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Aims Observational studies suggest elevated blood pressure (BP) as the leading risk factor for incident atrial fibrillation
(AF), but whether this relationship is causal remains unknown. In this study, we used Mendelian randomization
(MR) to investigate the potential causal association of BP levels with the risk of developing AF.

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

Genetic variants associated with the BP traits were retrieved from the International Consortium of Blood
Pressure-Genome Wide Association Studies (N = 299 024). From 901 reported variants, 894 were assessed in a
dedicated Genome-Wide Association Study of AF genetics, including >1 000 000 subjects of European ancestry.
We used two-sample MR analyses to examine the potential causal association of systolic BP (SBP) and diastolic BP
(DBP) as well as of pulse pressure (PP) with AF. MR analysis identified a potentially causal association between AF
and SBP [odds ratio (OR): 1.018 per 1 mmHg increase, 95% confidence interval (CI): 1.012–1.024, P < 0.001], DBP
(OR: 1.026, 95% CI: 1.016–1.035, P < 0.001), and PP (OR: 1.014, 95% CI: 1.001–1.028, P = 0.033). These findings
were robust in sensitivity analyses, including the MR-Egger method and the MR pleiotropy residual sum and outlier
test (MR-PRESSO). The causal relationship of BP and AF did not change when single-nucleotide polymorphisms
associated with possible confounders (i.e. coronary artery disease and obesity) of the causal relationship were
excluded.

...................................................................................................................................................................................................
Conclusions The association between increased BP levels and the risk of AF is likely causal and applies for different BP indices.

Independently from other risk factors, optimal BP control might represent an important therapeutic target for AF
prevention in the general population.
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Introduction

Atrial fibrillation (AF) is the most common type of arrhythmia1 and is
associated with high healthcare system utilization, lower quality of
life, and increased risk for hospitalization, heart failure, stroke, and

death.1,2 Thus, prevention of AF is important as it might significantly
improve the societal and personal costs related to the disease.

In addition to advancing age, several putative risk factors for inci-
dent AF have been identified from large longitudinal cohort studies,
including cigarette smoking, alcohol abuse, hypertension, obesity,
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.diabetes, myocardial infarction, and heart failure.3–6 Non-genetic risk
factors have been recently reported to show a similar impact across
different age groups.7 Notably, the presence of hypertension, its se-
verity and duration have been characterized as important risk factors
for new-onset AF, also acting synergistically with other risk factors
such as obesity.7,8 Specifically, a strong relationship between blood
pressure (BP) and risk of AF has been described in several observa-
tional studies,6,9 extending to BP values within the normal range.10

Prolonged exposure to elevated BP values induces remodelling of
cardiac chambers, first of all the left atrium,11 providing an important
substrate for the development of AF.1,12–14 Despite guidelines sug-
gesting that BP lowering treatment might prevent the development
of AF, this evidence is based mainly on observational studies, meta-
analyses or secondary analyses of randomized clinical trials in patients
with hypertension.15 These study designs, however, are prone to sys-
tematic biases and cannot support a causal association between ex-
posure to elevated BP and risk of AF.

Confirmation of a causal association is a challenging task as the re-
lationship between BP and risk of AF might be confounded by several
factors. For example, increased BP is commonly associated with age-
ing, which also represents an important risk factor for AF.6 This
makes difficult deciphering whether BP and AF are causally related
each other or they simply represent comorbidities that cluster in old
subjects. Mendelian randomization (MR)16 has emerged as a reliable
method to address some of the limitations of observational studies
and estimate causality. The random assortment of alleles at concep-
tion ensures a balanced distribution of confounders across geno-
types, making this approach less prone to conventional confounding
issues. The risk of reverse causation is also minimized, since the pres-
ence of a disease cannot affect individuals’ genotypes.16

In this study, we performed large-scale MR analyses using
summary-level data from the largest Genome-Wide Association
Study (GWAS) on BP and AF up to date to investigate the potential
causal role of BP levels on the risk of AF.

Methods

Selection of genetic variants and data

sources
Genetic variation on blood pressure and atrial fibrillation

The analyses for this study were based on publicly available summary sta-
tistics derived from GWAS consortia. Specifically, genetic variants associ-
ated with the BP traits were used as instrumental variables for the MR
analysis. Novel and previously published confirmed independent variants
were retrieved from the largest GWAS of BP traits17 that used partici-
pants of European descent from the UK Biobank18 (N = 458 577) and the
International Consortium of Blood Pressure-Genome Wide Association
Studies (ICBP)19,20 (N = 299 024). The ICBP consortium has been specif-
ically established to investigate BP genetics and represents one of the larg-
est available resource to date. For the 901 reported variants, 894 (266
associated with SBP, 345 with DBP, and 283 with PP) were available on
an AF GWAS comprised of six independent cohorts with more than
1 000 000 subjects of European ancestry, including 60 620 cases with AF
and 970 216 controls.21 As UK Biobank participants have been used in
the estimation of the genetic risk of AF and to avoid possible sample over-
lap, we retrieved the effect estimates of the selected variants on BP traits
from the summary data derived from the ICBP consortium only. Included

variants were independent based on a pre-specified threshold of r2 <
0.1.17 The definitions of AF are listed in the Supplementary material on-
line, Table S1.

Mendelian randomization analyses
We conducted three separate two-sample MR analyses to test the po-
tential causal associations between diastolic BP (DBP), systolic BP (SBP),
and pulse pressure (PP) with the risk of AF, estimating the association
results in two non-overlapping populations. MR studies typically quantify
and compare three associations: (i) biomarker-disease; (ii) genotype-
biomarker; and (iii) genotype-disease. Triangulation of the risk estimates
provides evidence on causation, with the magnitude of the causal associ-
ation being estimated by instrumental variables regression.22 The three
key assumptions16,22 underlying the two-sample MR approach are:

a. The genetic variants must be strongly associated with the exposure;
b. The variants must affect the outcome only through their effect on ex-

posure; and
c. The variants must be independent of any confounders of the associ-

ation between the exposure and the outcome.23

The simplest way to obtain an MR estimate using multiple single-
nucleotide polymorphisms (SNPs) is to perform an inverse variance
weighted (IVW) meta-analysis of each Wald ratio.24 Fixed effects IVW
assumes that none of the SNPs exhibits horizontal pleiotropy or other
violations of assumptions. Random effects IVW relaxes the assumption of
no horizontal pleiotropy,25 and the variance for this model is inflated to
take into account the between SNPs heterogeneity.

As a secondary analysis, we used the Maximum Likelihood method,
with which the causal effect estimated by the direct maximization of the
likelihood given the SNP-exposure and SNP-outcome effects and assum-
ing a linear relationship between the exposure and outcome.26 Similar to
the fixed effects IVW approach, the Maximum Likelihood method
assumes that there is no heterogeneity or horizontal pleiotropy. MR
results with P-values < 0.05 were considered significant. Effect sizes are
provided as odds ratio (OR) alongside 95% confidence intervals (CIs). All
MR analyses were performed using R version 3.5.1 (R Core Team).

Sensitivity analyses
MR makes three key assumptions, which, if violated, might lead to biases
and wrong estimation of the causal effect. First, the genetic variants must
be strongly associated with the exposure. Second, the variants must affect
the outcome only through their effect on exposure. The third assumption
is that variants must be independent of any confounders of the associ-
ation between the exposure and the outcome (Figure 1). To assess for
the presence of pleiotropy, that is each SNP must only modify the

Figure 1 Schematic representation of Mendelian randomization
analysis. AF, atrial fibrillation; BP, blood pressure; SNPs, single-nu-
cleotide polymorphisms.

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.

2 G. Georgiopoulos et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/eurjpc/advance-article/doi/10.1093/eurjpc/zw
ab005/6127018 by guest on 15 February 2021

https://academic.oup.com/eurjpc/article-lookup/doi/10.1093/eurjpc/zwab005#supplementary-data
https://academic.oup.com/eurjpc/article-lookup/doi/10.1093/eurjpc/zwab005#supplementary-data


outcome through the exposure and not by any other independent path-
ways, sensitivity analyses such as MR-Egger, Weighted Median estimator
and the MR pleiotropy residual sum and outlier test (MR-PRESSO) were
performed.27–29 Using the MR-Egger method, the SNP’s effect on the
exposure is plotted against its effect on the outcome and if pleiotropy is
absent, the plotted points fall along a line that passes through the origin.
Values of the intercept terms away from zero are an indication of
pleiotropy. The slope of the MR-Egger regression can provide
pleiotropy-corrected causal estimates. This approach assumes that the
horizontal pleiotropic effects are not correlated with the SNP-exposure
effects (InSIDE assumption).28 MR-Egger regression requires only the
Instrument Strength Independent of Direct Effect (InSIDE) assumption to
unbiasedly estimate the causal effect, with no restriction placed on the
average value of the pleiotropic effects. Under the InSIDE assumption,
the pleiotropic effects are independent of the variant–exposure associa-
tions.28 The weighted median approach orders the MR estimates
generated using each instrument separately by the inverse of their varian-
ces and report the median.29 This approach assumes that only half the
SNPs need to be valid instruments (i.e. exhibiting no horizontal plei-
otropy, no association with confounders and robust association with the
exposure). This method improves precision compared to the MR-Egger
regression method.29 MR-PRESSO was used in order to identify
horizontal pleiotropic outliers in multi-instrument summary-level MR
testing. MR-PRESSO identifies horizontal pleiotropic outlier variants and
provides an outlier-corrected estimate.27 Heterogeneity between genetic
variants was estimated using Cochran’s Q test.23

Further sensitivity analyses were performed, excluding genetic variants
that are strongly associated with the potential confounders of the expos-
ure—outcome relationship (e.g. ischaemic heart disease, and obesity),
which would lead to biased causal estimates.30

Results

Mendelian randomization estimates
In overall, 894 independent genome-wide significant SNPs associated
with BP traits were selected for the construction of the instrumental
variable (266 associated with SBP, 345 with DBP, and 283 with PP).
The total variance of BP values explained by the genetic instruments
was 5.7% for SBP, 5.3% for DBP, and 2.9% for PP.17 Their effect esti-
mates for the associations with the BP traits and with AF are shown
in the Supplementary material online, Table S2. Table 1 reports the
MR estimates for BP traits and AF. Based on the IVW method, MR
results supported a causal effect of the BP traits on AF risk.
Specifically, a 1 unit increase in SBP (mm Hg) was causally associated
with a 1.8% relative increase in AF risk (N = 266 SNPs, OR: 1.018,
95% CI: 1.012–1.024, P < 0.001). For DBP and PP, MR analysis
showed that 1 unit increase was causally associated with 2.6%
and 1.4% relative increase in AF risk respectively (N = 345 SNPs,
OR: 1.026, 95% CI: 1.016–1.035, P < 0.001 for DBP; N = 283 SNPs,
OR: 1.014, 95% CI: 1.001–1.028, P < 0.033 for PP). These results are
also displayed graphically in Figure 2.

Sensitivity analyses
Random effect models were used to take into account the substantial
heterogeneity that was observed. This heterogeneity did not affect
the results, as the weighted median analysis yielded same direction
results compared to the IVW and likelihood-based approach (Table
1). Moreover, MR-Egger intercept did not provide evidence for the
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.
presence of directional pleiotropy for the analysis of DBP and PP
with AF and the results of the regression slope were consistent with
those from the IVW and likelihood-based approach (Table 1).
Despite the fact that the pleiotropy-corrected estimate of the MR-
Egger regression slope does not support a causal effect of the SBP
with AF risk, both raw and outlier corrected estimates (excluding 11,
19, 22 SNPs for SBP, DBP, PP, respectively) from MR-PRESSO are
identical to IVW and likelihood-based results, establishing the causal
association of the BP traits with AF (Table 2).

Similar results were observed in sensitivity analyses. As reported in
the Supplementary material online, Table S3, MR estimates obtained
after excluding SNPs that were associated with ischaemic heart dis-
ease and obesity did not differ from the main MR analyses including
all SNPs (SBP: N = 251, OR: 1.020, 95% CI: 1.014–1.026; DBP:
N = 332, OR: 1.029, 95% CI: 1.019–1.039; PP: N = 272, OR: 1.015,
95% CI: 1.001–1.029).

Discussion

Epidemiological studies have highlighted the strong associations be-
tween several cardiovascular risk factors and the risk of developing
AF. Hypertension represents one of the most common and strongest
risk factor associated with the risk of AF. Despite this evidence, the
association between hypertension and AF might be subject to several
confounding factors, as they are both diseases of ageing and com-
monly cluster with other cardiovascular risk factors, including obesity,
diabetes, inflammation and dyslipidaemia. Using MR, we now provide
the first evidence that the relationship between elevated BP and the
risk of AF is likely to be causal. Importantly, the association between
BP values and the risk of AF was not limited to SBP but also involved
DBP and PP. Sensitivity analysis documented that the potential causal
relationship between BP and AF is not driven by the presence of
other well-established risk factors associated to both conditions,
including ischaemic heart disease and obesity. Together with other
MR studies, our findings confirm the hypothesis that AF is prevent-
able. Given that AF remains the leading cardiac arrhythmia and one
of the major causes of invalidating diseases in the world, including
stroke, heart failure, sudden death, and cardiovascular morbidity,
our results advocate the need of public health strategies aimed to
emphasizing the importance of an adequate control of BP to reduce
the global burden of AF and its severe complications.

Several different mechanisms may be involved in the pathogenesis
of AF in hypertensive patients. Haemodynamic and non-haemodynamic

Figure 2 Association between SNPs associated with (A) SBP, (B)
DBP, (C) PP and risk of atrial fibrillation. Per allele associations with
exposure plotted against per allele associations with outcome (ver-
tical and horizontal black lines around points show 95% confidence
interval for each polymorphism). DBP, diastolic blood pressure; PP,
pulse pressure; SBP, systolic blood pressure; SNPs, single-nucleo-
tide polymorphisms.

.................................................................................. ......................................................................................

....................................................................................................................................................................................................................

Table 2 MR-PRESSO estimates between blood pressure traits and atrial fibrillation

Raw estimates Outlier corrected estimates

BP trait N OR 95% CI P-value N OR 95% CI P-value

SBP 266 1.018 1.016–1.019 <0.001 255 1.018 1.017–1.019 <0.001

DBP 345 1.026 1.024–1.027 <0.001 326 1.023 1.022–1.024 <0.001

PP 283 1.044 1.035–1.053 0.034 261 1.016 1.015–1.017 0.0004

BP, blood pressure; CI, confidence interval; DBP, diastolic blood pressure; MR-PRESSO, Mendelian Randomization pleiotropy residual sum and outlier; OR, odds ratio; PP, pulse
pressure; SBP, systolic blood pressure; SNPs, single-nucleotide polymorphisms.
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mechanisms are thought to promote complex changes of the atrial
structure, architecture, contraction, and electrophysiology with the
potential to produce clinically relevant manifestations.31

Haemodynamic mechanisms involve the development of hyperten-
sive cardiomyopathy characterized by increased left ventricular (LV)
wall thickness, raised LV stiffness, and impaired LV diastolic function.
These processes may lead to a rise in left atrial stretch and pressure,
with subsequent remodelling and dysfunction that predispose to AF.
Among the non-haemodynamic mechanisms, there are histological
changes in the atria such as the proliferation of fibroblasts, alterations
of the extracellular matrix, and hypertrophy of myocytes that can
alter interconnections between muscle bundles and lead to electro-
physiological remodelling.9 Effect sizes for increasing BP values on
the risk of AF in our MR analysis was smaller compared with those
obtained using observational data. This might be related to several
factors. Firstly, AF is difficult to document when paroxysmal and
might remain silent in clinically stable patients. Therefore, cohort
studies with more stringent follow up of the participants might have
had the opportunity to capture more cases of AF than those
observed in our large population, where we cannot exclude undiag-
nosed or silent cases of AF. Another potential explanation is related
to the influence of confounding factors on the relationship between
AF and elevated BP described in observational studies. This highlights
the inherent limitations of observational analyses that 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 free from these biases. Another advantage of using MR to
explore causality in the relationship between BP and risk of AF is
related to the difficulties in designing and conducting clinical trials
assessing the impact of an intensive control of BP on the risk of sub-
sequent risk of AF, as they would require elevated costs for the large
number of patients to be recruited and the very long follow-up.

A major strength of our study is related to the large study sample
used in the analyses, which allowed us to perform comprehensive
analysis for incident AF and well-powered GWAS to obtain genetic
instruments for MR analyses. Indeed, we used hundreds of genetic
variants for each component of BP. Our study also has some limita-
tions. The use of a genetic instrument including hundreds of genetic
variants for each component of BP increases the risk of including
pleiotropic SNPs. In fact, there was evidence for horizontal plei-
otropy that was addressed through current best practices for MR
sensitivity analysis. However, as with all MR studies, we could not ad-
dress unobserved pleiotropy. In addition, it should be acknowledged
that IVW effect estimates are liable to be biased when some of the in-
strumental SNPs exhibit horizontal pleiotropy e.g., when we have
genetically determined factors which are associated with AF and we
have not taken them into account such as diabetes, alcohol consump-
tion habits and valvular heart disease. The European ancestry of the
samples also limits generalizability of our results to other ancestries.
Finally, information on baseline treatment with drugs affecting BP lev-
els was not available.

In summary, despite its potential limitations, our study provides
the first evidence that the relationship between BP and risk of AF
may be causal, suggesting that strict control of BP might represent a
long-term effective strategy to reduce the burden of AF and its asso-
ciated complications. Future studies should clarify whether the

relationship between increased risk of AF and elevated BP is linear or
threshold and whether there are specific classes of antihypertensive
drugs that, independently from the elevation of BP values might at-
tenuate the risk of developing AF in patients with arterial
hypertension.

Supplementary material

Supplementary material is available at European Journal of Preventive
Cardiology online.
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O’Donnell CJ, Schwartz SM, Ikram MA, Longstreth WT, Mosley TH, Seshadri S,
Shrine NRG, Wain LV, Morken MA, Swift AJ, Laitinen J, Prokopenko I, Zitting P,
Cooper JA, Humphries SE, Danesh J, Rasheed A, Goel A, Hamsten A, Watkins
H, Bakker SJL, van Gilst WH, Janipalli CS, Mani KR, Yajnik CS, Hofman A,
Mattace-Raso FUS, Oostra BA, Demirkan A, Isaacs A, Rivadeneira F, Lakatta EG,
Orru M, Scuteri A, Ala-Korpela M, Kangas AJ, Lyytikäinen L-P, Soininen P,
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