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General Introduction

Efforts are made to understand irregular heartbeats since ancient times. One of 

the first descriptions of atrial fibrillation (AF) probably descends from the emperor 

physician Huang Ti in China throughout the 26th century BC; “When the pulse is 

irregular and tremulous and the beats occur at intervals, then the impulse of life 

fades”.1 Individuals with AF may experience as if ‘life fades’ and report symptoms 

like palpitations, shortness of breath, dizziness and exhaustion.2,3 The symptoms of 

AF may impair quality of life and can lead to an increased risk of hospitalization.4,5 

Contemporary epidemiological data shows that the incidence and prevalence of AF 

have increased over the past decades,6-8 which may have influenced the increase in 

lifetime risk that we see in AF (37.0% among individuals aged >55 years),9,10 compared 

with prior estimates (men 23.8%, women 22.2% at age 55 years in the Rotterdam study; 

men 25.9%, women 23.2% at age 50 years in the Framingham Heart Study).11,12 In Europe, 

the prevalence of AF will most likely increase in the coming years based on the expected 

growth and ageing of the population.13,14 Among others, advancing medical technology 

contributes to the expected increase of AF prevalence. Screening and detection of 

AF improved and individuals are now able to survive conditions that were previously 

poorly treatable (e.g. myocardial infarction) that may result in the development of AF.

The publication of electrical activity during AF on an electrocardiogram (ECG) 

by Sir William Einthoven (1860 – 1927) led to the internationally accepted use of 

ECG features of absent P waves and irregular R-R intervals to determine AF.15 The 

absent P waves reflect uncoordinated electrical impulses that lead to ineffective 

atrial contractions. This results in irregular ventricular contractions and thus R-R 

intervals on the ECG.2 AF recurrence and increasing duration of AF episodes may 

occur after the initial ECG detection of AF. Atrial fibrillation episodes may present as 

paroxysmal AF, persistent AF or permanent AF. In the current European guidelines, 

paroxysmal AF is classified as self-limiting AF episodes not longer than 7 days.2 

Persistent AF is non-self-limiting and the AF episode lasts longer than 7 days. Anti-

arrhythmic drugs, electrocardioversion or AF ablation can reverse the persistent 

AF episode to sinus rhythm. Permanent AF is a non-self-limiting AF episode, for 

which it is accepted by the treating physician to sustain AF, conditional on a lenient 

heart rate control.16 In patients, AF may change from paroxysmal to persistent, or to 

permanent AF, suggesting disease progression. 
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AF is associated with an increased risk of heart failure, dementia, stroke and death.2,13 AF 

progression from selfterminating to non-selfterminating, is associated with an increased 

risk of major adverse cardiovascular events, e.g. coronary artery disease, myocardial 

infarction, unstable angina pectoris, ischemic stroke or transient ischemic attack (TIA), 

and mortality.17-21 One of the first steps to prevent these detrimental consequences of 

AF involves identification of individuals at risk of incident AF. Observational studies have 

identified male sex and advancing age as factors that increase the risk of incident AF, 

but also modifiable clinical risk factors have been recognized, such as hypertension, 

diabetes and high body mass index (BMI).22-24 Pre-existing cardiovascular diseases such 

as heart failure, previous myocardial infarction or stroke, increase the risk of AF even 

more.8,22 More than half of the incidence of AF could be attributed to these established 

risk factors.25 For instance, hypertension has been shown to increase risk of AF by 40% 

in women and 50% in men; diabetes increases the risk by 60% in women and 40% in 

men, whereas a 10-year increase in age doubles the risk for AF.25,26 Treatment of AF 

risk factors can reduce the risk of developing AF. In an attempt to reduce the risk of 

AF development, management of modifiable clinical risk factors is recommended.2,27 

After AF development, the AF guidelines recommend the assessment of patients 

according to structured characterization of AF. The proposed 4S-AF scheme (Stroke risk, 

Symptom severity, Severity of AF burden, Substrate severity) facilitates communication 

among physicians and treatment decision making.2 The four domains enforce evaluating 

stroke risk with the CHA2DS2-VASC risk score, symptom severity with the European Heart 

Rhythm Association symptom score, severity of AF burden by defining the temporal 

pattern of AF in combination with the total AF burden and the substrate severity with 

imaging in combination with cardiovascular comorbidities and risk factors. Subsequently, 

the implementation of the Atrial fibrillation Better Care (ABC) pathway is recommended to 

reduce cardiovascular events, symptoms and death in AF patients.2 In this management 

strategy, anticoagulation reduces the risk of thromboembolic events; rate and rhythm 

control improves symptoms and quality of life; and cardiovascular and comorbidity 

control reduces the risk of AF burden, symptom severity and mortality.2 

Despite all knowledge of AF risk factors, a large proportion of AF risk remains 

unexplained (Figure 1). Multiple causative factors and pathophysiological pathways 

may be involved in the initiation and progression of AF, and may differ between 

persons and in time. Identifying causal risk factors is important to improve current 

risk assessment and to understand of mechanisms underlying AF.
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In addition to clinical risk factors, major advances are made in the identifi cation 

of a genetic component to the development of AF. Advances in genetic analyses 

of the last decades led to an incredible increase of genetic information about AF. 

The genetic background of individuals at risk of AF and disease progression may 

increase understanding of AF. Additionally, primary and secondary prevention of AF 

may be improved.

▼Figure 1. Conceptual model of risk factors leading to atrial fi brillation.

Figure 1 illustrates that more than half of the risk of AF is attributable to known clinical risk factors. 
Still a large proportion of AF risk remains unexplained. Genetic risk factors may be part of the 
unexplained risk of AF. Last decades this genetic contribution is explored. Abbreviations: COPD = 
Chronic obstructive pulmonary disease, OSAS = Obstructive sleep apnea.

Familial Clustering of AF
Familial clustering of AF led to the understanding that AF was heritable.28-30 One of 

the fi rst descriptions of familial aggregation of AF was published in 1943, describing 

three brothers diagnosed with AF who had experienced irregular heart rate since 

childhood.31 More recently, several studies have described familial clustering of 

AF in larger populations.28,29,32-35 In 2004, Fox et al. showed that one-third of the 

individuals diagnosed with AF in the Framingham Heart Study had at least one 

parent also diagnosed with AF, providing evidence that parental AF increased the 

risk of AF in off spring, in the general population.28 Short after this publication, the 

Icelandic nation-wide genealogic community-based data were used in an analysis 

of more than 5,000 individuals. An important fi nding was that the AF risk ratio 
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declined exponentially when the proportion of identically shared alleles by descent 

diminished in relatives, confirming the importance of genetics in relation to AF risk. 

Similarly, a Danish twin study showed that having a co-twin with AF increased an 

individual’s risk of AF and that the risk was doubled in monozygotic twins, compared 

to dizygotic twins.29 In 2010, the Framingham Heart Study confirmed that familial AF, 

particularly when the onset was before or at the age of 65 years, slightly improved 

prediction of new-onset AF beyond clinical risk factors.30 Moreover, the risk of AF 

increased with a growing number of affected first-degree relatives, while having an 

affected sibling conferred a similar magnitude of risk as parental AF. Together, the 

observations suggest that familial clustering of AF may be genetically caused.

Genetic Mapping of AF

Segregation Analyses and Candidate Gene Sequencing

Historically, segregation analyses and candidate gene sequencing were used to 

identify genotype–phenotype correlations, involving families or populations with 

high prevalence of AF. Segregation analysis is used to identify genetic markers co-

segregating with the AF phenotype, utilizing the linkage phenomenon. Because of 

genetic recombination, genetic markers that are located in close proximity are more 

likely to co-segregate through pedigrees than genetic markers located far apart. 

In 2003, a gain-of-function mutation in KCNQ1 was identified through segregation 

analysis, making it the first AF-associated gene.36 Candidate gene sequencing 

involves sequencing of candidate genes, based on our knowledge of their biological 

function, and thus an a priori hypothesis that increased or decreased function of the 

resulting proteins may lead to AF. Although many genetic variants, largely related 

to ion channels, have been associated with AF using segregation analysis and 

candidate gene sequencing, there are several limitations to these methods. The 

limited sample size in most of these studies and the low frequency of the genetic 

variants discovered have made them underpowered. The recent introduction of 

large reference databases of exomes and genomes has shown that many genetic 

variants, previously related to AF and other cardiac arrhythmia disorders through 

candidate gene sequencing, are present at a much higher frequency in the 

population than what we would expect of a disease-causing variant.37-40



 Chapter 1

16

Genome-Wide Association Studies on AF

The new millennium brought along the genome-wide association study (GWAS) 

approach, which was novel in its unbiased nature and its focus on common rather 

than rare genetic variants. One of the first GWAS was performed in 2002 by Ozaki 

et al. who identified a candidate locus associated with myocardial infarction41. This 

achievement initiated an accelerated search for disease-associated loci through 

GWAS. The first large GWAS for AF, including 550 AF cases, was performed on 

Iceland in 2007,42 identifying a genetic locus associated with AF on chromosome 

4q25. The most significant variant was located in an intergenic region, with the 

nearest gene, PITX2, 150 kilobases (kb) away. Pitx2c is a homeodomain transcription 

factor involved in embryonic development, essential in the formation of the atria, 

the sinus node, and left-right heart asymmetry.42,43 Figure 1 shows an overview of 

GWAS performed for AF to date. The association between the 4q25 locus and AF 

was replicated in two independent studies in 2009,44,45 and since then, PITX2 has 

continued to be the most significant genetic locus in AF GWAS. Gudbjartsson 

et al. expanded their GWAS to include 2,385 individuals with AF, and identified 

the ZFHX3  locus in 2009.46 In the same period, Benjamin et al. showed a similar 

association between the ZFHX3 locus and AF in a European ancestry population.47 

The ZFHX3 gene encodes a transcription factor enriched in cardiac tissue,43,47 and 

there is evidence showing that interaction between ZFHX3 and Pitx2c or TBX5, both 

transcription factors active in embryogenic cardiogenesis, may increase the risk of 

AF significantly.48,49

In 2010, the KCNN3 gene, encoding a calcium-gated potassium channel involved 

in atrial repolarization, was identified as the third AF-associated locus in a lone AF 

population by Ellinor et al. Two years later, the first GWAS meta-analysis from the 

international Atrial Fibrillation Genetics (AFGen) Consortium, including ~6,500 AF 

cases, revealed six new genetic loci for AF.50 The most significant novel association 

was found for the  PRRX1  locus, which encodes a transcription factor highly 

expressed in the developing heart. Further studies on PRRX1 have shown that loss 

of PRRX1 expression results in shortening of the atrial action potential duration and  

may, thus, promote AF.51 From 2007 to 2017, there was a steady increase in the 

identification of novel GWAS loci for AF, and a total of 14 new loci were identified in 

this period.42,46,47,50,52,53
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▼Figure 2. An overview of genetic loci identifi ed through GWAS performed for AF.

Figure 2 illustrates the number of identifi ed loci for AF. The X axis represents which years the 
diff erent GWAS for AF was performed. Under each year, the total number of cases included in 
all GWAS for AF the current year is listed, illustrating the relationship between the increasing 
sample sizes and the increasing number of AF-associated loci identifi ed. The Y axes represent the 
number of genetic loci associated with AF. The blue parts of the columns represent genetic loci 
that have not previously been reported in relation to AF. The grey parts of the columns represent 
previously reported genetic loci associated with AF, making the total of each column refl ect the 
total number of AF-associated loci at a given time. Abbreviations: AF= atrial fi brillation, GWAS = 
genome-wide association study.

In 2017, Christophersen et al. identifi ed 12 new loci associated with AF in a multi 

ancestry GWAS meta-analysis from the AFGen Consortium, nearly doubling the 

number of AF risk loci. Their study included European, Asian, and African-American 

ancestry groups.54 An intriguing fi nding was the TTN locus, which encodes titin, the 

largest protein in the human body and an essential building block in the sarcomeres 

of striated muscle tissue. Titin is highly expressed in the human heart, in both atria 

and ventricles. Hence, titin dysfunction can alter the cardiomyocyte structure.55

A second biologically interesting discovery was the gene  KCNN2, encoding the 
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calcium-dependent potassium channel subunit SK2. SK2 forms a complex with 

SK3, which is encoded by the gene  KCNN3,  previously associated with AF in an 

early AF GWAS, as described above.53 SK2 blockers are under development as a 

new potential treatment against AF.56-59 GWAS in Korean and Japanese populations 

identified the same year six loci, of which the loci  KCND3, PPFIA4, HAND2, 

and NEBL were specific to East-Asian AF patients.60

In 2018, a GWAS including 6,337 cases and 61,607 referents, identified one novel risk 

locus on chromosome 1p3Q2, with DMRTA and CDKN2C as suggested functional 

genes, potentially involved in structural remodeling of cardiac tissue as a substrate 

for AF.61 Later in 2018, there was a major leap in the progression of AF GWAS when 

a large GWAS meta-analysis from the AFGen Consortium revealed 97 AF risk loci, 

of which 92 represented common variants and 70 were novel findings.62 The study 

included over half a million individuals of combined ancestry and approximately 

65,000 AF cases. Another GWAS meta-analysis of the same magnitude was 

published the same year, including ~1 million individuals, of which ~60,000 were AF 

cases,63 identifying 111 AF-associated loci. A preliminary meta-analysis combining 

non-overlapping participants from these two largest GWAS performed, including 

~93,000 AF cases, resulted in ~134 genetic loci associated with AF.62 Figure 3 shows 

the main biological pathways implicated in AF pathophysiology by GWAS and high-

throughput sequencing studies.

High-Throughput Sequencing in AF

During the last decades, genetic sequencing technology has evolved rapidly, and 

with that, the price for sequencing a whole genome has dropped dramatically.64 

High-throughput sequencing describes a variety of techniques, including whole-

exome and -genome sequencing, that enable high-resolution genetic analysis 

of all-coding and non-coding regions of our genome. The advantage of high-

throughput sequencing is the ability to analyze genetic variants with lower 

frequencies, which may have large effects on disease risk, as opposed to GWAS, 

which is mainly suitable for analysis of common variants that confer small effects 

on disease risk. 
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▼Figure 3. Main biological pathways of AF implicated by GWAS and high-throughput 
sequencing studies.

Figure 3 illustrates the main biological pathways implicated by AF-associated variants identified 
by GWAS and high-throughput sequencing; cardiac transcription factors and embryonic 
cardiogenesis, the architecture of the cardiac cells, and ion channel function. A selection of genes 
associated with AF through GWAS and high-throughput sequencing is listed for each pathway.

High-Throughput Sequencing in Family Studies

One of the first reports of high-throughput sequencing in AF was performed 

in 2014, where 39 very rare variants [minor allele frequency (MAF) <0.04%] were 

identified through whole-exome sequencing in six families with aggregation of 

AF.65 The potentially pathogenic variants, with a range of 7 to 15 shared variants 

per family, underscored the complexity of the genetics of AF and suggested 

that non-coding regions may be more important in the search for causal genetic 

variants. However, the lack of sequencing of healthy family members leaves 

us uncertain whether the identified genetic variants truly segregate with the 

disease. The same year, five novel rare variants were identified performing high-

throughput sequencing of nine AF-associated genes in 20 parent–offspring trios.66 

One of the variants was located in the 5’ untranslated region of the  PITX2 gene, 

downregulating expression of Pitx2c in atrial myocytes. The remaining variants 

were exonic nonsense mutations in the genes  SYNE2, ZFXH3, and  KCNN3, and 



 Chapter 1

20

thus represent each of the three main pathological pathways for AF development 

suggested by prior GWAS. Whereas, mechanisms for AF development previously 

have been focused at cardiac electrical function, there are several genetic findings 

that now also point to structural changes in the atrium as a cause of the arrhythmia. 

Orr et al. highlighted one such association describing a family with aggregation of 

early-onset AF, cardiac conduction disease, and atrial myopathy.67 Through whole-

exome sequencing, they identified a novel genetic variant in MYL4  shared by all 

five affected relatives.  MYL4  is expressed in adult atria and embryonic muscle 

tissue, and it has been shown that loss-of-function variants in MYL4 can lead to 

atrial cardiomyopathy.68 Another genetic variant related to structural changes in 

the heart, a non-sense mutation in the  LMNA  gene (c.G1494A, p.Trp498Ter), was 

identified through whole-exome sequencing and Sanger sequencing in a four-

generation AF family from northern China.69 LMNA encodes the nuclear membrane 

proteins Lamin A and Lamin C, and pathological variants are known to cause a broad 

variety of inherited diseases referred to as laminopathies, including myopathies in 

skeletal muscle with a dystrophy-like picture, cardiomyopathy, and conduction 

system disease.70-72

In 2017, Lieve et al. performed a gene panel testing in a two-generation Dutch 

family, with a phenotype presenting with ventricular arrhythmias and early-onset 

AF.73 They found a gain-of-function variant in  SCN5A, which encodes the alpha 

subunit of the main cardiac sodium channel, and with this, drew attention back to 

cardiac electrical function as a biological pathway for AF. The functional effect of 

the variant seemed to increase channel availability and current duration. SCN5A has 

previously been shown to be one of the most important genes for overall atrial 

conduction.54 The same year, Tucker et al. identified a gain-of-function variant 

in  GATA6  through whole-exome sequencing in two families with early-onset AF; 

one of the families also displayed atrioventricular septal defects.74 GATA6 encodes 

a cardiac transcription factor important to cardiac morphogenesis, and loss-of-

function variants have previously been reported to be associated with congenital 

cardiac defects.75,76 In addition, loss-of-function variants in  GATA6  have been 

associated with lone AF through candidate gene studies.77,78

As described, the gene TTN has been associated with AF in two independent GWAS 

meta-analyses,54,61 and results from recent high-throughput sequencing studies 

support this association.74,79 Ahlberg et al. performed whole-exome sequencing 
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in 24 families with aggregation of AF and discovered that the frequency of titin-

truncating variants (TTNtv) in cardiac transcripts was significantly higher in the 

individuals with AF compared to an unaffected referent group (16.7 vs. 0.5%,  P  = 

1.76 × 10−6).79 The association was replicated in 399 individuals with early-onset AF 

(AF before age 40), showing an increased frequency of TTNtv in cases compared 

to referents (odds ratio [OR] = 36.8, 95%, confidence interval [CI] = 5.0–4692.5, P  = 

4.13 × 10−6). They further examined the effect of TTNtv on atrial development in a 

zebrafish model, which revealed disorganized sarcomeres and atrial fibrosis in adult 

heterozygous fish, and electrocardiogram (ECG) analysis showed prolongation of 

the PR interval, which is a known risk factor for AF.80 

High-Throughput Sequencing in Population-Based Studies

Large-scale high-throughput sequencing is merely in the initial phase when it comes 

to AF in the general population. In 2015, Gudbjartsson et al. performed large-scale 

whole-genome sequencing in 2,636 individuals on Iceland.81 They found a recessive 

frameshift mutation in MYL4 (c.234delC, MAF = 0.65%), increasing the risk for early-

onset AF by 110-fold (recessive OR = 110.3, P = 5.2 × 10−10). Eight homozygous carriers 

of the MYL4 variant were identified. All eight carriers had been diagnosed with early-

onset AF. The need for large sample sizes in order to have sufficient power to detect 

significant associations in high-throughput sequencing studies was demonstrated 

by Lubitz et al. who performed whole-exome sequencing in 1,734 individuals with 

AF and 9,423 referents, with no significant associations detected.82 Recently, Choi 

et al. reported results from whole-genome sequencing in almost 2,781 individuals 

with early-onset AF and 4,959 referents of European ancestry.83 They found an 

association between a rare (MAF = 0.1%) loss-of-function variant in TTN and early-

onset AF and showed that the probability of being a carrier of the variant increased 

conversely with age at AF onset. As previously described, TTN encodes the large 

protein titin, which forms a crucial component in the sarcomeres of muscle tissue. 

An association between TTN variants and dilated cardiomyopathy (DCM) is well-

established,84,85 and patients with familial or early-onset DCM are routinely screened 

for variants in the gene.86 The recent discoveries indicate that TTNtv variants may 

contribute to AF without a clear DCM phenotype.79,83

The population-based studies describing a role for  TTN  and  MYL4  in the genetic 

background for AF are in line with the findings from the family-based studies by Orr and 
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Ahlberg, described above. The results suggest that a proportion of AF-related genes or 

genetic regions may be involved in structural cardiac abnormalities, in addition to the 

well-known electrical abnormalities, identified for several ion channel genes, and support 

the hypothesis that some types of AF may be considered to be atrial cardiomyopathies.87 

The obvious fact that AF, being a heterogeneous disease, displays different causal 

mechanisms, is important for differentiating treatment. In the future, we may routinely be 

identifying underlying causes of AF through genetic testing, before choice of treatment.

Mendelian Randomization Studies—Causal Effects of Genetic 
Variants

In a polygenic and heterogeneous disease, such as AF, it is difficult to prove causality. 

Causality can only be established when confounding factors are eliminated in 

the analyses. Mendelian randomization is a statistical method with similarities of 

a randomized control trial and is currently used as a powerful control for reverse 

causation and confounding (Figure 4). Although the exact biological traits of genetic 

variants are not revealed by Mendelian randomization analyses, the results of a 

Mendelian randomization analyses may infer causal associations that can support AF 

risk management. The use of genetic variants of AF-related risk factors may clarify 

the complexity between AF and the environmental factors that interact with AF.

A causal relation between BMI and incident AF has been suggested by 

observational data,22,88 until recently confirmed by Chatterjee et al. using Mendelian 

randomization,89 supporting prevention of obesity as a therapeutic target to reduce 

incident AF. However, BMI covers weight and height but does not define the 

components of body mass, e.g., distinction between fat mass and muscle mass. 

In an attempt to understand how body mass plays a causal role in AF, Tikkanen 

et al. evaluated the relation between fat mass and fat-free mass, and incident 

AF, using multivariate Mendelian randomization.90 During a follow-up period 

of 6.1 years, 10,852 incident AF cases occurred in the UK biobank population of 

502,619 individuals (54% women, mean age = 56.5 ± 8.1 years). The multivariate 

Mendelian randomization showed that the effects of fat mass and fat-free mass 

were independently of each other associated with incident AF. Moreover, fat mass 

showed stronger causal associations in women, whereas fat-free mass displayed 

a similar association across sexes. Reductions in fat mass and fat-free mass likely 

follow different biological pathways, and both reduce AF risk independently.
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▼Figure 4. Concept of Mendelian randomization.

Figure 4. Mendelian randomization and Randomized control trials are compared. Both methods 
compare two random groups (e.g. risk allele vs. no risk allele or intervention vs. no intervention) 
that develop the outcome variable (e.g. AF or no AF). Mendelian randomization assumes that two 
random individuals (parents) have transferred a random genetic composition to an individual 
that may or may not develop AF. Risk alleles with known association to an AF risk factor are 
used as instrumental variables to examine the causal eff ect of the AF risk factor on the disease. 
Included risk alleles are (1) strongly related with the exposure (e.g. the AF risk factor of interest), 
(2) genetic variants have no signifi cant association with confounding factors (pleiotropy) and (3) 
genetic variants are not associated with the outcome (e.g. AF). 

Another anthropometric trait, height, is a well-known risk factor for AF.91 More than 

400 genetic loci have been associated with height,92-96 of which selected variants 

have also been associated with AF.97 Taller individuals have larger atria and more 

frequent premature atrial contractions. These are both strong determinants of 

AF and can infl uence the cardiac conduction system, refl ected in PR interval and 

QRS duration on ECG.98-102. Kofl er et al. investigated 2,149 individuals [54% women, 

median age = 37 (30 – 40) years], with a median height of 1.71 m, of the Genetic and 

Phenotypic Determinants of Blood Pressure and other Cardiovascular Risk Factors 

study.103 The Mendelian randomization showed a signifi cant association between 

height and both PR interval and QRS duration. The authors propose that genetically 
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determined body size has impact on the cardiac conduction system and thus may 

lead to increased risk of AF. However, the association may not be generalizable to 

all populations. The genetic variants associated with height discovered in data of 

the GIANT consortium and replication studies have been suggested to be biased 

by population stratification.104,105 Berg et al. highlights the challenge that comes with 

correcting for population stratification in GWAS of polygenic traits and distinguishing 

differences in polygenic scores between populations.

Hyperthyroidism increases the risk of AF, and hypothyroidism is associated with 

a reduced risk of AF. The increased risk or AF persists despite treatment against 

hyperthyroidism.106,107 In a Mendelian randomization of 55,114 AF cases and nearly 

half a million referents, supporting evidence for a causal pituitary–thyroid–cardiac 

axis was found. Low thyrotropin and an increased ratio of triiodothyronine: free 

thyroxine was genetically associated with AF. However, due to the lack of genetic 

instruments, especially for triiodothyronine, and the lack of association with 

increased thyroxine, a link between a specific agent of the thyroid and AF can still 

not be addressed.108 Although Mendelian randomization seems a good tool for 

identifying causality, knowledge gaps and relatively small sample sizes can still 

prevent the discovery of true associations between AF risk factors and AF.

AF Genetic Risk Prediction

Genetic Risk Interacts with Lifestyle

As described above, most known genetic variants associated with AF have small 

effect sizes, increasing the risk for AF in the range 0.1–20.0%, except for the 

4q25 locus, for which an effect size up to ~48% has been estimated.62 Said et al. 

investigated the association of combined health behavior and genetic risk group 

in cardiovascular disease, including AF, in a cohort of nearly 340,000 individuals 

included from the UK Biobank.109 They showed that both high genetic risk and poor 

behavioral lifestyle are associated with increased risk of new onset of cardiovascular 

disease yet there was no interaction effect observed between genetic risk profile 

and lifestyle. Genetic composition and lifestyle had a logon additive effect on risk 

for cardiovascular disease, and the relative effect of poor lifestyle was comparable 

between genetic risk groups. Said et al. point to the fact that everyone benefits 

from lifestyle intervention, but due to the logon additive effect of genetic risk and 

lifestyle, high genetic risk may be a suitable selection criterium for intervention.
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Polygenic Risk Scores and Risk of Incident AF

Since common genetic variants confer small effects of risk of AF, polygenic risk 

scores can be constructed, summing the weighted risk of each genetic variant. 

Such a score can be used to evaluate the overall association of all known genetic 

variants with a specific phenotype. However, unlike a biomarker that represents 

an underlying biological pathway, the underlying biological pathways of genetic 

variants included in a polygenic risk score are unknown.

Lubitz et al. have evaluated the association between several polygenic risk scores 

and incident AF.110 Because of the unknown true significance of each genetic variant, 

they used several significance thresholds and built risk scores with varying numbers 

(from 11 to 719) of included genetic variants. They found that polygenic risk scores 

were associated with AF beyond established clinical risk factors, underscoring the 

important contribution of genetic variants in the identification of individuals at risk for 

AF. The polygenic nature, the ongoing discovery of genetic variants associated with 

AF, and the unknown true significance of each genetic variant in the development 

of AF have motivated ongoing adjustments to the polygenic risk scores.110,111 In a 

recent paper led by Lubitz, polygenic and clinical risk scores were combined to 

estimate the lifetime risk of AF in the Framingham Heart Study.9 More than 5,000 

individuals were analyzed. Both the polygenic risk score, including approximately a 

thousand genetic variants, and the clinical risk score contributed to the lifetime risk 

of AF. In individuals with low clinical risk for AF, the lifetime risk was doubled when 

moving from low to high polygenic risk [22.3% (95 CI, 15.4–29.1%) vs. 43.6% (95% CI, 

35.6–51.6)], and the effect was similar in individuals with high clinical risk. Studies 

on polygenic risk scores for AF show that an estimation of genetic predisposition 

to AF is feasible with GWAS data and that polygenic risk scores can be utilized 

in lifetime risk models; however, regardless of the inherited predisposition to AF, 

the arrhythmia develops at an older age when individuals have a low burden of 

clinical risk factors. Modifiable risk factor management as for hypertension, obesity, 

smoking, and obstructive sleep apnea is still important to reduce AF risk. Future 

studies should determine to what extent AF risk factors can compete with polygenic 

AF risk.
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Polygenic AF and Risk of Stroke

Ten years ago, cardioembolic stroke was described to be associated with the 

two strongest AF risk loci (chromosome 4q25 and 16q22).46,112 In the prospective 

Malmö Diet and Cancer Study, incident ischemic stroke was associated with an AF 

genetic risk score containing 12 AF risk variants. From the 27,471 individuals, 2,160 

individuals developed AF, and 1,495 individuals developed stroke. The AF genetic 

risk score was associated with incident AF, but also with incident ischemic stroke. 

The individuals in the top AF genetic risk score quintile had a 2-fold increased risk of 

incident AF after adjusting for clinical risk factors, and 23% increased risk of ischemic 

stroke.112 Recently, in a separate analysis, Lubitz et al. described an association 

between increased polygenic risk for AF and stroke in both individuals with and 

without established AF.110 Moreover, genetic risk for AF was strongly associated with 

cardioembolic stroke, suggesting that an elevated polygenic risk score may serve 

as a surrogate for thromboembolism from AF.

The risk of stroke increases when AF is present, but AF genetic risk was also 

associated with cardioembolic stroke in the absence of a diagnosis of AF.113,114 The 

authors hypothesize that AF genetic risk is a clinically relevant marker for subclinical 

or previously undiagnosed AF. If individuals with subclinical or undiagnosed AF can 

be identified using a polygenic risk score for AF, this may be used to prevent stroke. 

Thus, polygenic risk scores for AF may be clinically useful in primary and secondary 

prevention of AF-related stroke.

Polygenic AF and Risk of Heart Failure

Heart failure may cause and be caused by AF. In a 38-year follow-up in the 

Framingham Heart study, heart failure was the strongest determinant of AF.115 

Increasing age, non-ischemic etiology of heart failure, and a New York Heart 

Association (NYHA) class greater than II has been associated with the coexistence 

of AF.116 In the last 10 years, five GWAS have been conducted for heart failure. In 

aggregate, six genetic loci and five candidate genes were identified in 10,468 cases 

and 33,029 referents.117-121 The GWAS that have been reported for heart failure have 

had limited statistical power. The diverse phenotype of heart failure complicates 

collecting genetic data of large numbers with similar phenotypes and currently 

relatively small numbers of individuals were analyzed for GWAS compared to the 

half a million individuals that led to the discovery of 134 genetic variants for AF. 
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Although heart failure and AF are strongly associated, only one shared genetic 

locus has been discovered. The ubiquitin–proteasome system enzyme 3 (USP3) 

gene is one of the novel genetic AF loci recently identified.  USP3  produces 

a protease that breaks down and modulates many intracellular proteins and 

eliminates damaged and misfolded proteins and regulates cellular processes as 

apoptosis. In cardiomyocytes, USP regulates voltage-gated membrane channels, 

such as sodium and potassium channels, and cell surface receptors. Cardiac signal 

transduction pathways are regulated by  USP  through regulating proapoptotic 

factors.122,123 The onset and progression of hypertrophic cardiomyopathy are 

possibly linked to low concentrations or dysfunction of this protease.122,124 The USP-

regulated cardiac signal transduction pathways may play a mechanistic role in AF, 

but further studies are warranted.

Recently, a polygenic risk score for AF summing 97 genetic variants was associated 

with AF prevalence in 3759 heart failure patients of the BIOlogy Study to Tailored 

Treatment in Chronic Heart Failure study.125 The CHARGE-AF risk model classified 

AF prevalence in heart failure patients significantly better when the polygenic risk 

score of AF was added to the model (respectively area under the curve (AUC) 

0.699 (95% CI 0.682 – 0.716) vs AUC 0.721 (95% CI 0.704 0 0.737)). Additionally, the 

study showed that the currently known genetic variants of AF explained less of the 

AF variance in heart failure patients than in the general population (respectively 

23% versus 42%). Unidentified genetic risk factors, gene-environment interactions, 

pleiotropy and the high burden of concomitant risk factors in heart failure patients 

may explain the lower genetic contribution to AF.126 The heterogeneity of heart 

failure complicates the identification of the genetic susceptibility and phenotype 

of heart failure. There is a large number of variety that contributes to heart failure 

which can easily lead to different heart failure phenotypes. Investigating genetic 

information of AF, heart failure and heart failure related risk factors may reveal more 

of the missing heritability. 
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Aims of this Thesis
This thesis focuses on genetics and determinants of AF. We aim to converge clinical 

information and genetic information of AF risk factors to elucidate some of the 

complexity underlying AF.

In part I of this thesis, genetics and clinical determinants of incident AF are studied. 

One of the major AF risk factors is advancing age. The genetic markers of biological 

ageing are telomeres, DNA-protein complexes at the ends of chromosomes. 

Telomeres are essential in preventing DNA degradation. In chapter 2 the 

association between telomere length and the development of AF is investigated. 

Another risk factor of incident AF is resting heart rate. Epidemiological data showed 

an association between both higher and lower resting heart rate and incident 

AF. However, causality of this non-linear association is not confirmed. Genetic 

variants that determine resting heart rate may also impact the incidence of AF. 

In chapter 3 the non-linear association between genetically-determined heart 

rate and incident AF is assessed for causality with a Mendelian randomization.  

In part II genetics and determinants of AF after initial diagnosis, which entails 

profiling AF types, AF progression and changing dimensions of the heart, are 

studied. In chapter 4 we studied the clinical, biomarker, and genetic profiles of 

individuals with different types of recurrences of AF (without 2-year recurrence, 

self-terminating AF and non-self-terminating AF). Previously, BMI was associated 

with progression of AF. In chapter 5 we assessed causal entities of BMI and the risk 

of AF progression in men and women separately. In chapter 6 we evaluated with 

Mendelian randomization analyses whether the association between AF and left 

atrial size and function is causal. Finally, in chapter 7 the results of reported studies 

and their relevance are discussed and future perspectives are given.
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