs = .006) (Figure 4). Results were similar
for prevalent AF (eTable 14 in the Supplement) and in the
same direction but not significant for incident AF (eTable 13
in the Supplement). Leave-1-variant-out analysis did not
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Figure 3. Summary-Level Analysis of SNP (Thyrotropin) and Atrial Fibrillation

IVW-RE Decreased : Increased
Gene SNP (No.) OR (95% Cl) Risk | Risk PValue P (Het) I2(Range) P (Difference)
Thyrotropin SNPs associated with hypothyroidism 34 0.88(0.83-0.93) E 5 <.001 .009 40 (9-60) 80
Thyrotropin SNPs not associated with hypothyroidism 22 0.89(0.83-0.95) B .001 .51 0(0-46)
Thyrotropin SNPs associated with FT, 23 0.91 (0.85-0.96) E 3 .001 .10 28 (0-57) 13
Thyrotropin SNPs not associated with FT, 33 0.85(0.80-0.91) E o <.001 .10 24(0-51)
i — !
0.5 1 2

IVWE-RE OR (95% CI)

The mendelian randomization effect estimate is risk of atrial fibrillation per
standardized thyrotropin. FT, indicates free thyroxine; het, heterogeneity;

IV OR, instrumental variable odds ratio; IVW-RE, inverse variance-weighted
random-effects; OR, odds ratio; SNP, single-nucleotide polymorphism.

Figure 4. Summary-Level Analysis of SNP (Hypothyroidism) and Atrial Fibrillation

Effect  Other IVOR Decreased @ Increased

Gene SNP Allele  Allele  (95%Cl) Risk @ Risk

Hypothyroidism SNPs related to autoimmunity
HLADRB1 rs3129720 C T 0.89(0.78-1.01) ——
HLAC rs2517532 G A 0.91(0.82-1.02) ——
NKX23 rs10748781 C A 0.92(0.77-1.11) ——
VAV3 rs4915077 C T 1.01(0.92-1.12) ——
CTLA4 rs3087243 G A 1.03 (0.89-1.20) ——
PTPN22 rs6679677 A C 1.03(0.95-1.12) -
SH2B3 rs3184504 T C 1.04 (0.96-1.13) —i—
IVW-RE (12=29%, P=.20) 0.99 (0.94-1.04)

Hypothyroidism SNPs related to thyrotropin regulation
CAPZB rs12138950 A C 0.78(0.63-0.98) —a—
PDE8SB rs1479567 A G 0.81(0.72-0.92) ——
NR3C2 rs76342258 G T 0.88(0.77-1.01) ——
FOXE1 rs925489 T C 0.90 (0.84-0.96) -+
SASH1 rs6914622 T G 0.93(0.80-1.09) ——
PDE10A rs1079418 A 6 0.98(0.83-1.17) = The mendelian randomization effect
VEGFA rs2396084 G A 0.99(0.84-1.18) — estimate s risk of atrial fibrillation per
IGFBP5 rs1861628 G A 1.00 (0.82-1.22) — allele per risk of hypothyroidism. IV
IVW-RE (/2=8.0%, P=.37) 0.90 (0.86-0.94) ® OR indicates instrumental variable

. , odds ratio; IVW-RE, inverse
0.5 1 2 variance-weighted random-effects;
OR (95% Cl) OR, odds ratio; SNP, single-nucleotide
polymorphism.
identify variants with exaggerated influence on the com- T — S
bined effect estimate (eTable 21 in the Supplement). Geneti-  Discussion

cally predicted 1 SD-increase in TPOAb was not associated
with AF in the MR analyses (eTable 12, eTable 20, and eFig-
ure 4 in the Supplement).

Hyperthyroidism

Genetically predicted hyperthyroidism was associated with AF
with an IVW-RE OR of 1.04 (95% CI, 0.99-1.10; P = .13;
IPyr = 77%) (Table and eTable 12, eTable 22, eFigure 5A in the
Supplement) with similar but significant results in IVW fixed-
effects and weighted median analysis. Funnel plot (eFig-
ure 5B in the Supplement) and MR-Egger showed evidence of
pleiotropy (P for MR-Egger = .045), and the MR-Egger OR was
1.31(95% CI, 1.05-1.63; P = .02). Results were similar for inci-
dent and prevalent AF (eTables 13 and 14 in the Supplement).
Leave-1-variant-out analysis did not identify variants with ex-
aggerated influence on the combined effect estimate (eTable 23
in the Supplement).

jamacardiology.com

In this MR study, the combined genetic association of FT, in-
struments did not support a direct effect of FT, levels in the
reference range on AF. However, the pituitary-thyroid-
cardiomyocyte axis was implicated through the significant
gene-based effects on AF of FT5:FT, ratio, hyperthyroidism,
thyrotropin, and hypothyroidism, the latter largely limited to
instruments with effects on thyrotropin as opposed to auto-
immune function. The result diverges sharply from observa-
tional associations of FT, with AF, although those associa-
tions may have been influenced by inclusion of individuals with
overt or subclinical thyroid disease,!® an explanation that
would be supported by the gene-based findings here for
hypothyroidism, hyperthyroidism, and thyrotropin.

The hypothalamic-pituitary-thyroid-cardiac axis repre-
sents a series of phenotypes that are dependent on pheno-
types upstream the axis as well as downstream through nega-
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tive feedback mechanisms. This vertical pleiotropy was
reflected by overlap of some of the instruments between some
pairs of thyroid traits and by subgenomewide significant as-
sociation of instruments with a second thyroid trait. By strati-
fying the MR analysis according to unique vs shared instru-
ments, we endeavored to parse out influences on AF along the
axis. These analyses supported the idea that gene-based ef-
fects on AF of thyrotropin, including those associated with thy-
roid disease, were qualitatively different from those of FT,
within the normal range.

However, alarger question is why, in spite of very strong in-
struments, gene-based effects of FT, were largely null com-
pared with significant associations upstream of FT, repre-
sented by thyrotropin? Some answers may be found by
contrasting the instrumental associations with thyroid mea-
sures conditional on thyroid status. The FT, SNPs derive from
associations among individuals with FT, levels within the ref-
erence range and no evidence of thyroid disease.!°'2 Further,
when these SNPs were combined into a genetic risk score, they
were not associated with thyroid disease in the forms of Graves
disease, hypothyroidism, or hyperthyroidism.'? By contrast, the
instruments for thyrotropin within the reference range were as-
sociated with hypothyroidism and hyperthyroidism.!? These dis-
tinctions may emphasize a diseased thyroid state rather than
normal variation in thyroid function as driving the instrumen-
tal associations with AF. Such an interpretation is consistent with
variability in observational associations between thyrotropin
and AF, where the proportion of individuals with subclinical or
overt thyroid disease may not have been adequately controlled.?
Notably, the MR results for thyrotropin in this report are con-
sistent with a large Danish observational study finding
(N = 586 460) that hyperthyroidism and hypothyroidism were
associated with increased and decreased risk of AF, respec-
tively, and that there was an inverse linear association be-
tween thyrotropin and risk of AF in a sample that included
individuals with thyrotropin outside of the normal range.>

Similarly, significant instrumental associations of FT.:
FT, ratio downstream of FT, need to be reconciled with the
null result for FT,. Here, we suggest that conversion of FT, to
FT; (and therefore the value of the FT5:FT, ratio) may be suf-
ficiently regulated to limit the extent to which variation of FT,
within the normal range may be propagated downstream.
Teumer et al'? examined this relationship for 3 independent
genomewide significant SNPs for FT,, levels mapping to 2 genes,
AADAT (rs6854291) and SLC17A4, (9356988, rs137964359).
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While the SNP at AADAT was associated with FT; and FT,:
FT, ratio, the 2 SNPs at SLC17A4 were null suggesting at least
partially independent control of FT, with respect to FT,. In-
cidentally, the MR association of variation in the deiodinase
(DIO1,1s2235544) may recommend pharmacologic inhibition
of deiodinase-1to block conversion of FT, to FT5 in therapeu-
tic protection from AF, although such treatment could poten-
tially put patients at risk for other diseases as deiodinase-1 is
expressed in many tissues.>*

Limitations

The study has several limitations. Structurally, samples con-
tributing to the study-level MR were also included in the much
larger AF GWAS used for the summary-level MR, implying some
dependence in the concordant results, even as the method-
ologies were different. The European ancestry of the samples
also limits generalizability to other ancestries. In addition to
the vertical pleiotropy considered above, there was evidence
for horizontal pleiotropy that was addressed through current
best practices for MR sensitivity analysis,'° all of which sup-
ported the primary conclusions. However, as with all MR stud-
ies, we could not address unobserved pleiotropy. Given the di-
vergence of the observational and MR instrumental findings
for FT,, there remains a need for more analysis, especially
downstream of FT, along the hypothalamic-pituitary-thyroid-
cardiac axis. Our ability to draw mechanistic inferences down-
stream of FT, was limited by the availability of only 1 instru-
ment for the FT5:FT, ratio and the lack of any instruments for
FT;, although this hormone, as opposed to FT,, is trans-
ported into cardiomyocytes and thought to be more biologi-
cally relevant.®

.|
Conclusions

In conclusion, we demonstrated that genetically increased FT,;:
FT, ratio and hyperthyroidism are associated with increased
AF with inverse associations for genetically predicted hypo-
thyroidism and increased thyrotropin supporting relevance of
the pituitary-thyroid-cardiac axis in AF susceptibility. How-
ever, genetically increased FT, within the reference range
was not associated with AF, and the current lack of additional
genetic instruments, particularly for FT,, makes it difficult to
infer a specific causal agent in the link between thyroid func-
tion and AF.
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