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Chapter 1.1

General introduction

Atrial fibrillation

Atrial fibrillation is defined as a supraventricular tachyarrhythmia with chaotic atrial
excitation, unproductive atrial contraction, and subsequently irregularly irregular
ventricular excitation and ventricular contraction.(1, 2) Symptoms of atrial fibrillation
include palpitations, chest discomfort, dyspnea, and fatigue, although some
individuals are asymptomatic and do not experience any complaints at the time of
atrial fibrillation occurrence.(1, 3) Next to the aforementioned symptoms, atrial
fibrillation substantially increases the risk of hospitalization, morbidity such as
myocardial infarction, heart failure, stroke, and dementia, and mortality.(1, 4-6)

Globally, atrial fibrillation is the most common cardiac arrhythmia with an estimated
prevalence of 2-4% and its prevalence is expected to even further increase due to
the extended longevity of the population.(1, 4-7) This increasing prevalence of atrial
fibrillation highlights the growing disease burden of atrial fibrillation for the decades
to come. During the last two decades, major advancement in knowledge regarding
the epidemiology, prediction, pathophysiology, and treatment of atrial fibrillation has
been generated in an attempt to gain a better understanding of atrial fibrillation and
to reduce its burden. Aging is the most prominent atrial fibrillation risk factor, but the
increasing burden of other atrial fibrillation risk factors such as obesity, hypertension,
diabetes mellitus, coronary heart disease, and heart failure also contributes to atrial
fibrillation initiation, maintenance, and progression.(1) The lifetime risk of atrial
fibrillation is estimated to be 1 in 3 individuals at an index age of 55 years when
individuals have at least one risk factor for atrial fibrillation (hypertension, smoking,
alcohol intake, obesity, history of diabetes mellitus, history of myocardial infarction,
or history of heart failure).(1, 8) In individuals with an optimal risk factor profile (in
other words, no atrial fibrillation risk factors) this lifetime risk is estimated to be 1 in
5 individuals at the same index age.(8) These findings stress the essential role of
better understanding and decreasing the atrial fibrillation risk factor burden in an
attempt to reduce the lifetime risk of atrial fibrillation.

Besides age and modifiable risk factors, genetic predisposition to atrial fibrillation
also seems to play a profound role in atrial fibrillation risk.(9) Thus far, more than
160 genes have been associated with atrial fibrillation in the past years by linkage
studies, functional studies, and genome-wide association studies (GWAS).(9) More
specifically, genetic variance in genes encoding for ion-channels, transcription
factors, and myocardial structural integrity may lead to increased -cardiac
automaticity and re-entry which are known to predispose to atrial fibrillation.(9)

While atrial fibrillation may exist in the absence of electrical, or structural
abnormalities of the atria, previous evidence has indicated that electrical, and
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General introduction

structural atrial remodeling are at the root of the substrate that initiates, and
perpetuates atrial fibrillation.(1, 2) Further, it has been highlighted that risk factors of
atrial fibrillation, which frequently co-exist, can aggravate this electrical, and
structural remodeling and thereby increase an individual’s risk to develop, maintain,
and exacerbate atrial fibrillation.(1, 2, 4-7) Despite the global effort to advance the
knowledge within the scientific atrial fibrillation field, the etiology of atrial fibrillation
remains incompletely understood which, to some extent, compromises the
development of effective treatment modalities. This also further complicates the
prediction, prevention, and management of atrial fibrillation. Generating insight is
therefore of utmost importance to dissect the etiology of atrial fibrillation which is a
complex polygenetic arrhythmia.

Part Il Macro- and micro-vascular disease and the risk of atrial fibrillation
Coronary heart disease, peripheral vascular disease, and cerebrovascular disease
are three common diseases among the macro-vascular disease spectrum.
Furthermore, micro-vascular disease includes retinopathy, neuropathy, and
nephropathy. Macro- and micro-vascular diseases are common conditions in the
general population. The increasing prevalence of atrial fibrillation is partly attributed
to the increase of atrial fibrillation risk factors such as coronary heart disease. The
role of coronary heart disease such as myocardial infarction in atrial fibrillation
pathogenesis is well established. This role is further highlighted by the greatly
increased risk of 60-77% in myocardial infarction patients to develop new-onset atrial
fibrillation.(1, 10)

Two underlying mechanisms are suggested to underlie myocardial infarction and
atrial fibrillation. First, the main determinant of atrial fibrillation development during
myocardial infarction is atrial ischemia/infarction.(11) This ischemia/infarction
induces slowed, and heterogeneous conduction, and subsequently increases the
propensity to develop atrial fibrillation. Second, myocardial ischemia/infarction,
independent of atrial ischemia/infarction, causes hemodynamic changes, atrial
stretch, and neurohumoral activation that may also contribute to atrial fibrillation
occurrence.(11)

Yet, the relationship between other forms of macro- and micro-vascular disease in
atrial fibrillation development is not yet fully understood. It has been hypothesized
that other forms of (sub)clinical) macro-vascular disease such as arteriosclerotic
calcification, and peripheral vascular disease also increase atrial fibrillation
susceptibility by causing hypoperfusion and ischemia of the atria and subsequent
atrial fibrosis.(11, 12) Moreover, they may increase the systolic cardiac afterload
through arterial stiffness which in turn gives rise to ventricular and atrial remodeling
of the heart.(13-17) Inflammation, endothelial dysfunction, and platelet-mediated
thrombosis also have been suggested as part of the underlying mechanisms that
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Chapter 1.1

relate (peripheral) atherosclerosis with atrial fibrillation.(17-20)

In the micro-vascular domain. Nephropathy or reduced kidney function may initiate
atrial fibrillation through increased activity of the renin-angiotensin-aldosterone
system,(21-28)  hypertension,(25, 26) left ventricular  hypertrophy,(26)
inflammation,(26, 29-31) and by promoting cardiovascular diseases such as
coronary heart disease, and heart failure.(26, 32, 33)

Although, these hypotheses seem plausible, previous studies that assessed the link
between macro- and micro-vascular disease with atrial fibrillation using various
methodological approaches remain inconclusive. This reiterates the complexity of
atrial fibrillation pathophysiology, as many etiological questions regarding the role of
macro- and micro-vascular disease in atrial fibrillation pathogenesis still remain to
be answered.

Part lll Cardiac autonomic dysfunction and the risk of atrial fibrillation

The heart is extensively innervated by autonomic nerves, composed of extrinsic and
intrinsic ganglion cells which are vital for physiological cardiac functioning.(34, 35)
Extrinsic cardiac nerves originate from the paravertebral ganglia while the intrinsic
cardiac nerves are found predominantly within the atria. Both play a role in
arrhythmia, although the latter are in particular closely entangled with atrial
arrhythmogenesis.(34, 35) Increasing evidence suggests that dysfunction of the
autonomic nervous system, including the sympathetic, parasympathetic, extrinsic,
and intrinsic cardiac neural network, is involved in the pathophysiology of atrial
fibrillation.(36-38)

The electrocardiogram is non-invasive, readily and rapidly available, and an
inexpensive tool that is viable to assess cardiac autonomic dysfunction. It enables
measurement of multiple metrics of cardiac autonomic dysfunction such as heart
rate variability, and various electrocardiographic parameters that represent cardiac
conduction. Moreover, heart rate variability, the reflection between the autonomic
nervous system and the heart,(39-41) has been suggested to modify atrial fibrillation
risk.(38, 42-47) Specifically, lower and higher heart rate variability may lead to a
decline in cardiac function, and subsequently give rise to atrial fibrillation.(38, 42-47)
Previous evidence also indicated that a complex relationship between various
electrocardiographic parameters mirrored by atrioventricular conduction (PR
interval), ventricular depolarization (QRS), and ventricular repolarization (QT, QT
corrected for heart rate (QTc), and JT interval), and variation in successive cardiac
contractions (RR interval, and heart rate) with atrial fibrillation exists.(48-53)

Various mechanisms may explain the complex interplay between cardiac autonomic
dysfunction and atrial fibrillation. Left atrial enlargement has been associated with
heart rate variability. This could suggest a role for heart rate variability in atrial
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General introduction

fibrillation pathogenesis that is mediated by the left atrium.(47) Autonomic imbalance
represented by heart rate variability could also trigger an inflammatory response that
may cause atrial fibrillation.(41)

The PR interval reflects the atrioventricular conduction and its interferences. PR
interval prolongation (PR >200 ms or first-degree atrioventricular block) may surface
from conduction interferences within the atria, the atrioventricular node, His bundle,
and/or at multiple sites which may be produced by atrial fibrosis.(54, 55) Atrial
fibrosis can be primary (idiopathic) or secondary to conditions such as aging,
coronary heart disease, calcification, and inflammation.(55, 56) Alternately,
prolonged ventricular repolarization may result in atrioventricular dyssynchrony
which may give rise to left ventricular diastolic dysfunction and this could result in
increased atrial pressure.(57) This increased atrial pressure and atrial wall tension
may then provoke remodeling of the left atrium and thereby produce a substrate for
atrial fibrillation.(57) Myocardial excitation, and contraction, reflected by the RR
interval, and heart rate, and its relationship with atrial fibrillation is also well
established.(58) Heart rate control is a complex dance between sympathetic
activation and vagal withdrawal during physical activity.(58, 59) On one hand, a low
heart rate is commonly associated with a healthy body mass index, increased
exercise tolerance, reduced morbidity, and mortality.(58) Nonetheless, a low heart
rate during physical exertion might represent an altered response to physical activity
due to prolonged vagal activation.(58, 60) This prolonged vagal activation
supplements acetylcholine-dependent potassium currents which decrease the
action potential duration which may facilitate conduction abnormalities and thereby
development of atrial fibrillation.(58, 61) On the other hand, a high heart rate is
associated with comorbidities such as hypertension, diabetes mellitus, coronary
heart disease, and heart failure which are all known to be involved in atrial fibrillation
pathogenesis.(58) Additionally, a high heart rate might be a marker of increased
sympathetic activation which may decrease the atrial refractory period and thereby
trigger atrial fibrillation.(58, 62)

21



Chapter 1.1

Lastly, a role for the sinoatrial node, the pacemaker of the heart, is suggested in
atrial fibrillation pathophysiology. More specifically, it has been suggested that sinus
node disease is intertwined with cardiac autonomic dysfunction and may cause atrial
fibrillation by promoting atrial extrasystoles.(63, 64) Atrial extrasystoles, in the
presence of sinus node disease, may arise during the slow atrial cycle and are
followed by a compensatory pause. This compensatory pause may be prolonged
which allows other atrial ectopic activity to occur which possibly set off atrial
fibrillation.(63) Early premature beats that originate from areas other than the sinus
node, the pacemaker of the heart may give rise to conduction block and re-entry, in
turn imposing atrial fibrillation.(63) Noteworthy, sinus nodal artery stenosis is also
common in patients with atrial fibrillation which implies that ischemic damage to the
sinus node alone without atrial fibrosis, stretch or muscle loss may initiate atrial
fibrillation.(63)

Taken together, the combination of atrial enlargement, inflammation, atrial
extrasystoles, conduction abnormalities, and sinus node ischemia may explain the
mechanisms through which heart rate variability and electrocardiographic
parameters may promote atrial fibrillation. In addition, it has been shown that
modulating cardiac autonomic nerve function by ganglionated plexus ablation may
aid in atrial fibrillation control, nonetheless the treatment of atrial fibrillation using
these therapies remains difficult.(35) This implies that the exact underlying
mechanisms are still unclear and that there is still room to improve our knowledge
regarding the link between cardiac autonomic dysfunction with atrial fibrillation.

Part IV Inflammation and the risk of atrial fibrillation

Inflammation is hypothesized as one of the underlying key conditions involved in
atrial fibrillation pathogenesis.(31, 65) Recent evidence further indicates the role of
two proxies of inflammation; namely immunothrombosis, and autoimmune diseases,
in atrial fibrillation etiology.

Immunothrombosis is the complex interplay of the innate immune system and the
coagulation system.(66-68) Another important role is played by neutrophil
extracellular traps that start inflammatory processes while stimulating the activation
of platelets and the coagulation cascade.(66, 69) This synergy between inflammation
and coagulation, called immunothrombosis, may cause atrial remodeling, and
contribute to the development of atrial fibrillation.(70-73) Nonetheless, the exact role
of immunothrombosis on atrial fibrillation risk remains unclear.
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Autoimmune diseases such as rheumatoid arthritis are suggested to be associated
with atrial fibrillation through atrial electrical and structural remodeling.(74-77)
Nonetheless, conclusive evidence is lacking as there are only a few studies
examining the relationship between autoimmune diseases and atrial fibrillation
probably due to the low prevalence of most autoimmune diseases which limits strong
causal inferences.

Therefore, the presence of immunothrombosis and autoimmune diseases may
indeed suggest to increase atrial fibrillation vulnerability through infiltration of
immune cells, proteins, and other inflammatory processes that may negatively
impact the atria.(31) Nonetheless their exact potential role in atrial fibrillation
development is not yet examined in detail.

Part V Traditional and novel risk factors for atrial fibrillation

Recent evidence suggest the whole spectrum of anthropometric measures,(78-81)
the shape and slope of trajectories of obesity-related measures(82, 83) and blood
pressure,(1, 82, 84-88) and microRNAs(89-96) as emerging traditional and potential
novel risk factors for atrial fibrillation.

Obesity or increasing body mass index is an established risk factor for atrial
fibrillation.(1) Ventricular remodeling, impaired left ventricular relaxation, and
increased left ventricular diastolic filling pressure are closely related to obesity.(97)
It has also been shown that obesity leads to hypoxia of the expanding adipose tissue,
results in adipose fibrosis, produces adipocytokines, contributes to increased
epicardial fat accumulation, and myocardium damage.(98, 99) In particular,
epicardial fat and myocardial damage are known to be implicated in atrial fibrillation
occurrence.(1, 100) Yet, the relationship between the whole spectrum of
anthropometric measures, in addition to body mass index, such as weight, height,
waist circumference, hip circumference, and waist-to-hip ratio with atrial fibrillation
remains unclear. Moreover, the impact of longitudinal trajectories of obesity-related
measures on new-onset atrial fibrillation remains unknown.
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Hypertension or blood pressure is another well-recognized risk factor for atrial
fibrillation. The underlying mechanisms of the link between hypertension and atrial
fibrillation are not fully understood, but it has been suggested that various factors
could contribute to this relationship. Hypertension accelerates atrial remodeling by
inflammatory changes, fibrosis, and atrial hypertrophy.(101) Furthermore, long-term
hypertension with increased cardiac afterload in the left ventricle contributes to left
ventricular hypertrophy.(101) Moreover, hypertension may dysregulate the
autonomic nervous system and thereby trigger atrial fibrillation.(102) Yet, the impact
of longitudinal trajectories blood pressure on new-onset atrial fibrillation remains
undetermined.

Given the aforementioned mechanisms that may link hypertension with atrial
fibrillation.(1, 85-88) It seems biologically plausible that antihypertensive drugs are
of therapeutic value to prevent atrial fibrillation. Yet, conclusive clinical evidence in
the form of large randomized clinical trials (RCTs) and comprehensive meta-
analyses investigating the role of blood pressure reduction through various
antihypertensive drugs for atrial fibrillation prevention is lacking.(87, 88) Not
surprisingly, as RCTs examining (new) drugs are challenging, costly, often restricted
to high-risk patients (older, and/or with underlying heart disease), have a relatively
short duration of follow-up, and often lead to inconclusive results.

MicroRNAs are a class of small non-coding RNAs that post-transcriptionally regulate
gene expression by complementary binding to target transcripts. During the past
years, the role of microRNAs in cardiovascular disease has received a major
interest.(103) MicroRNAs have a suggested role in atrial fibrillation pathophysiology
as microRNAs are key regulators of electrical remodeling,(104) structural
remodeling,(105)  autonomic  nerve remodeling,(106) calcium handling
abnormalities,(107) and inflammation (108) of the heart. Nonetheless, their exact
role in atrial fibrillation remains to be further elucidated.

These underlying mechanisms seem promising to indeed flag the whole spectrum of
anthropometric measures and trajectories of obesity-related measures and blood
pressure as emerging traditional risk factors as well as microRNAs as novel risk
factors for atrial fibrillation, although definitive answers remain there to be found.
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Part VI Sex and gender implications and the risk of atrial fibrillation

The atrial fibrillation lifetime risk of 1 in 3 individuals at index age of 55 years is
dependent on an individual’'s genetic profile, age, sex, and coexistence of other atrial
fibrillation risk factors.(1) Particularly, the age-adjusted prevalence, incidence, and
lifetime risk of atrial fibrillation are higher in men than in women. Nonetheless, a
larger proportion of women will end up living with atrial fibrillation due to their
increased lifespan in comparison to men.(72, 109) Moreover, the lifetime risk of atrial
fibrillation in each cardiovascular risk factor profile (optimal, borderline, and elevated)
seems to be higher among men than women. Additionally, the increase in lifetime
risk from optimal to borderline risk profiles seems to be larger among men than
women.(8)

Recent evidence indicates that differences in atrial fibrillation pathophysiology
between men and women exist.(72, 109) Sex hormones are considered to play a
vital role in cardiovascular health and disease.(110) The suggested beneficial effect
of estrogen on endothelial function and cholesterol metabolism dissipates as women
age.(111) This natural decline in estrogen levels due to aging, in particular after
menopause has been profoundly associated with an increased risk of cardiovascular
disease.(112) Reproductive lifespan factors, as a reflection of the cumulative
exposure to endogenous sex hormones, have been suggested as emerging risk
factors for cardiovascular disease development.(113-115) Despite the lack of direct
evidence, it has been hypothesized that estrogen may confer a beneficial effect on
atrial fibrillation by extending atrial conduction time, action potential duration, and the
atrial refractory period.(116)

These findings suggest the sex- and gender-specific nature of atrial fibrillation
development and the differential contribution of various risk factors to atrial fibrillation
pathogenesis in men and women. However, findings on this matter warrant further
research as evident sex- and gender-specific atrial fibrillation risk factors remain
elusive.
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Thesis objective

The objective of this thesis is to dissect the etiology of atrial fibrillation using a
population perspective on risk factors and sex differences. This thesis focuses on
vascular- (Part ), cardiac autonomic- (Part Ill), inflammatory- (Part IV),
traditional-, novel- (Part V), and sex- and gender-specific (Part VI) risk factors in the
general population and their role in atrial fibrillation pathophysiology. This division is
made as these factors have been implicated in atrial fibrillation pathophysiology.(1)
Therefore, these factors were used to conceptualize the studies and parts described
throughout this thesis.

The research included in this thesis was conducted using data from the Rotterdam
Study, the UK Biobank, and the publicly available genome-wide association studies
(GWAS). Before mentioning the main findings of my studies, | would like to dedicate
a few words in this section to properly introduce the used studies.

First, the Rotterdam Study, locally also called Erasmus Rotterdam Gezondheid
Onderzoek (ERGO), was founded in 1989 as a prospective population-based cohort
study to investigate the occurrence, and progression of determinants that underlie
common diseases in middle-aged and elderly individuals.(71, 117) The study area
is geographically bound to the Ommoord district in the city of Rotterdam, The
Netherlands. At present the Rotterdam Study incorporates four cohorts that were
established in 1989 (RS-I), 2000 (RS-Il), 2006 (RS-lll), and 2015 (RS-1V),
respectively.(71) Since 1989, over 18,000 inhabitants, aged 240 years were included
and participants attended follow-up examinations every 3-5 years.(71) In addition,
the participants’ morbidity and mortality was continuously collected through linkage
with digital files from general practitioners in Ommoord.(71) The fundamental
strength of the Rotterdam Study is the commitment and dedication of its participants
who have allowed for in-depth evaluation of common diseases for 23 decades. It
goes without question that such a large sample size, long follow-up time, and
meticulous and continuously-updated assessment of determinants, as well as
outcomes, are of unspoken value to chart the burden of the most common cardiac
arrhythmia (i.e. atrial fibrillation) and to dissect its pathogenesis. Noteworthy, the
Rotterdam Study complies with the Declaration of Helsinki, has been approved by
the Medical Ethics Committee of the Erasmus MC, and by the Dutch Ministry of
Health, Welfare and Sport. All its participants provided written informed consent to
participate, prior to inclusion, in the study, and to have their information obtained
from treating physicians.

Second, the UK Biobank, a very large prospective population-based cohort study. It

includes over 500,000 inhabitants aged between 37 and 73 years across England,
Scotland, and Wales that were recruited between 2007 and 2010.(118) These
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participants provided medical history, behavioral habits, physical examinations, and
biological samples at the time of inclusion.(118) Of note, the UK Biobank complies
with the Declaration of Helsinki, and has received ethics approval from the North
West Multi-Centre Research Ethics Committee, the National Information
Governance Board for Health and Social Care in England and Wales, and the
Community Health Index Advisory Group in Scotland. All participants provided
written informed consent, prior to inclusion, in the study.

Lastly, publicly available summary statistics from multiple GWAS were extracted and
used to conduct the various MR studies throughout this thesis.(119-130) In short, a
GWAS is a study that involves scanning the genome with a lot of markers to identify
genetic variants that are associated with a disease of interest. These identified
genetic variants could then be taken forward to better understand the underlying
biology of a disease using various methodologies.

Part Il embarks by unravelling the link between macro- and micro-vascular disease
and atrial fibrillation. In Chapter 2.1, we studied baseline assessments of coronary-
and extra-coronary arteriosclerotic calcification (macro-vascular disease) in relation
to atrial fibrillation. In Chapter 2.2, baseline and longitudinal measurements of
peripheral atherosclerosis (macro-vascular disease) and their associated atrial
fibrillation risk are examined. In Chapter 2.3, kidney function (micro-vascular
disease) and atrial fibrillation within the general population are bidirectionally
investigated to determine their influence on each other. In Chapter 2.4, we
additionally sought to assess the bidirectional association between genetically
predicted kidney function (micro-vascular disease) and genetically predicted atrial
fibrillation.

Part lll aims to disentangle the relationship between cardiac autonomic dysfunction
and atrial fibrillation. In Chapter 3.1, we determined the link between longitudinal
measurements of heart rate variability and genetically predicted heart rate variability
and atrial fibrillation risk. In Chapter 3.2, baseline and longitudinal measurements of
electrocardiographic parameters in relation to atrial fibrillation are studied to evaluate
their influence on atrial fibrillation.

Part IV evaluates the role of inflammation in atrial fibrillation pathogenesis. In
Chapter 4.1, immunothrombosis and atrial fibrillation risk are studied within the
general population. In Chapter 4.2, we extensively evaluated the available literature
and meta-analyzed the contribution of immunothrombosis in atrial fibrillation
pathophysiology. In Chapter 4.3, we examined the role of various autoimmune
diseases in atrial fibrillation development.

Part V continues with application of novel methods for investigating (shape of)
trajectories of traditional risk factors in association with atrial fibrillation and
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identifying emerging potential novel risk factors for atrial fibrillation. In Chapter 5.1,
we evaluated longitudinal measurements of the whole spectrum of anthropometric
measures and its impact on atrial fibrillation to extent previous findings that solely
focused on body mass index while assessing atrial fibrillation risk. In Chapter 5.2,
trajectories of obesity-related measures and blood pressure are investigated to
quantify their risk on new-onset atrial fibrillation. In Chapter 5.3, we investigated the
effects of antihypertensive drugs for the prevention of atrial fibrillation using a drug
target Mendelian randomization (MR) study approach. In Chapter 5.4, we assessed
how well-expressed circulatory microRNAs in plasma relate to atrial fibrillation and
provided a literature review on the link between microRNAs and atrial fibrillation.

Part VI highlights the implications of sex- and gender in atrial fibrillation. In Chapter
6.1, we assessed women-specific risk factors and their impact on atrial fibrillation
occurrence. In Chapter 6.2, we determined the current status and future directions
of sex- and gender-specific atrial fibrillation prediction by leveraging big data.

Part VIl discusses and summarizes the research in this thesis. In Chapter 7.1, the
main results of the studies included in this thesis are discussed, and placed in a
broader perspective. Further, we address methodological considerations, review
potential implications, and elaborate on future directions for atrial fibrillation
research. Lastly, the main findings of this thesis are summarized in English and in
Dutch in Chapter 7.2, and Chapter 7.3, respectively.
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Chapter 2.2

ABSTRACT

Background
Limited population-based data on the (sex-specific) link between subclinical
measures of peripheral atherosclerosis and new-onset atrial fibrillation (AF) exist.

Methods

Subclinical measures of peripheral atherosclerosis including carotid intima-media
thickness (cIMT), carotid plaque, and ankle-brachial index (ABI) were assessed at
baseline and follow-up examinations. A total of 12,840 participants free of AF at
baseline from the population-based Rotterdam Study were included. Cox
proportional hazards models and joint models, adjusted for cardiovascular risk
factors, were used to determine the associations between baseline and longitudinal
measures of cIMT, carotid plaque, and ABI with new-onset AF.

Results

During a median follow-up of 9.2 years, 1,360 incident AF cases occurred among
12,840 participants (mean age 65.2 years, 58.3% women). Higher baseline cIMT
(hazard ratio (HR), 95% confidence interval (Cl), 1.81, 1.21-2.71, p=0.0042),
presence of carotid plaque (HR, 95% ClI, 1.19, 1.04-1.35, p=0.0089), lower ABI (HR,
95% ClI, 1.57, 1.14-2.18, p=0.0061) and longitudinal measures of higher cIMT (HR,
95% Cl, 2.14, 1.38-3.29, p=0.0021), presence of carotid plaque (HR, 95% CI, 1.61,
1.12-2.43, p=0.0112), and lower ABI (HR, 95% CI, 4.43, 1.83-10.49, p=0.0007)
showed significant associations with new-onset AF in the general population. Sex-
stratified analyses showed that the associations for cIMT, carotid plaque, and ABI
were mostly prominent among women.

Conclusions

Baseline and longitudinal subclinical measures of peripheral atherosclerosis (carotid
atherosclerosis, and lower extremity peripheral atherosclerosis) were significantly
associated with an increased risk of new-onset AF, especially among women.
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INTRODUCTION

Atrial fibrillation (AF) is the most prevalent cardiac arrhythmia.(1, 2) Parallel to the
aging of the population, the prevalence of AF is expected to increase steeply in the
coming years.(1-3) Despite improvements in the management of patients with AF, it
still confers a large morbidity and mortality risk.(1, 2, 4) Notably, recent evidence
points towards sex differences in the pathophysiology and prognosis of AF.(5, 6)
Women with AF are older at diagnosis, have a higher prevalence of hypertension
and valvular heart disease, and have an increased risk of stroke, myocardial
infarction, and mortality in comparison with men.(5)

Atherosclerosis of the peripheral vasculature is a largely prevalent condition in the
general population that is associated with increased risk of morbidity and
mortality.(7) Peripheral atherosclerosis and AF share common major risk factors.(8)
Previous reports have suggested a relationship between peripheral atherosclerosis
and AF mainly based on subgroup or post hoc analyses of various patient studies.(8)
Few population-based studies have shown associations between subclinical
measures of peripheral atherosclerosis; carotid intima-media thickness (cIMT)(9-
12), carotid plaque(9, 10), and ankle-brachial index (ABI)(7, 13, 14) with increased
risk of new-onset AF. To date, limited data on the link between longitudinal measures
of peripheral atherosclerosis with new-onset AF in the general population exist.
Moreover, comprehensive assessment of the sex-specific association between the
2 conditions is sparse.

We thus aimed to investigate the associations between baseline and longitudinal
measures of subclinical peripheral atherosclerosis including cIMT, carotid plaque,
and ABI with the risk of new-onset AF among participants from the large population-
based Rotterdam Study. Additionally, we sought to evaluate sex differences with
regard to the association between subclinical peripheral atherosclerosis and new-
onset AF.
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METHODS

Study design

We used data from the Rotterdam Study.(15, 16) The Rotterdam Study is a
prospective population-based cohort study that aims to assess the occurrence and
determinants of age-related diseases in the general population. During 1990-1993,
all inhabitants of the Ommoord district in the city of Rotterdam in The Netherlands
aged =55 years were invited for the study. A total of 7,983 (78% of all invitees) agreed
to participate (RS-I). In 2000, the cohort was extended with 3,011 participants who
had become =55 years or had migrated into the research area (RS-Il). In 2006, the
cohort was again extended with 3,932 participants that were 245 years (RS-IIl). The
overall response rate at baseline was 72%. Participants attended follow-up
examinations every 3-6 years. Outcome data on morbidity and mortality were
continuously collected through linkage with digital files from general practitioners in
the study area.(15, 16)

The Rotterdam Study complies with the declaration of Helsinki and has been
approved by the Medical Ethics Committee of the Erasmus MC (registration number
MEC 02.1015) and by the Dutch Ministry of Health, Welfare and Sport (Population
Screening Act WBO, license number 1071272-159521-PG). The Rotterdam Study
Personal Registration Data collection is filed with the Erasmus MC Data Protection
Officer under registration number EMC1712001. The Rotterdam Study has been
entered into the Netherlands National Trial Register (NTR; www.trialregister.nl/trials)
and into the WHO International Clinical Trials Registry Platform (ICTRP;
https://apps.who.int/trialsearch) under shared catalogue number NL6645/NTR6831.
All participants provided written informed consent to participate, prior to inclusion, in
the study and to have their information obtained from treating physicians.

Study population

For the current study, we included participants at study entry of the three recruitment
waves. Participants with prevalent AF at baseline (n=559), no informed consent for
follow-up data collection (n=305), no follow-up time (n=6) or no subclinical measures
of peripheral atherosclerosis (n=1,216), mainly due to logistic reasons, were
excluded. Among the 12,840 participants free of AF at baseline that were included,
11,971 had at least 1 available measurement for cIMT, 11,947 had at least one
available measurement for carotid plaque, and 8,532 had at least 1 available
measurement for ABI; 6,832 participants had 2 measurements for cIMT, 6,311 had
2 measurements for carotid plaque, and 3,123 had 2 measurements for ABI; 1,075
participants had 3 measurements for cIMT, and 961 had 3 measurements for carotid
plaque.
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Subclinical measures of peripheral atherosclerosis

Participants were assessed for cIMT, carotid plaque, and ABI at baseline and follow-
up examinations. Measurement of cIMT was performed with ultrasonography of both
the left and right carotid arteries using a 7.5 MHz linear array transducer with a
Duplex scanner (ATL UltraMark IV, Advanced Technology Laboratories, Bethel,
Washington). The cIMT was calculated as the mean from the near and far walls
measurements of both the left and right carotid arteries.(17) Carotid plaque was
assessed by examining the ultrasonographic images at common, internal, and
bifurcation sites of the carotid artery for presence of atherosclerotic lesions.
Presence of carotid plaque was defined as a focal widening relative to adjacent
segments with protrusion into the lumen composed of only calcified deposits or
combination of calcified and non-calcified material.(17)

ABI was defined as the ratio of the systolic blood pressure at the ankle to the systolic
blood pressure at the arm and was calculated for each leg. Ankle systolic blood
pressure was measured in both right and left posterior tibial arteries using a Doppler
ultrasound transducer with random-zero sphygmomanometer with the patients in
supine position. The lowest ABI in either leg was used in the analyses. Peripheral
artery disease (PAD) was defined as ABI <0.9. Values of ABI >1.4 were excluded,
because high ABI may represent a different underlying pathology related to calcified,
non-compressible arterial vessels.(18, 19)

Assessment of atrial fibrillation

AF was defined in accordance with the European Society of Cardiology (ESC)
guidelines.(4) Methods on event adjudication for prevalent and incident AF have
been described previously.(15) In short, to assess AF at baseline and follow-up
examinations a 10-second 12-lead electrocardiogram (ECG) was used with an
ACTA Gnosis IV ECG recorder (Esaote Biomedica, Florence, ltaly). The ECG
records were stored digitally, and analyzed with the Modular ECG Analysis System
(MEANS).(20) Subsequently, 2 research physicians, blinded to the MEANS
diagnosis, validated the diagnosis of AF. In case of disagreement a cardiologist was
consulted.(3, 9) Additional follow-up data was obtained from medical files of
participating general practitioners, hospitals, outpatient clinics, national registration
of all hospitals discharge diagnoses, and follow-up examinations at the research
center. The date of incident AF was defined as the date of the first occurrence of
symptoms suggestive of AF with subsequent ECG verification obtained from the
medical records. Participants were followed from the date of enrolment in the
Rotterdam Study until the date of onset of AF, date of death, loss to follow-up, or to
the end of data collection on January 15t 2014, whichever came first.
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Assessment of cardiovascular risk factors

The cardiovascular risk factors included in the study were body mass index (BMI),
total cholesterol, high-density lipoprotein (HDL) cholesterol, hypertension, smoking
status, history of diabetes mellitus (DM), history of coronary heart disease (CHD),
history of heart failure (HF), left ventricular hypertrophy (LVH) on the ECG, use of
cardiac medication, and use of lipid lowering medication. Methods for measurements
of cardiovascular risk factors are explained in details in the supplementary material
(Methods S1).

Statistical analyses

Baseline characteristics

Participant characteristics at study entry are presented as mean with standard
deviation (SD) or number (n) with percentages as appropriate. Differences between
men and women were examined by Student’s T-test for continuous variables and
Chi-Square test for categorical variables. The distribution of cIMT, and ABI were
normal. Therefore, no transformation was needed.

Cox proportional hazards models

Competing risk analyses were performed using Cox proportional hazards models to
investigate the relationship between subclinical measures of peripheral
atherosclerosis at baseline (cIMT, carotid plaque, and ABI) with incident AF. Cause-
specific hazard ratios (HRs) with 95% confidence intervals (Cls) were calculated to
quantify the associations. For continuous exposure variables an examination of the
shape of relation with incident AF was performed using natural cubic splines. No
deviation from linearity was found. The proportional hazard assumptions were
assessed using Schoenfeld residuals and were found to be satisfied.

Joint models

Further, to investigate the associations between repeated measurements of
peripheral atherosclerosis over time with the risk of incident AF, joint models for
longitudinal and time to event data were used. First, an appropriate, for each
outcome, mixed effects model was used to analyze the longitudinal measures of
peripheral atherosclerosis over time and to account for the correlation of repeated
measurements. More specifically, for cIMT a linear mixed effects model was used
with random intercepts and random slopes, including a linear effect of time.
Moreover, for carotid plaque a logistic mixed effects model was used with random
intercepts and random slopes, including a linear effect of time. Finally, for ABI a linear
mixed effects model was used with random intercepts and random slopes, including
a linear effect of time. Time was measured in years after baseline and cardiovascular
risk factors/covariates were treated as fixed effects in all models. Likelihood-ratio
tests were used to assess whether random slopes could be dropped from the model.
Due to the low number of repeated measurements per individual (range, 1-3), non-
linear functions of time using splines were not used. Next, the estimated subject-
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specific trajectories from the mixed effects models were included in the Cox models
as time-varying covariates under the joint modelling framework.(21)

Analyses were performed in the total study population and for men and women
separately. In addition, for the Cox proportional hazards models we tested the
interaction of sex using the likelihood-ratio test with the individual subclinical
measures of peripheral atherosclerosis in the total study population in model 1 and
model 2. Similarly, we also reported the p values of sex interaction from the joint
model in both models. All models (mixed- and survival models) were adjusted for
age, sex (if applicable), and cohort (model 1) and additionally for cardiovascular risk
factors including BMI, total cholesterol, HDL cholesterol, hypertension, smoking
status, history of DM, history of CHD, history of HF, LVH on the ECG, use of cardiac
medication, and use of lipid lowering medication (model 2). Missing baseline
covariate values were imputed under the assumption of missing at random and were
imputed using predictive mean matching (‘pmm”), binary logistic regression
(“logreg”), and a proportional odds model (“polyr”) for continuous, binary, and
ordered categorical covariates, respectively, from the “mice” package in R.(22) For
imputation all available data were used to generate one imputed dataset. Missing
values: BMI (1.9%), total cholesterol (2.5%), HDL cholesterol (2.5%), systolic blood
pressure (0.6%), diastolic blood pressure (0.6%), smoking status (1.4%), history of
CHD (3.5%), history of HF (0.2%), LVH on the ECG (18.7%), use of cardiac
medication (0.7%), use of antihypertensive medication (0.7%), and use of lipid
lowering medication (0.7%).

Sensitivity analyses

Multiple sensitivity analyses were performed. We compared the analyses with
imputed data and complete-case analyses. Moreover, we reran our analyses after
excluding participants with prevalent and incident CHD (prior to incident AF) to
evaluate if this would attenuate the observed associations. Finally, we also
calculated the cause-specific HRs for mortality to evaluate the competing risk of
mortality with incident AF.

Statistical significance was considered at two-tailed p<0.05 or for the Bayesian joint
models, a tail probability of <0.05. The data management was done using IBM SPSS
Statistics version 25.0 for Windows (IBM Corp, Armonk, New York). The statistical
analyses were performed using the R package “JMbayes2”(23) in R software (R
4.0.2; R Foundation for Statistical Computing, Vienna, Austria).(24)
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RESULTS

Baseline characteristics

A total of 12,840 participants free of AF at baseline, 5,359 men (41.7%) and 7,481
women (58.3%), were eligible for the analyses. The baseline characteristics for the
total study population and for the study population stratified by sex are depicted in
Table 1. The mean age of the total study population was 65.2 + 9.8 years and 58.3%
were women.

Atrial fibrillation incidence

During a median follow-up time of 9.2 years (interquartile range (IQR), 6.1-14.3),
1,360 incident AF cases (10.6%) (640 in men and 720 in women) and 4,348 mortality
cases (33.9%) (1,879 in men and 2,469 in women) occurred. The incidence rate of
AF was 9.8 per 1,000 person-years in the total study population (11.8 per 1,000
person-years in men, 8.6 per 1,000 person-years in women) and the incidence rate
of mortality was 31.5 per 1,000 person-years in the total study population (34.6 per
1,000 person-years in men, 29.5 per 1,000 person-years in women).

Cox proportional hazards models

The Cox proportional hazards analyses showed significant associations between
higher baseline cIMT (HR, per one unit increase, 95% CI, 2.98, 2.01-4.42,
p=5.22x10"%®), presence of carotid plaque (HR, per one unit increase in the
probability, 95% Cl, 1.30, 1.15-1.48, p=4.06x10"%), and lower ABI (HR, per one unit
decrease, 95% CI, 2.11, 1.55-2.87, p=2.32x10) with an increased risk of new-
onset AF in the total study population in model 1. For the Cox proportional hazards
models, the results of the sex interaction testing for cIMT, carotid plaque, and ABI in
the total study population were p=0.0047, p=0.5534, p=0.7621, respectively. After
adjusting for additional cardiovascular risk factors in model 2, the effect estimates
attenuated, but higher cIMT (HR, per one unit increase, 95% CI, 1.81, 1.21-2.71,
p=0.0042), presence of carotid plaque (HR, per one unit increase in the probability,
95% Cl, 1.19, 1.04-1.35, p=0.0089), and lower ABI (HR, per one unit decrease, 95%
Cl, 1.57,1.14-2.18, p=0.0061) remained significantly associated with the risk of new-
onset AF in the total study population (Tables 2 and 3). In model 2, the results of the
sex interaction testing for cIMT, carotid plaque, and ABI in the total study population
were p=0.0011, p=0.2535, p=0.9317, respectively. Additionally, analyses of quartiles
of cIMT (HR, 95% CI, 1.31, 1.10-1.57, p=0.0030, for the highest vs. lowest quartile)
and categories of ABI (HR, 95% ClI, 1.21, 1.02-1.42, p=0.0249 for the lowest (<0.90)
vs. highest (1.00-1.40) category) showed significant graded associations between
increased quartiles of cIMT and lower categories of ABI with incident AF in model 2
(Tables 2 and 3).
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The sex-stratified analyses from model 2 showed that the associations for higher
cIMT (HR, per one unit increase, 95% CI, 1.00, 0.56-1.80, p=0.9989), and
presence of carotid plaque (HR, per one unit increase in the probability, 95% CI,
1.10, 0.91-1.33, p=0.3399) were not significant in men, while significant
associations for higher cIMT (HR, per one unit increase, 95% ClI, 3.32, 1.90-5.80,
p=2.49x10"%), and presence of carotid plaque (HR, per one unit increase in the
probability, 95% ClI, 1.27, 1.07-1.51, p=0.0065) were found in women. Analyses of
lower ABI (HR, per one unit decrease, 95% ClI, 1.62, 1.01-2.59, p=0.0447) showed
a significant association in men and a borderline significant association was found
in women (HR, per one unit decrease, 95% Cl, 1.53, 0.97-2.39, p=0.0654). Again,
we observed graded associations between increased quartiles of cIMT and lower
categories of ABI with incident AF in the sex-stratified analyses (Tables 2 and 3).

Joint models

The joint model analyses also showed significant associations
between longitudinal measures of higher cIMT (HR, per one unit increase, 95%
Cl, 3.38, 2.20-5.23, p<0.0001), presence of carotid plaque (HR, per one unit
increase in the probability, 95% CI, 2.05, 1.42-3.03, p=0.0028), and lower ABI
(HR, per one unit decrease, 95% CI, 7.53, 3.65-16.10, p<0.0001) with an
increased risk of new-onset AF in the total study population in model 1. The p
values of the sex interaction in model 1 in the joint model for cIMT, carotid plaque,
and ABI in the total study population were p<0.0001, p=0.0027, p=0.0053,
respectively.  Adjusting for additional cardiovascular risk factors in model 2
did also attenuate the effect estimates, but higher cIMT (HR, per one unit
increase, 95% CI, 2.14, 1.38-3.29, p=0.0021), presence of carotid plaque (HR,
per one unit increase in the probability, 95% CI, 1.61, 1.12-2.43, p=0.0112), and
lower ABI (HR, per one unit decrease, 95% CI, 4.43, 1.83-10.49, p=0.0007)
remained significantly associated with the risk of new-onset AF in the total study
population (Tables 2 and 3). In model 2, the p values of the sex interaction in the
joint model for cIMT, carotid plaque, and ABI in the total study population were
p<0.0001, p=0.0200, p=0.0302, respectively. The corresponding HRs from
the sex-stratified joint model analyses were somewhat higher, but more or less
comparable to the HRs obtained in the Cox proportional hazards analyses
(Tables 2 and 3).

Sensitivity analyses

In our sensitivity analyses, the results after imputation did not differ substantially
from the complete-case analyses (Tables S§1 and $2). In addition, excluding
participants with prevalent and incident CHD (prior to incident AF) from our
analyses did not substantially change our original results (Tables S3 and S4).
Lastly, we evaluated the competing risk of mortality with incident AF and larger
cIMT, presence of carotid plaque, and lower ABI were all significantly associated
with mortality in both model 1 and 2 (Tables S5 and S6).
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DISCUSSION

In this large prospective population-based cohort study, baseline and longitudinal
measures of subclinical peripheral atherosclerosis were significantly associated with
an increased risk of new-onset AF in the general population. Sex-stratified analyses
indicated that the associations were mostly prominent among women. Our findings
imply that treatment to reduce subclinical peripheral atherosclerosis might carry a
potential for prevention of AF in the general population, especially among women.

The relationship between peripheral atherosclerosis and AF is not yet fully
understood. It has been suggested that the association between peripheral
atherosclerosis and AF can be in part attributable to the several shared
cardiovascular risk factors.(8, 14, 25) Common risk factors including age, sex,
obesity, hypertension, and diabetes mellitus, that contribute to (peripheral)
atherosclerosis do also contribute to AF development.(26) Inflammation, endothelial
dysfunction, and platelet-mediated thrombosis have been suggested as part of the
underlying mechanisms that relate peripheral atherosclerosis with AF.(8, 14, 25, 27)
Indeed, in our study, the associations between cIMT, carotid plaque, and ABI with
incident AF attenuated after adjustment for traditional cardiovascular risk factors.
However, the associations remained significant after taking into account
cardiovascular risk factors. Nonetheless, it seems plausible that the combination of
these aforementioned mechanisms reflects the association between peripheral
atherosclerosis and AF, but further research to elucidate underlying mechanisms is
warranted.

CIMT, carotid plaque, and ABI are perceived as subclinical measures of peripheral
atherosclerosis and have also been linked to coronary artery disease (CAD).(8, 28-
30) All 3 measures provide information regarding the extent of atherosclerosis even
during the early phases of atheroma formation.(31) However, atherosclerosis of the
carotid arteries may carry a stronger association with coronary atherosclerosis, and
therefore CAD, than lower extremity atherosclerosis.(31, 32) Atherosclerosis,
specifically CAD, induces an increase in left ventricular filling pressure, as reflected
by an enlarged left atrium. Myocardial ischemia as well induces electrical and
structural remodeling of the AF substrate. These aforementioned phenomena are
among the mechanisms linking atherosclerosis and CAD with AF occurrence and
maintenance.(33) Notably, besides its stronger association with CAD, cIMT has
shown to be associated with pan-vascular atherosclerosis.(34) Notably, excluding
participants with prevalent and incident CHD (prior to incident AF) did not change
our original results.
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Our study assessed the baseline and longitudinal measures of subclinical peripheral
atherosclerosis during a long follow-up time in relation to new-onset AF. Considering
repeated measurements of peripheral atherosclerosis in relation to new-onset AF by
using joint models may provide more insight and give more prognostic information
over a single baseline measurement. Longitudinal measures of carotid
atherosclerosis, and lower extremity peripheral atherosclerosis, during follow-up
were associated with an increased risk of incident AF, especially among women.
These findings extend previous evidence by additionally reporting on repeated
measurements and sex differences while assessing the relationship between
peripheral atherosclerosis and AF.(7-14) We are not able to fully explain these sex
differences, but one possible explanation could be due to differences in sex
hormones. Women might benefit from the anti-atherosclerotic characteristics of
higher estrogen levels during their life span. However, this protection is rapidly lost
after menopause which gives rise to various forms of cardiovascular disorders. It has
been demonstrated that estrogen affects the coronary arteries, aorta, and cerebral
arteries differently.(35) We therefore hypothesize that the higher estrogen levels
before menopause among women may have a larger protective effect on coronary
and carotid atherosclerosis than lower extremity atherosclerosis.(35) This might
explain why cIMT and carotid plaque is only associated with incident AF in women
and not in men and that ABI is associated with AF in both men and women. We
further hypothesize that the association in women may be caused through a distinct
pathway, other than the pathways observed in men. In particular, the effect estimates
observed in men in our study attenuated the most after adjusting for traditional
cardiovascular risk factors. This might imply that the pathways involved in AF
pathophysiology in women might not be solely via the traditional cardiovascular risk
factors. Further, previous evidence has suggested competing risk of death as a
plausible explanation for these sex differences.(9, 11) Since AF is also strongly
associated with age, there may be a possibility that men die of other (cardiovascular)
diseases prior to AF development and this hypothesis was supported by our
competing risk analyses which showed that cIMT, carotid plaque, and ABI were
significantly associated with mortality. Nevertheless, we observed a higher incidence
of AF in men than women in this study.

The major strengths of this study are its population-based nature, large sample size
with detailed information on cardiovascular risk factors, meticulous adjudication of
AF events, and long follow-up time. Availability of both carotid atherosclerosis and
lower extremity peripheral atherosclerosis measures allowed for direct comparison
of various vascular beds in the same population. Availability of repeated
measurements for subclinical peripheral atherosclerosis during follow-up enabled us
to study longitudinal measures of peripheral atherosclerosis in association with new-
onset AF. Additionally, we performed multiple sensitivity analyses including
complete-case analyses, excluding prevalent and incident CHD prior to AF events,
and the use of competing risk analyses to calculate cause-specific hazards.
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There are also some limitations. We could not distinguish between paroxysmal,
persistent, long-standing persistent, and permanent AF as Holter monitoring has not
been performed in this large population-based cohort. Although, we adjusted for
several cardiovascular risk factors, we cannot entirely rule out the possibility of
residual confounding by other unmeasured risk factors. Finally, since our study
population includes mainly elderly subjects that are mainly from European descent,
our results may not be generalizable to younger populations or other ethnicities.

In this large population-based cohort study we assessed baseline and longitudinal
measures of subclinical peripheral atherosclerosis during follow-up in relationship to
new-onset AF. We found that baseline and longitudinal measures of subclinical
peripheral atherosclerosis were significantly associated with an increased risk of
new-onset AF. Our findings imply that treatment to reduce subclinical peripheral
atherosclerosis might carry a potential for prevention of AF in the general population,
especially among women, but future experimental studies are warranted to confirm
our findings.

83



Chapter 2.2

REFERENCES

1. Chugh SS, Havmoeller R, Narayanan K, Singh D, Rienstra M, Benjamin EJ,
et al. Worldwide epidemiology of atrial fibrillation: a Global Burden of Disease 2010
Study. Circulation. 2014;129(8):837-847.

2. Krijthe BP, Kunst A, Benjamin EJ, Lip GY, Franco OH, Hofman A, et al.
Projections on the number of individuals with atrial fibrillation in the European Union,
from 2000 to 2060. Eur Heart J. 2013;34(35):2746-2751.

3. Heeringa J, van der Kuip DA, Hofman A, Kors JA, van Herpen G, Stricker
BH, et al. Prevalence, incidence and lifetime risk of atrial fibrillation: the Rotterdam
study. Eur Heart J. 2006;27(8):949-953.

4. Hindricks G, Potpara T, Dagres N, Arbelo E, Bax JJ, Blomstrom-Lundqvist
C, et al. 2020 ESC Guidelines for the diagnosis and management of atrial fibrillation
developed in collaboration with the European Association for Cardio-Thoracic
Surgery (EACTS). Eur Heart J. 2021;42(5):373-498.

5. Ko D, Rahman F, Schnabel RB, Yin X, Benjamin EJ, Christophersen IE.
Atrial fibrillation in women: epidemiology, pathophysiology, presentation, and
prognosis. Nat Rev Cardiol. 2016;13(6):321-332.

6. Hirsch AT, Allison MA, Gomes AS, Corriere MA, Duval S, Ershow AG, et al.
A call to action: women and peripheral artery disease: a scientific statement from the
American Heart Association. Circulation. 2012;125(11):1449-1472.

7. Griffin WF, Salahuddin T, O'Neal WT, Soliman EZ. Peripheral arterial
disease is associated with an increased risk of atrial fibrillation in the elderly.
Europace. 2016;18(6):794-798.

8. Proietti M. Is there a relationship between atrial fibrillation and peripheral
arterial disease? . e-journal of Cardiology Practice. 2018;16(2).
9. Heeringa J, van der Kuip DA, Hofman A, Kors JA, van Rooij FJ, Lip GY, et

al. Subclinical atherosclerosis and risk of atrial fibrillation: the rotterdam study. Arch
Intern Med. 2007;167(4):382-387.

10. Willeit K, Pechlaner R, Egger G, Weger S, Oberhollenzer M, Willeit J, et al.
Carotid atherosclerosis and incident atrial fibrillation. Arterioscler Thromb Vasc Biol.
2013;33(11):2660-2665.

11. Adamsson Eryd S, Ostling G, Rosvall M, Persson M, Smith JG, Melander
O, et al. Carotid intima-media thickness is associated with incidence of hospitalized
atrial fibrillation. Atherosclerosis. 2014;233(2):673-678.

12. Chen LY, Leening MJ, Norby FL, Roetker NS, Hofman A, Franco OH, et al.
Carotid Intima-Media Thickness and Arterial Stiffness and the Risk of Atrial
Fibrillation: The Atherosclerosis Risk in Communities (ARIC) Study, Multi-Ethnic
Study of Atherosclerosis (MESA), and the Rotterdam Study. J Am Heart Assoc.
2016;5(5).

13. Bekwelem W, Norby FL, Agarwal SK, Matsushita K, Coresh J, Alonso A, et
al. Association of Peripheral Artery Disease With Incident Atrial Fibrillation: The

84



Peripheral atherosclerosis and the risk of atrial fibrillation

ARIC (Atherosclerosis Risk in Communities) Study. J Am Heart Assoc. 2018;7(8).
14. O'Neal WT, Efird JT, Nazarian S, Alonso A, Heckbert SR, Soliman EZ.
Peripheral arterial disease and risk of atrial fibrillation and stroke: the Multi-Ethnic
Study of Atherosclerosis. J Am Heart Assoc. 2014;3(6):e001270.

15. Leening MJ, Kavousi M, Heeringa J, van Rooij FJ, Verkroost-van Heemst J,
Deckers JW, et al. Methods of data collection and definitions of cardiac outcomes in
the Rotterdam Study. Eur J Epidemiol. 2012;27(3):173-185.

16. Ikram MA, Brusselle G, Ghanbari M, Goedegebure A, Ikram MK, Kavousi M,
et al. Objectives, design and main findings until 2020 from the Rotterdam Study. Eur
J Epidemiol. 2020;35(5):483-517.

17. Bots ML, Hoes AW, Koudstaal PJ, Hofman A, Grobbee DE. Common carotid
intima-media thickness and risk of stroke and myocardial infarction: the Rotterdam
Study. Circulation. 1997;96(5):1432-1437.

18. Meijer WT, Hoes AW, Rutgers D, Bots ML, Hofman A, Grobbee DE.
Peripheral arterial disease in the elderly: The Rotterdam Study. Arterioscler Thromb
Vasc Biol. 1998;18(2):185-192.

19. Ankle Brachial Index C, Fowkes FG, Murray GD, Butcher I, Heald CL, Lee
RJ, et al. Ankle brachial index combined with Framingham Risk Score to predict
cardiovascular events and mortality: a meta-analysis. JAMA. 2008;300(2):197-208.
20. van Bemmel JH, Kors JA, van Herpen G. Methodology of the modular ECG
analysis system MEANS. Methods Inf Med. 1990;29(4):346-353.

21. Rizopoulos D. Joint models for longitudinal and time-to-event data. With
applications in R. Chapman and Hall /CRC Biostatistics Series. 2012.
22. van Buuren S, Groothuis-Oudshoorn K. mice: Multivariate Imputation by

Chained Equations in R. Journal of Statistical Software. 2011;45(3):1-67.
23. Rizopoulos D, Papageorgiou G, Miranda Afonso P. Fit joint models for
longitudinal and time-to-event data under the Bayesian approach,
https://github.com/drizopoulos/JMbayes2. 2021.

24, Team R Core. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria, https://www.R-project.org/.
2021.

25. Ding WY, Gupta D, Lip GYH. Atrial fibrillation and the prothrombotic state:
revisiting Virchow's triad in 2020. Heart. 2020;106(19):1463-1468.

26. Violi F, Lip GY, Basili S. Peripheral artery disease and atrial fibrillation: a
potentially dangerous combination. Intern Emerg Med. 2012;7(3):213-218.

27. Lopez-Cuenca A, Marin F, Roldan V, Gonzalez-Conejero R, Hernandez-
Romero D, Valdes M, et al. Genetic polymorphisms and atrial fibrillation: Insights into
the prothrombotic state and thromboembolic risk. Ann Med. 2010;42(8):562-575.
28. Mattace-Raso F, van Popele NM, Schalekamp MA, van der Cammen TJ.
Intima-media thickness of the common carotid arteries is related to coronary
atherosclerosis and left ventricular hypertrophy in older adults. Angiology.
2002;53(5):569-574.

29. van den Oord SC, Sijbrands EJ, ten Kate GL, van Klaveren D, van Domburg

85



Chapter 2.2

RT, van der Steen AF, et al. Carotid intima-media thickness for cardiovascular risk
assessment: systematic review and meta-analysis. Atherosclerosis. 2013;228(1):1-
11.

30. Agnelli G, Belch JJF, Baumgartner I, Giovas P, Hoffmann U. Morbidity and
mortality associated with atherosclerotic peripheral artery disease: A systematic
review. Atherosclerosis. 2020;293:94-100.

31. Bartels S, Ruiz Franco A, Rundek T. Carotid intima-media thickness (cIMT)
and plaque from risk assessment and clinical use to genetic discoveries.
Perspectives in Medicine. 2012;1(1-12):139-145.

32. Spence JD, Eliasziw M, DiCicco M, Hackam DG, Galil R, Lohmann T.
Carotid plaque area: a tool for targeting and evaluating vascular preventive therapy.
Stroke. 2002;33(12):2916-2922.

33. Willeit K, Kiechl S. Atherosclerosis and atrial fibrillation--two closely
intertwined diseases. Atherosclerosis. 2014;233(2):679-681.

34. Wrotniak L, Kablak-Ziembicka A, Karch |, Pieniazek P, Roslawiecka A,
Mleczko S, et al. Multiterritory Atherosclerosis and Carotid Intima-Media Thickness
as Cardiovascular Risk Predictors After Percutaneous Angioplasty of Symptomatic
Subclavian Artery Stenosis. J Ultrasound Med. 2016;35(9):1977-1984.

35. Tostes RC, Nigro D, Fortes ZB, Carvalho MH. Effects of estrogen on the
vascular system. Braz J Med Biol Res. 2003;36(9):1143-1158.

86



Peripheral atherosclerosis and the risk of atrial fibrillation

SUPPLEMENTARY MATERIAL
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Table S1. Association between baseline and longitudinal measures of carotid
intima-media thickness and carotid plaque with the risk of new-onset atrial
fibrillation in the total study population and stratified by sex with non-imputed
data

Table S2. Association between baseline and longitudinal measures of ankle-
brachial index with the risk of new-onset atrial fibrillation in the total study
population and stratified by sex with non-imputed data

Table S3. Association between baseline and longitudinal measures of carotid
intima-media thickness and carotid plaque with the risk of new-onset atrial
fibrillation in the total study population and stratified by sex with exclusion of
prevalent and incident coronary heart disease cases prior to incident atrial
fibrillation

Table S4. Association between baseline and longitudinal measures of ankle-
brachial index with the risk of new-onset atrial fibrillation in the total study
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coronary heart disease cases prior to incident atrial fibrillation

Table S5. Association between baseline and longitudinal measures of carotid
intima-media thickness and carotid plaque with the risk of mortality in the total
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Methods S1. Assessment of cardiovascular risk factors

All participants responded to comprehensive computerized questionnaires at
baseline about their current health status, medical history, medication, and life style.
They were interviewed at home by trained interviewers, and underwent more
extensive clinical examination and laboratory assessments at the research center.

Standardized measurements of height (in m) and weight (in kg) were performed and
body mass index (BMI) was calculated as weight divided by height squared. Serum
total and high-density lipoprotein (HDL) cholesterol were measured with an
automated enzymatic method. Blood pressure was measured twice at the right upper
arm with a random zero mercury sphygmomanometer in the sitting position. Systolic
and diastolic blood pressures were calculated as the mean of the 2 consecutive
measurements. Hypertension was defined as a systolic blood pressure of =140
mmHg or a diastolic blood pressure 290 mmHg or use of antihypertensive drugs
prescribed for hypertension.(3,9) Smoking information derived from baseline
questionnaires was categorized into never, former, and current smokers. Diabetes
mellitus (DM) was defined as fasting serum glucose levels 27.0 mmol/L (126 mg/dL)
(or non-fasting serum glucose levels =211.1 mmol/L (200 mg/dL) if fasting samples
were unavailable) or the use of antidiabetic therapy. The assessment and definition
of prevalent coronary heart disease (CHD) and heart failure (HF) has been described
in detail previously.(15) Left ventricular hypertrophy (LVH) on the electrocardiogram
(ECG) was diagnosed using the MEANS program with an algorithm that takes into
accounts QRS voltages, with an age-dependent correction and repolarization.
Medication use was derived from baseline questionnaires, pharmacy data, and was
categorized and defined according to the World Health Organization Anatomical
Therapeutic Chemical (WHO ATC) classifications. Specifically, cardiac medication,
antihypertensive medication, and lipid lowering medication were defined according
to the WHO ATC categories c01, c02, and c10, respectively.
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Chapter 2.3

ABSTRACT

Background

Consensus lacks concerning a bidirectional association between kidney function and
atrial fibrillation (AF), but this is crucial information for prevention/treatment efforts
for both chronic kidney disease and AF. Therefore, we investigated the bidirectional
association between kidney function and AF.

Methods

This study was a prospective cohort study including 9,228 participants (mean age
64.9 years, 57.2% women) with information on kidney function (estimated glomerular
filtration rate (eGFR) based on serum creatinine (eGFRcreat), cystatin C (eGFRcys),
or both (eGFRcreat-cys), and urine albumin-to-creatinine ratio) and AF. Reduced
kidney function was defined as eGFRcreat <60 ml/min per 1.73 m?. Cox proportional
hazards, logistic regression, linear mixed, and joint models were used to investigate
the association of kidney function with AF and vice versa.

Results

During a median follow-up 8.0 years, 780 events of incident AF occurred. Lower
eGFRcys and eGFRcreat-cys were associated with increased AF risk (hazard ratio
(HR), 1.08 (95% CI, 1.03-1.14) and HR, 1.07 (95% CI, 1.01-1.14), respectively, per
10 ml/min per 1.73 m? eGFR decrease). For eGFRcys and eGFRcreat-cys, 10-year
cumulative incidence of AF was 16% (eGFR <60) and 6% (eGFR 260). Prevalent
AF (vs. no prevalent AF) was associated with 2.85 ml/min per 1.73 m? lower
eGFRcreat and with a faster decline of eGFRcreat with age. Prevalent AF was
associated with a 1.3-fold increased risk of incident reduced kidney function.

Conclusions

Kidney function, especially eGFRcys, and AF are bidirectionally associated. There
are currently no targeted prevention efforts for AF in patients with mild chronic kidney
disease and vice versa. Our results could provide the first step to improve
prediction/prevention of both conditions.
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INTRODUCTION

Atrial fibrillation (AF) and chronic kidney disease (CKD) are highly prevalent
diseases.(1, 2) More specifically, an estimated number of 5 million new AF cases
occur annually worldwide(1) and CKD is affecting 11-13% of the global
population.(2) Furthermore, both diseases are associated with substantial morbidity
and mortality from cardiovascular and cerebrovascular disease.(3-5) Moreover, AF
and CKD share several important and potential modifiable risk factors, such as
hypertension and diabetes mellititus (DM),(6-9) and management of these risk
factors is a cornerstone in the prevention of both diseases. However, despite efforts
to prevent AF and CKD mainly by managing traditional risk factors, the prevalence
of both is expected to increase in the upcoming years.(10, 11) This highlights the
need for identifying additional risk factors to improve the prediction and prevention
of AF as well as of CKD.

Interestingly, a bidirectional association between the 2 diseases may exist, revealing
the potential of kidney function to be a modifiable risk factor for AF and vice versa.
However, the presence of a bidirectional association between kidney function and
AF in the general population is incompletely understood. Only a small number of
studies have investigated a possible bidirectional association between kidney
function and AF in the general population, and conflicting results were reported.(12,
13) Moreover, previous population-based studies investigating the association
between kidney function and AF have several limitations, including calculating
estimated glomerular filtration rate (eGFR) based on serum creatinine only
(eGFRcreat). Currently, serum creatinine is widely used in clinical practice as a
marker of kidney function, although it is suggested that eGFR based on cystatin C
(eGFRcys) might be a stronger predictor of cardiovascular events.(14) Therefore, it
is worth investigating both markers of kidney function (i.e. eGFRcreat and e GFRcys)
to investigate the potential of both in determining AF risk. Furthermore, previous
studies relied on a single assessment of kidney function by which potential variation
and transient declines in kidney function over time are not taken into account, which
could lead to misclassification bias.

Therefore, in this study, we aimed to investigate the bidirectional association
between different assessments of kidney function and AF within the general
population. Moreover, we included both single and multiple assessments of kidney
function to reduce the potential bias that can occur when including single
assessments of kidney function only.
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METHODS

Study design

The Rotterdam Study is a prospective, population-based cohort study designed to
investigate the occurrence and determinants of age-related diseases in the general
population. Details regarding the design and rationale of the Rotterdam Study have
been described in detail previously.(15) In summary, the Rotterdam Study is ongoing
since 1990 and includes 14,926 participants aged 45 years and older, living in
Ommoord, a district in Rotterdam, The Netherlands. The study consists of 3
independent cohorts: RS-I, RS-Il, and RS-IIl. The original cohort, RS-I, comprised
7,983 participants aged 55 years and older. In 2000, this cohort was extended with
RS-II, including 3,011 participants who had become 55 years old or moved into
Ommoord since the start of the study. In 2006, the cohort was further enlarged with
RS-, including 3,392 participants aged 45 years and older who had not been
invited to participate previously. Follow-up examinations are planned every 3-6 years
and the participants are continuously monitored for relevant outcomes, including
cardiovascular diseases.

The Rotterdam Study complies with the Declaration of Helsinki and has been
approved by the Medical Ethics Committee of the Erasmus MC (registration number
MEC 02.1015) and by the Dutch Ministry of Health, Welfare and Sport (Population
Screening Act WBO, license number 1071272-159521-PG). The Rotterdam Study
Personal Registration Data collection is filed with the Erasmus MC Data Protection
Officer under registration number EMC1712001. The Rotterdam Study has been
entered into the Netherlands National Trial Register (NTR; www.trialregister.nl/trials)
and into the WHO International Clinical Trials Registry Platform (ICTRP;
https://apps.who.int/trialsearch/) under shared catalogue number NL6645/NTR6831.
All participants provided written informed consent to participate, prior to inclusion, in
the study and to have their information obtained from treating physicians.

Study population

Participants were eligible for inclusion if they had measurements of serum creatinine
and serum cystatin C available at baseline, which was defined as the third visit of
RS-l (1997-1999), the first visit of RS-l (2000-2001), and the first visit of RS-
(2006-2008). In addition, information on prevalent and incident AF had to be
available at baseline and during follow-up. All participants were followed up from the
day of baseline laboratory measurement to the date of onset of AF, date of death,
loss to follow-up, or to the end of data collection on January 15t 2014, whichever
came first.
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Assessment of kidney function

eGFR was calculated for serum creatinine (eGFRcreat), serum cystatin C
(eGFRcys), or both (eGFRcreat-cys), according to the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) formula.(16, 17) Serum creatinine was
measured using an enzymatic assay method and expressed in micromoles per liter
(umol/L).(18) Serum cystatin C was measured using a particle-enhanced
immunonephelometric assay and expressed in milligrams per liter (mg/L). We
categorized eGFRcreat using a cut-off of 60 ml/min per 1.73 m?, because eGFRcreat
<60 ml/min per 1.73 m? is a well-accepted definition for reduced kidney function in
population-based research settings.(19) The same cut-off was used for the
categorization of eGFRcys and eGFRcreat-cys. Assessments of eGFRcreat from
the Rotterdam Study were supplemented with those of the Star-MDC database,
which is a database from a center for medical diagnostics for outpatients in the city
of Rotterdam, providing multiple assessments of eGFRcreat over time.(17) In this
database, serum creatinine was determined by using an enzymatic assay method
as well. Incident reduced kidney function was defined as the first time eGFRcreat
dropped below 60 mi/min per 1.73 m?. Baseline urine albumin and creatinine were
determined in timed overnight urine by a turbidimetric method and measured by a
Hitachi Modular P analyzer (Roche/Hitachi Diagnostics, Mannheim, Germany).(20,
21) The urine albumin-to-creatinine ratio (UACR) was calculated by dividing urine
albumin by urine creatinine (mg/g).

Assessment of atrial fibrillation

Ascertainment of prevalent and incident AF within the Rotterdam Study has been
reported elsewhere in detail.(22) In short, AF ascertainment is in accordance with
the European Society of Cardiology (ESC) guidelines(23) and cases were
determined using 3 methods. First, ECGs that were obtained at baseline and during
follow-up examinations at the research center were stored digitally and processed
by the Modular ECG Analysis System (MEANS).(24, 25) As verification of the AF
diagnosis, all ECGs with a MEANS diagnosis of AF, atrial flutter, or any other rhythm
disorder were independently reviewed by 2 research physicians who were blinded
to the MEANS diagnosis. In case of a persisting disagreement between the coding
physicians, the judgement of a cardiologist was sought and taken as decisive.
Second, additional information on AF was obtained from general practitioners’
records, including their own results and the results from other physicians practicing
in hospitals and outpatient clinics. Finally, information was obtained from a national
registry of all hospital discharge diagnoses as well. The occurrence of AF during a
serious disease resulting in death, during myocardial infarction, or during cardiac
operative procedures of patients who recovered during the hospital admission was
not considered as a case. These participants were censored on the date of the
detection of AF. We did not distinguish between AF and atrial flutter when identifying
cases, because both conditions are similar with respect to risk factors and
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consequences.(26, 27)

Assessment of cardiovascular risk factors

Body mass index (BMI) was calculated as weight in kilograms divided by height in
meters squared. Information on educational level, alcohol intake, smoking status,
and medication use was collected during home interviews. Educational level was
categorized into 4 categories: primary education, lower or intermediate general and
lower vocational education, higher general and intermediate vocational education,
and higher vocational education or university. The highest achieved educational
level was taken as a proxy for socio-economic status. Alcohol intake was measured
in grams per day and smoking status was categorized into never, former, and current
smokers. The World Health Organization's Anatomical Therapeutic Chemical code
C01 was used to define cardiac medication use. Physical activity levels were
assessed with a validated adapted version of the Zutphen Physical Activity
Questionnaire and the Longitudinal Aging Study Amsterdam (LASA) Physical
Activity Questionnaire, and expressed in total metabolic equivalent hours per week.
Systolic and diastolic blood pressure were measured twice on the right arm using a
random-zero sphygmomanometer and the mean of these measurements was taken
as the final measurement. Hypertension was defined as a systolic blood pressure of
at least 140 mmHg, a diastolic blood pressure of at least 90 mmHg, or the use of
antihypertensive drugs prescribed for hypertension. Serum cholesterol levels were
measured by the department of Clinical Chemistry of the Erasmus MC using
standard laboratory techniques. DM cases were defined by a previous diagnosis of
the disease, a fasting serum glucose level 27.0 mmol/L (126 mg/dL), a non-fasting
serum glucose level 211.1 mmol/L (200 mg/dL when fasting samples were absent),
or the use of blood glucose lowering medication. History of coronary heart disease
(CHD) was defined as a history of myocardial infarction or a history of a coronary
revascularization procedure.(28) Heart failure (HF) was defined in accordance with
the ESC guidelines as a combination of the presence of typical symptoms and signs
of HF (such as shortness of breath at rest or during exertion, ankle edema, or
pulmonary crepitation), confirmed by objective evidence of cardiac dysfunction or a
positive response to the initiated treatment.(28, 29)

Statistical analyses

To assess the potential bidirectional association between kidney function and AF,
we investigated the association between kidney function and incident AF, as well as
the association between prevalent AF and kidney function. To account for missing
values in the covariates (missingness for all covariates <2%, except for physical
activity and alcohol use, which was <20%), multiple imputation using the “mice”
package in R(30)was performed. Data were imputed using Bayesian linear
regression (“norm”) or predictive mean matching (“pmm”) for continuous covariates,
binary logistic regression (“logreg”) for binary categorical covariates, polytomous
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logistic regression (“polyreg”) for unordered categorical covariates with >2 levels,
and a proportional odds model (“polyr”) for ordered categorical covariates with >2
levels. We generated 5 imputed data sets and results for each data set were pooled
to obtain single estimates. Statistical significance was considered at a two-
sided p<0.05. Statistical analyses were performed using R software (R 3.6.3; R
Foundation for Statistical Computing, Vienna, Austria.

Kidney function and incident atrial fibrillation

Cox proportional hazards models were used to obtain hazard ratios (HRs) with their
95% confidence intervals (Cls) for the associations of continuous and categorized
baseline eGFRcys, eGFRcreat, and eGFRcreat-cys with incident AF. The same
approach was used to study the association between UACR and incident AF. UACR
was not normally distributed and therefore, a natural logarithmic transformation was
used. We added 1 mg/g to the non-transformed values to account for zero values of
UACR. All HRs were reported per 10 ml/min per 1.73 m? decrease in eGFR and per
1 unit increase in log UACR (mg/g). The proportional hazards assumptions were
checked using Schoenfeld residual testing and by assessing the Schoenfeld plots.
We repeated the analyses using non-transformed UACR and HRs were reported per
1 mg/g increase in UACR. Participants with prevalent AF were excluded in the
analyses regarding incident AF. Primary models were adjusted for age, sex, and
cohort. We additionally adjusted for the potential confounders, educational level,
BMI, smoking status, alcohol, total cholesterol, history of DM, physical activity, and
cardiac medication use in a second model, and for the potential confounders that
could also act as mediators, hypertension, history of CHD, and history of HF in a
third model. Age- and sex-adjusted cumulative incidences for categorized (cut-off
60 mli/min per 1.73m?) eGFRcys and eGFRcreat-cys were extracted from
standardized Cox proportional hazards models. Joint models were used to study the
association between repeated assessments of eGFRcreat only and the risk of
incident AF, because no repeated measurements of serum cystatin C were
available. The longitudinal submodel was defined as a linear mixed effects model.
The fixed effects in the longitudinal submodel included age, sex, and cohort, and the
random effects included a random intercept and linear random slopes (i.e. of time).
The survival submodel was defined as a Cox proportional hazards model and
analyses were performed using the same models to adjust for confounders as
described above. The joint model was fit under a maximum likelihood approach. Pre-
defined stratification by age and sex was performed and interaction terms of these
variables with the 3 GFR estimates were used to assess effect modification. A p for
interaction <0.10 was considered to be statistically significant.
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In sensitivity analyses, we added age, BMI, and smoking status as time-varying
covariates to the abovementioned models instead of only the baseline assessments
of these covariates. In addition, we restricted the analyses to participants with
eGFRcreat <120 ml/min per 1.73 m? and excluded participants with prevalent CHD
and HF. We also excluded participants with both prevalent and incident CHD and
HF, and as a separate sensitivity analysis, we added CHD and HF as time-varying
covariates to the second model. Furthermore, we excluded the first 2 and 4 years of
follow-up to assess the possibility of reverse causality.

Prevalent atrial fibrillation and kidney function

Linear regression models were used to study the associations between prevalent AF
and baseline levels of eGFRcys, eGFRcreat, and eGFRcreat-cys, and linear mixed
models were used to investigate the trajectories of eGFRcreat in participants with
and without prevalent AF. The same 3 models to adjust for covariates as described
for the analyses regarding kidney function and incident AF were used. Age was used
as the time variable in the linear mixed models. First, all linear mixed models included
prevalent AF as determinant and no interaction term between prevalent AF and age.
Second, the analyses were repeated and an interaction term between prevalent AF
and age was added to the models. The association between prevalent AF and
eGFRcreat on average with age is presented by the effect estimate of prevalent AF,
whereas the association between prevalent AF and change in eGFRcreat with age
is represented by the effect estimate of the interaction term. Cox proportional
hazards models were used to study the association between prevalent AF and
reduced kidney function, and cases with prevalent reduced kidney function were
excluded for these analyses. In a sensitivity analysis, we excluded participants with
incident AF during follow-up.
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RESULTS

Kidney function and incident atrial fibrillation

For the incident AF analyses, we included 9,288 participants with a mean age of
64.9 years, of whom 57.2% were women (Table 1). A total of 780 cases of incident
AF occurred during a median follow-up time of 8.0 years (interquartile range (IQR),
6.1-13.3 years), with an incidence rate of 8.9 per 1,000 person-years. The total
number of repeated assessments of eGFR of all participants included in the analyses
regarding incident AF was 55,917, with a median of 4 assessments per participant.
Lower levels of baseline eGFRcys and eGFRcreat-cys were associated with an
increased risk of incident AF, with an adjusted HR of 1.08 (95% ClI, 1.03-1.14) and
an adjusted HR of 1.07 (95% CI, 1.01-1.14), respectively, per 10 ml/min per
1.73 m? decrease in eGFR (Table 2). Additional adjustment for hypertension, CHD,
and HF did not substantially change the results (Table S1). There was no
association between baseline eGFRcreat and incident AF, and similar results were
reported when using repeated assessments of eGFRcreat over time (Table 2).
Adding age, BMI, and smoking status as time-varying covariates to the model,
restricting the analyses to participants with eGFRcreat <120 ml/min per 1.73 m?,
excluding participants with prevalent CHD and HF, excluding participants with
prevalent and incident CHD and HF, adding CHD and HF as time-varying covariates
to the second model, and excluding the first 2 and 4 years of follow-up did not change
the risk estimates substantially (Table S2). Stratification analyses for age and sex
did not show differential risks (p for interaction for all analyses >0.35, Table S3).
Assessments of UACR were available in a subset of 3,065 participants. No
association between UACR and incident AF was shown (Table S4).
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Kidney function and the risk of atrial fibrillation

Categories of eGFR and incident atrial fibrillation

Categorization of eGFRcys using a cutoff of 60 ml/min per 1.73 m? was associated
with an increased risk of incident AF in participants with eGFRcys <60 ml/min per
1.73 m2 (HR, 1.37 (95% CIl, 1.14-1.64)), compared with participants with eGFRcys
260 ml/min per 1.73 m? (Table 2). Similar results were reported for eGFRcreat-cys
(HR, 1.27 (95% CI, 1.04-1.55)). In addition, cumulative incidences were higher for
participants with eGFRcys <60 ml/min per 1.73 m? compared with participants with
eGFRcys 260 ml/min per 1.73 m? (Figure 1). For eGFRcys, 10-year cumulative
incidence of AF was 9.5% (95% ClI, 8.1-10.9) for participants with eGFR <60 ml/min
per 1.73 m? and 6.8% (95% Cl, 5.4-7.9) for participants with eGFR =60 ml/min per
1.73 m?, with a cumulative incidence ratio of 1.40 (95% ClI, 1.38-1.49). The absolute
risk difference at 15 years was 5.4% (95% Cl, 5.3-5.4). Categorization of eGFRcreat
using a cutoff of 60 ml/min per 1.73 m? was not significantly associated with an
increased risk of incident AF in participants with eGFRcreat <60 ml/min per
1.73m? (HR, 1.22 (95% CI, 0.99-1.50)). When additionally adjusting for
hypertension, CHD, and HF, only the association between categorized eGFRcys and
incident AF remained statistically significant (data not shown).

Prevalent atrial fibrillation and kidney function

For analyses regarding the association between prevalent AF and kidney function,
we included 9,697 participants, of whom 409 had prevalent AF at baseline (mean
age, 65.3 years, 56.7% women). In a cross-sectional analysis, eGFRcys was 4.24
ml/min per 1.73 m? (95% Cl, -5.68 to -2.81 ml/min per 1.73 m?) lower in participants
with prevalent AF compared with participants without prevalent AF (Table 3). In
addition, eGFRcreat and eGFRcreat-cys were 1.93 ml/min per 1.73 m? (95% Cl, -
3.23 to -0.63 ml/min per 1.73 m?) and 3.36 ml/min per 1.73 m? (95% Cl, -4.64 to -
2.07 ml/min per 1.73 m?) lower in participants with prevalent AF compared with
participants without prevalent AF, respectively (Table 3). The total number of
repeated assessments of eGFRcreat of all participants included in the analyses with
prevalent AF was 70,687, with a median of 5 assessments per participant. When
studying the trajectories of eGFRcreat with age in participants with and without
prevalent AF, eGFRcreat was 2.85 ml/min per 1.73 m? (95% CI, -4.10 to -1.60
ml/min per 1.73 m?) lower in participants with prevalent AF compared with
participants without prevalent AF (Table 3). Inclusion of an interaction term between
AF and age also revealed a faster decline of eGFRcreat with aging in participants
with prevalent AF compared with participants without prevalent AF (Figure 2).
Furthermore, prevalent AF was associated with an increased risk of incident reduced
kidney function, with an adjusted HR of 1.33 (95% CI, 1.1-1.58) (Table 3). Excluding
participants with incident AF during follow-up did not change the risk estimates
substantially (Table S5).
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Figure 1. Cumulative incidence of incident AF by eGFRcys, eGFRcreat, and
eGFRcreat-cys
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Abbreviations: AF, atrial fibrillation; eGFR, estimated glomerular filtration rate; eGFRcreat, eGFR based
on serum creatinine; eGFRcreat-cys, eGFR based on serum creatinine and serum cystatin C; eGFRcys,
eGFR based on serum cystatin C. Cumulative incidence by eGFRcys, eGFRcreat, and eGFRcreat-cys at
baseline, adjusted for age and sex.
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Kidney function and the risk of atrial fibrillation

Table 3. Association between prevalent atrial fibrillation and 1) eGFRcys,
eGFRcreat, and eGFRcreat-cys at baseline, 2) eGFRcreat with age, and 3)
incident reduced kidney function

Total n Beta (95% Cl), Beta (95% Cl),
Model 1° Model 2 *
Outcome: eGFR at baseline (cross-sectional) *
eGFRcys
No prevalent AF 9,288 Reference Reference
Prevalent AF 409 -5.46 (-6.89 to -4.03) | -4.24 (-5.68 to -2.81)
eGFRcreat
No prevalent AF 9,288 Reference Reference
Prevalent AF 409 -2.80 (-4.07 to -1.53) | -1.93 (-3.23 to -0.63)
eGFRcreat-cys
No prevalent AF 9,288 Reference Reference
Prevalent AF 409 -4.46 (-5.72 to -3.19) | -3.36 (-4.64 to -2.07)

Outcome: eGFRcreat with age (longitudinal) $ 1

Total n Beta (95% ClI), Beta (95% CI),
Model 1° Model 2 *
No prevalent AF 9,288 Reference Reference
Prevalent AF 409 -4.08 (-5.29 to -2.86) -2.85 (-4.10 to -1.60)

Outcome: incident

reduced kidney function (longitudinal) Il #

Events / HR (95% CI), HR (95% CI),
total n Model 1° Model 2 *
No prevalent AF 2,535/ 8,422 | Reference Reference
Prevalent AF 157 / 306 1.50 (1.27-1.77) 1.33 (1.12-1.58)

Abbreviations: AF, atrial fibrillation; Cl, confidence interval; eGFR, estimated glomerular filtration rate;
eGFRcreat, eGFR based on serum creatinine; eGFRcreat-cys, eGFR based on serum creatinine and
serum cystatin C; eGFRcys, eGFR based on serum cystatin C; HR, hazard ratio; n, number.
" Adjusted for age, sex, and cohort.
T Adjusted for age, sex, cohort, educational level, body mass index, smoking status, alcohol, total
cholesterol, history of diabetes mellitus, physical activity, and use of cardiac medication.
*Linear regression models were used to investigate the associations between prevalent atrial fibrillation
and eGFR at baseline and $ linear mixed models were used to investigate the association between
prevalent atrial fibrillation and eGFRcreat with age.
I'Cox proportional hazards models were used to investigate the associations between prevalent atrial
fibrillation and incident reduced kidney function.
T Total of 70,687 repeated assessments of eGFR (median of 5 repeated assessments).
#Participants with prevalent reduced kidney function were excluded from the analysis (n=969).
The associations with a p<0.05 are highlighted in bold.
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Figure 2. Longitudinal changes in eGFRcreat according to prevalent AF
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Figure is based on an unadjusted model (p for interaction <0.001). Linear mixed models were used to
investigate the association between prevalent AF and eGFRcreat with age. AF indicates atrial fibrillation;
eGFR, estimated glomerular filtration rate; and eGFRcreat, eGFR based on serum creatinine.
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DISCUSSION

In the current study, lower levels of eGFRcys and eGFRcreat-cys were associated
with an increased risk of incident AF. The direction of the association with eGFRcreat
suggests an increased risk of incident AF with lower levels of eGFRcreat as well,
although the association was less strong and not statistically significant. In cross-
sectional and longitudinal analyses, prevalent AF was associated with lower levels
of all 3 GFR estimates and a faster decline of eGFRcreat with age was revealed in
participants with prevalent AF.

Our findings strongly suggest the presence of a bidirectional relationship between
kidney function and AF in middle-aged and elderly individuals from the general
population. Previous studies that have investigated this bidirectional association
within the general population have shown conflicting results and did not include
different and multiple assessments of kidney function.(12, 13) One study was
conducted in participants taking part in a voluntary health checkup program in Japan
and reported a potential bidirectional association between kidney function assessed
by eGFRcreat and AF, that is, kidney dysfunction increased the risk of incident AF
and vice versa.(12) Conversely, the second study, which included participants from
a population-based cohort of ambulatory elderly, reported no association between
kidney dysfunction and both prevalent and incident AF when kidney dysfunction was
defined as eGFRcreat <60 ml/min per 1.73 m?.(13) They did report an association of
serum cystatin C with prevalent AF, but not with incident AF. In the current study, we
report that prevalent AF is associated with reduced kidney function. The availability
of a high number of eGFRcreat assessments over time allowed us to investigate the
trajectories of eGFRcreat with age in participants with and without prevalent AF. Our
eGFRcreat trajectories revealed that eGFRcreat was lower and declined faster in
participants with prevalent AF compared with participants without prevalent AF.
These findings reveal that prevalent AF could be a modifiable risk factor for kidney
function decline. Potentially, further studies might investigate whether early
treatment of prevalent AF with appropriate drugs could prevent further deterioration
of kidney function over time.

As previously mentioned, there are only a few studies investigating the bidirectional
association of kidney function and AF in the general population. Several other
studies investigating the association of kidney function with AF in the general
population(31-36) were unidirectional and did not include multiple assessments of
kidney function, which could have resulted in misclassification bias. Furthermore,
some were limited in generalizability, because they included only women or
predominantly younger participants,(31, 32, 35) although AF and CKD are typically
diseases of older age. In addition, previous studies adjusted for different sets of
confounders, which complicates an accurate comparison of their findings. In the
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current study, we included different and multiple assessments of kidney function and
report that reduced kidney function increases the risk of incident AF in middle-aged
and elderly men and women. Moreover, the direction of the association of all 3 GFR
estimates with the risk of incident AF was the same, with the strongest association
reported for eGFRcys and no significant association reported for eGFRcreat. A
possible explanation for our results can be found in the differences between serum
cystatin C and serum creatinine, because serum cystatin C has been suggested to
be a better marker of kidney function(37) and a stronger predictor of cardiovascular
events and mortality risk(14) when compared with serum creatinine. The mechanism
behind this phenomenon is not completely understood, but cystatin C appears to be
less affected by age, sex, and muscle mass than serum creatinine.(14, 38-40) In
addition, serum cystatin C may be more sensitive for detecting small changes in
eGFR.(41)

One of the mechanisms explaining the bidirectional relationship between kidney
function and AF could be the presence of shared cardiovascular risk factors.
However, adjusting the analyses for various cardiovascular risk factors, including in
a time-varying fashion, did not alter our risk estimates, suggesting that other and
potentially more causal mechanisms could underlie the reported associations.
Potential other mechanisms might be captured by the cardiorenal syndrome, an
umbrella term that is used to describe the pathological interplay between the
cardiovascular system and the kidneys.(42) The pathological mechanisms involved
in the cardiorenal syndrome are comprehensive and include 2 important
mechanisms that could also explain the reported bidirectional association:
inflammation and renin-angiotensin aldosterone system activation. First, reduced
kidney function induces a pro-inflammatory state with a central role for inflammatory
cytokines.(43-45) Moreover, an increase in inflammatory markers and thus an
inflammatory state was also shown to be related to a decrease in eGFR in the
general population.(46) Increased levels of pro-inflammatory cytokines have also
been associated with an increased risk of AF(47-50) and AF itself can also promote
inflammation.(51) Second, increased renin-angiotensin aldosterone system activity
is often reported in CKD,(52) which could promote structural and electrical atrial
remodeling.(52-54) In addition, the expression of the angiotensin-converting
enzyme(55) and the levels of plasma aldosterone(56-58) are increased in patients
with AF, suggesting an increased activity of the renin-angiotensin aldosterone
system in patients with AF as well. In turn, this increased activity could have
pathological consequences for the kidneys, because especially excessive levels of
aldosterone and angiotensin Il could have pro-inflammatory and pro-fibrotic effects
on the kidneys.(59)

Our study has several strengths. First, the population-based design of the Rotterdam
Study including a high number of participants with a high participation rate provides
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sufficient statistical power to study our research questions and makes the results
generalizable to the general population of middle-aged and elderly individuals.
Second, a high number of meticulously adjudicated AF events were included in the
study, due to the long follow-up time and the extensive evaluation of AF cases. Third,
the high number of eGFRcreat assessments over time allowed us to study the
association between kidney function and AF in more detail and reduced the potential
bias that can occur when including only a single assessment of kidney function.
Although not every participant had the same number of repeated eGFRcreat
assessments available, we were still able to provide valid results by using statistical
methods that can handle such unbalanced data. Several limitations should be
mentioned as well. First, residual confounding cannot be excluded, even though we
adjusted for a wide variety of confounders. Second, eGFRcys and eGFRcreat-cys
were determined only at baseline and therefore changes in these assessments over
time could not be analyzed. Third, data on UACR were only available in a subset of
the population and only a low number of incident AF events occurred in this
population. Therefore, the power to detect an association between UACR and
incident AF could have been limited. Fourth, part of the included participants had
missing values in one or more confounders, although the missingness was expected
to be at random and was <2% for most confounders. Furthermore, we performed
multiple imputation to account for missing values in the covariates. Finally, the
Rotterdam Study includes mainly White middle-aged and elderly subjects, which
limits the generalizability of our results to other ethnicities, and younger populations.

In conclusion, we report an increased risk of incident AF with lower levels of
eGFRcys and eGFRcreat-cys. This reveals that kidney function, especially when
assessed by eGFRcys, could be a modifiable risk factor for incident AF. In addition,
we report that prevalent AF is associated with reduced kidney function, both at
baseline and over time, which reveals that prevalent AF could be a modifiable risk
factor for decreased kidney function. Because the prevalence of both AF and CKD
is expected to increase in the upcoming years despite efforts to prevent both
diseases by managing traditional risk factors, our findings may be highly clinically
relevant, because they could improve the prediction/prevention of both AF and CKD.
In addition, it could also change the preferred treatment strategy when both
conditions are present simultaneously. Although our findings suggest a bidirectional
association between kidney function and AF, future studies are needed to investigate
the causality of this association, for example with Mendelian randomization
analyses. In addition, future studies are needed to investigate potential underlying
mechanisms, first focusing on whether cardiovascular risk factors mediate the
association between kidney function and AF and vice versa. Prediction studies are
needed to explore whether adding eGFR, and especially eGFRcys, to screening
models for incident AF could improve these models and vice versa.
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Table S1. Association between eGFRcys, eGFRcreat, and eGFRcreat-cys at
baseline and the risk of incident atrial fibrillation

eGFR! AF events / HR (95% Cl), HR (95% CI), HR (95% CI),

total n Model 1° Model 2 * Model 3 #
eGFRcys, ml/min 780/9,288 111 (1.06-1.17) | 1.08 (1.03-1.14) | 1.07 (1.02-1.13)
per 1.73 m28

eGFRcreat, ml/min 780/9,288 1.05(0.99-1.11) | 1.04 (0.98-1.10) | 1.02 (0.96-1.08)
per 1.73 m?$
eGFRcreat-cys, 780/9,288 1.10 (1.04-1.16) | 1.07 (1.01-1.14) | 1.07 (1.02-1.13)
mi/min per 1.73 m?$
Abbreviations: AF, atrial fibrillation; Cl, confidence interval; eGFR, estimated glomerular filtration rate;
eGFRcreat, eGFR based on serum creatinine; eGFRcreat-cys, eGFR based on serum creatinine and
serum cystatin C; eGFRcys, eGFR based on serum cystatin C; HR, hazard ratio; n, number.

" Adjusted for age, sex, and cohort.

T Adjusted for age, sex, cohort, educational level, body mass index, smoking status, alcohol, total
cholesterol, history of diabetes mellitus, physical activity, and use of cardiac medication.

¥ Adjusted for age, sex, cohort, educational level, body mass index, smoking status, alcohol, total
cholesterol, history of diabetes mellitus, physical activity, and use of cardiac medication, hypertension,
history of coronary heart disease, and history of heart failure.

$Hazard ratios given per 10 ml/min per 1.73 m?decrease in eGFR with the risk of incident atrial fibrillation.
Il Cox proportional hazards models were used to investigate the associations between eGFR at baseline
and the risk of incident AF.

The associations with a p<0.05 are highlighted in bold.
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Table S2. Sensitivity analyses for the association between eGFRcys,
eGFRcreat, and eGFRcreat-cys at baseline and the risk of incident atrial

fibrillation

Sensitivity analyses *

AF events /
total n

HR (95% Cl),
Model 1

HR (95% Cl),
Model 2 T

Correcting for time-varying effects of age, BMI, and smoking status

eGFRcys, ml/min per 1.73 m?$ 780/9,288 1.11 (1.06-1.17) | 1.09 (1.03-1.15)
eGFRcreat, ml/min per 1.73 m?$ 780/9,288 1.05 (0.99-1.12) | 1.04 (0.99-1.11)
eGFRcreat-cys ml/min per 1.73 m? 780/9,288 1.10 (1.04-1.17) | 1.08 (1.02-1.14)

Restricting to participants with eGF

Rcreat below 120 ml/min per 1.73

m2

eGFRcys, ml/min per 1.73 m? 780/9,281 1.11 (1.06-1.17) | 1.08 (1.03-1.14)
eGFRcreat, ml/min per 1.73 m? 780/9,281 1.05 (0.99-1.11) | 1.04 (0.98-1.10)
eGFRcreat-cys ml/min per 1.73 m? 780/9,281 1.10 (1.04-1.16) | 1.07 (1.01-1.14)

Excluding participants with prevalent CHD and HF**

eGFRcys, ml/min per 1.73 m? 664/8,596 1.09 (1.03-1.16) | 1.07 (1.01-1.14)
eGFRcreat, ml/min per 1.73 m?2 664/8,596 1.04 (0.98-1.11) | 1.04 (0.97-1.10)
eGFRcreat-cys ml/min per 1.73 m?2 664/8,596 1.08 (1.02-1.16) 1.07 (1.00-1.14)

Excluding participants with prevalent and incident

CHD and HF §

eGFRcys, ml/min per 1.73 m? 546/7,618 1.08 (1.01-1.15) | 1.06 (0.99-1.13)
eGFRcreat, ml/min per 1.73 m? 546/7,618 1.02 (0.95-1.09) | 1.01 (0.94-1.01)
eGFRcreat-cys ml/min per 1.73 m? 546/7,618 1.06 (0.99-1.96) | 1.04 (0.96-1.12)

Correcting for time-varying effects of CHD and HF '

eGFRcys, ml/min per 1.73 m? 780/9,288 NA 1.05 (1.00-1.10)
eGFRcreat, ml/min per 1.73 m? 780/9,288 NA 1.02 (0.97-1.07)
eGFRcreat-cys ml/min per 1.73 m? 780/9,288 NA 1.04 (0.99-1.10)
Excluding first 2 years of follow-up

eGFRcys, ml/min per 1.73 m? 697/8,965 1.13 (1.07-1.20) | 1.10 (1.04-1.17)
eGFRcreat, ml/min per 1.73 m? 697/8,965 1.07 (1.00-1.13) | 1.05(0.99-1.12)
eGFRcreat-cys ml/min per 1.73 m? 697/8,965 1.12 (1.06-1.19) | 1.09 (1.03-1.16)
Excluding first 4 years of follow-up

eGFRcys, ml/min per 1.73 m? 597/8,554 1.12 (1.05-1.19) | 1.09 (1.02-1.16)
eGFRcreat, ml/min per 1.73 m? 597/8,554 1.07 (1.01-1.15) | 1.06 (1.00-1.14)
eGFRcreat-cys, ml/min per 1.73 m? 597/8,554 1.12 (1.05-1.19) | 1.09 (1.02-1.17)

Abbreviations: AF, atrial fibrillation; CHD, coronary heart disease; Cl, confidence interval; eGFR,
estimated glomerular filtration rate; eGFRcreat, eGFR based on serum creatinine; eGFRcreat-cys, eGFR
based on serum creatinine and serum cystatin C; eGFRcys, eGFR based on serum cystatin C; HF, heart

failure; HR, hazard ratio; n, number; NA
" Adjusted for age, sex, and cohort.

, hot applicable.

T Adjusted for age, sex, cohort, educational level, body mass index, smoking status, alcohol, total
cholesterol, history of diabetes mellitus, physical activity, and use of cardiac medication.
* Cox proportional hazards models were used to investigate the associations between eGFR at baseline
and the risk of incident AF. § The non-imputed data is used to exclude the participants with coronary heart

disease and heart failure at baseline.

I Hazard ratios given per 10 ml/min per 1.73 m?decrease in eGFR with the risk of incident atrial fibrillation.
TThe models are additionally adjusted for the time-varying effect of coronary heart disease and heart
failure. The associations with a p<0.05 are highlighted in bold.
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Table S3. Stratified analyses by age and sex for the

association between eGFRcys, eGFRcreat, and eGFRcreat-cys at baseline

and the risk of incident atrial fibrillation

Stratification | eGFR * AF events/ | HR (95% Cl), HR (95% CI),
variable total n Model 1~ Model 2
Age eGFRcys, ml/min
per 1.73 m2ll
<65 225/5,226 1.12 (1.02-1.23) | 1.08 (0.98-1.19)
265 555/4,062 1.11 (1.04-1.18) | 1.09 (1.02-1.16)
p for interaction 0.97 0.93
eGFRcreat, ml/min
per 1.73 m2ll
<65 225/5,226 1.06 (0.95-1.18) | 1.06 (0.95-1.19)
265 555/4,062 1.04 (0.98-1.12) | 1.03 (0.96-1.10)
p for interaction 0.92 0.92
eGFRcreat-cys,
ml/min per 1.73 m?!
<65 225/5,226 1.11 (1.00-1.24) | 1.08 (0.97-1.21)
265 555/4,062 1.10 (1.02-1.17) | 1.07 (1.00-1.15)
p for interaction 0.82 0.69
Sex eGFRcys, ml/min
per 1.73 m?ll
Men 399/3,971 1.12 (1.04-1.20) | 1.10 (1.03-1.19)
Women 381/5,317 1.10 (1.02-1.19) | 1.06 (0.98-1.15)
p for interaction 0.42 0.65
eGFRecreat, ml/min
per 1.73 m2!l
Men 399/3,971 1.05(0.97-1.14) | 1.05 (0.97-1.14)
Women 381/5,317 1.05(0.97-1.14) | 1.03 (0.95-1.12)
p for interaction 0.46 0.58
eGFRcreat-cys,
ml/min per 1.73 m?2|l
Men 399/3,971 1.11 (1.03-1.20) | 1.10 (1.01-1.19)
Women 381/5,317 1.09 (1.00-1.18) | 1.05(0.97-1.14)
p for interaction 0.38 0.36

Abbreviations: AF, atrial fibrillation; Cl, confidence interval; eGFR, estimated glomerular filtration rate;
eGFRcreat, eGFR based on serum creatinine; eGFRcreat-cys, eGFR based on serum creatinine and
serum cystatin C; eGFRcys, eGFR based on serum cystatin C; HR, hazard ratio; n, number.

" Adjusted for age, sex and cohort.

T Adjusted for age, sex, cohort, educational level, body mass index, smoking status, alcohol, total
cholesterol, history of diabetes mellitus, physical activity, and use of cardiac medication.

* Cox proportional hazards models were used to investigate the associations between eGFR at baseline
and the risk of incident AF.

' Hazard ratios given per 10 ml/min per 1.73 m2decrease in eGFR with the risk of incident atrial fibrillation.

The associations with a p<0.05 are highlighted in bold.
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Table S4. Association between the UACR at baseline and the risk of incident
atrial fibrillation

UACRS AF events/ | HR (95% Cl), HR (95% ClI), HR (95% Cl),
total n Model 1"~ Model 2 * Model 3 *

Ln(UACR) | 71/3,065 1.10 (0.88-1.38) | 1.08 (0.86-1.37) | 1.06 (0.83-1.34)

(mg/g) !

UACR, 71/3,065 1.00 (1.00-1.00) | 1.00 (1.00-1.00) | 1.00 (1.00-1.00)

mg/g Il

Abbreviations: AF, atrial fibrillation; BMI, body mass index; CHD, coronary heart disease; Cl, confidence
interval; DM, diabetes mellitus; HF, heart failure; HR, hazard ratio; n, number; UACR, albumin-to-
creatinine ratio.

" Adjusted for age, and sex.

T Adjusted for age, sex, educational level, body mass index, smoking status, alcohol, total cholesterol,
history of diabetes mellitus, physical activity, and use of cardiac medication.

* Adjusted for age, sex, educational level, body mass index, smoking status, alcohol, total cholesterol,
history of diabetes mellitus, physical activity, use of cardiac medication, hypertension, history of coronary
heart disease, and history of heart failure.

§ Cox proportional hazards models were used to investigate the association between UACR at baseline
and the risk of incident atrial fibrillation.

I'Hazard ratios given per 1 unit increase in IN(UACR) with the risk of incident atrial fibrillation.
The associations with a p<0.05 are highlighted in bold.
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Table S5. Association between prevalent atrial fibrillation and eGFRcys,
eGFRcreat, and eGFRcreat-cys at baseline, eGFRcreat with age, and incident
reduced kidney function, excluding participants with incident atrial fibrillation
during follow-up

Total n Beta (95% Cl), Beta (95% CI),
Model 1° Model 2 *

Outcome: eGFR at baseline (cross-sectional)
eGFRcys

No prevalent AF | 8,508 Reference Reference

Prevalent AF 409 -5.53 (-6.96 to -4.09) -4.09 (-5.54 to -2.65)
eGFRcreat

No prevalent AF | 8,508 Reference Reference

Prevalent AF 409 -2.83 (-4.11 to -1.56) -1.79 (-3.09 to -0.48)
eGFRcreat-cys

No prevalent AF | 8,508 Reference Reference

Prevalent AF 409 -4.46 (-5.72 to -3.19) -3.20 (-4.49 to -1.90)

Outcome: eGFRcreat with age (longitudinal) $

Total n Beta (95% CI), Beta (95% Cl),
Model 1~ Model 2 *
No prevalent AF 8,508 Reference Reference
Prevalent AF 409 -2.51 (-3.89 to -1.15) -1.53 (-2.95 to -0.11)

Outcome: incident

reduced kidney function (longitudinal) !

=

Events / HR (95% CI), HR (95% Cl),
total n Model 1° Model 2 *
No prevalent AF 2,169/7,765 Reference Reference
Prevalent AF 157/306 1.53 (1.30-1.81) 1.36 (1.14-1.62)

Abbreviations: AF, atrial fibrillation; BMI, body mass index; Cl, confidence interval; DM, diabetes
mellitus; eGFR, estimated glomerular filtration rate; eGFRcreat, eGFR based on serum creatinine;
eGFRcreat-cys, eGFR based on serum creatinine and serum cystatin C; eGFRcys, eGFR based on
serum cystatin C; HR, hazard ratio; n, number.

" Adjusted for age, sex, and cohort.

T Adjusted for age, sex, and cohort, educational level, body mass index, smoking status, alcohol, total
cholesterol, history of diabetes mellitus, physical activity, and use of cardiac medication.

*Linear regression models were used to investigate the associations between prevalent atrial fibrillation
and eGFR at baseline and $ linear mixed models were used to investigate the association between
prevalent atrial fibrillation and eGFRcreat with age.

I'Cox proportional hazards models were used to investigate the associations between prevalent atrial
fibrillation and incident reduced kidney function.

T Participants with prevalent reduced kidney function were excluded from the analysis (n=969).
The associations with a p<0.05 are highlighted in bold.

128



Kidney function and the risk of atrial fibrillation

129



MICRORNAS

‘ 0400““0' AND MIERU'VASGIJ;\R DI
‘ ur,

Kby, .




Genetically predicted kidney function
and the risk of atrial fibrillation

Disentangling the association between kidney function and atrial
fibrillation: a bidirectional Mendelian randomization study.

Geurts S*, van der Burgh AC*, Bos MM, Ikram MA, Stricker BHC,
Deckers JW, Hoorn EJ, Chaker L, Kavousi M.

* These authors contributed equally and share first authorship.

Int J Cardiol. 2022 May 15,355:15-22.



Chapter 2.4

ABSTRACT

Background
The potential bidirectional causal association between kidney function and atrial
fibrillation (AF) remains unclear.

Methods

We conducted a bidirectional two-sample Mendelian randomization (MR) analysis.
From multiple genome-wide association studies (GWAS), we retrieved genetic
variants associated with kidney function (estimated glomerular filtration rate based
on creatinine (eGFRcreat), blood urea nitrogen (BUN), chronic kidney disease (CKD
stage 2G3): n=1,045,620, eGFR based on cystatin C: n=24,063-32,861, urine
albumin-to-creatinine ratio (UACR), and microalbuminuria: n=564,257), and AF
(n=1,030,836). The inverse variance weighted method was used as our main
analysis.

Results

MR analyses supported a causal effect of CKD (n=9 SNPs, odds ratio (OR): 1.10,
95% confidence interval (Cl): 1.04-1.17, p=1.97x10%%), and microalbuminuria (n=5
SNPs, OR: 1.26, 95% CI: 1.10-1.46, p=1.38x10"%%) on AF risk. We also observed a
causal effect of AF on eGFRcreat (n=97 SNPs, OR: 1.00, 95% CI: 1.00-1.00,
p=6.78x10"%%), CKD (n=107 SNPs, OR: 1.06, 95% CI: 1.03-1.09, p=2.97x10%4),
microalbuminuria (n=83 SNPs, OR: 1.07, 95% CI: 1.04-1.09, p=2.49 x 10-%), and a
suggestive causal effect on eGFRcys (n=103 SNPs, OR: 0.99, 95% CI: 0.99-1.00,
p=4.61x10"2). Sensitivity analyses, including weighted median estimator, MR-
Egger, the MR pleiotropy residual sum and outlier test, and excluding genetic
variants associated with possible confounders and/or horizontal mediators
(myocardial infarction/coronary artery disease, heart failure) indicated that these
findings were robust.

Conclusions

Our results supported a bidirectional causal association between kidney function and
AF. The shared genetic architecture between kidney dysfunction and AF might
represent potential important therapeutic targets to prevent both conditions in the
general population.
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INTRODUCTION

Chronic kidney disease (CKD) and atrial fibrillation (AF) are both common conditions
which carry independent risks for cardiovascular morbidity and mortality.(1-7) The
public health burden of both diseases is expected to rise as the incidence of CKD
and AF increases due to aging of the population.(1-7) Additionally, the increasing
incidence of obesity, diabetes mellitus, and hypertension may also contribute to the
rise of CKD and AF incidence.(7, 8)

On the one hand, reduced kidney function may lead to AF through increased activity
of the renin-angiotensin-aldosterone system (RAAS),(9-16) hypertension,(9, 16) left
ventricular hypertrophy,(9) inflammation(9, 17-19) and by promoting cardiovascular
diseases such as coronary heart disease, and heart failure.(5, 9, 20) On the other
hand, AF may give rise to kidney dysfunction through activation of RAAS,(9)
hypoperfusion,(9) thromboembolism,(9) inflammation,(9) and by inducing other
cardiovascular diseases.(5, 9, 20) This complex interplay between the kidneys and
the heart may result in a vicious cycle in which each condition promotes initiation
and progression of the other condition.(5, 9, 20) Indeed, unidirectional and
bidirectional associations between kidney function and AF have been described in
several observational studies.(8, 21-28) However, observational studies are prone
to residual confounding and reverse causality and therefore cannot support a causal
association between the 2 conditions.(29)

Mendelian randomization (MR) has emerged as a reliable genetic research method
to leverage genetic variation to overcome some of the limitations of observational
studies and to estimate causal associations.(29, 30) The only previous MR study(28)
that assessed the bidirectional causal association between kidney function and AF,
described an unidirectional association, identifying AF as a causal risk factor for
kidney function, but not vice versa. However, this study used an older trans-ethnic
AF genome-wide association study (GWAS) with a smaller sample size and was
based on fewer genetic instruments for AF for the MR analyses.(31) Moreover, this
study was not comprehensive, as it only investigated the causal association between
estimated glomerular filtration rate (eGFR) based on serum creatinine (eGFRcreat),
CKD and AF.(28)
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In this study, we performed a comprehensive two-sample MR analysis using
summary level data from the largest to date GWAS on kidney function,(32-35)
CKD,(32) and AF(36) to investigate the potential bidirectional causal role of kidney
function on AF and vice versa. Assessments of kidney function and CKD included
eGFR based on serum creatinine (eGFRcreat),(32) blood urea nitrogen (BUN),(32)
CKD stage 2G3,(32) eGFR based on serum cystatin C (eGFRcys),(34, 35) urine
albumin-to-creatinine ratio (UACR),(33) and microalbuminuria.(33)

METHODS

Study design

This study complies with the declaration of Helsinki and has been conducted using
publicly available summary statistics from multiple GWAS.(32-36) The summary
statistics from 4 GWAS meta-analyses on kidney function(32-35) are available at
URL: https://ckdgen.imbi.uni-freiburg.de/. The summary statistics from the GWAS
meta-analysis on AF(36) are available at URL:
http://csg.sph.umich.edu/willer/public/afib2018/. No original data were collected for
this bidirectional MR study. Ethical approval and informed consent from each
participant for each of the studies included in the current investigation can be found
in the original publications.(32-36) The analysis of anonymous publicly available
summary statistics did not require additional ethical approval, therefore the
requirement for informed consent was waived.

Genome-wide association study meta-analysis for kidney function

The 4 GWAS meta-analyses that were used for this study were part of the CKDGen
Consortium and have investigated different assessments of kidney function
(eGFRcreat, BUN, eGFRcys, UACR, and microalbuminuria) and CKD (CKD stage
2G3; in accordance with the Kidney Disease: Improving Global Outcomes (KDIGO)
classification).(37) The study characteristics of the 4 GWAS meta-analyses are
extensively discussed in the Methods $1-3.(32-35)

The kidney function genetic variants that were reported in the various GWAS
involved genes that are expressed in renal tissues, such as the kidneys and urinary
tract, and may thereby affect eGFR, kidney physiology or kidney morphology.(32-
35) We implemented these genetic variants as instrumental variables for eGFRcreat,
BUN, CKD, eGFRcys, UACR, and microalbuminuria as an exposure. Additionally,
we also used the summary statistics of eGFRcreat, BUN, CKD, eGFRcys, UACR,
and microalbuminuria as an outcome in our bidirectional MR analyses.
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Genome-wide association study meta-analysis for atrial fibrillation

The study characteristics of the GWAS meta-analysis of AF are shown in Methods
S4. The AF genetic variants implicated genes that are expressed within the heart
and have been suggested to affect cardiac development, cardiac ion channels,
cardiac calcium signaling, structural integrity of the heart, and skeletal muscles.(36)
We also utilized these genetic variants as instrumental variables for AF as an
exposure. In addition, the summary statistics of AF were also used as an outcome
in our bidirectional MR analyses.

Statistical analyses

Mendelian randomization

Multiple bidirectional two-sample MR analyses were conducted to examine the
causality between kidney function and AF. MR analyses has 3 assumptions that
should be fulfilled to provide valid causal estimates. The first assumption is that the
genetic variant is strongly associated with the exposure. The second assumption is
that the genetic variant only affects the outcome through its effect on the exposure.
Finally, the third assumption is that the genetic variant is not associated with any
confounders of the exposure-outcome relationship. We selected genetic variants
that were genome-wide significantly associated with the trait of interest. We next
clumped the genetic variants to ensure that the instrumental variables for the
exposure were independent (p <5.0x10% for genome-wide significance and r2 <0.1)
to avoid the use of correlated genetic variants that are in linkage disequilibrium.(29,
30) In addition, palindromic genetic variants were removed during the harmonization
of the genetic variants. Moreover, European ancestry genetic variants and summary
statistics were selected in the subsequent MR analyses, if available, to avoid
possible bias due to population stratification.(29, 30)

We calculated the F-statistic of each genetic instrument, as a strength measure for
the genetic instruments, to limit weak instrument bias. We included genetic variants
with sufficient strength and considered F >10 as sufficient strength.(38) We used the
“TwoSampleMR” package(38, 39) to combine the effects of the individual genetic
variants on the exposure and outcome using the inverse variance weighted (IVW)
method.(40) The IVW method was our main MR method and it includes a meta-
analysis of all the Wald ratios from the individual genetic variants on the exposure
and outcome. In other words, the IVW method represents a weighted mean estimate
of the effect of genetically determined kidney function on AF risk and vice versa. In
addition, we used the random effect IVW method to account for possible
heterogeneity between genetic variants and to relax the assumption of no horizontal
pleiotropy.

135



Chapter 2.4

MR estimates are presented as odds ratios (ORs) with corresponding 95%
confidence intervals (Cls). Statistical significance was considered at a two-sided
p<0.05. All MR analyses and data management were done using R statistical
software (R 4.0.2: R Foundation for Statistical Computing, Vienna, Austria).

Sensitivity analyses
The rationale, assumptions, and sensitivity analyses of the MR analyses are
depicted in detail in Methods S5 and S$6.(41-46)

RESULTS

Mendelian randomization

Within the European study sample, a total of 256 genome-wide significant index
genetic variants were associated with eGFRcreat of which 19 were also genome-
wide significantly associated with CKD stage 2G3. A total of 111 and 5 genome-wide
significant genetic variants were associated with BUN and eGFRcys, respectively. A
total of 59 genome-wide significant index genetic variants were associated with
UACR of which 17 were genome-wide significantly associated with
microalbuminuria. The genetic variants associated with BUN, UACR, and
microalbuminuria were retrieved from a trans-ethnic study sample, because no
summary statistics were available from an European study sample. The AF GWAS
identified 111 genome-wide significant genetic variants that were associated with
AF.

As aforementioned, we clumped all genetic variants and removed palindromes. In
addition, we removed potential outliers by using the MR pleiotropy residual sum and
outlier (MR-PRESSO) test and examined sensitivity plots to select our genetic
variants. This provided a total of 218 genetic variants for eGFRcreat, 91 for BUN, 9
for CKD, 4 for eGFRcys, 43 for UACR, and 5 for microalbuminuria, which were
available in the AF GWAS and were subsequently used as instrumental variables in
the MR analyses. In addition, from the 111 genetic variants for AF, a total of 97
genetic variants for eGFRcreat, 99 for BUN, 107 for CKD, 103 for eGFRcys, 100 for
UACR, and 83 for microalbuminuria were available in the kidney function GWAS and
were subsequently used in the MR analyses (Figure 1).
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All genetic instruments/instrumental variables had a F-statistic >10 and were,
therefore considered of sufficient strength to be used in the MR analyses (range 23-
2648).(38) Our MR analyses based on the IVW method supported a causal effect of
CKD and microalbuminuria on AF risk (CKD: n=9 SNPs, OR: 1.10, per 1 unit
increase in the odds for CKD, 95% CI: 1.04-1.17, p=1.97x10°3; microalbuminuria:
n=5 SNPs, OR: 1.26, per 1 unit increase in the odds for microalbuminuria, 95% CI:
1.10-1.46, p=1.38x10"3) (Table 1). Moreover, we observed causal effects of AF on
eGFRcreat (n=97 SNPs, OR: 1.00, per 1 unit increase in the odds for AF, 95% CI:
1.00-1.00, p=6.78x10%%), CKD risk (n=107 SNPs, OR: 1.06, per 1 unit increase in
the odds for AF, 95% CI: 1.03-1.09, p=2.97x104), and microalbuminuria risk (n=83
SNPs, OR: 1.07, per 1 unit increase in the odds for AF, 95% CI: 1.04-1.09,
p=2.49x108) (Table 1, Figures 2 and 3). We found a suggestive causal effect of
AF on eGFRcys (n=103 SNPs, OR: 0.99, per 1 unit increase in the odds for AF, 95%
Cl: 0.99-1.00, p=4.61x10°2). MR analyses did not support a significant causal effect
of the other kidney function assessments (eGFRcreat, BUN, eGFRcys, and UACR)
on AF risk (Table 1, Figures 2 and 3). The effect estimates of the genetic variants
associated with eGFRcreat, BUN, CKD, eGFRcys, UACR, microalbuminuria, and AF
that were used in our bidirectional MR analyses are extensively presented in Tables
S$1-812.
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Sensitivity analyses

Our MR sensitivity analyses based on the WME and MR-Egger slope method were
in general concordant with the results of the IVW method (Table 1, Figures 2 and
3). More specifically, the WME sensitivity analyses also supported a causal effect of
CKD, and microalbuminuria on AF risk (CKD: n=9 SNPs, OR: 1.08, per 1 unit
increase in the odds for CKD, 95% Cl: 1.00-1.16, p=4.43x10-%2; microalbuminuria: 5
SNPs, OR: 1.23, per 1 unit increase in the odds for microalbuminuria, 95% CI: 1.03-
1.47, p=2.57x10"%%). The point estimates of the MR-Egger slope method were also
in general in line with the point estimates of the IVW method. This is reassuring,
because valid MR estimates rely on sensitivity analyses that are concordant with its
main analysis (i.e. the IVW method). In addition, the MR-Egger intercept and MR-
PRESSO did not provide evidence for the presence of directional pleiotropy after
clumping, removal of palindromes, and removal of potential outliers (Table 1,
Figures 2 and 3). Similar results were observed when we excluded genetic variants
that were also associated with potential confounders and/or horizontal mediators
such as myocardial infarction/coronary artery disease(44) and heart failure(45) (data
not shown). The exact extent of sample overlap could not be determined due to
unavailability of individual level data. The potential overlap could be estimated based
on the description of the individual studies included within the different GWAS. There
was potential overlap between eGFRcreat and AF for 291,146 individuals and
between CKD and AF for 296,258 individuals. Potential overlap was present
between eGFRcys from Gorski et al.(35) and AF for 15,470 individuals, between
eGFRcys from Li et al.(34) and AF for 16,335 individuals. Potential overlap was
present between UACR and AF for 439,298 individuals, and between
microalbuminuria and AF for 290,249 individuals (Methods S$1-4).
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Figure 1. Flow chart for the selection of genetic variants

Genetic instrument:
eGFRcreat: 218 SNPs
BUN: 91 SNPs
CKD: 9 SNPs.

Genetic instrument:
eGFRcys: 4 SNPs.

Exposure:

Genetic instrument:
UACR: 43 SNPs
MA: 5 SNPs.

kidney function.

l

Outcome:
GWAS meta-analysis
for AF.

Data: Data: Data: :
GWAS meta-analysis GWAS meta-analysis GWAS meta-analysis GWAS meta-analysis
for eGFRcreat, BUN, and CKD for eGFRcys for UACR, and MA for AF
(n=1,045,620). (n=24,063-32,861). (n=564,257). (n=1,030,836).
European ancestry GWAS: 2 .
eGFRcreat: 256 SNPs European ancestry GWAS: Trans-eﬂxg;ag;gs"l‘rgsGWAs. European ancestry GWAS:
BUN: 111 SNPs eGFRcys: 5 SNPs. MA: 1'7 SNPs. AF: 111 SNPs.
CKD: 19 SNPs. : .
of pali of pali of pali Removal of palindromes,
L and outliers and outliers and outliers \ and outliers

Genetic instrument:
AF: 83-107 SNPs.

Exposure:
Genetically predicted
AF.

Outcome:
GWAS meta-analysis
for kidney function.

Abbreviations: AF, atrial fibrillation; BUN, blood urea nitrogen; CKD, chronic kidney disease; creat,
creatinine; cys, cystatin; eGFR, estimated glomerular filtration rate; GWAS, genome-wide association
study; MA, microalbuminuria; n, number; SNP, single nucleotide polymorphism; UACR, urine albumin-to-

creatinine ratio.
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Genetically predicted kidney function and the risk of atrial fibrillation

Figure 2. Forest plot which visualizes the Mendelian randomization analyses
between kidney function and atrial fibrillation

eGFRcreat vs. AF OR 95% CI P-valie
vw . 0.88 (0.58-134) 5.54x10-01
WME . 0.70 (0.42-1.17) 1.71x10-01
MR-Egger . 0.80 (0.28-234) 6.86x10-01
BUNvs. AF
vw . 1.22 (0.92-1.62) 1.71x10-01
WME . 1.29 (0.89-1.86) 1.78x10-01
MR-Egger . 125 (0.62-2.53) 5.30x10-01
CKDvs. AF
vw . 1.10 (1.04-1.17) 1.97x10-03
WME . 1.08 (1.00-1.16) 4 43x10-02
MR-Egger . 1.07 (0.84-137) 6.04x10-01
eGFRcys vs. AF
VW . 0.86 (0.69-1.08) 1.99x10-01
WME . 0.85 (0.67-1.08) 1.88x10-01
MR-Egger . 0.88 (0.63-1.21) 5.10x210-01
UACR vs. AF
'y . 1.16 (0.97-1.40) 1.07x10-01
WME . 1.03 (0.83-1.27) £.02x210-01
MR.-Egger . 1.06 (0.51-2.20) £.82x10-01
MA vs. AF
vw . 1.26 (1.10-1.46) 1.38x10-03
WME . 1.23 (1.03-147) 2.57x10-02
MR-Egger I Lk ! I ‘ | 0.94 (0.45-197) 8.84x10-01

05 1 15 2 25

0Odds ratio

Abbreviations: AF, atrial fibrillation; BUN, blood urea nitrogen; Cl, confidence interval; CKD, chronic
kidney disease; creat, creatinine; cys, cystatin; eGFR, estimated glomerular filtration rate; IVW, inverse
variance weighted; MA, microalbuminuria; n, number; OR, odds ratio; SNP, single nucleotide
polymorphism; UACR, urine albumin-to-creatinine ratio; WME, weighted median estimator.
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Figure 3. Forest plot which visualizes the Mendelian randomization analyses
between atrial fibrillation and kidney function

AF vs. eGFRcreat OR 95% CI P-value
vw . 1.00 (0.98-1.00) 6.78x10-03
WME . 1.00 (1.00-1.00) 9.26x10-03
MR-Egger L4 1.00 (1.00-1.00) 3.50x10-01
AF vs. BUN
vw L4 1.00 (1.00-1.00) 7.06x10-01
WME . 1.00 (1.00-1.01) 4.97x10-01
MR-Egger . 1.00 (1.00-1.01) 6.12x10-01
AF vs. CKD
VW . 1.06 (1.03-1.09) 2.97x10-04
WME . 1.07 (1.02-1.13) 5.03x10-03
MR.-Egger . 1.08 (1.02-1.15) 1.14x10-02
AF vs. eGFRcys
vw L 0.99 (0.99-1.00) 4.61x10-02
WME . 0.99 (0.98-1.01) 2.92x10-01
MR-Egger . 0.99 (0.98-1.01) 2.99x10-01
AF vs. UACR
vw . 1.00 (0.99-1.01) 9.28x10-01
WME . 1.00 (0.99-1.01) 7.98x10-01
MR-Egger * 1.00 (0.98-1.01) 5.47x10-01
AF vs. MA
vw A 1.07 (1.04-1.09) 2.49x10-08
WME . 1.04 (1.00-1.08) 4.34x10-02
MR-Egger I I hd I I 1.04 (1.00-1.09) 7.50x10-02

0.95 1 1.05 1.1

Qdds ratio

Abbreviations: AF, atrial fibrillation; BUN, blood urea nitrogen; Cl, confidence interval; CKD, chronic
kidney disease; creat, creatinine; cys, cystatin; eGFR, estimated glomerular filtration rate; IVW, inverse
variance weighted; MA, microalbuminuria; n, number; OR, odds ratio; SNP, single nucleotide
polymorphism; UACR, urine albumin-to-creatinine ratio; WME, weighted median estimator.
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DISCUSSION

Our study sheds light on the complex bidirectional interplay between kidney function
and AF by leveraging genetic variants to infer causality. In this comprehensive
bidirectional MR analysis, we found evidence to support the bidirectional causal
relationship between kidney function and AF. Specifically, our MR analysis supports
a causal effect of CKD stage 2G3 and microalbuminuria on AF risk. Moreover, we
found causal effects of AF on various kidney function assessments and CKD
including eGFRcreat, CKD stage =G3 and microalbuminuria, and a suggestive
causal effect of AF on eGFRcys. Our study therefore extends our knowledge about
the unidirectional and bidirectional association that has been suggested by previous
observational studies.(8, 21-27) Our results confirm that CKD, in particular its more
severe forms such as CKD stage =G3 and increased urinary albumin excretion
defined as microalbuminuria, are independent risk factors for AF and vice versa. The
shared genetic architecture between kidney dysfunction and AF could be used to
identify therapeutic targets to prevent both diseases, as well as their complications,
in the general population.

Several mechanisms potentially underlie the bidirectional causal relationship
between kidney function and AF. One mechanism could be the presence of shared
cardiovascular risk factors such as obesity, hypertension, myocardial infarction,
heart failure, and diabetes mellitus which all have been suggested as risk factors for
CKD and AF.(8) Another possible link between kidney function and AF is sodium
retention.(5, 20) Kidney dysfunction increases the risk of sodium retention which may
lead to extracellular volume expansion, hypertension, left ventricular hypertrophy,
and cardiac dilation.(5, 20) This cardiac remodeling that occurs due to left ventricular
hypertrophy and cardiac dilation may then increase the myocardial oxygen demand
and potentially create myocardial ischemia.(5, 20) In addition, cardiac dilation may
also cause mitral insufficiency which may further impair left and right ventricular
function.(5, 8) These aforementioned mechanisms thereby increase the risk of
AF.(5, 20) AF may cause thromboembolism which could lead to renal infarction and
a decline in cardiac function. Both thromboembolism and a decline in cardiac
function may then have deleterious effects on the kidneys.(8) Further, it has been
suggested that AF induces angiotensin Il type 1 receptor-mediated oxidative stress
and impairs microvascular blood flow of the ventricles.(47) This mechanism was also
extended to the renal microvasculature as AF also affects renal microvascular blood
flow, down-regulates renal neutral endopeptidase expression, induces renal
profibrotic structural changes, and ultimately may impact renal function over
time.(48) In addition, the application of aldosterone, atrial natriuretic peptide,
asymmetric dimethylarginine, and angiotensin peptides during AF did not prevent
the down-regulation of renal neutral endopeptidase expression. This could imply that
the irregularly irregular rhythm caused by AF is the direct effect that induces

143



Chapter 2.4

structural renal changes rather than indirect humoral changes that may be induced
during this process.(48, 49) Other possible links that could link kidney dysfunction to
AF is inflammation.(16-19, 50) Kidney dysfunction and AF are both associated with
a pro-inflammatory state through increased levels of pro-inflammatory cytokines,
which further cause a decline in kidney and cardiac function, respectively and
thereby may increase the risk of one another.(16-19, 50) The increased activity of
the RAAS is also among the suggested mechanisms. On the one hand, activation of
RAAS caused by CKD could lead to atrial remodeling through hypertension,
increased atrial pressure, atrial enlargement, cardiac fibrosis, and by modulation of
cardiac ion channels. On the other hand, activation of the RAAS caused by AF could
also have a detrimental effect on the kidneys.(9-15)

We did not find evidence for a causal role of eGFRcreat and eGFRcys on AF,
although the effect estimates of both assessments were in line with each other.
However, we did find a causal effect of CKD stage =G3 and microalbuminuria on AF
risk. This could be due to the fact that the presence of CKD stage =G3 and
microalbuminuria represent a greater level of impaired kidney function and therefore
may be more strongly associated with AF risk. A possible explanation for these
discrepancies could be that indeed only more pathological levels of eGFR (CKD
stage =G3, defined as eGFRcreat <60 ml/min per 1.73m2) and UACR
(microalbuminuria is defined as UACR >30 mg/g) may lead to AF and vice versa.
This hypothesis is supported by previous studies that reported a J-shaped or graded
relationship between impaired kidney function and incident AF.(9, 21, 26)
Participants with CKD stage 2G3 were shown to have a significant graded increasing
risk of incident AF while such a significant increased risk for AF was not observed in
participants with CKD stage G2 (eGFRcreat levels of 60-89 ml/min per 1.73m2) or
with CKD stage G1 (>*90 ml/min per 1.73m2).(9, 21, 26) Similarly, the presence of
microalbuminuria (30-299 mg/g) or macroalbuminuria (=300 mg/g) also showed a
significant graded association with increased incident AF risk with increasing levels
of albuminuria.(9, 21, 26, 27) These findings indeed suggest that there is a
pathological kidney function threshold that has to be surpassed. Subsequently,
surpassing this threshold would then trigger the pathological cascades that are set
in motion by reduced kidney function such as activation of the RAAS, hypertension,
ischemia, heart failure, and inflammation which may then lead to incident AF.
Moreover, we found that both CKD and microalbuminuria were significantly
associated with AF and vice versa, which further supports the idea that both markers
represent independent risk factors for AF and vice versa.(27) Reason for this might
be that albuminuria is a reflection of microvascular damage, endothelial dysfunction,
or cardiometabolic syndrome whereas CKD may be a better representation of
intrinsically impaired kidney function.(27)
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The causal effect estimates that we obtained from the MR analysis were different
than the effect estimates that were obtained from previous observational
epidemiological studies.(8, 21-27) This could be due to the differences in the time
window between MR studies and traditional observational studies. MR studies
calculate a risk estimate from a lifetime exposure to a certain risk factor where
traditional observational studies estimate a risk estimate of an exposure with a
certain follow-up time, for example a 10-years risk. Another possible explanation
could be the unmeasured confounding and reverse causation that could still be
present in traditional observational studies. MR analysis avoids these biases by
using genetic proxies of risk factors that are not prone to these biases, because of
the random distribution of genetic variants at conception. In addition, MR analysis is
a helpful and insightful research method to assess causality of associations which
are not possible or feasible to be investigated with randomized clinical trials due to
limitations such as being unethical, unpractical and/or too expensive. Furthermore,
our results also differ from the results of a previous bidirectional MR.(28) Park et
al.(28) found that AF is a causal risk factor for kidney function impairment, however
a causal effect of kidney function on AF was not observed. Specifically, there are
several noteworthy differences between the study of Park et al.(28) and our study.
First, Park et al.(28) used fewer assessments of kidney function (eGFRcreat and
CKD) while we used a more comprehensive kidney function panel (eGFRcreat, BUN,
CKD, eGFRcys, UACR, and microalbuminuria) to assess the bidirectional
association. Second, in contrast to Park et al.,(28) we used the most recent available
GWAS for AF. The GWAS for AF that was used by Park et al.(28) was trans-ethnic,
had a smaller sample size (n=588,190), and had fewer genetic variants (n=94 SNPs)
that could be used for the MR analyses. Park et al.(28) focused primarily on trans-
ethnic ancestry while we focused on European ancestry, when available.

Unravelling the bidirectional casual association between kidney function and AF
could have some clinical implications. As kidney dysfunction and AF are causal risk
factors for one another, appropriate management of kidney dysfunction may lead to
a reduced risk of AF and the other way around. On the one hand, appropriate
management of kidney dysfunction includes managing CKD-related risk factors such
as obesity, dyslipidemia, hypertension, and lifestyle advice.(37) On the other hand,
management of AF is based on the ABC pathway as suggested by the ESC
guidelines which consists of: (A) avoid stroke (anticoagulation), (B) better symptom
management with patient-centered, symptom directed decisions on rate or rhythm
control, and (C) cardiovascular and comorbidity risk optimization.(4) Future
randomized clinical trials could support our findings by evaluating kidney dysfunction
outcomes when performing AF-targeted interventions and evaluating AF outcomes
when performing interventions that target kidney dysfunction. Moreover, early
screening for kidney dysfunction and monitoring of kidney function in AF patients or
early screening for AF and monitoring of AF in patients with kidney dysfunction is
warranted.
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Maijor strengths of this study include the use of summary statistics from the largest
to date GWAS meta-analyses. With these large study samples we were able to
extract a substantial amount of genetic instruments that we could use for the
subsequent MR analyses. By using a bidirectional MR approach, we were also able
to disentangle the complex interplay between the kidneys and the heart. In addition,
by using MR, we were more likely to avoid certain biases that are more common in
traditional observational epidemiological studies such as residual confounding and
reverse causation. However, our study also has some limitations. First, we cannot
rule out unobserved horizontal pleiotropy, although we tried to address horizontal
pleiotropy through current best practices for MR sensitivity analyses. We used the
WME, MR-Egger, MR-PRESSO, and sensitivity plots to identify and correct for
horizontal pleiotropy. Additionally, we excluded genetic variants that were associated
with potential confounders and/or horizontal mediators such as myocardial
infarction/coronary artery disease, and heart failure. Second, there was a potential
partial overlap in the samples that were used to obtain the genetic instruments which
may cause bias towards the observational findings.(43) However, this bias is difficult
to avoid with the ongoing collaborations between large scale genetic consortia which
combine their study samples in an attempt to increase their sample sizes.
Additionally, to what extent this might have led to weak instrument bias is uncertain,
although considerable weak instrument bias may be of less concern given the
aforementioned range of the F-statistic of the included genetic instruments used in
our analyses.(43) Third, we were unable to perform MR analyses for BUN, UACR,
and microalbuminuria with European summary statistics due to unavailability of
these statistics, which may have caused some stratification bias in those analyses,
nonetheless the GWAS of Wuttke et al.(32) (BUN) and Teumer et al.(33) (UACR,
and microalbuminuria) both included mainly European participants (74% and 97%,
respectively). Fourth, mostly single assessments of eGFRcreat, BUN, CKD,
eGFRcys, UACR, microalbuminuria and AF were used in the various GWAS from
which we derived the genetic variants. This may have caused misclassification bias
to some extent, although this would have probably led to an underestimation of the
true association. Fifth, our results may not be generalizable to younger populations
and other ethnicities, because our analysis included older participants mostly from
European descent. Lastly, it is also worth noting that the limited amount of genetic
variants that we were able to use for some of the analyses to evaluate the
associations could have led to insufficient power to detect some significant
associations. Future GWAS with even larger sample sizes could aid in identification
of additional genetic variants to further increase the power of future MR studies.

In summary, our study confirms a bidirectional causal relationship between kidney
function and AF that has been suggested by previous observational studies. The
shared genetic architecture between kidney dysfunction and AF might represent
important therapeutic targets to prevent both diseases, as well as their
complications, in the general population.
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Chapter 2.4

Methods S5. Mendelian randomization sensitivity analyses

We performed multiple sensitivity analyses. First, the MR estimates could be biased
if genetic variants have horizontal pleiotropic effects that affect the outcome via other
pathways than through the exposure. Therefore, in an attempt to satisfy the second
and third MR assumption, additional analyses were performed including weighted
median estimator (WME), MR-Egger and Mendelian Randomization Pleiotropy
RESidual Sum and Outlier (MR-PRESSOQ) to account and formally test for potential
pleiotropy.(43, 44) More specifically, the weighted median estimator (WME) analysis
gives a weighted median effect of genetically determined kidney function on AF risk
and vice versa,(45) and assumes that only half of the genetic variants needs to be
valid genetic instruments (in other words, no violation of the 3 MR assumptions for
half of the genetic variants). Furthermore, if pleiotropy is absent, the MR-Egger
intercept will not significantly deviate from zero and the MR-Egger slope will be in
line with the IVW and WME. In short, similar effect estimates from the IVW, WME,
MR-Egger slope indicate that the MR results are robust.(45) Moreover, we used MR-
PRESSO and examined the sensitivity plots such as the scatter plots to identify and
remove horizontal pleiotropic outliers to provide an outlier-corrected estimate.(44)
Cochran’s Q test was used to test for heterogeneity between genetic variants. Third,
we excluded genetic variants that were also associated with potential confounders
and/or horizontal mediators of the exposure-outcome association (myocardial
infarction/coronary artery disease,(46) and heart failure(47)), since this may bias our
estimates. Finally, we investigated the potential overlap between the study samples
that were used to identify the genetic variants, because sample overlap in two-
sample MR analyses might potentially cause bias towards the observational
findings.(48)
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Genetically predicted kidney function and the risk of atrial fibrillation
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Genetically predicted kidney function and the risk of atrial fibrillation
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Genetically predicted kidney function and the risk of atrial fibrillation
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Heart rate variability and the risk of
atrial fibrillation

Heart rate variability and atrial fibrillation in the general population: a
longitudinal and Mendelian randomization study.

Geurts S, Tilly MJ, Arshi B, Stricker BHC, Kors JA, Deckers JW, de
Groot NMS, Ikram MA, Kavousi M.

Clin Res Cardiol. 2022 Aug 13. Epub ahead of print.



Chapter 3.1

ABSTRACT

Background
Sex differences and causality of the association between heart rate variability (HRV)
and atrial fibrillation (AF) in the general population remain unclear.

Methods

12,334 participants free of AF from the population-based Rotterdam Study were
included. Measures of HRV including the standard deviation of normal RR intervals
(SDNN), SDNN corrected for heart rate (SDNNc), RR interval differences (RMSSD),
RMSSD corrected for heart rate (RMSSDc), and heart rate were assessed at
baseline and follow-up examinations. Joint models, adjusted for cardiovascular risk
factors, were used to determine the association between longitudinal measures of
HRV with new-onset AF. Genetic variants for HRV were used as instrumental
variables in a Mendelian randomization (MR) analysis using genome-wide
association studies (GWAS) summary-level data.

Results

During a median follow-up of 9.4 years, 1,302 incident AF cases occurred among
12,334 participants (mean age 64.8 years, 58.3% women). In joint models, higher
SDNN (hazard ratio (HR), 95% confidence interval (Cl), 1.24, 1.04-1.47, p=0.0213),
and higher RMSSD (HR, 95% CI, 1.33, 1.13-1.54, p=0.0010) were significantly
associated with new-onset AF. Sex-stratified analyses showed that the associations
were mostly prominent among women. In MR analyses, a genetically determined
increase in SDNN (odds ratio (OR), 95% CI, 1.60, 1.27-2.02, p=8.36x107), and
RMSSD (OR, 95% ClI, 1.56, 1.31-1.86, p= 6.32x10°7) were significantly associated
with an increased odds of AF.

Conclusions

Longitudinal measures of uncorrected HRV were significantly associated with new-
onset AF, especially among women. MR analyses supported the causal relationship
between uncorrected measures of HRV with AF. Our findings indicate that measures
to modulate HRV might prevent AF in the general population, in particular in women.
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INTRODUCTION

Atrial fibrillation (AF), the most common cardiac arrhythmia, is associated with
substantial morbidity and mortality and represents a significant burden on
healthcare.(1-4) The exact AF pathogenesis remains to be identified. It has recently
been suggested that cardiac autonomic imbalance could play a role in AF
pathophysiology by promoting a decline in cardiac function.(5-10)

Heart rate variability (HRV) is considered a non-invasive, accessible measure that
may reflect the complex interaction between the autonomic nervous system and the
heart.(11, 12) A complex relationship between HRV and AF has been suggested.(5-
10, 13) Specifically, lower and higher levels of HRV may lead to decline in cardiac
function and subsequently give rise to AF.(5-10, 13) Recent evidence shows that
sex differences with regard to AF burden, pathophysiology, and prognosis exist.(14)
However, the previous observational studies have been limited to either a cross-
sectional design or a single measurement of HRV and did not evaluate sex
differences. In addition, observational studies are prone to residual confounding and
reverse causality.(15)

Genome-wide association studies (GWAS) have identified genetic variants/single
nucleotide polymorphisms (SNPs) for multiple assessments of HRV(16) and AF.(17,
18) Pathway and tissue enrichment analyses suggest that HRV SNPs are
preferentially expressed within the sinoatrial node.(16) Moreover, AF SNPs have
been suggested to affect the cardiac ion channels, cardiac calcium signaling, and
the heart and skeletal muscles.(17, 18) This suggests that there may be a genetic
foundation underlying the association between HRV and AF.

We aimed to investigate the association between longitudinal measures of HRV and
heart rate with the risk of new-onset AF in the general population. Additionally, we
used a comprehensive Mendelian randomization (MR) analysis using summary-level
data from GWAS on measures of HRV and AF to investigate the potential causal
relationship between HRV and AF.
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METHODS

Study design

The current study was embedded within the Rotterdam Study.(19, 20) The
Rotterdam Study is a prospective population-based cohort study that aims to assess
the occurrence and determinants of age-related diseases in the general population.
During 1990-1993, all inhabitants of the Ommoord district in the city of Rotterdam in
The Netherlands aged =55 years were invited for the study. A total of 7,983 (78% of
all invitees) agreed to participate (RS-I). In 2000, the cohort was extended with 3,011
participants who had become =55 years or had migrated into the research area (RS-
I). In 2006, the cohort was again extended with 3,932 participants who were 245
years (RS-lll). The overall response rate at baseline was 72%. Participants attended
follow-up examinations every 3-6 years. Outcome data on morbidity and mortality
were continuously collected through linkage with digital files from general
practitioners in the study area.(19, 20)

The Rotterdam Study complies with the Declaration of Helsinki and has been
approved by the Medical Ethics Committee of the Erasmus MC (registration number
MEC 02.1015) and by the Dutch Ministry of Health, Welfare and Sport (Population
Screening Act WBO, license number 1071272-159521-PG). The Rotterdam Study
Personal Registration Data collection is filed with the Erasmus MC Data Protection
Officer under registration number EMC1712001. The Rotterdam Study has been
entered into the Netherlands National Trial Register (NTR; www.trialregister.nl/trials)
and into the WHO International Clinical Trials Registry Platform (ICTRP;
https://apps.who.int/trialsearch/) under shared catalogue number NL6645/NTR6831.
All participants provided written informed consent to participate, prior to inclusion, in
the study and to have their information obtained from treating physicians.
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Study population

For the present study, we included participants at study entry of the 3 recruitment
waves. Participants with prevalent AF at baseline (n=559), no informed consent for
follow-up data collection (n=305), no follow-up time (n=6) or no measures of HRV
(n=1,722) were excluded. Among the 12,334 free of AF included participants, 12,334
had at least 1 measurement for standard deviation of normal RR intervals (SDNN),
SDNN corrected for heart rate (SDNNc), RR interval differences (RMSSD), RMSSD
corrected for heart rate (RMSSDc), and heart rate. 8,832 participants had 2
measurements, 3,837 had 3 measurements, 1,817 had 4 measurements, and 787
participants had 5 measurements that were available during follow-up (before date
of onset of AF, date of death, loss to follow-up, or to the end of data collection on
January 1t 2014, whichever came first.

Assessment of heart rate variability

Participants underwent a 10-second 12-lead resting electrocardiogram (ECG) using
an ACTA Gnosis IV ECG recorder (Esaote Biomedica, Florence, Italy) and the ECG
records were digitally stored. Subsequently, Modular ECG Analysis System
(MEANS) was used to interpret the ECGs.(21) ECGs of individuals with a
pacemaker, ECGs with <5 RR intervals between normal beats, ECGs with >5
premature supra- and/or ventricular complexes were excluded for the assessment
of HRV.(22) In addition, the remaining ECGs marked as non-sinus arrhythmia and
sinus arrhythmia by MEANS were manually assessed by 2 medical doctors to rule
out and exclude atrial fibrillation/flutter, other arrhythmias, and ECGs with poor signal
quality. Sinus rhythm (including sinus arrhythmia) is based on the detection by
MEANS of regular P waves that have a fixed coupling interval with the following QRS
complexes.(21) Furthermore, a random sample of 200 ECGs marked as sinus
rhythm by MEANS were also manually checked by 2 medical doctors and 199 ECGs
were found to be in sinus rhythm during the manual assessment indicating a very
high positive predictive value of MEANS which was also demonstrated in earlier
work.(21) RR intervals between 2 adjacent normal beats were used to compute the
mean heart rate and time-domain indices of HRV; SDNN and RMSSD. Moreover, as
HRV is potentially inversely and exponentially associated with heart rate, we
additionally used heart rate corrected values of RMSSD (RMSSDc), and SDNN
(SDNNCc) using an exponential model.(22-26) The reproducibility of the HRV data
was evaluated in a later cohort of the Rotterdam Study, in which ECG recordings of
3-5 min were made. From a sample of 310 3-5 min ECGs, we extracted from each
recording 2 10-second ECGs, one after the first minute of recording, the second after
2 minutes. The sample of 310 pairs of 10-second ECGs was also manually assessed
by 2 medical doctors to rule out and exclude arrhythmias, and ECGs with poor signal
quality. After exclusion, 211 ECG pairs remained and were used to calculate the
HRV measures. Differences were examined using the paired T-test. The HRV
measures did not statistically significantly differ from each other (p=0.087 for RR,
p=0.415 for SDNN, and p=0.427 for RMSSD).
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Assessment of atrial fibrillation

AF was defined in accordance with the European Society of Cardiology (ESC)
guidelines.(4) The methods on event adjudication for prevalent and incident AF
within the Rotterdam Study have been described in detail earlier.(20) In short, AF
was assessed at baseline and follow-up examinations using a 10-second 12-lead
ECG with an ACTA Gnosis IV ECG recorder (Esaote Biomedica, Florence, ltaly).
The ECG records were then stored digitally and analyzed with Modular ECG
Analysis System (MEANS).(21) Thereafter, 2 medical doctors validated the
diagnosis of AF and in case of disagreement a cardiologist was consulted.(3)
Additional follow-up data was obtained from medical files of participating general
practitioners, hospitals, outpatient clinics, national registration of all hospitals
discharge diagnoses, and follow-up examinations at the research center. The date
of incident AF was defined as the date of the first occurrence of symptoms
suggestive of AF with subsequent ECG verification obtained from the medical
records. Participants were followed from the date of enrolment in the Rotterdam
Study until the date of onset of AF, date of death, loss to follow-up, or to the end of
data collection on January 1%t 2014, whichever came first.

Assessment of cardiovascular risk factors

The cardiovascular risk factors included in this study were body mass index (BMI),
total cholesterol, high-density lipoprotein cholesterol, hypertension, smoking status,
history of diabetes mellitus, history of coronary heart disease, history of heart failure,
left ventricular hypertrophy on the ECG, use of cardiac medication, use of
antihypertensive medication, use of beta blockers, use of calcium blockers, and use
of lipid lowering medication. Methods for measurements of cardiovascular risk
factors are explained in detail in the Methods S$1.(3, 19, 20)

Selection of genetic variants on heart rate variability and atrial fibrillation
Genetic variants associated with HRV were used as instrumental variables for the
MR analyses. The genetic variants were retrieved from publically available summary
statistics from 2 GWAS.(16-18) Details regarding the study populations are depicted
in Tables S4 and S5. For HRV, we retrieved independent genetic variants from a
GWAS on HRYV that assessed SDNN and RMSSD as log transformed continuous
measures. This GWAS meta-analysis on HRV included 53,174 participants from
European descent.(16) In addition, we retrieved independent genetic variants that
were associated with AF from a GWAS that included 1,030,836 European
participants (60,620 AF cases and 970,216 controls).(17) Only independent genetic
variants in the subsequent MR analyses were included (p<5.0x10% genome-wide
significant and r?<0.1).
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Statistical analyses

Baseline characteristics

The baseline characteristics of the study population are presented as mean with
standard deviation (SD) or number (n) with percentages as appropriate. Differences
between men and women were examined by Student’s T-test (normal distribution)
or the Mann Whitney U-test (skewed distribution) for continuous variables, and Chi-
Square test for categorical variables. The distributions of the different HRV measures
and heart rate were skewed. Therefore, a natural logarithmic transformation was
used to obtain a normal distribution.

Joint models

Competing risk analyses were employed using joint models for longitudinal and time
to event data. To investigate the association between longitudinal measures of HRV
with the risk of new-onset AF with mortality as a competing event, cause-specific
hazard ratios (HRs) with their 95% confidence intervals (Cls) were calculated to
quantify the associations (Figure 1). See the Methods S2. for details on the
rationale, imputation and sensitivity analyses of the joint model analyses.(27, 28)

The analyses were done in the total study population and for men and women
separately. Additionally, we reported the p values of sex interaction from the joint
model. All models (mixed- and survival models) were adjusted for age, sex (if
applicable), and cohort (model 1), and additionally for cardiovascular risk factors
including body mass index, total cholesterol, high-density lipoprotein cholesterol,
hypertension, smoking status, history of diabetes mellitus, history of coronary heart
disease, history of heart failure, left ventricular hypertrophy on the ECG, cardiac
medication, beta blockers, calcium blockers, and use of lipid lowering medication
(model 2). Time was measured in years after baseline and the variables from model
1 and 2 were treated as covariates in the subsequent models.

Mendelian randomization

We conducted two-sample MR analyses to examine the potential causal association
between HRV and AF. The inverse variance weighted (IVW) method is the main
method used in our analyses.(29) MR estimates were presented as odds ratios
(ORs) with corresponding 95% Cls (Figure 1). See the Methods S3. for more details
on the rationale, assumptions and sensitivity analyses of the MR analyses.(15, 29-
35)

A two-tailed p<0.05 was considered statistically significant. The data management
was done using IBM SPSS Statistics version 25.0 for Windows (IBM Corp, Armonk,
New York). The statistical analyses were done using the R packages
“JMbayes?2”,(36) and “TwoSampleMR” (30, 34, 35) in R software (R 4.0.2; R
Foundation for Statistical Computing, Vienna, Austria).(37)
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RESULTS

Baseline characteristics

A total of 12,334 participants, 5,140 men (41.7%) and 7,194 women (58.3%), were
eligible for the analyses. Baseline characteristics for the total study population and
stratified by sex are presented in Table 1. The mean age of the total study population
was 64.8 + 9.5 years and 58.3% were women. Median values for SDNN, SDNNc,
RMSSD, RMSSDc, and heart rate were 16.2 ms, 27.0 ms, 16.3 ms, 33.7 ms, and
69.0 beats/min, respectively. See Table 1 for more details.

Atrial fibrillation incidence

During a median follow-up of 9.4 years (interquartile range (IQR), 6.2-15.1), 1,302
incident AF cases (10.6%) (613 in men and 691 in women) and 4,004 mortality cases
(32.5%) (1,740 in men and 2,264 in women) occurred. The incidence rate of AF was
9.6 per 1,000 person-years in the total study population (11.5 per 1,000 person-years
in men, 8.4 per 1,000 person-years in women) and the incidence rate of mortality
was 29.5 per 1,000 person-years in the total study population (32.6 per 1,000
person-years in men, 27.5 per 1,000 person-years in women).

Joint models

Joint models showed significant associations in model 2 with the risk of new-onset
AF in the total study population for a higher SDNN (HR, 95% CI, 1.24, 1.04-1.47,
p=0.0213), and a higher RMSSD (HR, 95% Cl, 1.33, 1.13-1.54, p=0.0010). However,
a higher SDNNc (HR, 95% CI, 1.06, 0.89-1.23, p=0.4784), higher RMSSDc (HR,
95% ClI, 1.09, 0.96-1.22, p=0.1774), and a lower heart rate (HR, 95% CI, 1.21, 0.74-
1.99, p=0.4781) were not significantly associated with the risk of new-onset AF in
the total study population. The effect estimates slightly attenuated in model 2 in
comparison to model 1, but SDNN, and RMSSD remained significant. See Table 2
for more details.

The sex-stratified analyses from model 2 showed that in men only the association
for a higher RMSSD (HR, 95% ClI, 1.23, 1.01-1.48, p=0.0414) with the risk of new-
onset AF was significant. The analyses in women showed significant associations
for a higher SDNN (HR, 95% CI, 1.36, 1.03-1.79, p=0.0278), higher RMSSD (HR,
95% Cl, 1.47, 1.16-1.89, p=0.0018), and lower heart rate (HR, 95% ClI, 1.88, 1.02-
3.67, p=0.0408) with the risk of new-onset AF. See Table 2 for more information. In
model 2, the p values of the sex interaction in the joint model for SDNN, SDNNCc,
RMSSD, RMSSDc, and heart rate were p=0.1077, p=0.7638, p=0.0065, p=0.8465,
and p=0.1298, respectively.

All results of the joint model sensitivity analyses are depicted in Results S1.
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Mendelian randomization

A total of 33 genome-wide significant independent genetic variants were associated
with HRV represented by SDNN (n=16) and RMSSD (n=17), respectively. A total of
5 SNPs for SDNN and 6 SNPs for RMSSD were available in the AF GWAS and were
used for the MR analyses after removal of potential outliers. All individual genetic
instruments for SDNN and RMSSD had a F-statistic >10 (median for SDNN, 53.2
(IQR, 51.8-70.8) and median for RMSSD, 54.7 (IQR, 43.1-69.3)) and were,
therefore, considered to be of sufficient strength to be used in the MR analyses. The
effect estimates of the genetic variants associated with SDNN, RMSSD and AF that
were used in the MR analyses are presented in Table S4.

The MR estimates from the association between HRV and AF based on the IVW,
weighted median estimator (WME), and MR-Egger methods are presented in Table
3. Specifically, MR analyses supported the causal effects of genetically determined
SDNN and RMSSD on AF risk (for SDNN: n=5 SNPs, OR, 95% Cl, 1.60, 1.27-2.02,
p=8.36x10"% and for RMSSD: n=6 SNPs, OR, 95% ClI, 1.56, 1.31-1.86, p=6.32x10"
7). A graphical presentation of the results can be found in Figure 2.

The results of the MR sensitivity analyses are depicted in Results $2.(33)
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Figure 1. Flow chart for the conducted analyses

Data:
Rotten?i:tr:.Stu dy GWAS meta-analysis
— for HRV (SDNN, and RMSSD)
(n=12,334). (n=53174).
v v
Exposure: European ancestry GWAS:
HRV (SDNN, SDNNc, RMSSD, SDNN: 16 SNPs
RMSSDc, and heart rate). RMSSD: 17 SNPs.

Analyses: Genetic instrument:

Joint models.

SDNN: 5 SNPs
RMSSD: 6 SNPs.

. Exposure:
IOq(tjco:n:'; Genetically predicted
ncident AF. HRVY.

5

Analyses:
Two-sample Mendelian

randomization.

Outcome:
GWAS meta-analysis
for AF
(n=1,030,836).

Abbreviations: AF, atrial fibrillation; GWAS, genome-wide association study; HRV, heart rate variability;
SDNN, standard deviation of normal to normal RR intervals; SDNNc, standard deviation of normal to
normal RR intervals corrected for heart rate; RMSSD, root mean square of successive RR interval
differences; RMSSDc, root mean square of successive RR interval differences corrected for heart rate;
SNPs, single nucleotide polymorphisms.
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DISCUSSION

Our study shed light on the complex interaction between HRV and AF. Our joint
model analyses showed that longitudinal measures of SDNN, and RMSSD were
significantly associated with new-onset AF in the general population while SDNNc,
RMSSDc, and heart rate were not significantly associated. Sex-stratified analyses
showed that RMSSD among men, and SDNN, RMSSD, and heart rate among
women were significantly associated with new-onset AF. MR analyses supported the
causal association between SDNN, and RMSSD with AF. Our findings indicate that
treatment to modulate HRV might prevent AF in the general population, in particular
in women.

The exact mechanism that underlies the relationship between HRV and AF remains
incompletely understood. Shared underlying risk factors such as obesity, diabetes
mellitus, and coronary heart disease could influence HRV and are also implicated in
AF pathophysiology.(1, 5, 12, 38, 39) In our study, however, the associations of HRV
with incident AF slightly attenuated, but remained significant after extensive
adjustment for shared cardiovascular risk factors. The increase in left atrial size that
has been associated with HRV could suggest a role for HRV in AF pathogenesis that
is mediated by the left atrium.(13) Moreover, autonomic imbalance could trigger an
inflammatory response that can subsequently lead to AF.(12) Finally, the effect of
the GWAS-identified HRV SNPs on the genes (especially, GNG11, RGS6) that are
preferentially expressed within the sinoatrial node underlines the genetic basis that
potentially underlies the association between HRV and AF. In short, these genes
may affect acetylcholine release of the vagal nerves within the sinoatrial node and
thereby influence HRV.(16) More specifically, GNG11 codes for the y11 subunit of
the heterotrimeric G-protein complex Gapy and may cause a decreased expression
of this subunit.(16) This lower availability of this subunit may then reduce Gy
induced GIRK activation. This potentially blunts heart rate changes caused by
oscillatory changes in cardiac vagal activity, ultimately decreasing HRV.(16)
Furthermore, RGS6 regulates the heterotrimeric G-protein complex signaling type 6
and may increase its availability. This leads to a decreased GIRK activation and
potentially blunts the effects in cardiac vagal activation, and may thereby decrease
HRV.(16) Subsequently, it has been suggested that sinus node disease (SND) may
cause AF by promoting atrial extrasystoles, and re-entry.(40, 41) Atrial extrasystoles
may occur during the slow atrial cycle in the presence of SND. Atrial extrasystoles
are mostly followed by a compensatory pause. The pause may then be prolonged
which allows other atrial ectopic activity to arise which possibly triggers AF.(40) Early
premature beats that originate from areas other than the sinus node may result in
conduction block and initiate re-entry, which may be a mechanism underlying
AF.(40) Furthermore, stenosis in the sinus nodal artery is also common in patients
with AF which implies that ischemic damage to the sinus node alone without atrial
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fibrosis, stretch or muscle loss may result in AF.(40) Overall, a combination of atrial
extrasystoles, re-entry, and ischemia to the sinus node are mechanisms by which
SND may cause and promote AF.

We investigated the longitudinal measures of HRV during a long follow-up time in
relation to new-onset AF. Taking into account repeated measurements of HRV in
relation to new-onset AF may provide more insight and prognostic information over
a single baseline measurement that has been done by most of the previous
studies.(5-10, 13) Longitudinal measures of HRV during follow-up were associated
with an increased risk of incident AF, especially among women. These findings
extend previous evidence by simultaneously evaluating the repeated measurements
of uncorrected and corrected HRV, heart rate, and sex differences while
investigating the link between HRV and AF.(5-10, 13) To some extent our findings
support the association between heart rate and AF that has been previously reported
in observational,(6, 7, 42) and Mendelian randomization studies.(43) However, we
only found a significant association for heart rate in association with AF among
women. One potential explanation could be differences in sex hormones. It has been
demonstrated that an acute ovarian hormone withdrawal induced by oophorectomy
leads to decline in different measures of HRV (SDNN, RMSSD), and an increase in
heart rate in women.(44) The same study also showed that estrogen replacement
therapy for 3 months within the oophorectomized women restored the HRV and heart
rate to a pre-surgery level.(44) This might explain why uncorrected HRV and heart
rate were only associated with incident AF in women, and not in men, in our study.
We further hypothesize that competing risk of death is a possible explanation for the
observed sex differences. AF is strongly associated with age,(1-3) so it is likely that
men die of other (cardiovascular) diseases before development of AF. This
hypothesis was supported by our competing risk analyses which showed that SDNN,
RMSSD, RMSSDc, and heart rate were significantly associated with mortality,
especially among men. Nevertheless, we found a higher incidence of AF in men,
than in women in our study.

Our MR approach sheds light on the causality of the association between HRV and
AF. Our effect estimates were more or less in line with previous observational
studies. However, we were unable to assess the association between SDNNCc,
RMSSDc and AF, since not enough instrumental variables for SDNNc and RMSSDc
were available to be used for the MR analyses. Future GWAS with a larger sample
size could identify new additional genetic variants that could be used to assess the
association between heart rate corrected HRV and AF. This could be of importance,
because of the strong inverse association that exists between HRV and heart
rate.(24, 25) This relation is further underlined by Nolte et al. who showed attenuation
in the HRV SNP associations when they corrected for heart rate.(16) This might
imply that uncorrected measures of HRV may be, in part, confounded by heart rate.
Although, we showed that heart rate itself was not significantly associated with new-
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onset AF (except in women), we cannot rule out the possibility that heart rate is the
overall determining factor instead of HRV after all. Since our uncorrected measures
of HRV were indeed not significantly associated with new-onset AF. Further, as heart
rate is also associated with AF and cardiovascular mortality proper adjustment for
heart rate is of importance.(26, 43, 45, 46) However, excluding a genetic variant that
was also associated with heart rate, a potential confounder or horizontal mediator,
did not substantially change our MR results. Future studies on HRV measures
corrected for heart rate could further aid in elucidating the exact mechanisms
underlying HRV and AF.

The major strengths of this study are its population-based nature, large sample size
with detailed information on cardiovascular risk factors, meticulous adjudication of
incident AF and long follow-up time, multiple sensitivity analyses including complete-
case analyses, excluding prevalent and incident CHD prior to AF diagnosis, use of
competing risk analyses to compute cause-specific hazards, and use of large-scale
GWAS summary-statistics. The availability of repeated measurements for different
HRV measures during follow-up also enabled us to investigate longitudinal
measures of HRV in association with new-onset AF in a joint modeling approach
which may provide more insight and give more prognostic information over a single
baseline measurement. Moreover, by using a MR approach we were able to gain
more insight in the complex interaction between HRV and AF and to avoid certain
biases that are more common in traditional observational epidemiological studies
such as residual confounding and reverse causation.(15) However, our study also
has some limitations that should be taken into consideration. Our HRV measures
were based on 10-second ECGs, although HRV guidelines recommend that HRV
measures are based on preferably 5-minute or 24-hour ECG recordings.(22)
Nevertheless, 10-second ECGs are more commonly performed in healthcare, are
cheaper, are faster, and thereby more patient friendly than longer ECG recordings.
Additionally, HRV measures from 10-second ECGs have already been associated
with left ventricular function,(47) heart failure,(47, 48) cardiac- (49) and all-cause
mortality.(50) Additionally, other studies that investigated the reliability of 10-second
ECGs in comparison to 5-minute ECGs to assess HRV showed that 10-second
ECGs are also a reliable tool for HRV risk assessment, in particular within
population-based studies.(51, 52) We could not distinguish between paroxysmal,
persistent, long-term persistent, and permanent AF as Holter monitoring has not
been done in this large population-based cohort. In our MR analyses, we cannot rule
out unobserved horizontal pleiotropy, although we tried to address horizontal
pleiotropy by using multiple MR sensitivity analyses such as MR-Egger, WME, MR-
PRESSO, and sensitivity plots to identify and correct for horizontal pleiotropy.
Additionally, not enough sex-stratified SNPs were available in the publically available
genetic dataset to perform the MR for men and women separately. Furthermore,
there was partial overlap in the samples that were used to obtain the genetic
instruments which may cause bias towards observational findings.(33) However, the
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potential bias was probably negligible given that the maximum potential overlap was
2.1%. Finally, our findings may not be generalizable to younger populations and
other ethnicities, as our analysis included mainly older participants from European
descent.

In conclusion, longitudinal measures of SDNN, RMSSD, but not SDNNc, RMSSDc,
and heart rate, were significantly associated with new-onset AF. In sex-stratified
analyses, RMSSD among men and SDNN, RMSSD, and heart rate among women
were significantly associated with new-onset AF. MR analysis confirmed the complex
association between HRV and AF that has been indicated by our and previous
observational studies. These findings indicate that measures to modulate HRV might
prevent AF in the general population, especially among women, but future MR
studies that investigate the causality between heart rate corrected measures of HRV
and AF are warranted.
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Methods S1. Assessment of cardiovascular risk factors

All participants responded to comprehensive questionnaires at baseline to evaluate
their current health status, medical history, medication use, and lifestyle. In addition,
the participants were interviewed at home by trained interviewers, underwent more
extensive clinical examination, and laboratory assessments at the research
center.(19, 20)

Standardized measurements of height (in m) and weight (in kg) were performed and
body mass index (BMI) was calculated as weight divided by height squared. Serum
total and high-density lipoprotein (HDL) cholesterol were measured with an
automated enzymatic method. Blood pressure was measured twice at the right upper
arm with a random zero mercury sphygmomanometer in the sitting position. Systolic
and diastolic blood pressures were calculated as the mean of the 2 consecutive
measurements. Hypertension was defined as a systolic blood pressure of =140
mmHg or a diastolic blood pressure 290 mmHg or the use of antihypertensive
medication prescribed for hypertension.(3) Smoking status was derived from
baseline questionnaires and was categorized into never, former, and current
smokers. Diabetes mellitus (DM) was defined as fasting serum glucose levels 27.0
mmol/L (126 mg/dL) (or non-fasting serum glucose levels 211.1 mmol/L (200 mg/dL)
if fasting samples were unavailable) or the use of antidiabetic therapy. The
assessment and definition of coronary heart disease (CHD), and heart failure (HF)
has been described in detail elsewhere.(20) Left ventricular hypertrophy (LVH) was
diagnosed using MEANS with an algorithm that takes into account QRS voltages,
with an age-dependent correction and repolarization. Medication use was derived
from baseline questionnaires, pharmacy data and was categorized and defined
according to the World Health Organization Anatomical Therapeutic Chemical (WHO
ATC) classifications. Specifically, cardiac medication, antihypertensive medication,
use of beta blockers, use of calcium blockers, and lipid lowering medication were
defined according to the WHO ATC categories ¢01, c02, c07, c08, and c10
respectively.

Methods S2. Joint model analyses

The baseline characteristics of the study population are presented as mean with
standard deviation (SD) or number (n) with percentages as appropriate. Differences
between men and women were examined by Student’s T-test (normal distribution)
or the Mann Whitney U-test (skewed distribution) for continuous variables and Chi-
Square test for categorical variables. The distributions of the different HRV measures
and heart rate were skewed. Therefore, a natural logarithmic transformation was
used to obtain a normal distribution.

229



Chapter 3.1

Competing risk analyses were performed using joint models for longitudinal and time
to event data. To investigate the association between longitudinal measures of HRV
with the risk of new-onset AF with mortality as a competing event. Cause-specific
hazard ratios (HRs) with their 95% confidence intervals (Cls) were calculated to
quantify the associations. First, linear mixed effects models were used to model the
longitudinal measures of HRV and to account for the correlation of repeated
measures. The outcome of interest in each mixed effects model was either SDNN,
SDNNc, RMSSD, RMSSDc, and heart rate with up to 5 repeated measurements
during follow-up. Time was measured in years after baseline and cardiovascular risk
factors/covariates were treated as fixed effects in all models. The models
investigating the longitudinal measures of SDNN, SDNNc, RMSSD, RMSSDc, and
heart rate included a random intercept and slope, and an unstructured covariance
matrix. Next, the results from the mixed effects models and Cox models were
combined. This was done using the repeated measures for either SDNN, SDNNCc,
RMSSD, RMSSDc, and heart rate from the linear mixed effects models as a time-
dependent covariate in the Cox models.(27)

The analyses were performed in the total study population and for men and women
separately. Additionally, we reported the p of sex interaction from the joint model. All
models (mixed- and survival models) were adjusted for age, sex (if applicable), and
cohort (model 1), and additionally for cardiovascular risk factors including BMI, total
cholesterol, HDL cholesterol, hypertension, smoking status, history of DM, history of
CHD, history of HF, LVH on the ECG, use of cardiac medication, use of beta
blockers, use of calcium blockers, and use of lipid lowering medication (model 2).
Time was measured in years after baseline and the variables from model 1 and 2
were treated as covariates in the subsequent models. Missing values of any
covariates were imputed under the assumption of missing at random using the “mice”
package in R.?% For imputation, all available data were used to generate 1 imputed
dataset. Missing values for various covariates were as follows: BMI (2.0%), total
cholesterol (6.9%), HDL cholesterol (6.8%), systolic blood pressure (1.2%), diastolic
blood pressure (1.2%), smoking status (1.6%), history of CHD (2.4%), history of HF
(0.1%), LVH on the ECG (9.5%), use of cardiac medication (5.3%), use of
antihypertensive medication (5.4%), use of beta blockers (5.3%), use of calcium
blockers (5.3%), and use of lipid lowering medication (5.3%).

As sensitivity analyses, we assessed the associations using complete-case analyses
based on non-imputed data. Moreover, we assessed the associations after exclusion
of participants with prevalent CHD and incident CHD before the onset of AF to
assess if this would attenuate our original findings. Finally, we calculated the cause-
specific HRs for mortality to evaluate the competing risk of mortality with incident AF.
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Methods S3. Mendelian randomization analyses

MR enables assessment of causality by using information on genetic variants. As
genetic variants are randomly distributed from parents to offspring at conception, this
random distribution of alleles is thereby not influenced by confounding or disease
status (reverse causation).(15) We conducted two-sample MR analyses to examine
the potential causal association between HRV and AF. MR analyses requires 3
assumptions to provide valid causal estimates.(15) The first assumption is that the
genetic variant is strongly associated with the corresponding exposure (HRV). The
second assumption is that the genetic variant only affects the outcome (AF) through
its effect on the exposure (HRV) and the third assumption is that the genetic variant
is not associated with any confounders of the exposure-outcome (HRV-AF)
association.

We used the TwoSampleMR package(30, 34, 35) to estimate the effects of the
individual genetic instruments using inverse-variance weighted (IVW) analyses.?
The IVW method is a combined estimate of the Wald ratios from all the individual
genetic variants. This means that the IVW method is a weighted mean estimate of
the effect of a genetically determined HRV on AF risk. Moreover, we used the
random effect IVW method to account for possible heterogeneity between the
genetic variants and to relax the no horizontal pleiotropy assumption. MR estimates
are presented as odds ratios (ORs) with corresponding 95% confidence intervals
(Cls).

Furthermore, the F-statistic, a strength measure for the genetic instruments, was
calculated for each genetic instrument and a value of F>10 was considered as
sufficient strength.(30) We only included genetic variants with F>10 to limit weak
instrument bias and to meet the first MR assumption. Furthermore, if the genetic
variants show horizontal pleiotropic effects that influence the outcome through
pathways other than through the exposure this may lead to biased MR estimates.
Therefore, in an attempt to meet the second and third MR assumption, we performed
additional analyses including weighted median estimator (WME), MR-Egger and
Mendelian Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO) to
account and test for horizontal pleiotropy.(31, 32) We used the weighted median
estimator (WME) method, which gives a weighted median effect of genetically
determined HRV on AF risk.(15) The WME method assumes that only half the
genetic variants need to be valid genetic instruments (so, no violation of the 3 MR
assumptions for half of the genetic variants). The MR-Egger intercept will not
significantly deviate from zero and the MR-Egger slope will be in line with the IVW
and WME in the absence of horizontal pleiotropy. In short, if we obtain similar effect
estimates from the IVW, WME, MR-Egger slope this would indicate that the MR
results are robust.(32) In addition, we used MR-PRESSO to identify horizontal
pleiotropic outliers and to provide an outlier-corrected estimate.3' Moreover,

231



Chapter 3.1

sensitivity plots such as scatter plots were also used to identify potential outliers, if
needed. Heterogeneity between the genetic variants could also be an indication of
horizontal pleiotropy and we therefore tested heterogeneity using Cochran’s Q test.
Furthermore, we excluded genetic variants that were also associated with heart rate,
a potential confounder, horizontal mediator of the exposure-outcome association,
since this may bias our estimates. Finally, we determined the potential overlap
between the study samples that were used to identify the genetic variants, because
sample overlap in two-sample MR analyses might potentially cause bias towards the
observational results (Methods S$4 and S5).(33)

Methods S4. Study population of the genome-wide association study from
which the genetic instruments for heart rate variability were obtained

N of studies | N of participants | Ethnicity Phenotype definition

29 Discovery European (100%). | HRV traits were extracted from
analysis in 28,700 the IBI time series preferably
individuals. based on 2-10 min periods of

ECG in a standardized setting,
at rest and in a sitting/supine
position.

Abbreviations of the included studies *

ARIC EA, CARLA, CHS, FHS, FINCAVAS, FINGESTURE, FLEMNGHO-EPOGH, GenR,
GTR, KORA 84, Lifelines, MESA, MRC NSHD, MRS, NESDA, NFBC 1966, NTR, PIVUS,
PREVEND, RS |, RS II, TRAILS-CC, TRAILS-Pop, UCSD TWINS, ULSAM, WHI CT-
Garnet, WHI CT-MOPMAP, WHII, YFS.

The data with the potential overlapping samples with GWAS for atrial fibrillation are marked in bold. The
exact extent of overlap could not be determined due to unavailability of individual level data, however
considering the names of the included studies in the GWAS. The potential overlap was possible between
HRV and AF for 21,617 individuals.

" For further details, please see Table S2 of the GWAS from Nolte et al.(16)
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Methods S5. Study population of the genome-wide association study from
which the genetic instruments for atrial fibrillation were obtained

N of studies | N of participants Ethnicity Phenotype definition
40 Discovery analysis in | Mainly European AF cases were defined as
1,030,836 individuals. | (>98%). patients with ICD-9: 427.31
or ICD-10: 148.
AF: 60,620 cases,
and 970,216 controls.

Abbreviations of the included studies " *

AGES, ANGES, ARIC AA, ARIC EA, Beat-AF, Biobank Japan, BioMe-Omni AA, BioMe
Omni-EA, BioMe-Omni HA, BioVU, CCAF, CHS AA, CHS EA, COROGENE, deCODE,
DiscovEHR, FHS, FINCAVAS, GS:SFHS, HUNT, KORA, LURIC, MDC-CC/MDCS,
MESA, MGH AF study, MGH CAMP, MGI, PIVUS, PREVEND, PROSPER, RS |, RS ll,
RS I, SHIP, SPHFC, TwinGene, UK Biobank, ULSAM, WGHS, WTCCC2 Munich.

The data with the potential overlapping samples with GWAS for HRV are marked in bold. The exact
extent of overlap could not be determined due to unavailability of individual level data, however
considering the names of the included studies in the GWAS. The potential overlap was possible between
HRV and AF for 21,617 individuals.

" For further details, please see Table S1 of the original GWAS from Nielsen et al.(17)

T For further details, please see Table S1 of the original GWAS from Christophersen et al.(18)
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Results S1. Joint model sensitivity analyses

Our sensitivity analyses showed that the results after imputation did not differ
substantially from the complete-case analyses (Table S1). Moreover, excluding
participants with prevalent and incident CHD (prior to incident AF) from the analyses
did not change the original results noteworthy (Table S2). Lastly, in our competing
risk analyses, SDNN, RMSSD, RMSSDc, and heart rate were all significantly
associated with mortality in both model 1 and 2 which confirms that mortality is a
potential competing risk for incident AF, especially among men (Table S3).

Results S2. Mendelian randomization sensitivity analyses

The estimates of the WME and MR-Egger slope method were in line with the IVW
method after correcting for outliers using MR-PRESSO and additionally examining
the sensitivity plots such as the scatter plots during the analyses. In addition, we
found no evidence for the presence of directional horizontal pleiotropy after removal
of outliers using the MR-Egger intercept (p for SDNN: 7.55x10", and p for RMSSD:
7.63x10°") and MR-PRESSO (p for SDNN: 9.92x10°", and p for RMSSD: 9.08x10-
o). Moreover, we found no evidence for heterogeneity between the genetic variants
using Cochran’s Q test (p of the IVW method for SDNN: 9.82x10!, and p of the IVW
method for RMSSD: 9.26x10"). See Table 3 for more detailed information. Similar
results were observed when we excluded a genetic variant in our analyses that was
also associated with heart rate which could be a potential confounder and horizontal
mediator (data not shown). Determination of the exact extent of sample overlap
between the 2 study samples was not possible due to unavailability of individual level
data. However, considering the study names included in both GWAS, there was
potential overlap between HRV and AF for 21,617 individuals and to what extent this
might have biased our results is uncertain. However, given the sample size of the
largest GWAS which included 1,030,836 participants,(17) the potential overlap was
probably negligible (21,617/1,030,836=2.10%) See Methods S4 and S5 for detailed
information on both GWAS.
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Chapter 3.2

ABSTRACT

Background

The (shape of the) association and sex differences in the link between
electrocardiographic parameters and new-onset atrial fibrillation (AF) remain
incompletely understood.

Methods

A total of 12,212 participants free of AF at baseline from the population-based
Rotterdam Study were included. Up to 5 repeated measurements of
electrocardiographic parameters including PR, QRS, QT, QT corrected for heart rate
(QTc), JT, RR interval, and heart rate were assessed at baseline and follow-up
examinations. Cox proportional hazards models and joint models, adjusted for
cardiovascular risk factors, were used to determine the (shape of the) association
between baseline and longitudinal electrocardiographic parameters with new-onset
AF. Additionally, we evaluated potential sex differences.

Results

During a median follow-up of 9.3 years, 1,282 incident AF cases occurred among
12,212 participants (mean age 64.9 years, 58.2% women). Penalized cubic splines
revealed that associations between baseline electrocardiographic measures and risk
of new-onset AF were generally U- and N-shaped. Sex differences in terms of the
shape of the various associations were most apparent for baseline PR, QT, QTc,
RR, and heart rate in relation to new-onset AF. Longitudinal measures of higher PR
interval (hazard ratio (HR), 95% confidence interval (Cl), 1.43, 1.02-2.04, p=0.0393),
and higher QTc interval (HR, 95% ClI, 5.23, 2.18-12.45, p=0.0002) were significantly
associated with new-onset AF. Sex-stratified analyses indicated that the
associations were more prominent among men.

Conclusions

Associations of baseline electrocardiographic measures and risk of new-onset AF
were mostly U- and N-shaped. Longitudinal electrocardiographic measures of PR,
and QTc interval were significantly associated with new-onset AF, in particular
among men.
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Electrocardiographic parameters and the risk of atrial fibrillation

INTRODUCTION

Atrial fibrillation (AF), the most frequently encountered cardiac arrhythmia, is
associated with increased hospitalization, morbidity and mortality risk.(1) Although,
the exact etiology of AF remains to be elucidated, it has been suggested that both
structural and electrical remodeling are crucial in AF pathophysiology.(1) In
particular, electrical abnormalities and/or structural endophenotypes, represented by
electrocardiographic parameters, could play a role in the development of AF.(2-5)

The electrocardiogram (ECG) is a non-invasive, readily available, and inexpensive
measure that provides detailed information about cardiac conduction. A complex
relationship between electrocardiographic parameters that reflect atrioventricular
conduction (PR interval), ventricular depolarization (QRS), and ventricular
repolarization (QT, QT corrected for heart rate (QTc), and JT interval), and cardiac
contractions (RR interval, and heart rate) and AF has been suggested.(2-5)
Nonetheless, the associations with new-onset AF and the shape of these
associations remain incompletely understood. Furthermore, previous studies on the
association of electrocardiographic parameters with AF have relied on a single
measurement of electrocardiographic parameters, by which biological variation, and
cardiac decline over time are not taken into account, which could have led to
misclassification bias of these parameters. While sex differences with regard to AF
burden, pathophysiology, and prognosis have been indicated,(6) sex differences in
the association of electrocardiographic parameters with new-onset AF have not been
investigated.

We therefore aimed to investigate (the shape of) the association between baseline
and longitudinal measures of electrocardiographic parameters including PR, QRS,
QT, QTc, JT, RR interval, and heart rate with the risk of new-onset AF among men
and women from the large population-based Rotterdam Study.
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METHODS

Study design
Our study was embedded within the framework of the Rotterdam Study.(7, 8) See
Methods S1 for more details.

The Rotterdam Study complies with the Declaration of Helsinki and has been
approved by the Medical Ethics Committee of the Erasmus MC (registration number
MEC 02.1015) and by the Dutch Ministry of Health, Welfare and Sport (Population
Screening Act WBO, license number 1071272-159521-PG). The Rotterdam Study
Personal Registration Data collection is filed with the Erasmus MC Data Protection
Officer under registration number EMC1712001. The Rotterdam Study has been
entered into the Netherlands National Trial Register (NTR; www.trialregister.nl/trials)
and into the WHO International Clinical Trials Registry Platform (ICTRP;
https://apps.who.int/trialsearch/) under shared catalogue number NL6645/NTR6831.
All participants provided written informed consent to participate, prior to inclusion, in
the study and to have their information obtained from treating physicians.

Study population

For the present study, we included participants at study entry of the 3 recruitment
waves. Participants with prevalent AF at baseline (n=559), no informed consent for
follow-up data collection (n=305), no follow-up time (n=6) or no electrocardiographic
measures (n=1,843), mainly due to logistic reasons, were excluded. A total of 24,407
ECGs were available among the 12,212 participants free of AF at baseline who were
included. 12,212 participants had at least 1 measurement for PR, QRS, QT, QTc,
JT, RR interval, and heart rate, respectively; 6,354 participants had 2
measurements; 3,462 had 3 measurements; 1,637 had 4 measurements, and 742
participants had 5 measurements that were available during follow-up.

Assessment of electrocardiographic parameters

Participants underwent a 10-second 12-lead resting ECG using an ACTA Gnosis IV
ECG recorder (Esaote Biomedica, Florence, ltaly), which were digitally stored.
Subsequently, Modular ECG Analysis System (MEANS) was used to analyze and
interpret the ECGs. MEANS determines the PR interval from the start of the P wave
until the start of QRS complex, the QRS duration from the start of the QRS complex
until the end, and the QT interval from the start of the QRS complex until the end of
the T wave.(9) To correct the QT interval for heart rate (QTc), Hodges’ formula,
QTc=QT+0.00175 ([60/RR]-60), was used to calculate QTc interval.(10) JT interval
was calculated as QT interval-QRS duration.(9) The RR interval was computed as
the averaged time between two subsequent QRS complexes, from which the heart
rate (in beats per minute) was derived.
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Electrocardiographic parameters and the risk of atrial fibrillation

Assessment of atrial fibrillation

The definition of AF was in accordance with the European Society of Cardiology
(ESC) guidelines.(1) The methodology on event adjudication for prevalent and
incident AF within the Rotterdam Study have been described in detail previously.(8,
11) In short, AF was assessed at baseline and follow-up examinations using a 10-
second 12-lead ECG with an ACTA Gnosis IV ECG recorder (Esaote; Biomedica,
Florence, Italy). The ECG records were then stored digitally and analyzed with the
MEANS. Thereafter, two medical doctors validated the diagnosis of AF and in case
of disagreement a cardiologist was consulted.(8, 11) Additional follow-up data was
obtained from medical files of participating general practitioners, hospitals, outpatient
clinics, national registration of all hospitals discharge diagnoses, and follow-up
examinations at the research center. The date of incident AF was defined as the date
of the first occurrence of symptoms suggestive of AF with subsequent ECG
verification obtained from the medical records. Participants were followed from the
date of enrolment in the Rotterdam Study until the date of onset of AF, date of death,
loss to follow-up, or to the end of data collection on January 1%t 2014, whichever
came first.

Assessment of cardiovascular risk factors

The cardiovascular risk factors included in this study were body mass index, total
cholesterol, high-density lipoprotein cholesterol, hypertension, smoking status,
history of diabetes mellitus, history of coronary heart disease, history of heart failure,
left ventricular hypertrophy on the ECG, use of cardiac medication, use of beta
blockers, use of calcium blockers, and use of lipid lowering medication. Methods for
measurements of cardiovascular risk factors are explained in detail in the Methods
S$2.(7, 8, 11)

Statistical analyses

Baseline characteristics

The baseline characteristics of the study population are presented as mean with
standard deviation (SD) or number (n) with percentages as appropriate. The
differences between men and women were evaluated by Student’s T-test (normal
distribution) or the Mann Whitney U-test (skewed distribution) for continuous
variables and Chi-Square test for categorical variables. As the distribution of the
different electrocardiographic parameters were skewed, a natural logarithmic
transformation was used to obtain a normal distribution.

Cox proportional hazards and joint models

Cox proportional hazard models with and without penalized cubic splines were used
to investigate the shape of the association (for example linear, J-shaped or U-
shaped) between baseline measures of electrocardiographic parameters and the
risk of new-onset AF. Further, we conducted competing risk analyses using joint
models to investigate the association between longitudinal measures of
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electrocardiographic parameters and the risk of new-onset AF with mortality as a
competing event. Cause-specific hazard ratios (HRs) with their 95% confidence
intervals (Cls) were calculated to quantify the associations.

The analyses were conducted in the total study population and for men and women
separately. Additionally, we presented the p-values of the sex interaction in the total
study population from the joint model. Mixed models were adjusted for age, and sex
(if applicable) while survival models were adjusted for age, sex (if applicable), and
cohort (model 1), and additionally for cardiovascular risk factors including body mass
index, total cholesterol, high-density lipoprotein cholesterol, hypertension, smoking
status, history of diabetes mellitus, history of coronary heart disease, history of heart
failure, left ventricular hypertrophy on the ECG, use of cardiac medication, use of
beta blockers, use of calcium blockers, and use of lipid lowering medication (model
2). Time was measured in years after baseline and the variables from model 1 and
2 were treated as covariates in the subsequent models. See the Methods S3 for
more details on the rationale, imputation and sensitivity analyses of the Cox
proportional hazards models and joint models.

Sensitivity analyses
See the Methods S3 for more details on the rationale, imputation and sensitivity
analyses of the Cox proportional hazards models and joint models.

RESULTS

Baseline characteristics

A total of 12,212 participants were eligible for the analyses. The baseline
characteristics for the total study population and stratified by sex are presented in
Table 1. The mean age of the total study population was 64.9 £ 9.6 years and 58.2%
were women. The median values of the electrocardiographic parameters were: PR
164.0 ms, QRS 98.0 ms, QT 400.0 ms, QTc 417.4 ms, JT 302.0 ms, RR interval
870.0 ms, and heart rate 69.0 beats/min.

Atrial fibrillation incidence

During a median follow-up of 9.3 years (interquartile range (IQR), 6.2-14.7), 1,282
incident AF cases (10.5%) (609 in men and 673 in women) and 3,912 mortality cases
(1,714 men and 2,198 women) occurred. The incidence rate of AF was 9.7 per 1,000
person-years in the total study population (11.6 per 1,000 person-years in men, 8.4
per 1,000 person-years in women) and the incidence rate of mortality was 29.5 per
1,000 person-years in the total study population (32.7 per 1,000 person-years in
men, 27.4 per 1,000 person-years in women).
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Cox proportional hazards models

The non-linear associations in the total study population and stratified by sex are
depicted in Figures 1-4. Cox proportional hazards models using penalized cubic
splines in model 2 revealed that associations between baseline electrocardiographic
measures and risk of new-onset AF were mostly U- and N-shaped. More specifically,
an U-shape was observed for In(PR) interval. A In(PR) interval below 5.0 and above
5.2 was associated with a higher risk of new-onset AF. For In(QRS) interval an
inverted U-shape was found. It was found that below 4.5 and above 5.1, there was
lower risk of new-onset AF. A N-shape was identified for In(QT) interval. A value
below approximately 5.8 conferred a lower risk for new-onset AF while between 5.8
and 5.9 the risk was neutral, values between 5.9 and 6.05 conferred a lower risk and
above 6.05 again a higher risk for new-onset AF. We also observed a U-shape for
In(QTc) interval. Having a value below 5.9 and above 6.05 led to a lower or higher
risk of new-onset AF, respectively. For In(JT) interval a N-shape was found where
values below 5.4, between 5.5 and 5.6, between 5.6 and 5.8, and above 5.8
translated to a lower, higher, lower or higher risks for new-onset AF, respectively.
For In(RR) interval a N-shape was also found where values below 6.3, between 6.3
and 6.6, between 6.6 and 6.9, and above 6.9 translated to lower, higher, lower or
higher new-onset AF risk, respectively. Lastly, for In(heart rate) a N-shape was
identified. Values below approximately 4.1 seemed to be associated with a larger
risk of new-onset AF, values between 4.1 and 4.4 with a lower risk, between 4.4 and
4.7 with a higher risk, and above 4.7 again with a lower risk of new-onset AF.

The sex differences in terms of the shape of the various associations were mostly

apparent for baseline PR, QT, QTc, RR interval, and heart rate in relationship to
new-onset AF.
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Chapter 3.2

Joint models

Joint models showed significant associations between longitudinal measures of
higher PR interval (HR, per 1 unit increase, 95% CI, 1.91, 1.34-2.91, p=0.0002),
higher QTc interval (HR, per 1 unit increase, 95% CI, 11.88, 5.24-27.39, p<0.0001),
and lower heart rate (HR, per 1 unit increase, 95% ClI, 1.68, 1.05-2.75, p=0.0279)
with an increased risk of new-onset AF in the total study population in model 1. The
p-values of the sex interaction in model 1 in the joint model for PR, QRS, QT, QTc,
JT, RR interval, and heart rate in the total study population were p=0.0215,
p=0.0425, p=0.0502, p=0.3150, p=0.1426, p=0.0240, p=0.0032, respectively.
Adjusting for additional cardiovascular risk factors in model 2 did attenuate the effect
estimates, but higher PR interval (HR, per 1 unit increase, 95% CI, 1.43, 1.02-2.04,
p=0.0393), and higher QTc interval (HR, per 1 unit increase, 95% CI, 5.23, 2.18-
12.45, p=0.0002) remained significantly associated with the risk of new-onset AF in
the total study population (Table 2). In model 2, the p-values of the sex interaction
in the joint model for PR, QRS, QT, QTc, JT, RR interval, and heart rate in the total
study population were p=0.1441, p=0.3670, p=0.1381, p=0.4046, p=0.0794,
p=0.0296, p=0.0065, respectively.

The sex stratified analyses from model 2 showed significant associations for a higher
QTc interval (HR, per 1 unit increase, 95% CI, 11.35, 3.76-34.78, p<0.0001), and
higher RR interval (HR, per 1 unit increase, 95% CI, 0.55, 0.32-0.94, p=0.0286) in
men. The analyses in women showed borderline significant associations for a higher
QTcinterval (HR, per 1 unitincrease, 95% Cl, 2.81, 0.94-8.52, p=0.0647), and lower
heart rate (HR, 95% CI, per 1 unit decrease, 1.80, 0.99-3.27, p=0.0538) (Table 2).

Sensitivity analyses

The results of our Cox proportional hazards and joint model sensitivity analyses are
depicted in Results S1, and Tables S1-S3.
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