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Introduction 

Atrial fibrillation is the most common sustained arrhythmia in adults worldwide.1 The 

currently estimated prevalence of atrial fibrillation in adults is between 2% and 4% 

worldwide,2 and showing no sign of retreat, owing to extended average global life expectancy 

and longer survival of atrial fibrillation related cardiovascular diseases.3 A recent study 

reported that the global burden of atrial fibrillation is doubled in the past thirty years to? 

.2 Atrial fibrillation is 

associated with increased morbidity, especially stroke and heart failure (HF), and increased 

mortality and constitutes a significant public health challenge, also conferring expensive 

health service costs.4  

The diagnosis of atrial fibrillation requires rhythm registration by means of a surface 

electrocardiogram (ECG) demonstrating the following characteristics: a. irregularly irregular 

R-R intervals (when atrioventricular conduction is not impaired); b. absence of distinct 

repeating P waves; and c. irregular atrial activations.5 Atrial fibrillation is a multifactorial 

tachyarrhythmia.6 Several mechanisms are commonly associated with atrial fibrillation 

development: ectopic activity (enhanced automaticity, triggered activity) and re-entry.7 

Although the pathophysiology remains largely unclear, electrical and structural remodeling 

play a key role in the development of atrial fibrillation 6,8, which are in turn induced by not 

only traditional cardiovascular risk factors but also novel atrial fibrillation risk factors such 

as epicardial fat, obstructive sleep apnea, aortic stiffness, excessive endurance exercise, and 

new genetic variants.9-13  

Advancing age is the most important risk factor for atrial fibrillation onset. Within 

EU, over 7 million Europeans older than 65 years had prevalent atrial fibrillation in 2016. 

Parallel to the increasing life expectancy prevalent of atrial fibrillation among the elderly is 

projected to increase to 15 million in 2060.14 The incidence of atrial fibrillation is increasing 

as well. A previously reported lifetime atrial fibrillation risk estimate of 1 in 4 individuals15 

was recently revised to 1 in 3 individuals of European ancestry at index age of 55 years.16 

Given the rapidly increasing burden of atrial fibrillation in the elderly, identifying atrial 

fibrillation risk factors and devising atrial fibrillation screening strategies targeting the older 

population is of clinical importance.  

In addition to age, increasing burden of other comorbidities including obesity, 

hypertension, diabetes mellitus (DM), heart failure (HF), coronary heart disease (CHD), and 
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obstructive sleep apnea is also important for atrial fibrillation development.5 (Figure 1) The 

observed impact of clinical risk factor burden and multiple comorbidities on atrial fibrillation 

risk suggests that an early intervention and modifiable risk factor control can reduce incident 

atrial fibrillation. In addition, catheter ablation strategies have shown promising long-term 

results.17 Previous evidence has demonstrated that aggressive targeting of the risk factors can 

reduce atrial fibrillation burden and improve ablation outcome.18 Thus, to identify novel atrial 

fibrillation risk factors benefits not only the primary prevention of atrial fibrillation, but also 

a better management of atrial fibrillation patients.

Figure 1. Summary of risk factors for incident atrial fibrillation.

Sex differences in epidemiology of atrial fibrillation 

Recently, sex differences have been suggested in atrial fibrillation epidemiology and 

prognosis.19 Although age-adjusted atrial fibrillation incidence and prevalence is larger 

among men, women presenting with atrial fibrillation are older and more often more 

symptomatic than men, with greater symptom severity and poorer prognosis, such as incident 

stroke and permanent disability.19,20 In 2014, the Global Burden of Disease (GBD) reported 

an estimated age-adjusted prevalence (per 1,000 person-years) of 373.1 for women and 596.2 

for men which translated to 12.6 million women and 20.9 million men living with atrial 

fibrillation globally. Also, women have a lower cumulative incidence rate of atrial fibrillation 
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than men, particularly among Caucasians. Reported from the Atherosclerosis Risk in 

Communities (ARIC) cohort, white men had a 36% lifetime risk of developing atrial 

fibrillation compared to 30% in white women. To date, evidence providing sex- and gender-

specific results regarding atrial fibrillation epidemiology and pathophysiology is largely 

limited. The increasing prevalence of atrial fibrillation and subsequent public health and 

economic burden require future research efforts to understand sex differences in disease 

distribution and risk factor associations. 

 

Traditional risk factors and imaging-based markers for atrial fibrillation among men 

and women 

The association between obesity and atrial fibrillation onset has been well-documented.21 

There are robust associations between weight gain and electroanatomic remodeling, 

enhanced neurohormonal activation modulating atrial enlargement, and electrical 

instability.22 Also, obesity is related to low-grade inflammation, oxidative stress, and greater 

epicardial fat thickness, which impairs atrial electrophysiology.23,24 Recent evidence suggests 

that among the modifiable risk factors, body mass index (BMI) explained the largest 

proportion of atrial fibrillation risk among both men and women, with a more detrimental 

role among men than women.16 The available evidence, however, has primarily focused on a 

single baseline assessment of obesity-related measures, such as BMI and waist-to-hip ratio 

(WHR), in association with the risk of atrial fibrillation, and thus fails to account for changes 

in measurements over time that may affect the association. Furthermore, individuals may 

have various long-term trajectories of risk factors with aging, and thus assessing the 

longitudinal trajectories of risk factors, reflecting the cumulative exposure of risk factors, 

may provide additional information for atrial fibrillation prevention. Previous population-

based research on trajectories of risk factors in association with atrial fibrillation risk has 

been performed on relatively young populations or has not addressed the potentially 

differential impacts among women and men.25-27 As obesity is a major modifiable atrial 

fibrillation risk factor, knowledge of its potentially sex-specific, longitudinal patterns over 

time may facilitate atrial fibrillation screening strategies.  

Beyond the widely recognized association of higher BMI with increased risk of 

atrial fibrillation, associations of lean body mass, but weak or no independent associations of 

fat mass, with higher risk of atrial fibrillation have been reported.28-31 This implies the 

importance of regional fat distribution rather than overall body fat mass in understanding the 
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association of obesity with atrial fibrillation onset. Moreover, emerging evidence indicates 

inconsistent associations between liver fat and epicardial fat with incident atrial fibrillation.32-

34 As obesity may contribute to increased atrial fibrillation risk via inflammatory response of 

excess adipose tissue,35,36 different fat depots may exert differential impact on cardiac 

pathology. This calls for further large-scale studies comprehensively investigating the 

potential impact of body composition on incident atrial fibrillation among men and women. 

Moreover, fatty liver disease, characterized by excessive fat cumulation within the liver, is 

considered as a major component of metabolic syndrome and the leading cause of chronic 

liver disease in many western countries.37 Studies has indicated that the disease burden of 

fatty liver disease is not limited to hepatic complications but extends to renal dysfunction, 

extrahepatic malignancies and cardiovascular disorders, including atrial fibrillation. 

However, previous studies aimed at investigating the association between fatty liver disease 

and atrial fibrillation showed largely inconsistent results, which were hampered by 

biomarker-based assessment of fatty liver disease (instead of imaging), limited sample size, 

or failure to adjust for important confounders. Therefore, there is a need to explore and 

confirm the association between fatty live disease and atrial fibrillation in a large population 

with meticulously validated methods for both disease definition and statistics.   

Highly correlated with obesity, atrial dilatation and fibrosis are the common 

structural remodeling contributors to atrial fibrillation development. While promising 

evidence reveals the association between larger left atrium size and increased atrial 

fibrillation risk38-42, population-based evidence on the relation between other cardiac volumes 

on atrial fibrillation is sparse. Beyond the atrium, there is an increasing recognition of the 

role of ventricular structures in atrial fibrillation development.43,44 Given the intricate 

correlation between different cardiac structures, comprehensive assessment of the 

associations between various cardiac volumetric measures and new-onset atrial fibrillation is 

important.  

Like obesity, other cardiometabolic disorders, including hypertension, diabetes, 

heart failure, coronary heart disease and stroke are intertwined with atrial fibrillation.24 

Considerable evidence has demonstrated that presence of either of these conditions alone 

leads to an increased atrial fibrillation risk.45-48 However, studies addressing isolated 

management of a specific disorder have yielded inconsistent results for preventing atrial 

fibrillation and the combined impact of cardiometabolic disorders on atrial fibrillation onset 

remains largely unknown. For example, in an open-labeled clinical trial, a blood pressure 
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control did not reduce atrial fibrillation recurrence after catheter ablation for atrial 

fibrillation.49 Such evidence reflects a potential interaction between various cardiometabolic 

disorders and warrants an overview of the collective impact of various comorbid disorders 

on atrial fibrillation risk to improve atrial fibrillation prevention. Besides, a sex-specific 

association, more evident for men, between cardiometabolic multimorbidity and mortality 

has been documented.50 Herein, investigating the impact of burden of cardiometabolic 

multimorbidity on atrial fibrillation among men and women is central for atrial fibrillation 

prevention and improvement of patient management and prognosis. Moreover, evidence has 

suggested sex differences in epidemiology of single cardiometabolic disorders in relation to 

atrial fibrillation,19 with stronger associations between obesity and coronary heart disease 

with atrial fibrillation among men,16,51-53 but stronger associations between hypertension, 

diabetes, stroke, and heart failure with atrial fibrillation among women.16,54-56 Herein, to 

assess the associations between cardiometabolic comorbidities and atrial fibrillation onset, a 

sex-specific view is of clinical significance.   

 

Novel biomarkers for atrial fibrillation 

Recently, emerging evidence suggested that the autonomic nervous system is intricately 

associated with the atrial fibrillation substrate as well as its initiation and persistence.57 This 

implies that subclinical neurodegeneration may contribute to the onset of cardiac arrhythmia. 

However, despite the now established role of atrial fibrillation in increasing the risk for 

dementia,58 few published studies have investigated risk of atrial fibrillation with (subclinical) 

signs of neurodegeneration. The recent advent of plasma biomarkers for Alzheimer’s disease 

has opened up avenues for further investigation of the heart-brain axis in vivo. Amyloid-

an amyloidogenic peptide that is the hallmark of Alzheimer’s disease. Amyloid- 40 and 

amyloid- 42 are the most studied types in the nervous system, leading to cerebral amyloid 

angiopathy and Alzheimer’s disease.59,60 Beyond the brain, amyloid-  are detected 

in the circulation of which amyloid- 40 has recently been linked to atherosclerosis, heart 

failure and coronary heart disease (CHD).61-64 Yet, no published studies have determined 

whether amyloid- 40 and amyloid- 42 are associated with new-onset atrial fibrillation. Thus, 

investigating the association between amyloid-

better understand the atrial fibrillation pathophysiology and the potential link between 

Alzheimer’s disease and atrial fibrillation development.  
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Women-specific risk factors for atrial fibrillation

As aforementioned, the age-adjusted incidence, prevalence, and lifetime risk of atrial 

fibrillation are lower in women vs. men.51 Specifically, after the age of 50 years, atrial 

fibrillation incidence in men increases steeply, whereas in women this increase occurs after 

the age of 60 years. (Figure 2) One possible mechanism to explain such sex differences may 

relate to the changes of estrogen levels with aging among women. Typically, estrogen exerts 

a beneficial impact on cardiovascular health.65 However, with increasing age, particularly 

after menopause, the level of estrogen decreases and the protective role of estrogen attenuates, 

leading to a substantial increase in cardiovascular risk among older women. Thus, reflecting 

the hormone levels, women-specific reproductive risk factors are potentially associated with 

atrial fibrillation development in women and may partly account for the observed sex 

differences in atrial fibrillation epidemiology. Although associations of menopausal age and 

reproductive life span with incident atrial fibrillation have been reported, a comprehensive 

evaluation of the potential association of a wide range of reproductive risk factors with atrial 

fibrillation is sparse. 

Figure 2. Cumulative incidence curves for atrial fibrillation in women and men
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Prognosis of atrial fibrillation in the general population  

Atrial fibrillation is of public health importance, as it accounts for substantial morbidity, 

mortality, and health-care costs. Atrial fibrillation is associated with increased mortality.5 

Patients generally do not die from arrhythmia but of accompanying comorbidities and 

complications, for example, heart failure, venous thromboembolism, stroke, dementia, and 

cancer. Several studies have investigated risk factors related to death among atrial fibrillation 

patients. However, to translate observed effects of risk factors on atrial fibrillation to public 

health interventions, it is relevant to gain more insight into the impact of common risk factors 

on total life expectancy and on life expectancy with and without atrial fibrillation. Previous 

studies have suggested a higher mortality rate among patients with coronary heart disease, 

stroke, or heart failure with concomitant atrial fibrillation, as compared to those without 

concomitant atrial fibrillation.66-68 Also, a sex-specific association, more evident for men, 

between cardiometabolic multimorbidity and mortality has been reported.50 However, the 

combined impact of common cardiometabolic diseases on life expectancy lived with and 

without atrial fibrillation remains largely unknown. Herein, investigating the sex-specific 

associations between the burden of cardiometabolic disease and life expectancy with and 

without atrial fibrillation could contribute to plan future health economics evaluation and 

healthcare decision making for atrial fibrillation prevention.  

Atrial fibrillation presentation varies from asymptomatic short atrial fibrillation 

episodes to persistent atrial fibrillation. Based on the European Society of Cardiology and 

American Heart Association guidelines, atrial fibrillation is commonly categorized into five 

patterns: first diagnosed atrial fibrillation, paroxysmal atrial fibrillation, persistent atrial 

fibrillation, long-standing-persistent atrial fibrillation, and permanent atrial fibrillation. 

These categorizations are based on presentation, duration, and spontaneous termination of 

atrial fibrillation episodes.5,69 Clinical studies have provided evidence for differences in the 

risk of morbidity and mortality between these atrial fibrillation patterns.70 While this 

classification is comprehensive in clinical settings, the definitions often vary in research 

settings.71 Moreover, due to the large time intervals between study examinations in large 

longitudinal cohort studies, asymptomatic atrial fibrillation patterns could be missed, and no 

data are available on the temporality of atrial fibrillation events. The Framingham Heart 

Study and the PREVEND (Prevention of Renal and Vascular End-stage Disease) study 

developed a classification system for cohort studies based on two-year follow-up.72,73 

However, inclusion of only short follow-up times could lead to substantial misclassification 
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bias, as later events remain undiagnosed. Typically, disease-based classification schemes are 

used to inform clinical management decisions or describe the longitudinal evolution of the 

disease. Whether for clinical or research purposes, an optimal categorization must accurately 

reflect and distinguish one class of disease from another, assuming distinct classes exist.71 

With this aim, it is of importance to develop a more adjudicated and standardized method to 

identify atrial fibrillation patterns in a general population. Further studies are warranted to 

evaluate the sex-specific risk factors and prognosis among various atrial fibrillation patterns.  

 

Study design 

In this thesis, all studies were performed within the large population-based Rotterdam Study 

cohort,74 unless otherwise stated. The Rotterdam Study is a population-based prospective 

cohort study of middle-aged and elder participants living in the well-defined Ommoord 

district in the city of Rotterdam, the Netherlands. The aim of this study is to investigate the 

risk factors and occurrence of chronic diseases such as cardiovascular, endocrine, oncological, 

respiratory, hepatic, neurological, ophthalmic, psychiatric and dermatological diseases. Until 

2014, the Rotterdam Study comprises three sub-cohorts. The first one (RS-I) started in 1990 

and recruited 7,983 subjects aged 55 years or older. The second sub-cohort (RS-II) was 

initiated in 2000 and enrolled 3,011 individuals who had turned 45 years old since 1989. The 

third sub-cohort (RS-III) commenced in 2006 and comprised 3,932 participants aged 45 years 

and older. The overall response rate at baseline was 72%. Follow-up visits were performed 

every four or five years. The visits to the research center included physical and functional 

measures, completion of questionnaires and taking blood samples to assess concentrations of 

lipids, glycemic traits, and other biomarkers as well as genetics and epigenetic measurements. 

Ascertainment of atrial fibrillation at baseline and follow-up examinations has been based on 

clinical information from the medical records for all participants of the Rotterdam Study.75 

Within the Rotterdam Study, data on medical history and medication use are continuously 

being collected through multiple sources including a baseline home interview, a physical 

examination at the research center, the pharmacy prescription records, the Nationwide 

Medical Registry of all primary and secondary hospital discharge diagnosis and screening of 

general practitioner’s records. In addition, a resting 10-seconds 12-lead electrocardiogram 

(ECG) used with an ACTA Gnosis IV ECG recorder (Esaote; Biomedical, Florence Italy) is 

obtained from all participants at every visit of the Rotterdam Study to verify atrial fibrillation.  
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Outline of this thesis 

This thesis provides a comprehensive sex-specific perspectives on risk factors, patterns, and 

prognosis of atrial fibrillation in general population. The second chapter is focused on the 

impact of risk factors/biomarkers in the development of atrial fibrillation from a sex-specific 

perspective. In Chapter 2.1, we longitudinally assess the impact of the evolution of several 

anthropometric risk factors on the risk of new-onset atrial fibrillation among men and women. 

We use joint-models, an emerging statistical method for repeated measurements in time-to-

events models. Chapter 2.2 examines the sex-specific associations between various obesity 

and blood pressure trajectories with risk of incident atrial fibrillation. The objective of 

Chapter 2.3 is to determine whether cardiometabolic disorders are associated with the 

lifetime risk of new-onset atrial fibrillation among men and women. In Chapter 2.4, we 

examine the associations between various women-specific reproductive risk factors and the 

risk of atrial fibrillation development within the UK Biobank. In Chapter 2.5, plasma 

concentrations of amyloid-beta 40 and amyloid-beta 42 are studied as potential novel 

biomarkers for the risk of new-onset atrial fibrillation. Finally, literatures regarding sex- and 

gender-specific prediction of new-onset atrial fibrillation by leveraging big data are reviewed 

and discussed in Chapter 2.6. The third chapter of this thesis focuses on the role of imaging-

based measures in atrial fibrillation risk. Chapter 3.1 investigates the body fat depots and 

new-onset atrial fibrillation. In Chapter 3.2, the association between CT-measured fatty liver 

disease and liver stiffness with the risk of atrial fibrillation are assessed. Chapter 3.3 explores 

the associations between measures of cardiac dimension and risk of new-onset atrial 

fibrillation. In the fourth chapter, the patterns and prognosis of atrial fibrillation in general 

population are discussed. Chapter 4.1 aims to assess the impact of common cardiometabolic 

diseases on the life expectancy lived with and without atrial fibrillation. Chapter 4.2 and 

Chapter 4.3 aim to identify the potential atrial fibrillation patterns in the general population 

of the Rotterdam Study cohort and comprehensively investigate the sex-specific risk factors 

and prognosis among various atrial fibrillation patterns. Finally, the general discussion 

(Chapter 5) summarizes the key findings of the studies included in this thesis, places the 

results in the context of the current literature, elaborates on their potential clinical 

implications and discusses the directions for future research. 
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Abstract 

Objective To assess the sex-specific evolution of various anthropometric measures and the 

association of their longitudinal trajectories with new-onset atrial fibrillation (AF). 

Patients and Methods Among 5,266 men and 7,218 women free of AF at baseline from the 

prospective population-based Rotterdam Study, each anthropometric measure was measured 

at least once and up to five times from 1989 to 2014 year. Anthropometric measures were 

standardized to obtain hazard ratios per one standard deviation (SD) increase to enable 

comparison. Joint models were used to assess the association between longitudinal 

trajectories of anthropometric measures with incident AF. Use of the joint models is a 

preferred method for simultaneous analyses of repeated measurements and survival data for 

conferring less biased estimates. Models were adjusted for traditional cardiovascular risk 

factors.  

Results Mean (SD) age was 63.9 (8.9) years for men and 64.9 (9.8) years for women. Median 

follow-up time was 10.5 years. Longitudinal evolution of weight, height, waist circumference, 

hip circumference and body mass index were associated with an increased risk of new-onset 

AF in both men and women. In joint models, larger height in men [(hazard ratio (95% 

credible interval) per 1-SD]: [1.27 (1.17-1.38)] and weight in women [1.24 (1.16-1.34)] 

showed the largest associations with AF. In joint models, waist-to-hip ratio was significantly 

associated with incident AF only in women [1.10 (1.03-1.18)]. 

Conclusion Considering the entire longitudinal trajectories in joint models, anthropometric 

measures were positively associated with an increased risk for new-onset AF among men and 

women in the general population. Increase in measure of central obesity showed a stronger 

association with increased risk of AF onset among women, as compared to men.  

 

Keywords Atrial fibrillation, Anthropometric measures, Sex differences, Longitudinal 

changes   
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Introduction 

Atrial fibrillation (AF) is the most common cardiac arrhythmia with significant health burden 

and socioeconomic impact.1 Worldwide prevalence of AF was estimated around 46.3 million 

individuals in 2016.2 Notably, recent evidence suggests differences in epidemiology and risk 

factors of AF between men and women.3, 4 Thus, a better understanding of modifiable AF 

risk factors among men and women is imperative to improve personalized prevention of AF. 

Obesity is a well-established risk factor for incident AF.5, 6 The risk of developing AF 

is estimated to increase by 49% in obese subjects, compared to non-obese subjects.7, 8 Various 

anthropometric measures have been shown to be significantly associated with a higher risk 

of AF.9-12 The available evidence, however, has primarily focused on a single baseline 

assessment of anthropometric measures in association with the risk of AF. Anthropometric 

measures tend to change over time. Therefore, solely focusing on baseline assessment of 

anthropometric measures fails to account for changes in anthropometric measurements over 

time that may affect the risk. Moreover, comprehensive assessment of the association 

between various anthropometric measures and incident AF among men and women is sparse. 

Compared to the traditional time varying covariate Cox model, joint modelling can infer 

more accurate estimates in the association between an observed longitudinal measure of a 

marker and the hazard of an event by simultaneously modelling the profile of the marker and 

the time-to-event data.13-15 Taking advantage of joint modelling approach, we aimed to 

investigate the evolution of several anthropometric measures over time and further assess 

their associations with new-onset AF among men and women from the large population-

based Rotterdam Study. 

Methods 

Study Population 

The present study was conducted within the framework of the Rotterdam Study.16 During 

1990-1993, 7,983 participants of Ommoord district in the city of Rotterdam in The 

-I). In 2000, the cohort was 

extended with 

research area (RS-II). In 2006, the cohort was again extended with 3,932 participants that 

-III). The overall response rate at baseline was 72%. Participants attended 

followed-up examinations every 3-4 years. The Rotterdam Study has been approved by the 

Medical Ethics Committee of the Erasmus MC (registration number MEC 02.1015) and by 
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the Dutch Ministry of Health, Welfare, and Sport (Population Screening Act WBO, license 

number 1071272-159521-PG). The Rotterdam Study has been entered into the Netherlands 

National Trial Register (NTR; www.trialregister.nl) and into the WHO International Clinical 

Trials Registry Platform (ICTRP; www.who.int/ictrp/network/primary/en/) under shared 

catalog number NTR6831. Detailed description of the Rotterdam Study may be found in the 

Supplementary material. 

For the current study, we included participants from the first examination of the original 

cohort and the extended cohorts (total participants:14,926). The first measurement of 

anthropometrics for each participant was used as the baseline. Participants with prevalent AF 

at baseline (N=574), no informed consent for follow-up data collection (N=305), or no 

available data for anthropometric measures (N=1,563) were excluded. After exclusions, 

12,484 participants were included in the analysis (Figure 1).  

Figure 1. Flowchart of the study population
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Assessment of Anthropometric Measures 

Height and weight were measured with the participants standing without shoes and heavy 

outer garments. BMI was calculated as weight divided by height squared (kg/m2). Waist 

circumference (WC) was measured at the level midway between the lower rib margin and 

the iliac crest. Hip circumference (HC) was measured as the distance around the largest part 

of hips. WHR was calculated by dividing WC by HC. For every participant, at least one 

anthropometric measure was assessed between one and five times during the follow up period. 

Therefore, the number of participants included for analysis for different anthropometric 

measures could slightly vary. Height and weight were measured at five visits in RS-I (RS-I-

1 till RS-I-5), three visits in RS-II (RS-II-1 till RS-II-3) and two visits in RS-III (RS-III-1 

and RS-III-2). WC and HC were measured at four visits in RS-I (RS-I-1, RS-I-3, RS-I-4 and 

RS-I-5), three visits in RS-II (RS-II-1 till RS-II-3), and two visits in RS-III (RS-III-1 and RS-

III-2).  

Assessment of Atrial Fibrillation 

Methods on event adjudication for prevalent and incident AF have been described in detail 

previously.17 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; 

Biomedical, Florence Italy). The ECG records were stored digitally and analyzed with the 

Modular ECG Analysis System (MEANS). Subsequently, two research physicians validated 

the diagnosis of AF. Additional follow-up data was obtained from medical files of 

participating general practitioners, hospitals, outpatient clinics, national registration of all 

hospital 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 RS until the date of onset of AF, date of death, 

loss to follow-up, or to January 1, 2014, whichever occurred first. 

Assessment of Cardiovascular Risk Factors 

Methods for assessment of cardiovascular risk factors are detailed in the online 

Supplementary material. 
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Statistical Analyses 

Participant characteristics are presented as mean with standard deviation (SD) or proportions 

as appropriate. Differences between men and women were examined by Student’s t-tests for 

continuous variables and Chi-square tests for categorical variables. Each anthropometric 

measure was standardized to obtain hazard ratios per 1-SD increase to enable comparison. 

Traditional Cox proportional hazards regression analysis with delayed entry and age as 

a time scale18 was performed to investigate the relationship between anthropometric 

measures at baseline and incident AF. Hazard ratio (HR) with 95% confidence interval (CI) 

were calculated to quantify the association. We first used each anthropometric measure as a 

continuous variable to assess the HR for incident AF. 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. Then, each anthropometric measure was 

categorized in deciles with the first decile as a reference to plot the graphical relationship, 

and P values for trend were derived. The proportional hazard assumptions were tested by 

Schoenfeld Residual tests and were found to be satisfied. 

Next, linear mixed-effects models were fitted for the changes in anthropometric 

measures over time and to account for the correlation of repeated measurements. Time was 

represented by age in years, and only age and sex were treated as fixed effects in all models 

(Supplemental Table, Table 1-6). Each model included random intercept and slope and an 

unstructured covariance matrix. Natural cubic splines of age with two or three knots were 

used to check the nonlinear changes of each anthropometric measure over time. Likelihood 

ratio tests were used to choose the best model. Then, we used final linear mixed-effect models 

to plot the evolution of each anthropometric measure with age among men and women. 

Further, to investigate the association between the longitudinal anthropometric 

measurements and the risk of incident AF, we used joint models for longitudinal and time-

to-event data. The joint models were fitted in R using package ‘JMbayes’ which fitted joint 

models under a Bayesian approach using Markov chain Monte Carlo (MCMC) algorithms19, 

and HRs with 95% credible intervals (CreI) were calculated. We checked for an interaction 

between sex and each anthropometric measure by running the models in the total population 

and adding an interaction term for “sex” in the joint models.  

All analyses were performed in men and women separately. Survival models were 

adjusted for baseline age and the Rotterdam Study cohort (model 1) and additionally for 

baseline cardiovascular risk factors, including total and high-density lipoprotein (HDL) 
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cholesterol, systolic blood pressure (SBP), history of diabetes mellitus (DM), history of 

coronary heart disease (CHD), history of heart failure (HF), smoking status, use of lipid 

lowering medication, blood pressure lowering medication and cardiac medication (model 2). 

In an alternative analysis, models were adjusted for all risk factors as time-varying covariates 

instead of baseline values. Correlation analyses were used to determine possible 

multicollinearity between the covariates. Missing values in covariates were imputed under 

the assumption of missing at random using multiple imputation.20 For multiple imputation, 

all available data were used to generate five imputed data sets for traditional Cox proportional 

hazards regression analysis. For the joint model analysis, one randomly chosen dataset was 

used, as the “JMbayes” R package could not handle the pooled results.21  

In sensitivity analysis, we stratified participants by BMI categories as BMI<25, 
2. We also stratified participants by baseline age (at the age 

of 65 years). In addition, we performed the analysis only among participants of whom 

complete data was available. Statistical significance was considered at two-tailed P-

value<.05. The analyses were done using R software (R 4.0.0; R Foundation for Statistical 

Computing, Vienna, Austria).  

Results 

Baseline characteristics for men and women are shown in Table 1. Of 12,484 participants for 

the present study, 5,266 (42.2%) were men. During a median follow-up of 10.5 (interquartile 

range 6.4–15.4) years, 630 (12.0%) men and 692 (9.6%) women experienced new-onset AF 

(incidence density: 11.2 per 1000 person-years among men and 8.1 per 1000 person-years 

among women).  

Table 1. Baseline characteristics of the study population 
Men Women P values b 

Number of participants 5,266 7,218 - 
Age (years) 63.87 (8.86) 64.94 (9.80) <.001 
Weight (kg) 82.36 (12.82) 71.56 (12.74) <.001 
Height (cm) 175.86 (7.03) 162.30 (6.68) <.001 
BMI (kg/m2) 26.59 (3.52) 27.16 (4.50) <.001 
Waist circumference (cm) 96.63 (10.45) 88.71 (11.77) <.001 
Hip circumference (cm) 101.60 (7.55) 103.42 (9.52) <.001 
WHR 0.95 (0.07) 0.86 (0.08) <.001 
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Table 1. continued 

a Values are mean (standard deviation) or median (interquartile range) for continuous 
variables and percentage for categorical variables. Abbreviations: WHR, waist-to-hip ratio; 
BMI, body mass index; HDL, high density lipoprotein.  
b P values derived from the student T-test or Chi-square test for the difference between men 
and women. 

Baseline measures of anthropometric parameters and associations with new-onset AF 

Supplemental Table 7 shows HR with 95% CI for incident AF per 1-SD increase in baseline 

measures of anthropometric parameters among men and women based on traditional Cox 

models. In general, joint model analyses yielded slightly larger HRs for all anthropometric 

measures compared to traditional Cox regression model, with the exception of height. Figure 

3 presents the multivariable adjusted HRs (95%CI) per decile of each anthropometric 

measure. As shown, positive associations with risk of new-onset AF were seen for weight, 

height, BMI, WC, and HC in men and women (P-for-trend<.001). WHR showed a significant 

positive association with incident AF in women (P-for-trend=.02) but not in men (P-for-

trend=.20). No nonlinearity was observed in any of the associations.   

Men Women P values b 
Total cholesterol (mmol/L) 5.89 (1.18) 6.36 (1.24) <.001 
HDL-cholesterol (mmol/L) 1.23 (0.33) 1.49 (0.40) <.001 
Systolic blood pressure (mmHg) 139.08 (20.69) 137.61 (22.06) <.001 
Diastolic blood pressure (mmHg) 78.64 (11.88) 76.55 (11.70) <.001 
Smoking (%) <.001 

Never smoked 14.2 45.3 - 
Former smoker 56.6 34.2 - 
Current smoker 29.1 20.6 - 

Use of medication (%) 
Blood pressure lowering 

medication 27.5 29.5 .02 

Lipid lowering medication 6.4 5.3 .02 
Cardiac medication 11.6 9.0 <.001 

History of diseases (%) 
Coronary heart disease 10.6 2.9 <.001 
Heart failure 1.4 1.5 .75 
Diabetes mellitus 11.0 8.4 <.001 
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Figure 3. Multivariate-adjusted hazard ratios with 95% confidence intervals for incident 
atrial fibrillation by deciles of each anthropometric measure among men and women. 

Dashed lines fitted by quadratic polynomial. Corresponding decile values of anthropometric 
measures for men and women can be found in Supplemental Table 12. Model adjusted for 
age, cohort, high-density lipoprotein and total cholesterol levels, smoking, systolic blood 
pressure, use of blood pressure lowering medication, use of lipid lowering medication and 

cardiac medication, and history of diabetes mellitus, heart failure and coronary heart 
disease. 

Evolution of anthropometric parameters over time and associations with new-onset AF 

Figure 2 shows the evolution of anthropometric parameters among men and women. For 

weight, both men and women underwent a slight increase before the age of 62 years in men 

and 67 years in women, followed by rapid decrease in the rest of their lifetime. For height, a 
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significant decrease was observed among men and women after 62 years. Significantly rapid 

increases in BMI were observed until 62 years of age after which BMI tended to remain 

stable among men and women. No significant interaction between sex and age was found in 

evolution of WC. Both men and women showed a similar pattern in evolution of WC as an 

increase before 67 years of age and a stable pattern thereafter. For HC, men showed a 

significant decrease until 62 years of age, whereas women showed a gradual decrease over 

the entire included age range with a slight fluctuation. WHR underwent a significant rapid 

increase among men before the age of 70, and a gradual increase among women before the 

age of 72 followed by a stable trend.   

Figure 2. Evolution of anthropometric parameters among men and women. Dashed lines: 
95% confidence intervals. Abbreviations: BMI, body mass index; WHR, waist-to-hip ratio. 
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Table 2 shows HRs with 95% CreI for incident AF per 1-SD increase in 

anthropometric measures among men and women based on the joint models. The largest 

multivariate-adjusted HR (95%CreI) was height in men: 1.30 (1.20-1.41), followed by 1.29 

(1.19-1.40) for weight, 1.23 (1.13-1.32) for HC, 1.13 (1.04-1.22) for WC and 1.12 (1.03-1.21) 

for BMI. In women, the largest HR (95%CreI) was 1.24 (1.16-1.34) for weight, and then 1.21 

(1.12-1.30) for WC, 1.18 (1.10-1.27) for BMI, 1.17 (1.09-1.25) for HC and 1.12 (1.04-1.21) 

for height. Larger WHR was significantly associated with increased risk of AF in women 

[1.10 (1.03-1.18)] but not in men [0.98 (0.90-1.06)]. The P-values were significant for 

interaction between sex and height (P=.006) and sex and WHR (P=.049).  

Table 2. Association between longitudinal anthropometric measures with incident atrial 
fibrillation among men and women a 

Men Women 
Model 1 Model 2 Model 1 Model 2 

Weight 1.33 (1.22-1.43) 1.29 (1.19-1.40) 1.32 (1.23-1.41) 1.24 (1.16-1.34) 
Height b 1.27 (1.17-1.38) 1.30 (1.20-1.41) 1.12 (1.04-1.21) 1.12 (1.04-1.21) 
BMI 1.18 (1.09-1.27) 1.12 (1.03-1.21) 1.27 (1.19-1.36) 1.18 (1.10-1.27) 
WC 1.19 (1.09-1.28) 1.13 (1.04-1.22) 1.26 (1.17-1.36) 1.21 (1.12-1.30) 
HC 1.25 (1.15-1.34) 1.23 (1.13-1.32) 1.25 (1.17-1.34) 1.17 (1.09-1.25) 
WHR b 1.06 (0.98-1.14) 0.98 (0.90-1.06) 1.14 (1.06-1.22) 1.10 (1.03-1.18) 

a Values are shown as hazard ratios (95% credible intervals) per one standard deviation 
increase in the corresponding anthropometric measure. Abbreviations: BMI, body mass 
index; WC, waist circumference; HC, hip circumference; WHR, waist-to-hip ratio.  
b P for sex interaction < .05. Model 1 adjusted for age and Rotterdam Study cohort. Model 2 
additionally adjusted for high-density lipoprotein and total cholesterol levels, smoking, 
systolic blood pressure, use of blood pressure lowering medication, use of lipid lowering 
medication and cardiac medication, and history of diabetes mellitus, heart failure and 
coronary heart disease. 

Supplemental Table 8 shows results of join-models adjusted for all potential 

confounders as time-varying covariates which were not different from our main analyses for 

both men and women.   

Sensitivity analyses 

Sensitivity analyses in joint models that included only participants of whom complete data 

was available yielded similar results (Supplemental Table 9). In addition, after stratification 

by BMI categories, the association between longitudinal BMI measures and incident AF was 
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-SD 

larger BMI: 1.43 (1.20-1.72) in men and 1.68 (1.36-2.09) in women] (Supplemental Table 

10). We also performed joint models among men and women in subgroups stratified by 

baseline age above or below 65 years (Supplemental Table 11). Similar results were 

observed in women in two age subgroups. However, increased weight, BMI, WC, HC, and 

WHR in men showed larger associations with incident AF in younger group (<65 years old) 

-for-all interactions<.05).  

Discussion 

In this large prospective population-based cohort study, longitudinal trajectories of 

anthropometric measures were significantly associated with new-onset AF among both men 

and women. In joint models that allow for both individual-level and cohort-level trajectories, 

height in men and weight in women showed the strongest associations with new-onset AF. 

Increase in measure of central obesity showed a stronger association with incident AF among 

women, as compared to men.   

Our study extends previous evidence by assessing the longitudinal evolution of 

anthropometric measures among men and women and correlating the longitudinal trajectories 

with AF development during a long follow-up. Though several previous studies have 

investigated the associations between baseline measure of anthropometric parameters and AF, 

it is reasonable to imagine that changes of anthropometric parameters during follow-up may 

alter the impact of anthropometric parameters on AF development. Indeed, Feng et al. 

recently reported that obesity earlier in life and BMI changes exerted cumulative effects on 

AF development in the HUNT study.12 Thus, studies using only baseline measures discard 

the information on variations of anthropometric parameters during follow-up, in particular 

during longer follow-up terms. To our knowledge, our study is the first to assess the 

longitudinal anthropometric measures and risks of incident AF. Taking into account the entire 

longitudinal trajectories of anthropometric measures in joint models, higher values of 

anthropometric measures over time were significantly associated with new-onset AF. After 

adjustment for cardiovascular risk factors, the associations did not change. These findings 

are in line with previous studies,22, 23 and further support the hypothesis that traditional 

cardiovascular risk factors might not play a substantial role in the association between 

anthropometric measures and AF in both men and women. In fact, obesity is an established 

independent risk factor for cardiovascular conditions underlying AF.5, 6 Increased BMI is 
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strongly related to ventricular remodeling, impaired left ventricular relaxation, and elevated 

left ventricular diastolic filling pressure.24 Meanwhile, obesity has been shown to be 

associated with hypoxia of the expanding adipose tissue and resulting in adipose fibrosis and 

the production of adipo-cytokines that further contributes to generating epicardial fat and 

myocardium damage.25, 26 It seems likely that the combination of the aforementioned 

mechanisms represents the association between anthropometric measures and AF. 

Notably, our results underline the significant sex differences in associations between 

height and AF. In the present study, women had a lower mean height than men, and results 

of longitudinal models suggested that women had a more rapid shrinkage of height with aging 

compared to men. Thus, both may partly explain the lower risk of height for AF among 

women. Moreover, present findings demonstrated that height serves as the predominant risk 

factor for new-onset AF in men. Several mechanisms have been proposed to explain the 

relationship between height and AF. Left atrial volume is significantly associated with height 

even after adjustment for age and sex.9, 27 As large left atrial size is highly associated with 

AF25, tall stature may contribute to AF development, at least partly, induced by large left 

atrial size. Besides, taller height has been suggested to be associated with reduced PR interval 

and QRS duration among healthy individuals.28 These findings suggest an underlying 

pathway from height-induced electrophysiological dysfunction of heart to AF occurrence. 

Our results showed a strong positive association between height and incident AF among both 

men and women. Though height is an unmodifiable risk factor, our study could underscore 

the potential value for AF prevention in an older population by screening AF among taller 

individuals.  

We also found a robust sex difference in the association between WHR and AF. WHR 

is a specific measurement for body fat distribution that can be used to denote central fat 

accumulation.29 To our knowledge, three previous studies have assessed sex differences in 

the relationship between anthropometric measures at baseline and incident AF.10, 22, 23 

Contrary to our results, significant associations between WHR and AF were previously found 

in men but not in women.10, 22 Of note, population differences between the current study and 

previous reports should be taken into consideration. Firstly, our participants were older than 

the population in the aforementioned studies, and predisposing comorbidities with aging, 

may have a large impact on AF development. Men had higher AF risks due to unhealthy 

lifestyles and a higher prevalence of baseline cardiovascular disease than women.3 This could 

have diluted the association between WHR and AF in men. Secondly, women in the present 
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study had larger values of baseline WHR than the previous studies. This implies more 

abdominal fat and thus a larger risk for AF among women in our population.29 Moreover, 

WHR and central fat have previously been associated with poorer cardiac mechanisms, 

including worse global longitudinal and diastolic strain rate of the heart, as well as ventricular 

concentric remodeling and this may increase AF susceptibility.30, 31 Commonly, men are 

more prone to have a central fat distribution than women. However, postmenopausal women 

tend to accumulate more abdominal fat because of the lack of estrogens.32 With aging, there 

is a clear shift from primarily subcutaneous adipose tissue to central fat accumulation in both 

men and women.33 Taken together, these data suggest that at older ages, women are more 

susceptible to the hazardous impact of central fat in AF development than men. 

Strengths of our study include its prospective design, the long follow-up time with 

meticulous adjudication of AF events, and availability of a broad range of confounders and 

possible intermediate risk factors of AF. Particularly, our study is the first study that has 

examined sex differences in the longitudinal anthropometric measures and their associations 

with risk of new-onset AF. Compared to single measurement, using joint modeling and 

repeated anthropometric measurements over time allows for assessment of varying effects of 

exposure and therefore provides more information for unbiased assessment of AF risks.15 

However, we acknowledge several limitations within this study. First, the majority of our 

participants were Caucasian and older adults, limiting the generalizability of our findings to 

other ethnicities and younger populations. Second, given the observational study design and 

although we adjusted for many potential confounders for AF, we cannot rule out the 

possibility of residual or unmeasured confounding. Third, since AF may be paroxysmal and 

asymptomatic, we might have underestimated the true number of AF cases in our study 

population. However, it is estimated that more than 75% of AF cases among the European 

population are permanent or persistent AF and most paroxysmal AF cases end as the 

permanent form.34 In addition, the prevalence of AF in the Rotterdam Study is ~4% which is 

in line with the global estimate of AF prevalence.35 Moreover, the possible underestimation 

of AF prevalence could not affect the direction of our results, as the resulting 

misclassification most likely happened independent of the exposures stats.   

Conclusions 

We found robust associations between evolution of anthropometric measures and risk of new-

onset AF. Our results from joint modelling approach highlight height as a predominant risk 
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factor for new-onset AF in men and weight as the predominant risk factor in women. 

Moreover, increased central obesity showed a stronger association with incident AF among 

women, as compared to men. Also, findings underscore the importance of sex-specific 

approaches for screening and monitoring of anthropometric measures for AF prevention. 
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Abstract 

Aims: To investigate sex-specific longitudinal trajectories of various obesity-related 

measures and blood pressure at population level and further assess the impact of these 

trajectories on new-onset atrial fibrillation (AF).  

Methods: ted assessments for various risk factors from the 

population-based Rotterdam Study were included. Latent class linear mixed models were 

fitted to identify the potential classes. Cox proportional hazards models were used to assess 

the association between risk factors’ trajectories and risk of new-onset AF, with the most 

favorable trajectory as reference.  

Results: Among 7,367 participants (mean baseline age: 73 years, 58.8% women), after a 

median follow-up time of 8.9 years (interquartile range: 5.3–10.4), 769 (11.4%) participants 

developed new-onset AF. After adjustments for cardiovascular risk factors, persistent-

increasing body mass index (BMI) trajectory carried higher risk for AF [hazard ratio, 95% 

confidence interval: (1.39; 1.05-1.85) in men, (1.60; 1.19-2.15) in women], compared with 

the lower-and-stable BMI trajectory. Trajectories of elevated-and-stable waist 

circumference (WC) in women (1.53; 1.09-2.15) and elevated-and-stable hip 

circumference (HC) in men (1.83; 1.11-3.03) were associated with incident AF. For 

systolic blood pressure (SBP), the initially hypertensive trajectory carried the largest risk 

for AF among women (1.79; 1.21-2.65) and men (1.82; 1.13-2.95). Diastolic blood 

pressure (DBP) trajectories were significantly associated with AF risk among women, but 

not men.  

Conclusions: Longitudinal trajectories of weight, BMI, WC, HC and SBP were associated 

with new-onset AF in both men and women. DBP trajectories were additionally associated 

with AF in women. Our results highlight the importance of assessing long-term exposure to 

risk factors for AF prevention among men and women. 

Keywords Atrial fibrillation; Sex differences; Obesity; Blood pressure; Risk factor 

trajectories, Population-based study. 
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Graphical abstract. Association between various risk factors’ trajectories and new-onset 

atrial fibrillation among men and women. Abbreviations: AF, atrial fibrillation; BMI, body 

mass index; WC, waist circumference; HC, hip circumference; SBP, systolic blood 

pressure; DBP, diastolic blood pressure.
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Introduction 

Atrial fibrillation (AF) is the most common cardiac arrhythmia.1, 2 The prevalence of AF is 

increasing with advancing age1 and the lifetime risk of developing AF is estimated as 1 in 3 

individuals at an index age of 55 years among the European ancestry.3 Recent evidence also 

suggest sex differences in AF epidemiology, pathophysiology and prognosis.4-6 

The pathophysiologic mechanisms underlying AF development are known to be 

complex. The mechanistic pathways involved in AF initiation and perpetuation include 

electrical and structural remodelling induced by chronic inflammation, haemodynamic 

changes and nervous system dysregulations, which are intricately linked to obesity and high 

blood pressure.7, 8 Obesity and hypertension are well established risk factors for AF. The 

population-attributable risks of elevated body mass index (BMI) and hypertension for 

incident AF have been reported to be 18.6% and 14.2% for women, and 18.0% and 13.7% 

for men, respectively.9 Baseline single assessment of BMI or blood pressure have widely 

been associated with incident AF in several population-based epidemiological studies.10-12 

Also, long-term changes and variations in weight and blood pressure, assessed using mean 

of repeated measures, have been reported to associate with AF onset.13, 14 However, the 

impact of various longitudinal patterns of obesity or hypertension at population-level on AF 

risks remains largely unknown. Assessing the longitudinal patterns of risk factors reflects the 

cumulative exposure of risk factors and may provide additional information for AF 

development. Previous population-based research on trajectories of BMI or blood pressure 

in association with AF risk have been performed on relatively young populations or have not 

addressed the potentially differential impact among women and men.15, 16, 17 As obesity and 

hypertension represent two major modifiable AF risk factors, knowledge on their, potentially 

sex-specific, longitudinal patterns over time may facilitate AF prevention strategies.  

Using data from the large prospective population-based Rotterdam Study, we aimed at 

exploring sex-specific longitudinal trajectories of obesity-related measures and blood 

pressure at population level and their associations with the risk of new-onset AF. 

 

Methods 

Study Population 

The current study was performed within the framework of the Rotterdam Study.18 The 

Rotterdam Study is a prospective population-based cohort study which aims to investigate 

the occurrence and progression of risk factors for chronic diseases in middle-age and elderly 
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individuals. Between 1990 to 1993, all inhabitants of Ommoord district in the city of 

Rotterdam in The Net

(78% of all invitees) agreed to participate (RS-I). In 2000, the cohort was extended with 3011 

-II). The 

overall response rate at baseline was 72%. Participants of the Rotterdam Study have been re-

visited as the study research center every 3-5 years. 

The Rotterdam Study has been approved by the Medical Ethics Committee of 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 has been entered into the Netherlands National Trial Register (NTR; 

www.trialregister.nl) and into the WHO International Clinical Trials Registry Platform 

(ICTRP; www.who.int/ictrp/network/primary/en/) under shared catalogue number NTR6831. 

All participants provided written informed consent to participate in the study and to have 

their information obtained from treating physicians. 

For the current study, we included participants with 2 or more repeated measurements 

for one or more assessed risk factors between 1989 to 2005. After recruitment, participants 

in RS-I were examined up to 4 times until 2005 (RS-I-1, RS-I-2, RS-I-3, and RS-I-4) and 

participants in RS-II were examined up to 2 times until 2005 (RS-II-1 and RS-II-2). From 

were excluded (n=637). Finally, 7,346 participants were included in the analyses. Since the 

availability of various risk factor measurements differ per participant, the number of 

participants included in the analyses for each risk factor varied (from 7,189 for systolic blood 

pressure to 5,540 for waist-to-hip ratio). (Supplementary material online, Figure S1) 

 

Assessment of Anthropometric Measures and Blood Pressure 

Height and weight were measured with the participants standing without shoes and heavy 

outer garments. BMI was calculated as weight divided by height squared (kg/m2). Waist 

circumference (WC) was measured at the level midway between the lower rib margin and 

the iliac crest. Hip circumference (HC) was measured as the distance around the largest part 

of the hips. Waist-to-hip ratio (WHR) was calculated by dividing WC by HC. Blood pressure 

was measured twice at the right upper arm with a random zero mercury sphygmomanometer 

in the sitting position. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were 
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calculated as the mean of the two consecutive measurements. Pulse pressure (PP) was 

calculated as the difference between SBP and DBP.  

Height, weight, and blood pressure were measured at four visits in RS-I (RS-I-1 till RS-

I-4) and two visits in RS-II (RS-II-1 & RS-II-2). WC and HC were measured at three visits 

in RS-I (RS-I-1, RS-I-3, and RS-I-4) and two visits in RS-II (RS-II-1 & RS-II-2).  

 

Assessment of Atrial Fibrillation 

Methods on event adjudication for prevalent and incident AF have been described 

previously.19 The definition of AF was in accordance with the Guidelines of the European 

Society of Cardiology (ESC).1 Ascertainment of AF at baseline and follow-up examinations 

in our study has been based on clinical information from the medical records for all 

participants of the Rotterdam Study. Within the Rotterdam Study, data on medical history 

and medication use are continuously being collected through multiple sources including a 

baseline home interview, a physical examination at our research center, the pharmacy 

prescription records, the Nationwide Medical Registry of all primary and secondary hospital 

discharge diagnosis and screening of general practitioner’s records. In addition, a resting 10-

seconds 12-lead electrocardiogram (ECG) used with an ACTA Gnosis IV ECG recorder 

(Esaote; Biomedical, Florence Italy) is obtained from all participants at every visit of the 

Rotterdam Study to verify AF. The ECG records were stored digitally and analyzed with the 

Modular ECG Analysis system (MEANS). Subsequently, the AF outcomes are adjudicated 

independently by two research physicians. In case of disagreement, a senior cardiologist is 

consulted. 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. For the current study, we set the baseline for follow-up at the last examination of 

each participant for obesity-related and blood pressure measurements. Participants were 

followed until the date of onset of AF, date of death, loss to follow-up, or to January 1, 2014, 

whichever occurred first. 

 

Assessment of Cardiometabolic Risk Factors 

Methods for assessment of cardiovascular risk factors are detailed in the online 

Supplementary material. 
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Statistical Analyses 

All analyses were performed among men and women separately. Sex-specific means 

(standard deviations) and numbers (percentages) were calculated to describe baseline 

characteristics of the study population.  

Latent class trajectory analysis (with the “lcmm” package in R) 20 was used to determine 

clusters of participants who followed similar trajectories of each risk factor over the given 

exposure period (from 1989 to 2005). The latent class trajectory model assumes that each 

participant belongs to one of several latent classes, and that the repeated measurements of 

participants in the same latent class follow a linear mixed-effects model. The trajectories are 

allowed to vary between latent classes, and the number of latent classes and their sizes in the 

population are estimated from the data. In our analyses, each assessed risk factor was 

considered as a dependent variable and time was represented by age in years. Each model 

included a random intercept. Age and Rotterdam Study cohorts were added in all models as 

independent variables. In addition, use of blood pressure lowering medication [as a 

dichotomous (yes/no) variable] was added in models to better discriminate the trajectories of 

SBP, DBP and PP. Natural cubic splines of age with up to four knots in the fixed effect part 

were used to identify potential nonlinearity of assessed risk factors over time. The number of 

trajectory groups was limited to five. The Bayesian information criterion (BIC) was used to 

assess the fit of the model and choose the best model.20 To ensure that all obtained classes 

are of clinically meaningful size, we imposed the condition that each class should include at 

least 5% of the participants by ignoring the results of models with classes <5%.21 Then, class-

specific predictions were calculated to plot the class-specific trajectory for each risk factor in 

men and women separately. 

After determining the trajectories of each risk factor among men and women, Cox 

proportional-hazards models were used to estimate the associations between a certain 

trajectory group of risk factors and the risk of new-onset AF. We set the baseline at the last 

examination of risk factors for each participant. Therefore, the follow-up period for the Cox 

proportional-hazards analyses was from 2002 to 2014. Hazard ratios (HRs) and 95% 

confidence intervals (CIs) were calculated for the trajectory groups, with the potentially most 

favourable trajectory as the reference. Models were adjusted for baseline age and Rotterdam 

Study cohorts (model 1) and additionally for HDL-cholesterol, total cholesterol, smoking, 

use of serum lipid reducing agents, cardiac medication, and history of DM, HF, CHD and 

hypertension (for SBP, DBP and PP, we adjusted for blood pressure lowing medication 
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instead of hypertension to avoid multicollinearity.) (model 2). We additionally adjusted for 

height in models including weight and for BMI in models including SBP, DBP, and PP. The 

proportional hazards assumptions were tested using scaled Schoenfeld residual and were 

satisfied. In sensitivity analyses, we additionally performed competing risk analyses, taking 

death as a competing event into account. Moreover, we repeated all analyses among 

participants free of cancers, HF and CHD at baseline to rule out the potential impact of 

chronic diseases. Also, age-stratified analysis (at 70 years) was conducted to assess potential 

effect modifications by baseline age. Finally, we constructed an additional model adjusted 

for the baseline measure of each risk factor in corresponding Cox models to determine 

whether the trajectory itself provided more predictive information on the association with AF 

than a single baseline measurement. 

The complete cases analysis was performed in the latent class linear mixed models. 

Missing values in covariates in the Cox 

assumption of missing at random using multiple imputation with a fully conditional 

specification using package “MICE”.22 For multiple imputation, all available data were used 

to generate five imputed data sets. Statistical significance was considered at two-tailed P-

value <0.05. Meanwhile, to accounting for potential multiple comparison in our five main 

exposures (BMI, WC, HC, DBP and SBP), Bonferroni adjustment of multiple testing 

correction P-value <0.01 was reported as well. The analyses were done using R software (R 

4.0.2; R Foundation for Statistical Computing, Vienna, Austria).  

 

Results 

Table 1 shows the baseline characteristics for 7,189 participants, including 2,967 men (41.3%) 

and 4,222 women (58.7%). Men were more often current smokers. Women were older and 

had lower weight, WC and WHR, but higher BMI and HC, compared to men. Higher levels 

of total cholesterol and HDL cholesterol, but lower proportion of lipid lowering medication, 

were observed in women, in contrast to men. Prevalence of baseline CHD and DM were 

lower, but prevalence of hypertension was higher among women.  
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Table 1. Baseline characteristics of the study population 

Values are mean (standard deviation) for continuous variables and percentage for categorical 
variables. Abbreviations: WHR, waist-to-hip ratio; BMI, body mass index; HDL, high 
density lipoprotein; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse 
pressure. * P values derived from the student T-test or Chi-square test for the difference 
between men and women. Since different number of participants were included in the 
analyses for various risk factors, Table 1 shows the baseline characteristics for men and 
women in the final analyses for SBP as an example. The baseline characteristics for men and 
women included in the analyses for other risk factors are presented in Supplementary 
material, Table S14-S20. 

Men Women P values 
Number of participants 2967 4222 - 
Age (years) 72.3 (7.5) 73.7 (8.3) <0.001 
Weight (kg) 81.1 (12.1) 71.2 (12.5) <0.001 
Body mass index (kg/m2) 26.7 (3.5) 27.6 (4.5) <0.001 
Systolic blood pressure 
(mmHg) 146.8 (20.3) 149.4 (21.6) <0.001 

Diastolic blood pressure 
(mmHg) 79.6 (11.4) 78.0 (11.1) <0.001 

Pulse pressure (mmHg) 67.2 (17.3) 71.4 (18.5) <0.001 
Waist circumference (cm) 98.1 (10.1) 89.9 (11.3) <0.001 
Hip circumference (cm) 100.7 (6.6) 103.7 (9.4) <0.001 
Waist-to-hip ratio 0.97 (0.07) 0.87 (0.08) <0.001 
Total cholesterol (mmol/L) 5.36 (0.95) 5.90 (1.00) <0.001 
HDL-cholesterol (mmol/L) 1.30 (0.34) 1.55 (0.41) <0.001 
History of diseases (N, %) 

Hypertension 2266 (76.4) 3338 (79.1) <0.01 
Coronary heart disease 489 (16.5) 227 (5.4) <0.001 
Heart failure 160 (5.4) 185 (4.4) 0.06 
Diabetes mellitus 419 (14.1) 482 (11.4) <0.001 

Smoking (N, %) <0.001 
Never smoked 311 (10.5) 1972 (46.7) 
Former smoker 2003 (67.5) 1619 (38.3) 
Current smoker 653 (22.0) 631 (14.9) 

Use of medication (N, %) 
Serum lipid reducing 
agents  586 (19.8) 710 (16.8) <0.01 

Cardiac medication 325 (11.0) 431 (10.2) 0.33 
Blood pressure lowing 
medication 1260 (42.5) 1888 (44.7) 0.06 
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The exposure period spanned over 16 years (from 1989 to 2005) during which up to four 

repeated measurements of weight, BMI, SBP, DBP and PP; and up to three of WC, HC and 

WHR were available. (Supplementary material, Table S1) The follow-up period for 

incident AF started at the last examination of risk factors for each participant. During a 

median follow-up of 8.9 (interquartile range 5.3–10.4) years, 357 (12.4%) men and 412 

(10.4%) women experienced new-onset AF. Incidence density was 16.5 per 1000 person-

years for men and 11.7 per 1000 person-years for women. Figure 1-Figure 5 and 

Supplementary material online Figure S2-S4 depict the sex-specific longitudinal patterns of 

each risk factor and the associated HRs with 95% CIs for new-onset AF. In men, three 

trajectories were identified for weight, BMI, WC, HC, WHR, DBP and PP, and five 

trajectories were identified for SBP. In women, two trajectories were identified for WHR, 

three for weight, BMI, WC, HC and PP, four for DBP and five for SBP. 

Evolution of various BMI and weight trajectories 

As shown in Figure 1, After adjustments for cardiovascular risk factors (model 2), 

persistent-increasing BMI (Class 2) carried higher AF risks [HR (95% CI): 1.38 (1.06-1.79) 

for men and 1.70 (1.35-2.13) for women). In addition, an increased risk of AF was 

observed in women with long-term exposure to obesity (Class 3), albeit not statistically 

significant. In general, trends of weight trajectories were similar to the trends of BMI 

trajectories among men and women (Supplementary material, Figure S2). No 

significant associations were observed between weight trajectories and incident AF 

among men. In women, persistently increasing weight conferred higher risks for incident 

AF [HR (95% CI): 1.83 (1.36-2.46)]. Baseline characteristics of men and women in 

various trajectories of BMI and weight can be found in Supplementary material, Tables 

S2 and S3 for BMI and Tables S4 and S5 for weight, respectively. 
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Figure 1. Various BMI trajectories and their associated risks for new-onset AF among men 
and women. Abbreviations: AF, atrial fibrillation; BMI, body mass index; HDL, high-

density lipoprotein. 

Evolution of various WC and HC trajectories 

As shown in Figure 2 & 3, results from the multivariate Cox model (model 2) showed that 

the persistently increasing patterns of WC and HC (Class 2) conferred higher risks for 

incident AF [HRs (95%CI): 1.35 (1.003-1.83) and 1.46 (1.01-2.12) in men, 1.38 (1.06-1.80) 

and 1.54 (1.05-2.26) in women]. Compared to the reference group (Class 1), elevated-and-

stable WC pattern (Class 3) was associated with incident AF in women [1.53 (1.09-2.15)]. 

Elevated-and-stable HC pattern (Class 3) was associated with incident AF in men [1.83 (1.11-

3.03)] and in women [1.37 (1.01-1.85)]. Baseline characteristics of men and women in 

various trajectories of WC and HC can be found in Supplementary material, Tables S6 and 
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S7 for WC and Tables S8 and S9 for HC, respectively. Results of WHR trajectories and AF 

are shown in Supplementary material, Figure S3.  

Figure 2. Various WC trajectories and their associated risks for new-onset AF among men 
and women. Abbreviations: AF, atrial fibrillation; WC, waist circumference; HDL, high-

density lipoprotein. 
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Figure 3. Various HC trajectories and their associated risks for new-onset AF among men 
and women. Abbreviations: AF, atrial fibrillation; HC, hip circumference; HDL, high-

density lipoprotein. 

Evolution of various blood pressure trajectories 

Around 75% of the study population had a persistent increase in SBP after age of 55 

years as depicted in Figure 4 (Class 1 ~ Class 3). Interestingly, only the substantially 

increasing SBP pattern (Class 3) was significantly associated with incident AF in men [1.52 

(1.04-2.23)] and borderline associated with incident AF in women [1.25 (0.98-1.60)] after 

multivariate adjustments (model 2). 14.9% men and 11.1% women developed a fluctuating 

SBP pattern over time (Class 4). No significant associations with incident AF were found for 

this pattern. Participants within the persistent-hypertensive pattern (Class 5), experienced the 

largest risk of new-onset AF as 1.82 (1.13-2.95) in men and 1.79 (1.21-2.65) in women. 
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Baseline characteristics of men and women in various trajectories of SBP can be found in 

Supplementary material, Tables S10 and S11. 

Figure 4. Various SBP trajectories and their associated risks for new-onset AF among men 
and women. Abbreviations: AF, atrial fibrillation; SBP, systolic blood pressure; HDL, 

high-density lipoprotein. 

For DBP patterns (Figure 5), in multivariate-adjusted models (model 2), we did not 

observe significant associations between DBP patterns and incident AF in men. However, in 

women, the risk of new-onset AF increased gradually from the lowest to the highest DBP 

trajectory with the HRs (95%CI) of 1.55 (1.11-2.16), 1.75 (1.24-2.48) and 1.95 (1.36-2.80) 

respectively. Baseline characteristics of men and women in various trajectories of DBP and 

weight can be found in Supplementary material, Tables S12 and S13. Supplementary 
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material, Figure S4 showed the associations between various PP trajectories and new-onset 

AF among men and women.  

 

 
Figure 5. Various DBP trajectories and their associated risks for new-onset AF among men 

and women. Abbreviations: AF, atrial fibrillation; DBP, diastolic blood pressure; HDL, 
high-density lipoprotein. 

 

Sensitivity analyses 

 After taking into account death as competing event in the analyses, associations between 

various risk factors’ trajectories and AF did not change. (Supplementary material online, 

Table S21) Moreover, similar results were observed after excluding those with severe 

diseases at baseline. In age-stratified analysis (Supplementary material, Table S23), the 

associations between risk factor trajectories and AF risk were generally consistent among 
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significant age interaction was found (P for all interactions > 0.05). In an additional model 

adjusted for baseline values of each corresponding risk factor, associations between various 

SBP and DBP trajectories with AF did not change largely and remain significant. In contrast, 

the association between a persistent-increasing BMI trajectory (Class 2) with AF in men 

attenuated to null. Various HC and WC trajectories were no longer significantly associated 

with AF among men and women, with exception for a significant higher AF risk in elevated-

and-stable HC trajectory in men [Class 3; 1.76 (1.06-2.94)].  

 

Discussion 

Our study showed that various longitudinal trajectories of obesity and blood pressure at 

population level were associated with new-onset AF in men and women. Main findings can 

be summarized as: (1) Increasing trajectories of weight and BMI conferred the highest risks 

for incident AF in both men and women. Weight loss among overweight individuals might 

reduce the risk for incident AF; (2) Fat accumulation around waist and hip over time were 

strongly associated with incident AF in men and women. The association between elevated-

and-stable WC and incident AF was more pronounced in women. In contrast, the association 

between elevated-and-stable HC and AF was more evident in men; (3) For both men and 

women, trajectories initially starting from hypertensive ranges carried the highest risk for 

incident AF. The increased AF risks were parallel to the initial values of DBP at the start of 

the trajectories in women. Various DBP trajectories in men did not confer higher risks for 

incident AF.  

To our knowledge, our study is the first to comprehensively explore the sex-specific 

longitudinal patterns of obesity-related measures in association with incident AF at 

population level. We demonstrated that increasing BMI over time conferred 40% and 70% 

increased risks of AF in men and women, respectively. A previous investigation among 

10,559 men and women (combined) from the Atherosclerosis Risk in Communities (ARIC) 

study reported that among five BMI trajectories participants with high BMI during exposure 

period had a higher risk for AF.16 Of note, the five BMI trajectories in the ARIC study were 

parallel, implying a small within-subject variation during the exposure period. We provide 

sex-specific evidence in the associations with AF and also identify a BMI trajectory with 

decreasing trend in our population. Participants in the current study had large exposure period 

to risk factors (up to 16 years) and tended to be older at baseline (mean baseline age >72 
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years). It is well known that body weight on average tends to decrease among the elderly 

after 60 years of age.23 Weight loss by bariatric surgery has also been suggested to have a 

beneficial impact on incident AF.24 Our results showed a steeper and more evident decline in 

weight and BMI in men than in women, and further confirmed the evidence that the risk of 

incident AF decreased among participants with a long-term decreasing BMI pattern, even if 

they had suffered from obesity at younger age, compared to those with persistently increasing 

BMI pattern.  

Potential mechanisms of involvement of obesity in AF development are intricately 

linked to the impact of obesity on cardiac structure, inflammation, hemodynamics and 

nervous system.7, 25 Excessive fat is related to increases in blood volume and cardiac output 

but not in heart rate.26 Therefore, augmentation of cardiac output caused by obesity may result 

in left ventricular enlargement and hypertrophy.26, 27 Meanwhile, obesity can trigger AF by 

inducing chronic systemic inflammation with cytokine release and activating the connective 

tissue growth factor and endothelin-1 which may disrupt atrial conduction and increase atrial 

fibrosis.28-30  

We found that various trajectories of WC and HC were independently associated with 

new-onset AF in men and women. The persistently increasing patterns of WC or HC carried 

around 40% larger risks for incident AF in men and women. Previous studies have reported 

positive associations between baseline HC and WC with incident AF.31, 32 Besides, providing 

novel evidence on longitudinal changes of HC and WC over time in association with new-

onset AF among men and women, our study also showed that elevated WC from younger 

ages conferred higher risk for incident AF in women whereas long-term exposure to elevated 

HC was associated with new-onset AF in men. Results suggested a sex-specific cumulative 

impact of WC and HC on AF occurrence. In fact, men are more predisposed to “apple” shape 

that is characterized by fat accumulation around the waist which is intricately regulated by 

the male reproductive hormone testosterone.33 Thus, long-term exposure to excessive fat 

around the hip in men may reflect disturbances in sex hormone balance which have been 

considered as an independent risk factor for incident AF and may further interact with obesity 

to augment the risk.33 In contrast, an adequate level of estrogen is vital to keep the “pear”-

shaped fat distribution characterized by fat accumulation around the hip among women.33 

Meanwhile, evidence suggests that estrogen exerts an important protective impact on AF in 

women by extending atrial conduction time, action potential duration, and the atrial effective 

refractory period.34 Thus, long-term exposure to excessive fat around waist in women implies 
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the loss of estrogen and the loss of its protective impact on cardiovascular health. However, 

further studies to investigate underlying mechanisms of such sex differences are warranted.  

Our results showed that longitudinal SBP patterns were associated with incident AF 

among men and women, in line with the former results from the Tromsø Study.17 Compared 

to the reference group, participants who had been affected by severe hypertension (>160 

mmHg) at younger age, despite a decline thereafter (Class 5), experienced the highest risk 

for incident AF. Besides, a rapid increase in SBP with ageing (Class 3) was associated with 

incident AF. In contrast, a moderate growth of SBP (Class 2) or an elevated-and-restricted 

SBP trajectory (Class 4) were not independently associated with incident AF. Taken together, 

these findings highlight the importance of long-term exposure to elevated SBP in 

development of AF. Indeed, high SBP values and long-term burden of hypertension are 

widely known as risk factors for AF occurrence 35, 36 which is also genetically confirmed by 

Mendelian randomization studies37. The underlying pathophysiological mechanisms of the 

relationship between high blood pressure and AF are not fully understood, but various factors 

could contribute to this link. First, high blood pressure accelerates the structural remodeling 

process of left atrium and gives rise to inflammatory changes, fibrosis, and atrial 

hypertrophy.8 Second, long-term hypertension with increased afterload in the left ventricle 

contributes to ventricular muscle thickening and subsequent development of left ventricular 

hypertrophy.8 Finally, hypertension may interact with autonomic nervous system 

dysregulations and further facilitate development of the arrhythmia.38  

We also observed overt sex differences in the associated AF risk with the DBP 

trajectories. Significant associations with incident AF were found only in women but not in 

men. Several factors need to be taken into consideration while interpreting the observed 

associations for DBP. Firstly, our population comprised middle-age and elderly participants. 

Unlike SBP, DBP tends to decrease with advancing age and after 55 years.39 Indeed, most of 

our population showed low DBP values (< 90 mmHg) throughout the whole exposure period 

and thus the elderly might be less susceptible to the lower mean DBP. Secondly, the reference 

DBP pattern showed stable DBP values of around 70 mmHg in men and around 65 mmHg 

in women. This could result in a smaller difference between the reference group and the other 

groups in men, leading to the attenuation of the associations. Thirdly, the AF-associated risk 

of hypertension in women may increase after menopause, as the protective impact of 

estrogens against cardiovascular disease vanishes.40 Finally, a previous study among 863 old 

patients with hypertension has reported that hypertensive women exhibited higher prevalence 
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of left ventricular hypertrophy, which is a significant risk factor for AF development.41 Taken 

together, though further research regarding the potential mechanisms is warranted, our 

findings suggest a stronger association between various DBP trajectories and AF incident in 

women, compared to men. Moreover, the AF-associated risk in women seems proportional 

to the initial DBP values at the start of the trajectories, regardless of subsequent variations. 

For example, women in Class 4 experienced the largest AF risks. This group was exposed to 

the highest DBP at age 55 years, followed by obvious decline after 65 years of age. This 

could suggest a lag time for the impact of high blood pressure on incident AF, highlighting 

the importance of therapeutic interventions that control blood pressure from younger ages to 

have an optimal impact on AF prevention and to avoid a high residual risk for AF 

development at older ages.  

Strengths of our study include its prospective design, the long follow-up time, and 

adequate adjustment for a broad range of confounders and possible intermediate risk factors 

of AF. Besides, AF events were meticulously adjudicated, validated, and confirmed on 

electrocardiogram. Moreover, rather than investigating only single baseline measurement of 

risk factors, availability of repeated measurements over a long exposure period allowed for 

the assessment of the cumulative impact of risk factors on AF development. However, certain 

limitations merit consideration. First, the majority of our participants were older adults, with 

a minimum age of 55 years at the initial exposure period, and of European ancestry, limiting 

the generalizability of our findings to younger populations and other ethnicities. Second, 

because of the observational study design, we cannot rule out the possibility of residual or 

unmeasured confounding. Third, our latent class models to identify the trajectories were 

modelled separately by sex. This might hamper drawing robust conclusions on whether the 

relationship between risk factor trajectories and AF differed by sex. Finally, since AF may 

be paroxysmal and asymptomatic, we might have underestimated the true number of AF 

cases in our study population. However, the prevalence of AF in the Rotterdam Study is ~4% 

which is in line with the global estimate of AF prevalence.1 Moreover, the possible 

underestimation of AF prevalence could not affect the direction of our results, as the resulting 

misclassification most likely happened independent of the exposures status. 

 

Conclusions 

We report significant associations between various longitudinal trajectories of obesity and 

blood pressure with new-onset AF among men and women from general population, 
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highlighting the importance of screening and monitoring of long-term exposure to risk factors 

for AF prevention. Potential sex differences were suggested in the association of WC, HC 

and DBP trajectories with incident AF. Our results also emphasize the importance of 

preventing hypertension and implementing blood pressure lowering interventions among 

hypertensive individuals as early as possible to optimize AF prevention. 
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Abstract 

Importance: Atrial fibrillation (AF) is the most common cardiac arrhythmia worldwide with 

differences in epidemiology and pathophysiology between women and men and a poorer 

prognosis among women. This calls for further investigation regarding the impact of women-

specific risk factors on AF development.  

Objective: To investigate the association between various women-specific risk factors with 

AF.  

Design: A prospective cohort study from 2006-2020 within the UK Biobank study cohort. A 

median follow-up for AF onset was 11.6 years. 

Setting: Population-based study among women. 

Participants: 235,191 women, free of AF and history of hysterectomy and/or bilateral 

oophorectomy, were included.  

Exposures: Self-reported women-specific risk factors, including age at menarche, irregular 

menstrual cycle, menopause status, age at menopause, years after menopause, age at first 

birth, number of live births, and total reproductive years. 

Main Outcome(s) and Measure(s): New-onset AF defined by ICD-10 code: I48. 

Results: 235,191 women (mean [standard deviation] age 55.7 [8.1] years) were included in 

the present study. During follow-up, 4,629 (2%) women experienced new-onset AF. In 

multivariable-adjusted models, having irregular menstrual cycle was significantly associated 

with higher AF risk [hazard ratio (HR); 95% confidence interval (95% CI): 1.34; 1.01-1.79]. 

Non-linear associations were found between menopausal age, number of live births, and 

ncidence (HR; 95% CI: 1.10; 1.00-1.21 

and 1.08; 1.00-1.17, respectively). Early menopause (<45 years) or delayed menopause (>60 

years) significantly associated with higher risk of AF (HR; 95% CI: 1.24; 1.10-1.39 and 1.34; 

1.01-1.78, respectively). Compared to women with 1-2 children, having no children (HR; 95% 

CI: 1.13; 1.04-1.24), or >6 children (HR; 95% CI: 1.67; 1.03-2.70) were both significantly 

associated with higher AF risk.  

Conclusions and Relevance: Having experienced early or delayed menopause, or irregular 

menstrual cycles were significantly associated with higher risks of new-onset AF among 

women. Additionally, both nulliparity and multiparity were significantly associated with a 

higher AF risk. Our results highlight the importance of knowledge regarding the reproductive 

history of women in devising screening strategies for AF prevention. 



Chapter 2

128
 

 

Keywords: atrial fibrillation; epidemiology; population-based study; women-specific risk 

factors. 

 



Risk factors for new-onset atrial fi brillation: a sex-specifi c perspective

2

129
 

Introduction 

Atrial fibrillation (AF) is the most common cardiac arrhythmia worldwide and carries a large 

morbidity and mortality risk1. Recent evidence suggests differences in pathophysiology of 

AF between men and women and showed that AF is associated with a poorer prognosis 

among women.1, 2 This warrants a better understanding of sex-specific risk factors in the 

development of AF.  

Sex-hormones may play a key role in cardiovascular health.3 The suggested beneficial 

impact of estrogen on cholesterol metabolism and endothelial function4 diminishes as women 

age. This decline in estrogen levels due to aging, in particular after menopause, has been 

profoundly associated with a higher risk of cardiovascular disease (CVD).5 With regard to 

AF, the pathophysiology is known to be complex and multifaceted. An electrophysiological 

dysfunction within the heart including a disordered refractory period and action potential 

duration is thought as one of the most important factors that initiates AF.2 Despite lack of 

direct evidence, estrogen may confer a beneficial impact on AF by extending atrial 

conduction time, action potential duration, and the atrial effective refractory period.6 Thus, 

we speculated that reproductive lifespan function is potentially associated with AF 

development in women, induced by the long-lasting changes of estrogen with aging. While 

previous associations between menopausal age and reproductive lifespan with incident AF 

have been reported, 7-9 a comprehensive evaluation of the potential impact of a wide range of 

reproductive lifespan factors on AF development is sparse.  

The present study aimed to comprehensively investigate the linear and potential non-

linear associations between women-specific risk factors and the risk of new-onset AF within 

the large population-based UK Biobank study.  

 

Methods 

Study population 

Data were obtained from the UK Biobank database. The UK Biobank is a large prospective 

population-based cohort study which recruited over 500,000 UK general participants aged 

between 40 and 69 years in 2006~2010.10 These participants provided medical history, health 

behavior, physical measures, and biological samples at the time of enrolment. The UK 

Biobank 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 
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participants provided written informed consent prior to inclusion in the study. Any participant 

who withdrew from the study was removed from our analysis. This study followed the 

Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting 

guideline.

In the current study, 273,382 women participants at study enrolment were considered 

for inclusion. Participants with prevalent AF at baseline or with only self-reported incident 

AF during follow-up were excluded (N=2,673). Furthermore, participants with history of 

hysterectomy and/or bilateral oophorectomy were also excluded (N=35,351). Finally, there 

were 235,191 participants included in the final analysis. The number of participants in each 

analysis for the various women-specific risk factors varied due to missing values per specific 

risk factor (Figure 1).  

Figure 1. Flowchart of the study population
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Assessment of the women-specific risk factors 

Reproductive history was ascertained at the baseline study visit by participant self-report.9 

Potential women-specific risk factors included in the current study were age at menarche, 

irregular menstrual cycle (yes or no), menopause status (yes or no), age at menopause, years 

after menopause (calculated as baseline age minus menopausal age), age at first birth, years 

after last birth (calculated as baseline age minus age at last birth), history of spontaneous 

miscarriages (yes or no),  history of stillbirth(s) (yes or no), number of live births, and total 

reproductive years (calculated as menopause age minus menarche age).11, 12  

Assessment of atrial fibrillation 

AF was assessed using the hospital admission, primary care and/or death registry data linked 

to the UK Biobank.10 Atrial fibrillation was defined according to the International 

Classification of Diseases (ICD)-10 code: I48. The follow-up ended on October 3, 2020. 

Participants were censored at the end of follow-up, the date of incident AF, the date of death, 

or loss to follow-up whichever occurred first.   

Assessment of cardiovascular risk factors 

Assessment of potential confounders at baseline were described in detail previously.10 Details 

were mentioned in the eMethods.  

Statistical analyses 

Multivariable Cox proportional hazards analyses between each risk factor and incident AF 

was performed to quantify the associations. All risk factors were firstly treated as continuous 

variables in the Cox proportional hazards models. In the first model, we adjusted the analyses 

for baseline age only (Model 1). In the second model, we additionally adjusted for 

cardiovascular risk factors including ethnicity, education, BMI categories, total cholesterol, 

high density lipoprotein cholesterol (HDL-cholesterol), systolic blood pressure, diastolic 

blood pressure, smoking status, history of diabetes mellitus (DM), history of coronary heart 

disease (CHD), history of heart failure (HF), history of stroke, use of blood pressure lowering 

medication, use of cholesterol lowing medication, use of hormone replacement therapy (if 

applicable), and use of contraceptive medication (if applicable) (Model 2). 

In sensitivity analyses, we repeated all the analyses among participants free of CVD 

(including CHD, HF, stroke) at baseline to assess the presence of any residual confounding 
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despite our extensive adjustments. Furthermore, stratified analyses by BMI categories 

overwe

investigate the impact of sex-hormones on the associations between the women-specific risk 

factors and AF, we additionally adjusted Model 2 for the serum concentrations of testosterone 

and SHBG instead of oestradiol, because oestradiol was available in a small proportion of 

the participants (6.2%, N=14,588) in the UK Biobank. Moreover, given women without live 

birth may have infertility induced by hormonal imbalance, or have had pregnancy loss, 

sensitivity analysis further adjusting for sex hormone levels, and sub-group analysis among 

women without stillbirth, spontaneous miscarriage, or termination was performed. Finally, 

we considered that several of the assessed risk factors inherently capture the aging-process 

in them. For instance, post-menopausal women are expected to be older than those prior to 

menopause. Therefore, age-stratified analysis with 5-year age strata was conducted as well 

to limit the residual confounding of age.  

Furthermore, we added natural cubic splines with up to 5 knots to the corresponding 

multivariable-adjusted Cox proportional hazards models for each risk factor to assess the 

potential non-linear associations with incident AF. Akaike information criterion (AIC), an 

estimator of how well a model fits the data, was used to compare the various models and 

choose the best model. We then recorded the cut-off value of each risk factor, if non-linearity 

was found. The cut-off value was then used to group participants and to construct the 

categorical variables which were subsequently used in the Cox proportional hazards models 

to quantify the non-linear associations.   

Missing values in covariates were imputed under the assumption of missing at random 

using the multiple imputation with fully conditional specification by means of R package 

“MICE”. Values of HDL-cholesterol were missing in 15.3% participants. Missing values of 

all other co-

generate five imputed datasets and the pooled results were reported. In sensitivity analysis, a 

complete case analysis was carried out. Statistical significance was considered at two-tailed 

P-value <.05. The analyses were done using R software (R 4.0.2; R Foundation for Statistical 

Computing, Vienna, Austria). 
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Results 

A total of 235,191 women free of AF (mean age 55.7 ± 8.1 years) at baseline were 

eligible for the analyses. The baseline characteristics for our study are shown in Table 1. The 

median follow-up period was 11.6 years (interquartile range 10.9-12.3 years) during which 

4,629 (2.0%) women experienced incident AF.  

 

Table 1. Baseline characteristics of the study population 

 Study population 
No. of participants 235,191 
Age, years 55.7 (8.1) 
Weight, kg 71.1 (14.0) 
BMI, kg/m2 26.9 (5.1) 
SBP, mmHg 136.5 (20.2) 
DBP, mmHg 80.5 (10.5) 
Total cholesterol, mmol/L 5.86 (1.12) 
HDL-cholesterol, mmol/L 1.60 (0.38) 
Total oestradiol, median (IQR), pmol/L 402.8 [268.5, 643.8] 
Total testosterone, median (IQR), nmol/L 1.03 [0.73, 1.39] 
SHBG, mean (SD), nmol/L 62.0 (30.4) 
Ethnicity, No. (%)  

White 222,577 (94.6) 
Mixed 1,650 (0.7) 
Asian 3,964 (1.7) 
Black 3,905 (1.7) 
Other 3,095 (1.3) 

Education, No. of university or college (%) 36,938 (15.7) 
Smoking status, No. (%)  

Never 141,240 (60.1) 
Former 72,888 (31.0) 
Current 21,063 (9.0) 

History of diseases, No. (%)  
Diabetes mellitus 7,549 (3.2) 
Heart failure 384 (0.2) 
Coronary heart disease 5,916 (2.5) 
Stroke 2,430 (1.0) 

Medication use, No. (%)  
Blood pressure lowing 44,798 (19.0) 
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Table 1. continued 
 Study population 

Cholesterol lowing 51,795 (22.0) 
Oral contraceptive 51,238 (21.8) 
Hormone replacement therapy 76,438 (32.6) 

Age at menarche, years 12.9 (1.6) 
History of irregular menstrual cycle, No. (%) 10,804 (22.5) 
Menopause status, yes, % 143,067 (69.2) 
Age at menopause, mean (SD), years 50.2 (4.4) 
Years after menopause, mean (SD)  9.6 (6.3) 
Age at first birth, mean (SD), years 25.6 (4.7) 
History of spontaneous miscarriages, No. (%) 46,972 (23.5) 
History of stillbirth, No. (%) 5,655 (2.4) 
Number of live births, No. (%)  

None 45,641 (19.5) 
1 31,838 (13.6) 
2 102,185 (43.6) 

3 54,867 (23.3) 
Total reproductive years  37.3 (4.7) 

Values are mean (SD) or median (IQR) for continuous variables and number (percentages) 
for categorical variables. Abbreviations: SD, standard deviation; IQR, interquartile range; 
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL, 
high density lipoprotein; SHBG, sex hormone binding globulin. 
 
Association between women-specific risk factors with the risk of new-onset AF 

Table 2 describes the associations between various women-specific risk factors with the risk 

of new-onset AF. In the age-adjusted model (Model 1), significant associations were 

established between most assessed risk factors and incident AF (all P-values<.05), with 

exception of menopause status (HR (95% CI): 1.04 (0.90-1.20)), spontaneous miscarriage 

(HR (95% CI): 1.05 (0.98-1.13)) and stillbirth (HR (95% CI): 1.17 (1.00-1.38)). After further 

adjustments for other potential confounders (Model 2), associations between age at menarche 

and number of live births with AF attenuated and were no longer statistically significant. In 

Model 2, women who had experienced irregular menstrual cycles carried a higher risk of 

incident AF, compared to women with normal menstrual cycle (HR (95% CI): 1.34 (1.01-

1.79)). Larger number of years after last birth was associated with higher AF risk (HR (95% 

CI): 1.06 (1.02-1.10), per 5-year increase in years after last birth). Older age at menopause 

had a beneficial impact on incident AF (HR (95% CI): 0.95 (0.92-0.98), per 5-year increase 
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in menopausal age), whereas larger number of years after menopause in association with AF 

incidence was detrimental (HR (95% CI): 1.05 (1.02-1.09), per 5-year increase in years after 

menopause). Older age at first live birth was associated with lower risk of incident AF (HR 

(95% CI): 0.92 (0.88-0.96), per 5-year increase in age at first live birth). Besides, longer 

reproductive lifespan, reflecting the period between menarche and menopause, was 

significantly associated with lower risk of incident AF (HR (95% CI): 0.96 (0.93-0.99), per 

5-year longer reproductive lifespan). 

 

Table 2. Association between women-specific risk factors with the risk of new-onset atrial 
fibrillation 

 HR (95% CI) 

 Model 1 P-
values Model 2 P-

values 
Age at menarche * 

(N=227,319) 0.98 (0.96-0.99) .01 1.00 (0.98-1.02) .99 

Irregular menstrual 
cycle, yes/no 
(N=58,843) 

1.36 (1.02-1.81) .04 1.34 (1.01-1.79) .04 

Menopause, yes/no 
(N=206,886) 1.04 (0.90-1.20) .63 1.14 (0.98-1.32) .09 

Age at menopause † 

(N=134,419) 0.94 (0.90-0.97) <.0001 0.95 (0.92-0.98) <.01 

Years after menopause † 

(N=134,419) 1.07 (1.03-1.11) <.0001 1.05 (1.02-1.09) <.01 

Age at first live birth † 

(N=156,773) 0.86 (0.82-0.89) <.0001 0.92 (0.88-0.96) <.0001 

Years after last birth † 
(N=156,527) 1.09 (1.05-1.13) <.0001 1.06 (1.02-1.10) <.01 

Spontaneous 
miscarriage, yes/no 
(N=230,587) 

1.05 (0.98-1.13) .20 1.04 (0.97-1.11) .32 

Stillbirth, yes/no 
(N=230,953) 1.17 (1.00-1.38) .05 1.07 (0.91-1.26) .39 

Number of live births 
(N=234,531) 1.03 (1.01-1.05) .03 1.01 (0.98-1.03) .57 

Reproductive years † ‡ 

(N=131,449) 0.96 (0.93-0.99) .02 0.96 (0.93-0.99) .02 

Model 1 was adjusted for baseline age only.  
Model 2 was adjusted for baseline age, ethnicity, education, body mass index categories, total 
cholesterol, high density lipoprotein cholesterol, systolic blood pressure, diastolic blood 
pressure, smoking status, history of diabetes mellitus, history of coronary heart disease, 
history of heart failure, history of stroke, use of blood pressure lowering medication, use of 
cholesterol lowing medication, use of hormone replacement therapy (if applicable), and use 
of contraceptive medication (if applicable).  
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* Hazard ratios represent one unit increase in age at menarche with the risk of new-onset 
atrial fibrillation. † Hazard ratios represent five unit increase in age at menopause, years after 
menopause, age at first live birth, reproductive years with the risk of new-onset atrial 
fibrillation. ‡ Reproductive years was defined as the difference between menopausal age and 
menarcheal age. 
 

Non-linear association between women-specific risk factors with the risk of new-onset 

AF 

Figure 2 depicts the non-linear association between women-specific risk factors and AF 

development. A “N” shape was found between age at menarche and incident AF (P-value for 

non-linearity=.25). Having experienced menarche at a young age, between 7-11 years old 

(HR (95% CI): 1.10 (1.00-1.21)), or later (between 13-18 years old) (HR (95% CI): 1.08 

(1.00-1.17)) was associated with a higher risk of incident AF compared to menarche age at 

12 years (Table 3, Figure 2A). Moreover, an “U”-shaped association was identified between 

menopausal age with the risk of new-onset AF. Having experienced menopause around 52 

years of age conferred the lowest risk for incident AF (Figure 2B). Early menopause (<35 

years of age: HR (95% CI): 2.25 (1.48-3.34) and 35~44 years of age: HR (95% CI): 1.24 

(1.10- -1.78)) were 

associated with a higher risk for incident AF (Table 3). Besides, Figure 2C illustrates a “J”-

shaped association between number of live births and incident AF. The lowest risk of AF 

was observed among women with 1 or 2 live births. Compared to women who had 1 or 2 

children, having no children conferred higher risk of incident AF (HR (95% CI): 1.13 (1.04-

1.24)). Risk of AF was higher among women with 4-6 children (HR (95% CI): 1.12 (1.01-

1.24)) and substantially higher among women with more than 7 children (HR (95% CI): 1.67 

(1.03-2.70)). We also observed an “U”-shaped association between reproductive lifespan 

with the risk of new-onset AF (Figure 2D). In Table 3, short reproductive lifespan of <20 

years (HR (95% CI): 1.74 (1.07-2.86)) and 21~30 years (HR (95% CI): 1.74 (1.07-2.86)) 

were markedly associated with higher AF risks. In contrast, reproductive lifespan longer than 

41 years was not statistically significantly associated with AF (HR (95% CI): 1.03 (0.95-

1.11)). 
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Figure 2. Non-linear association between women-specific risk factors and the risk of new-
onset atrial fibrillation. Model was adjusted for baseline age, ethnicity, education, body 

mass index categories, total cholesterol, high density lipoprotein cholesterol, systolic blood 
pressure, diastolic blood pressure, smoking status, history of diabetes mellitus, history of 

coronary heart disease, history of heart failure, history of stroke, use of blood pressure 
lowering medication, use of cholesterol lowing medication.
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Table 3. Association between women-specific risk factors, as categorical variables, with 
incident atrial fibrillation 

 Risk for incident atrial fibrillation 
 Model 1 P-

values Model 2 P-
values 

Age at menarche 
7 ~ 11 years old 
(N=44,309) 1.18 (1.07-1.29) <.001 1.10 (1.00-1.21) .04 

12 years old 
(N=43,314) 1.00 (Reference) - 1.00 (Reference) - 

13 ~ 18 years old 
(N=139,696) 1.04 (0.96-1.13) .34 1.08 (1.00-1.17) .05 

Age at menopause 
< 35 years old 
(N=494) 2.48 (1.63-3.78) <.0001 2.25 (1.48-3.43) <.001 

35 ~ 44 years old 
(N=12,074) 1.33 (1.19-1.49) <.0001 1.24 (1.10-1.39) <.001 

45 ~ 49 years old 
(N=32,042) 1.09 (1.00-1.83) .06 1.07 (0.98-1.17) .12 

50 ~ 54 years old 
(N=68,206) 1.00 (Reference) - 1.00 (Reference) - 

55 ~ 59 years old 
(N=20,665) 1.06 (0.97-1.17) .20 1.04 (0.95-1.14) .39 

(N=938) 1.39 (1.05-1.84) .02 1.34 (1.01-1.78) .04 

Number of live births  
None (N=45,641) 1.09 (1.00-1.19) .051 1.13 (1.04-1.24) <.01 
1~2 (N=134,023) 1.00 (Reference) - 1.00 (Reference) - 
3 (N=40,695) 1.11 (1.02-1.20) .01 1.08 (1.00-1.16) .05 
4 ~ 6 (N=13,784) 1.23 (1.10-1.37) <.001 1.12 (1.01-1.24) .04 

 1.87 (1.18-2.98) <.001 1.67 (1.03-2.70) .03 
Reproductive years * 

 1.87 (1.14-3.06) .01 1.74 (1.07-2.86) .03 
21 ~ 30 years 
(N=10,863) 1.31 (1.16-1.47) <.0001 1.23 (1.10-1.38) <.001 

31 ~ 40 years 
(N=88,122) 1.00 (Reference) - 1.00 (Reference) - 

41 ~ 50 years 
(N=31,939) 1.07 (0.99-1.16) .09 1.03 (0.95-1.11) .45 

Values were shown as hazard ratio and 95% confidence intervals. Model 1 was adjusted for 
baseline age only. Model 2 was additionally adjusted for ethnicity, education, body mass 
index categories, total cholesterol, high density lipoprotein cholesterol, systolic blood 
pressure, diastolic blood pressure, smoking status, history of diabetes mellitus, history of 
coronary heart disease, history of heart failure, history of stroke, use of blood pressure 
lowering medication, use of cholesterol lowing medication. *Reproductive years was defined 
as the difference between menopausal age and menarcheal age. 
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Sensitivity analyses 

The complete case analysis showed generally similar directions compared to the results after 

multiple imputation. However, no significant association was found between menarcheal age 

and AF. (eTable 1) After excluding women with baseline prevalent CHD, HF and stroke 

from the analyses, the associations between various women-specific risk factors and incident 

AF remained statistically significant and were slightly stronger than our original results 

(eTable 2). Moreover, we found a significant interaction between menopause status and 

incident AF across BMI groups (P-value for interactions<.001) (eTable 3). Menopause status 

was significantly associated with incident AF only among normal-weight women (HR (95% 

CI): 1.39 (1.05-1.84)). In addition, further adjustment for blood levels of sex-hormones did 

not substantially change the associations between each women-specific risk factor and AF 

(eTable 4). Specifically, compared to women with 1-2 children, nulliparity was significantly 

associated with higher AF risk (HR (95% CI): 1.10 (1.01-1.19), p=.03). Finally, age-stratified 

analyses suggested significant interactions between having irregular menstrual cycle and 

baseline age (P-value for interaction=.03). In addition, a potentially stronger association was 

indicated between menopausal age and AF among younger women, though the interaction 

was not statistically significant (P-value for interaction=.08). Also, borderline significant 

interactions were observed between menopause status (P-value for interaction=.09) and years 

after menopause (P-value for interaction=.10) with age. (eTable 5) To evaluate additional 

value of reproductive lifespan beyond menopausal age, we further adjusted for menopausal 

age in the association between reproductive lifespan and new-onset AF and the association 

remained significant, while slightly attenuated. (eTable 6) Finally, after excluding women 

with history of pregnancy loss, robust association was found between number of live births 

and AF. (eTable 7)  

 

Discussion 

Main strengths of our study include its large sample size, prospective study design, the long 

follow-up time, and extensive adjustment for a broad range of confounders. Findings showed 

independent significant associations of age at menopause, years after menopause, 

reproductive lifespan, irregular menstrual cycle, number of live births, age at first birth, and 

years after last birth with risk of new-onset AF. Significant non-linear associations between 

menopausal age, reproductive lifespan, and number of live births with the risk of new-onset 

AF presented novel findings.  
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To our knowledge, we are the first to report an independent association between 

irregularity in menstrual cycle and incident AF and thereby add to previous evidence. 

Epidemiological studies have reported that irregular cycles might contribute to development 

of CHD and CHD mortality.13, 14 Meanwhile, a study in 40 Indian women suggested that 

menstrual cycle irregularity was associated with glucose intolerance and insulin resistance.15 

Indeed, irregular cycles which are commonly induced by sex-hormones disorders have been 

considered as an independent risk factor for cardiometabolic disorders.16 Besides, observed 

association, in the present study, was stronger among older women, implying that loss of 

estrogen with aging might mediate the relationship between having experienced irregular 

menstrual cycle and AF onset.5, 6 However, further studies to investigate the underlying 

pathophysiological mechanisms between irregular cycles and AF are warranted.   

Although menopause status was not significantly associated with new-onset AF in the 

present study, larger number of years after menopause conferred a significantly higher AF 

risk among post-menopausal women. Moreover, the risk of AF was significantly increased 

among women who had experienced menopause at younger age <44 years or at very old 

age >60 years. Our results reflected an “U”-shaped association, with the lowest AF-

associated risk for the menopause age between 45-59 years old, thus added to a prior study 

conducted within the UK Biobank that showed significant linear associations between 

menopausal age and incident AF among women with natural menopause or surgical 

menopause.9 However, studies from the Framingham Heart Study (FHS) of 1,809 women 

(median follow-up of 20.5 years) and the Women’s Health Study (WHS) of 30,034 women 

(median follow-up of 10 years) did not report a significant association between categorical 

menopausal age and new-onset AF.17, 18 Noteworthy, participants in the FHS (mean age 70 

years) were much older than the current study. Advancing age is the most important risk 

factor for incident AF leading to a sharp increase in AF incidence after 70 years of age.1 Thus, 

the association between menopausal age and AF could have been masked by both the limited 

sample size and the very old population in the FHS. In the present study, sensitivity analyses 

indeed suggested a stronger association between menopausal age and AF among younger 

women. Moreover, the reference group in the WHS was arbitrarily set to women with 

menopausal age older >54 years. As we found in our study, menopausal age older than 60 

years conferred a substantially higher risk of AF. Therefore, not considering the non-linearity 

in the WHS study probably diluted the association between menopause age and AF. We 
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thereby extended the prior studies by assessing potential non-linearity and identified an 

appropriate reference group with the lowest risk for AF.  

We found a “J”-shaped relationship between the number of live births and incident AF. 

Compared to women with 1-2 children, women without children or with >4 children had 

higher risks of AF development. To our knowledge, only one previous study from the WHS 

suggested that women with more than 3 pregnancies, compared to those with 1 pregnancy, 

had significantly a higher AF risk, whereas women without pregnancy did not show a higher 

AF risk.19 Population heterogeneity should be considered to interpret such a discrepancy. 

Notably, women in the WHS study were healthier than the UK Biobank population. Thus, in 

our study, higher risk of AF among women who had no children might be partially due to a 

potential poorer health status and larger burden of comorbidities. Nevertheless, our 

sensitivity analyses among women without CVD at baseline showed similar results, implying 

that the burden of comorbidity did not fully account for the observed association. Indeed, 

compared to women without children, pregnancy induces a series of changes in vascular 

function among primiparous women, and these changes are normally beneficial to 

accommodate the maternal and fetal needs.20 On one hand, research has indicated that a 

normal pregnancy might contribute to a reduced arterial stiffness and elevated vascular 

compliance in primiparas.21 However, pregnancy, on the other hand, may give rise to 

abnormal hemodynamic changes of the cardiovascular system which further result in cardiac 

hypertrophy, valvular disease, and CHD.22 Evidence shows that at least 0.2-0.4% of all 

pregnancies are complicated by these cardiovascular pathologies.23 Herein, multiparity 

mostly increased the risk of pathological changes within the cardiovascular system following 

pregnancy. Taken together, our findings underscore the higher AF risk among both 

nulliparous and multiparous women. 

The present study also demonstrated significant associations between various factors of 

reproductive history and incident AF.  Associations between the age at first birth and years 

after last birth with incident AF presented other novel findings of our study. Evidence has 

shown that women with an early first pregnancy are at greater risk of poor general health and 

worse physical functioning.24 In agreement with a previous prospective Korean study, our 

findings also confirmed the inverse association between the number of reproductive lifespan 

and incident AF.8  

Limitations 
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Our study has several limitations. First, since most of our participants were of European 

ancestry, our results may not be generalizable to women of other ethnicities. Second, various 

exposures and covariates were self-reported may be subject to recall bias which is inherent 

to the use of self-reported questionnaires. Third, due to an observational study design, we 

cannot rule out the possibility of residual or unmeasured confounding. Specifically, the 

association between number of live births and cardiovascular health might be, to some extent, 

affected by possible residual confounding by socioeconomic and cultural factors.25 However, 

the observed association remained statistically significant after further adjustment for the 

Townsend index. Fourth, studies26 have suggested an increased risk of cardiovascular disease 

among women who experienced adverse pregnancy outcomes such as preeclampsia, preterm 

delivery, and gestational diabetes, which were not covered in the present study due to the low 

prevalence of pregnancy adverse outcomes at baseline (0.04~0.3%). Finally, since AF may 

be paroxysmal and asymptomatic, we might have underestimated the true number of AF 

cases in our study population. Besides, the use of ICD-10 codes to define AF onset has 

limitations in that the detection is tied to health care utilization and not perfectly accurate, 

and thus at potential risk of misclassification.27   

 

Conclusion 

In this large population-based cohort study, women-specific risk factors were significantly 

associated with the risk of new-onset AF. The AF risk was elevated among women who had 

early or delayed menopause. In addition, women with irregular menstrual cycles carried a 

larger risk for AF onset. Interestingly, both nulliparity and multiparity were significantly 

associated with larger risk of incident AF, compared to women with 1-2 children. Our results 

underscore the importance of taking into account the reproductive history of women in 

developing tailored screening strategies for AF prevention among women.  
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Abstract 

Atrial fibrillation (AF), the most common sustained cardiac arrhythmia, has a large impact 

on quality of life and is associated with increased risk of hospitalization, morbidity, and 

mortality. Over the past two decades advances regarding the clinical epidemiology and 

management of AF have been established. Moreover, sex differences in the prevalence, 

incidence, prediction, pathophysiology, and prognosis of AF have been identified. 

Nevertheless, AF remains to be a complex and heterogeneous disorder and a comprehensive 

sex- and gender-specific approach to predict new-onset AF is lacking. The exponential 

growth in various sources of big data such as electrocardiograms, electronic health records, 

and wearable devices, carries the potential to improve AF risk prediction. Leveraging these 

big data sources by AI-enabled approaches, in particular in a sex- and gender-specific manner, 

could lead to substantial advancements in AF prediction and ultimately prevention. We 

highlight the current status, premise, and potential of big data to improve sex- and gender-

specific prediction of new-onset AF.   

 

Keywords: atrial fibrillation; artificial intelligence; big data; prediction; sex and gender 

differences. 
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Introduction 

Atrial fibrillation (AF), the most common cardiac arrhythmia, markedly increases the risk of 

hospitalization, morbidity, and mortality.1-3 Over the last two decades advances regarding the 

clinical epidemiology and management of AF have been established.1-3 Recent evidence 

indicates that both sex and gender play a role in the development and progression of 

cardiovascular disease, drug reactions, and healthcare utilization.4-7 While sex refers to the 

biology; including chromosomes, gene expression, hormone levels, and their function, 

gender comprises the socio-cultural attributes; including socially constructed roles, behaviors, 

expressions, and identities.4-7 In the field of AF, however, sex and gender implications remain 

understudied.2, 8-10 Notably, the age-adjusted prevalence, incidence, and lifetime risk of AF 

are higher in men than in women.1-3 More specifically, it is suggested that several risk factors 

(hypertension, smoking, alcohol intake, obesity, history of diabetes mellitus, history of 

myocardial infarction or history of heart failure) carry a differential impact on AF risk in men 

and women.1, 8-11 It has also been suggested that AF-related adverse outcomes and response 

to various treatment modalities differ between men and women.1-3, 8-11 Nevertheless, AF 

remains to be a complex and heterogeneous disorder and a comprehensive sex- and gender-

specific approach to predict new-onset AF is lacking.  

The past decade has witnessed an exponential growth in recorded data in the healthcare 

sector. The massive amount of recorded information, i.e. big data, has turned to a topic of 

special interest, because of its great potential. Leverage of big data, using artificial 

intelligence (AI) enabled approaches, provides an opportunity to further improve prediction 

of AF.12, 13 Use of various sources of big data such as electrocardiograms (ECGs), electronic 

health records (EHRs), and wearable devices, in particular in a sex- and gender-specific 

approach, could lead to substantial advancements in AF prediction and ultimately prevention. 

Here, we review the current status and highlight the premise and potential of these data 

sources to improve sex- and gender-specific prediction of new-onset AF. 

 

Leveraging big data for prediction of new-onset atrial fibrillation  

Over the past decade, several AF risk prediction scores have been developed and validated 

using more traditional research methods.14-22 These prediction scores predominantly use 

traditional cardiovascular risk factors such as age, sex, race, height, weight, hypertension, 

diabetes mellitus, coronary heart disease, and heart failure which are readily obtainable 

clinical variables.14-22 In general, these scores have a moderate to good performance (C-
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statistic ranging between 0.65-0.78).14-22 Over the past years, there has been an exponential 

interest in using various big data sources to further improve the AF risk predictions beyond 

the traditional AF risk factors.23, 24 Specifically, multiple studies have employed AI-enabled 

algorithms to evaluate new-onset AF prediction by leveraging various big data modalities 

including the clinical data, ECGs, EHRs, and wearable devices.23-42 Some of these studies 

showed that AI-enabled AF prediction models performed similar to or better than established 

traditional AF prediction models.25, 27-30 Furthermore, targeted AF screening using a machine 

learning (ML) risk prediction algorithm showed the potential to enhance AF screening and 

to improve the cost-effectiveness of AF screening through an efficient use of limited 

healthcare resources.31  

A variety of studies have highlighted the potential predictive capacity of AI to assess 

the risk of new-onset AF from a 12-lead ECG with acceptable to excellent performance (area 

under the receiver operating characteristic curve ranging between 0.70-0.90).32, 33 The 

potential of the ECG to predict AF might be explained by the fact that the AF substrate is 

caused by electrical and structural remodeling of the heart.2 AI-enabled algorithms for ECG 

assessment could mark the very early stages of remodeling, not yet being detected by the 

cardiologist using routine measures, to predict new-onset AF. However, previous studies 

mainly predicted new-onset AF risk within a short time period (<1 year).33 Thereby, their 

value for primary prevention is limited, as the time window may not be long enough to 

intervene in individuals at high AF risk. In a recent study,32 a convolutional neural network 

for 10-second ECG measures was trained to infer 5-year risk of new-onset AF. The 

investigators concluded that their method had similar predictive utility as the widely accepted 

clinical risk factor model: the Cohorts for Heart and Aging Research in Genomic 

Epidemiology AF score (CHARGE-AF).14 Yet, the combination of both (clinical risk factors 

and ECG) provided the greatest predictive accuracy with good discrimination and calibration. 

These findings underscore the capacity of AI-enabled approaches to improve AF prediction 

in an inexpensive, non-invasive, widely available, and point-of-care testing manner. 

Two studies utilized EHRs to develop AF prediction models.41, 42 EHRs contain real-

time, patient-centered data that are instantly available to patients and authorized healthcare 

providers. The increasing digitalization of healthcare systems makes EHRs more and more 

widely available, making them particularly useful to predict new-onset AF. A recent study 

developed an AF prediction model for a 6-month time period using 200 most common EHR 

features of 2,252,219 individuals. However, this ML approach did not substantially perform 
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better than a logistic regression model using traditional AF risk factors.41 Another study 

developed a model to predict new-onset AF over a 2-year time period with good 

discrimination (C-statistic of 0.81) using a 10-variable model compromised of covariates 

commonly available in the EHRs of 53,552 subjects. This study, however, did not compare 

the developed prediction model to previous validated AF risk prediction models.42 Another 

study evaluated the improvement in 5-year AF risk prediction when adding novel variables 

identified by ML to the CHARGE-AF enriched score.27 Although this study was not 

conducted using EHRs, it did include clinical, serological, echocardiographic, and cardiac 

imaging information that are increasingly becoming more available within EHRs. This 

method, however, did not significantly improve AF prediction in comparison to the 

CHARGE-AF enriched score.27  

The emergence of wearable devices constitutes another major source to improve AF 

prediction and management.23 Wearable devices often use photoplethysmography or 

ballistocardiography to monitor an individual’s cardiac rhythm. Other forms of wearable 

devices include cardiac implantable electronic or patch-based ECG devices that have proven 

to be useful in selected patient populations to detect AF or assess the risk of stroke in AF 

patients beyond the CHA2DS2-VASc score.43, 44 Such wearable devices are simple to apply 

and enable real time continuous monitoring of the heart. This makes the use of wearable 

devices promising as one could use this electrical information to predict new-onset AF. 

Nonetheless, the use of wearable devices and AI algorithms is currently mainly limited to AF 

detection rather than new-onset AF prediction. 

 

Premise of big data in prediction of new-onset atrial fibrillation  

Leveraging big data by AI-enabled approaches could offer great opportunities to improve AF 

predictions. First, AI methods could be used to overcome statistical issues that are potentially 

challenging in traditional approaches. In particular, for complex diseases such as AF, 

simultaneous use of hundreds of quantitative biomarkers may lead to problems such as multi-

collinearity, non-linearity, complex interactions, and the possibility of over-fitting.45-47 AI 

methods, including random (survival) forest method, a non-parametric ML decision tree-

based approach, have been proposed to overcome such challenges.45, 47 Second, AI 

approaches allow for data mining purposes to automatically extract more valuable 

information from unstructured and complex datasets to improve AF predictions. Ultimately, 

use of AI would allow combination of various extensive, annotated data libraries into 
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multidimensional datasets which include genotyping, imaging, clinical, and other 

subphenotypic information. These multidimensional datasets could be used to identify 

different AF subphenotypes which then could be utilized to improve AF prediction, 

prevention, and management in a potentially sexand gender-specific manner. Particularly, 

the inclusion of multilayered high-throughput omics data in such datasets seems promising, 

given the vast contribution of genetic studies (genome-wide association studies, experimental 

and in silico candidate gene studies, and Mendelian randomization studies) to advance AF 

pathophysiology. Recently, a data-driven cluster analysis of 9,749 AF patients, using 60 

clinical characteristics, led to identification of four cluster AF phenotypes.48 The four AF 

phenotypes were: AF with limited risk factors, younger AF patients with comorbid 

behavioral disorders, AF patients with tachycardia-bradycardia with device implantation due 

to sinus node dysfunction, and AF with atherosclerotic vascular disease.48 Another cluster 

analysis of 2,458 AF patients, using 46 variables, identified three cluster AF phenotypes 

including younger paroxysmal AF, persistent/permanent AF with left atrium enlargement, 

and atherosclerotic comorbid AF in elderly.49 Another study used hierarchical clustering 

analyses to identify distinct phenotypes of primary mitral regurgitation which is also 

considered a heterogeneous disease, as it is the case with AF.50 As such, AI applications could 

further aid in improving subphenotypic AF classifications to further unravel the complexity 

and heterogeneity of AF. Based on data-driven approaches, rather than hypothesis driven 

approaches with a-priori assumptions, leverage of big data with AI methods can also identify 

and prioritize AF biomarkers within the realm of AF risk prediction.  

 

Potential of big data for sex- and gender-specific prediction of new-onset atrial 

fibrillation 

While big data sources such as ECGs, EHRs, and wearable devices could improve AF 

prediction and management, their potential for a sex- and gender-specific approach to AF 

needs further attention.  

In particular, recent electrophysiological evidence highlights sex differences with regard 

to cardiac cellular electrophysiology and their translation to the ECG parameters. It is well 

documented that sex hormones affect the action potential morphology and cellular 

electrophysiology through their influence on ion channel function and current densities. 

Specifically, men have a shorter action potential duration, have a more prominent phase 1 

repolarization, and shorter phase 3 repolarization than women.51 It is hypothesized that 
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primarily inward depolarizing L-type Ca2+ current and outward repolarizing K+ currents 

modified by sex hormones are responsible for these sex-differences in action potential 

morphology. Moreover, women have a higher heart rate, lower heart rate variability, shorter 

and taller P waves, shorter PR interval,  shorter and smaller QRS complexes, longer QT and 

QTc interval, longer JT interval, wider and smaller T waves, smaller J point, and smaller ST 

segment in comparison to men.51 From a clinical perspective, the longer QTc interval in 

women makes women more prone to drug-induced QTc prolongation which may result in 

torsades de pointes.51 The higher J point and ST segment in men may explain the higher 

prevalence of J-wave syndromes (Brugada syndrome, and early repolarization syndrome) in 

men.51 Next to these sex hormones’ modulations on a cellular level, it is thought that the 

smaller size of the women’s heart, at least partially, explains some of the documented ECG 

sex-differences. Noteworthy, these sex differences in sinus rhythm generally persist when 

men and women develop AF.52  

EHRs hold real-time, patient-centered data from men and women that reflect sexual and 

biological differences such as obesity and hypertension, among others. However, lack of 

precise and inclusive documentation of gender, the socio-culturally constructed 

characteristics of men and women, in EHRSs is notable.7, 53 Although, gender documentation 

may be incomplete in the narrow sense (no actual documentation of for example cis-, trans-

gender, or non-binary gender identity), EHRs provide more information in a broad sense on 

socio-cultural habits, thereby representing gender. More specifically, EHRs could provide 

information on socio-culturally determined characteristics, roles or habits; including but not 

limited to socio-economic status, physical and social behaviors that influence e.g. physical 

activity, social interaction, medication use and adherence to medication, and healthcare use.5-

7 Such information could shed more light on gender-related factors that may impact AF. With 

regards to wearable devices, previous evidence has shown a higher burden of atrial and 

ventricular arrhythmia in women using a wearable cardioverter-defibrillator, compared to 

men.54 This is in line with the evidence underpinning the existence of sex-specific ECG 

features, as mentioned earlier. In addition, similar to EHRs, wearable devices may give more 

insight into gender-related behavioral habits including physical activity, working hours, sleep, 

caloric and fluid intake, and other social activities. The latter variables have indeed been 

suggested to be of added value when modelling sex- and gender-differences in various health 

domains, although data to support this claim within the AF field is lacking.55 
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The sex-related dimensions in ECGs, and gender-related features in EHRs and wearable 

devices, as discussed earlier, are recognizable and should yet be fully explored to improve 

AF predictions and management. AI-enabled algorithms may be able to detect more sex-

specific characteristics and gender-related behavioral patterns within these big data sources 

that might not be apparent on a more macroscopic level or by using traditional statistical 

methods. This may eventually improve our understanding of sex- and gender-related 

differences in AF. 

 

Discussion 

This review highlighted the current status, premise, and potential of big data to improve 

prediction of new-onset AF in a sex- and gender-specific manner. While leveraging big data 

using AI-enabled algorithms offers major opportunities to further advance AF prediction, 

adoption of a sex- and gender-specific approach is still lacking.  

Ample challenges remain before AI-enabled algorithms can be adopted for prediction, 

prevention, and management of AF. First, the interpretability (transparency and 

explainability) of AI and exact definition of how all the different methods work is yet 

difficult.56 This so called “black box” is dependent on the type of AI algorithms that is being 

used (in particularly deep learning). Application of such algorithms warrants careful and 

thorough examination of the methods before their implementation, because an algorithm that 

is intransparent and/or unexplainable may lead to erroneous conclusions that could 

potentially harm a patient. Second, validation and calibration of AI-enabled algorithms for 

AF prediction while using external data sources are essential before such algorithms could 

be widely adopted, implemented, and used within the AF field. Third, the classification codes 

of clinical variables, drugs, and diseases in different countries and hospitals are different. 

This leads to challenges with regard to data extraction and harmonization. Careful 

standardization to harmonize the data, derived from multiple sources, and to integrate all the 

data modalities within a multidimensional dataset is warranted. Fourth, various ethical issues 

such as privacy, transparency, informed consent, and trust should be taken care of and the 

potential for criminal and malicious use and contested ownership of data should be carefully 

considered.57 Lastly, rigorosity of AI-enabled algorithms depends on the objectivity, quality, 

and size of the data used to train them. False, low quality, non-representative study sample, 

and/or missing data will result in invalid models, while also limiting the generalizability of 
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such models.58 This latter limitation is in particular of concern, as it further magnifies the 

sex- and gender-inequalities that already exist within research.  

Large, diverse, multidimensional data sources carry the potential to improve AF 

prediction and management. Yet, various challenges remain before AI-enabled algorithms 

can be adopted and implemented. Enhancement of personalized and precision medicine in 

AF warrants taking into account the complexity of sex and gender dimensions in big data 

sources and methods, while also overcoming the challenges that currently accompany the use 

of AI-enabled algorithms.  
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Abstract 

Background: Obesity is a well-established risk factor for atrial fibrillation (AF). Whether 

body fat depots differentially associate with AF development remains unknown.  

Methods: In the prospective population-based Rotterdam Study, body composition was 

assessed using dual-energy X-ray absorptiometry (DXA) and liver and epicardial fat using 

computed tomography (CT). A body composition score was constructed by adding tertile 

scores of each fat depot. Principal component analysis was conducted to identify potential 

body fat distribution patterns. Cox proportional hazards regression was used to calculate 

hazard ratios and 95% confidence-intervals (HR; 95% CI) per 1-standard deviation increase 

in corresponding fat depots to enable comparison.  

Results: Over a median follow-up of 9.6 and 8.6 years, 395 (11.4%) and 172 (8.0%) AF 

cases were ascertained in the DXA and the CT analyses, respectively. After adjustments for 

cardiovascular risk factors, absolute fat mass (HR; 95% CI: 1.33; 1.05-1.68), gynoid fat mass 

(HR; 95% CI: 1.36; 1.12-1.65), epicardial fat mass (HR; 95% CI: 1.27; 1.09-1.48) and 

android-to-gynoid fat ratio (HR; 95% CI: 0.81; 0.70-0.94) were independently associated 

with new-onset AF. After further adjustment for lean mass, associations between fat mass 

(HR; 95% CI: 1.17; 1.04-1.32), gynoid fat mass (HR; 95% CI: 1.21; 1.08-1.37) and android-

to-gynoid fat ratio (HR; 95% CI: 0.84; 0.72-0.97) remained statistically significant. Larger 

body fat score was associated with a higher AF risk (HR; 95% CI: 1.10; 1.02-1.20). 

Borderline association was found between a subcutaneous-fat predominant pattern with AF 

onset (HR; 95% CI: 1.21; 0.98-1.49).  

Conclusions: Various body fat depots were associated with new-onset AF. Total fat mass 

and gynoid fat mass was independently associated with AF after adjustment for total lean 

mass. The inverse association between android-to-gynoid fat ratio with AF presents a novel 

finding. A significant dose-response relationship between body fat accumulation and AF was 

observed. Our results underscored the predominant role of subcutaneous fat on AF 

development among a middle-aged and elderly population. 

 

Keywords: Atrial fibrillation, Fat depots, Dual-energy X-ray absorptiometry, Computed 

tomography 
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Graphical Abstract. Associations between body fat depots, fat distribution and new-onset 
atrial fibrillation. Abbreviations: AF, atrial fibrillation



Imaging-based markers for new-onset atrial fi brillation

3

173
 

Background 

Atrial fibrillation (AF) is the most common cardiac arrhythmia and the currently estimated 

worldwide prevalence of AF in adults is above 2%1, 2. At 55 years of age, the remaining 

lifetime risk of AF is estimated at 37% among individuals of European ancestry.3  

Obesity is a well-established risk factor for AF.3-5 Beyond the widely recognized 

association of higher body mass index (BMI) with increased risk of AF, associations of lean 

body mass, but weak or no independent associations of fat mass, with higher risk of AF have 

been reported.6-9 This called further attention for the body size in AF studies. However, a 

recent Mendelian randomization study reported the causal relationship between both fat mass 

and lean mass with incident AF.10 Moreover, emerging evidence has indicated links between 

body fat depots, such as liver fat and epicardial fat, with incident AF, while inconsistent.11-13 

This implied the potential role of various body fat depots beyond total fat mass on AF 

development. As obesity may contribute to increased AF risk via inflammatory response of 

excess adipose tissue,14, 15 different fat depots may exert differential impact on cardiac 

pathology.  

AF and aging are closely intertwined and the prevalence and incidence of AF increase 

sharply after 65 years of age.16 The larger risk of AF among the elderly could partly be 

accounted for by presence of comorbidities and variations in the metabolic profile.17 

Meanwhile, decline in levels of sex hormones critically influences the body fat distribution 

and physiological function of adipose tissues with aging.18 However, few studies have 

comprehensively assessed the impact of various body fat depots and fat distribution on AF 

among the elderly. Given that advancing age is the most significant and unmodifiable risk 

factor for AF onset, to evaluate risk factors and to devise screening strategies of AF targeting 

the elderly is of clinical importance. 

Taking advantage of availability of several body fat measures assessed through dual-

energy X-ray absorptiometry (DXA) and computed tomography (CT), we aimed to 

prospectively investigate the associations between various body fat depots and risk of new-

onset. Given a potential impact of body size on AF onset, we aimed to firstly explore the 

independent role of total fat mass and various fat depots on AF by adjusting for total lean 

mass, and to examine whether individual fat depot provides additional information on AF 

risk beyond total fat mass. We further sought to investigate the impact of potential body fat 

distribution patterns on incident AF.  
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Methods 

Study Population 

The present study was embedded in the Rotterdam Study (RS).19 The Rotterdam Study is a 

prospective population-based cohort study that aims to assess the occurrence and progression 

of risk factors for chronic diseases in middle-age and elderly persons. During 1990-1993, all 

inhabitants of Ommoord, a district in the city of Rotterdam, the Nethe

were invited for the study. A total of 7983 (78% of all invitees) agreed to participate (RS-I). 

had migrated into the research area (RS-II). Participants attend followed-up examinations 

every 3-4 years. Outcome data on morbidity and mortality were continuously collected 

through linkage with digital files from general practitioners in the study area.19  

The Rotterdam Study has been approved by the Medical Ethics Committee of 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 has been entered into the Netherlands National Trial Register (NTR; 

www.trialregister.nl) and into the WHO International Clinical Trials Registry Platform 

(ICTRP; www.who.int/ictrp/network/primary/en/) under shared catalog number NTR6831. 

All participants provided written informed consent to participate in the study and to have 

their information obtained information from their treating physicians. 

Body composition was assessed through DXA during the fourth visit of RS-I (RS-I-4) 

and the second visit of RS-II (RS-II-2), between 2002 and 2006.20 In total, 3724 participants 

were scanned by DXA. We excluded participants with prevalent AF at baseline (n = 256). 

Thus, 3468 individuals were included in the analyses for DXA-assessed fat depots and 

incident AF. From 2003 to 2006, all participants who visited the research center were asked 

to participate in a computed tomography (CT) study aimed at visualizing vascular 

calcification in multiple vessel beds. In total, 2524 participants were scanned by CT.21 

Among 2230 participants with sufficient quality CT scan (N-excluded = 294), 91 participants 

with prevalent AF at baseline were excluded. In total, 2139 participants were included in the 

CT-assessed fat depots analyses. Further analyses of body composition score and fat 

distribution in association with AF risk included participants who had both DXA and CT 

measurements available (n = 1297). (Figure 1)  
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Figure 1. Flowchart of the study population

Assessment of Body Composition

Body composition was assessed by DXA using a ProdigyTM total body-fan beam 

densitometer (GE Lunar Corp, Madison, WI, USA) following manufacturer protocols, with 

scans analyzed with enCORE software V13.6 (from GE Lunar) using pre-determined regions 

of interest. Total lean mass is the sum of trunk lean mass and appendicular lean mass (the 

sum of lean tissue from the arms and legs), and total fat mass is the sum of android fat mass 

(localized around the waist), gynoid fat mass (localized around the breasts, hips, and thighs), 

and fat mass not otherwise specified.20, 22 The android-to-gynoid fat mass ratio was also 

calculated. In addition to the net mass of each fat depot, we calculated the percentage of fat 

mass, android fat mass and gynoid fat mass as well by means of dividing each of them by 

total body mass. 

Assessment of liver fat and epicardial fat

A 16-slice (n = 785) or 64-slice (n = 1739) multidetector CT scanner (Somatom Sensation 

16 or 64, Siemens, Forchheim, Germany) was used to perform non-enhanced cardiac, ECG-

gated CT scanning. Detailed information regarding imaging parameters of the scans is 

provided elsewhere.21
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Liver fat was assessed by using a standardized procedure which was described 

previously. 21 In brief, we placed three circular regions of interest in the liver using Philips 

iSite Enterprise software (Royal Philips Electronics N.V. 2006) 23. These regions were drawn 

throughout the imaged liver tissue (including both the left and right liver lobes) and were 

carefully chosen to include only liver tissue, and no disruptive tissue such as large blood 

vessels, cysts, or focal lesions. Then, we calculated the mean Hounsfield unit (HU) value 

from these three measurements as a marker of the total amount of liver fat, which is a reliable 

proxy for the mean HU value of the whole liver.23 We used a fully automatic method24 to 

quantify the amount of epicardial fat in milliliters. In short, this method consisted of whole 

heart segmentation and epicardial fat volume calculation. For the segmentation, we used a 

multi-atlas-based approach, in which eight manually segmented contrast-enhanced cardiac 

scans (atlases) were registered (spatially aligned) with every participant’s CT scan. Next, we 

used this segmentation to determine the amount of epicardial fat. 

 

Assessment of Atrial Fibrillation 

Methods on event adjudication for prevalent and incident AF have been described 

previously.11, 20, 25, 26 Ascertainment of AF at baseline and follow-up examinations in our 

study has been based on clinical information from the medical records for all participants of 

the Rotterdam Study. Within the Rotterdam Study, data on medical history and medication 

use are continuously being collected through multiple sources including a baseline home 

interview, a physical examination at our research center, the pharmacy prescription records, 

the Nationwide Medical Registry of all primary and secondary hospital discharge diagnosis 

and screening of general practitioner’s records. In addition, a resting 10-seconds 12-lead 

electrocardiogram (ECG) used with an ACTA Gnosis IV ECG recorder (Esaote; Biomedical, 

Florence Italy) is obtained from all participants at every visit of the Rotterdam Study to verify 

AF. The ECG records were stored digitally and analyzed with the Modular ECG Analysis 

system (MEANS). The ECG records were stored digitally and analyzed with the Modular 

ECG Analysis system (MEANS). Subsequently, the AF outcomes are adjudicated 

independently by two research physicians. In case of disagreement, a senior cardiologist is 

consulted. Participants were followed from the date of enrolment in the RS until the date of 

onset of AF, date of death, loss to follow-up, or to January 1, 2014, whichever occurred first.  
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Assessment of Cardiovascular Risk Factors 

Methods for assessment of cardiovascular risk factors are detailed in Additional file 1: 

Methods 20, 25, 27. 

 

Statistical analysis 

Descriptives were presented as mean ± standard deviation (SD) or median (interquartile range 

– IQR) for continuous variables and numbers (percentages) for categorical variables. As the 

HU values (A) had a left-skewed, non-normal distribution, we used exponential transformed 

values (B) [B = A3.5/10 000].21 Also, since a lower value of HU represents a larger amount 

of liver fat, we inversed the HU values (-HU) to represent levels of liver fat.  

Values of each fat depot were standardized to allow for direct comparisons. Cox 

proportional hazards regression analysis was used to examine whether various measures of 

fat depot including, fat mass, android fat mass, gynoid fat mass, android to gynoid fat ratio, 

liver fat and epicardial fat, were associated with the new-onset AF. Besides, in the analysis 

with DXA measures, we also assessed each percentage of fat mass, android fat mass and 

gynoid fat mass of total body mass in association with incident AF in Cox models. In the first 

model, we calculated the age and sex adjusted hazard ratio (HR) and their 95% confidence 

intervals (CIs). Model 2 was additionally adjusted for cardiovascular risk factors; including 

total and HDL-cholesterol, history of hypertension, history of diabetes mellitus (DM), history 

of coronary heart disease (CHD), history of heart failure (HF), history of left ventricular 

hypertrophy, smoking status, total alcohol intake, use of lipid lowering medication, and use 

of cardiac medication. Moreover, we additionally adjusted for total lean mass in Model 3 and 

total fat mass in Model 4, respectively. Finally, potential nonlinear associations were 

examined between various fat depots and incident AF using splines analyses in the Cox 

models. However, no significant nonlinearity was suggested (all P for nonlinearity >0.05, 

result not shown). In sensitivity analyses, effect modification by sex was tested. Besides, the 

analyses were repeated after stratifying participants by BMI; categories of BMI<25 and 
2. We also preformed all analyses among participants without prevalent 

cardiovascular diseases (CHD, HF and stroke) at baseline.  

To investigate the potential cumulative effect of fat depots, we further included the five 

fat depots (fat mass, android fat mass, gynoid fat mass, liver fat and epicardial fat) to generate 

a body fat score. Each fat depot was scored from 0 to 2 according to the respective tertile. All 

component scores were summed to obtain a total score ranging from 0 to 10 in our population, 
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with higher scores indicating higher total body fat. Consequently, Cox proportional hazards 

regression analyses, with the same multivariate-adjusted models as aforementioned, were 

conducted to investigate the impact of body fat score (as tertiles: 0-2, 3-6 and 7-10 with the 

first tertile as the reference group) on incident AF.  

We then developed fat distribution patterns. The distribution patterns were derived using 

principal component analysis (PCA) on values of the fat depots (including fat mass, android 

fat mass, gynoid fat mass, liver fat and epicardial fat).28 We used varimax rotation to obtain 

potential principal components. Factor loadings, which reflect the standardized correlation 

between each fat depot and a body fat distribution pattern, were used to characterize potential 

patterns using a cut-off of 0.5. For each participant, pattern-adherence scores were 

constructed by summing up observed values of the pattern’s fat depots weighted by the 

corresponding factor loading for each of the two patterns separately. Further, Cox 

proportional hazards regression analysis was used to assess how the identified fat distribution 

patterns (as quartiles with the first quartile as reference) were associated with incident AF.  

All missing values in covariates were imputed under the assumption of missing at 

random using multiple imputation.29 For multiple imputation, all available data was used to 

generate 5 imputed data sets. Statistical significance was considered at two-tailed P-value 

<0.05. The analyses were done using R software (R 4.0.3; R Foundation for Statistical 

Computing, Vienna, Austria).   

 

Results 

The baseline characteristics are shown in Table 1. The mean age (SD) of participants in DXA 

study and CT study were 74.4 (6.8) and 68.7 (6.4) years, respectively. During follow-up, 395 

(11.4%) participants in the DXA analysis and 172 (8.0%) participants in the CT analysis 

developed incident AF. The AF incidence-rate was 13.1 per 1000 person-years and 9.9 per 

1000 person-years in the DXA and in the CT analyses, respectively. 
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Table 1. Baseline characteristics of participants 
 Imaging Method 
 DXA-analysis CT-analysis 
Number of participants 3 468 2 139 
Follow-up time (years) 9.6 (7.6-10.6) 8.6 (7.9-9.2) 
Age (years) 72.4 (6.8) 68.7 (6.4) 
Sex (female), N (%) 2 038 (58.8) 1 150 (53.8) 
Body mass index (kg/m2) 27.5 (4.0) 27.8 (4.0) 
Systolic blood pressure (mmHg) 150.6 (21.1) 146.8 (20.1) 
Diastolic blood pressure (mmHg) 80.1 (10.8) 80.3 (10.8) 
Total cholesterol (mmol/L) 5.65 (0.98) 5.69 (0.98) 
HDL cholesterol(mmol/L) 1.45 (0.39) 1.44 (0.39) 
Waist to hip ratio 0.90 (0.09) 0.91 (0.09) 
Alcohol intake (g/day) 11.5 (13.9) 13.1 (15.2) 
Smoking, N (%)   

Never 1 013 (29.2) 616 (28.7) 
Ex-smoker 1 912 (55.1) 1 188 (55.5) 
Current smoker 543 (15.7) 335 (15.7) 

Medication, N (%)   
Blood pressure lowing 
medication 1 534 (44.2) 838 (39.2) 

Lipid lowering medication 775 (22.3) 504 (23.7) 
Cardiac medication 314 (9.1) 122 (5.7) 

History of diseases, N (%)   
Diabetes mellitus 438 (12.6) 267 (12.5) 
Left ventricular hypertrophy  192 (5.5) 118 (5.5) 
Heart failure 129 (3.7) 37 (1.7) 
Coronary heart disease  338 (9.7) 145 (6.8) 
Hypertension 2775 (80.0) 1595 (74.6) 

DXA measures   
Fat mass (kg) 26.41 (8.76) - 
Percentage of fat mass (%) 36.2 (9.3) - 
Lean mass (kg) 46.81 (9.25) - 
Percentage of lean mass (%) 63.9 (9.3) - 
Gynoid fat mass (kg) 4.05 (1.41) - 
Percentage of gynoid fat (%) 6.2 (2.2) - 
Android fat mass (kg) 2.51 (0.94) - 
Percentage of android fat 
(%) 3.4 (1.1) - 
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Table 1. continued 
 Imaging Method 
 DXA-analysis CT-analysis 

Total body mass (kg) 73.22 (12.70) - 
Android to gynoid fat ratio 0.64 (0.20) - 
CT measures   
Liver attenuation (HU) - 61.6 (55.1-65.6) 
Epicardial fat volume (ml) - 108.5 (40.3) 

Values are showed as mean (standard deviation) or median (inter-quartile range) for 
continuous variables and number (percentage) for categorical variables. Abbreviations: DXA, 
X-ray absorptiometry; CT, computed tomography; CVD, cardiovascular disease; BMI, body 
mass index; HDL, high-density lipoprotein; WHR, waist-to-hip ratio. 
 

Association of different fat depots with incident AF 

Table 2 and Table 3 shows HRs with 95% CIs for associations between fat depots and 

incident AF. After adjustment for cardiovascular risk factors (model 2), higher levels of fat 

depots were significantly associated with new-onset AF with the exception for liver fat. The 

multivariable-adjusted HRs and 95% CIs were 1.22 (1.09-1.36) for fat mass, 1.14 (1.03-1.27) 

for android mass, 1.26 (1.13-1.41) for gynoid fat mass and 1.27 (1.09-1.48) for epicardial fat. 

Notably, android-to-gynoid fat mass ratio showed an inverse association with incident AF 

[0.85 (0.74-0.98)]. After further adjustment for total lean mass (model 3), the associations 

between total fat mass [1.17 (1.04-1.32)], gynoid fat mass [1.21 (1.08-1.37)] and android-to-

gynoid fat ratio [0.84 (0.72-0.97)] with incident AF remained statistically significant. In 

contrast, adjusting for total fat mass (model 4) substantially attenuated the significant 

associations between fat depots and AF, resulting in a borderline association between gynoid 

fat and AF only [1.36 (0.96-1.93)], despite highly mutual correlations and at the risk of 

overadjustment (Additional file 1: Fig. S1).  

In sensitivity analyses, no significant sex differences were observed for associations of 

all fat depots with incident AF (Additional file 1: Table. S1). In addition, higher values of 

epicardial fat conferred higher risks for AF among normal-weight participants, compared to 

overweight participants (P for interaction <0.01) (Additional file 1: Table. S2). After 

excluding participant with prevalent cardiovascular diseases (CHD, HF and stroke) at 

baseline, we observed a slightly stronger associations between each body fat depot and AF 

(Additional file 1: Table. S3).  
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Table 2. Associations between various DXA-based fat depots and incident atrial fibrillation 

DXA-based 
 (N = 3468) 

Hazard ratio (95% confidence interval) 
Model 1 Model 2 Model 3a Model 4b 

Total fat mass 1.28 
(1.15-1.42) 

1.22 
(1.09-1.36) 

1.17 
(1.04-1.32) - 

Fat mass percentage 1.22 
(1.07-1.41) 

1.19 
(1.03-1.37) - - 

Android fat mass 1.20 
(1.09-1.32) 

1.14 
(1.03-1.27) 

1.06 
(0.94-1.19) 

0.78 
(0.60-1.02) 

Android fat 
percentage 

1.09 
(0.99-1.21) 

1.06 
(0.95-1.18) 

1.04 
(0.93-1.16) - 

Gynoid fat mass 1.31 
(1.18-1.46) 

1.26 
(1.13-1.41) 

1.21 
(1.08-1.37) 

1.36 
(0.96-1.93) 

Gynoid fat percentage 1.28 
(1.09-1.49) 

1.25 
(1.07-1.47) 

1.28 
(1.09-1.50) - 

Android-to-gynoid 
fat ratio 

0.93 
(0.81-1.06) 

0.85 
(0.74-0.98) 

0.84 
(0.72-0.97) 

0.82 
(0.70-0.95) 

Values are shown as hazard ratios and 95% confidence interval per 1 standard deviation 
increase of corresponding fat depots. Abbreviations: DXA, X-ray absorptiometry. Model 1 
was adjusted for sex and age. Model 2 was additionally adjusted for high-density lipoprotein 
cholesterol, total cholesterol, smoking, total alcohol intake, lipid lowering medication and 
cardiac medication and history of hypertension, left ventricular hypertrophy, diabetes 
mellitus, heart failure and coronary heart disease. aModel 3: Model 2 + total lean mass. 
bModel 4: Model 2 + total fat mass. 

 

Table 3. Associations between various CT-based fat depots and incident atrial fibrillation 

CT-based 
Hazard ratio (95% confidence interval) 

Model 1 
(N = 2139) 

Model 2 
(N = 2139) 

Model 3a 
(N = 1297) 

Model 4b 
(N = 1297) 

Liver fat 1.10 
(0.94-1.28) 

1.06 
(0.90-1.25) 

1.08 
(0.88-1.32) 

1.05 
(0.86-1.29) 

Epicardial fat 1.31 
(1.13-1.51) 

1.27 
(1.09-1.48) 

1.16 
(0.95-1.42) 

1.09 
(0.87-1.38) 

Values are shown as hazard ratios and 95% confidence interval per 1 standard deviation 
increase of corresponding fat depots. Abbreviations: CT, computed tomography. Model 1 
was adjusted for sex and age. Model 2 was additionally adjusted for high-density lipoprotein 
cholesterol, total cholesterol, smoking, total alcohol intake, lipid lowering medication and 
cardiac medication and history of hypertension, left ventricular hypertrophy, diabetes 
mellitus, heart failure and coronary heart disease. a Model 3: Model 2 + total lean mass. (in a 
sub-sample of 1297 participants) b Model 4: Model 2 + total fat mass. (in a sub-sample of 
1297 participants) 
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Figure 2. Association between body composition score and new-onset AF (N=1297). 

Values are shown as hazard ratios (HR) and 95% confidence interval (95%CI). Model 1 
was adjusted for age and sex. Model 2 was additionally adjusted for high-density 

lipoprotein (HDL) cholesterol, total cholesterol, smoking, total alcohol intake, systolic 
blood pressure, use of blood pressure lowering medication, lipid lowering medication and 

cardiac medication and history of left ventricular hypertrophy, diabetes mellitus, heart 
failure and coronary heart disease. Model 3 was additionally adjusted for total lean mass. 

 

Body fat score and incident AF 

Figure 2 depicts body fat score and its association with incident AF. Body fat score was 

significantly associated with incident AF after adjustments for age and sex (P for trend 

<0.001). Additional adjustment for traditional cardiovascular risk factors did not change the 

significance (P for trend <0.01). After further adjustment for total lean mass, higher body 
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composition score was independently associated with higher risk of AF development [HR 

(95% CI) per 1-unit increase of fat score: 1.10 (1.02-1.20)]. 

 

Fat distribution and incident AF 

Based on PCA, two fat distribution patterns with an Eigen value of >1.0 were identified (scree 

plot in Additional file 1: Fig. S2) with a cumulative explained variance of 83%, namely: (1) 

a subcutaneous fat dominant pattern characterized by high levels of total fat mass and gynoid 

fat mass; (2) a visceral fat dominant pattern characterized by high levels of epicardial fat and 

liver fat. Factor loadings of each fat depot in two distribution patterns are shown in Additional 

file 1: Table. S4.  

Table 4 shows HRs with 95%CI for the associations between two identified fat 

distribution patterns and new-onset AF. After adjustment for traditional cardiovascular risk 

factors (model 2), the subcutaneous fat pattern was significantly associated with higher risk 

of incident AF, the HR (95% CI) per 1-SD increase of factor scores was 1.24 (1.02-1.51). 

However, after further adjustment for lean mass, the association attenuated to statistically 

null [HR (95% CI): 1.21 (0.98-1.49)]. In contrast, no association was found for the visceral 

fat pattern with incident AF.  
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Discussion 

In this prospective population-based study, we firstly assessed the associations between 

various body fat depots and new-onset AF after taking the total lean mass into account, and 

further we examined the additional values of individual fat depots on incident AF beyond 

total fat mass. Findings confirmed that various body fat depots were positively associated 

with new-onset AF after adjusting for traditional cardiovascular risk factors. Our study added 

new information by pointing out the associations between android fat, gynoid fat and android-

to-gynoid fat ratio with new-onset AF after taking body size into account. Interestingly, 

android-to-gynoid fat mass ratio was inversely associated with AF regardless of total fat mass, 

implying a predominant role of subcutaneous fat on AF onset.   

In line with the previous studies6, 7, 30, we confirmed the positive associations between 

fat mass and fat mass percentage with incident AF. The causal roles of total fat mass have 

also been confirmed by a recent Mendelian randomization study10. Potential mechanisms for 

these associations include hypertension, volume overload, left ventricular diastolic 

abnormalities, autonomic dysfunction and enhanced neurohormonal activation, which further 

contribute to increased atrial size and AF development.31, 32 Moreover, excessive fat tissues 

are closely related to low-grade inflammation which is strongly associated with AF. Recently, 

increasing recognition suggests an important role of body size on AF development rather 

than total fat mass6, 7, 33. Typically, larger body size is closely associated with the increased 

left atrial size. 34 The latter is one the most common cardiac structural remodelling in AF 

pathophysiology. 35 However, our findings presented robust associations between total fat 

mass and various fat depots with AF after adjusting for measures of body size, including total 

lean mass and left ventricular hypertrophy. Similar findings included the visually significant 

association between body fat accumulation with increased AF risk, independently to the total 

lean mass as well.  

We, for the first time, showed an inverse association between android-to-gynoid fat ratio 

with incident AF. Also, our findings indicate that gynoid fat mass, but not android fat mass, 

is an independent risk factor for incident AF. Android fat is the adipose tissue mainly around 

the trunk including visceral fat. In contrast, gynoid fat is mainly the subcutaneous adipose 

tissue around the hip. Given participants in the current study tended to be older, the 

mechanisms to explain the association between android-gynoid ratio and AF might mostly 

relate to differential function of visceral and subcutaneous adipose tissue with aging. Adipose 

tissue undergoes critical changes to its inflammatory properties and cellular senescence as 
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people grow older.18, 36 Evidence suggests that inflammation in the elderly is more linked 

with subcutaneous adipose tissue than visceral adipose. Meanwhile, among subcutaneous 

adipose depots only, senescent cell burden may increase due to the shortened telomere length 

with aging.18, 36 Herein, it seems that subcutaneous adipose tissue can have more detrimental 

impact on health than visceral fat tissue among the elderly. Therefore, gynoid fat might confer 

a higher risk of AF compared with android fat among the elderly, however potential 

mechanisms warrant further investigations. In addition, our findings showed that the body 

fat distribution pattern predominated by fat mass and gynoid fat mass was more evidently 

associated with incident AF, compared to a weaker association between the pattern 

predominated by visceral fat mass with AF. Taken together, our findings highlighted the 

potential benefit of assessing subcutaneous fat in the context of AF prevention, especially 

among the elderly. 

Our findings suggested that both liver fat and epicardial fat are not independent risk 

factors for AF in the general population after adjustment for body size. Aforementioned, 

inflammation in the elderly is more linked with subcutaneous adipose tissue than visceral 

adipose which also supports our findings that visceral adipose conferred limited impact on 

AF development. Consistently, the Framingham Heart Study similarly indicated that there 

was no significant impact of visceral fat tissue and hepatic steatosis on incident AF.12, 13 

Within the Rotterdam Study cohort, previous research has shown a significant association 

between epicardial fat and AF among participants free of CVD.11 This implies that prevalent 

CVD may, to some extent, impede the effect of epicardial fat on AF. In our sensitivity 

analyses among population free of prevalent heart failure, coronary heart disease and stroke, 

we indeed found stronger associations between various fat depots and incident AF.  

 

Study strengths and limitations 

Strengths of our study include its prospective design, the long follow-up, and adequate 

adjustment for a broad range of confounders. AF events were meticulously adjudicated, 

validated, and confirmed on electrocardiogram. Furthermore, availability of multiple DXA- 

and CT-assessed fat depots allowed for comprehensive investigation and comparison of the 

association of various body fat depots with new-onset AF. Our study adds to the previous by 

demonstrating the positive association between gynoid fat and AF, as well as an inverse 

association between android-to-gynoid fat ratio and AF. Of note, findings suggested the 

robust and independent association between gynoid fat and android-to-gynoid fat ratio with 
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AF after adjusting for BMI, WHR or total lean mass, (Additional file 1: Table S5) reflecting 

additional predictive information of assessing body fat depots for AF beyond traditional 

anthropometric measures. However, several limitations of this study need to be 

acknowledged. First, the majority of our participants were of European ancestry and older 

adults, limiting the generalizability of our findings to younger populations and other 

ethnicities. Second, though we adjusted for many potential confounders, given the 

observational study design we cannot rule out the possibility of residual or unmeasured 

confounding. Third, our study was based on single (baseline) imaging measures to assess 

body fat. Thus, the potential impact of changes of body fat over time on AF development 

could not be taken into account. Finally, since AF may be paroxysmal and asymptomatic, we 

might have underestimated the true number of AF cases in our study population. However, 

it is estimated that more than 75% of AF cases among the European population are permanent 

or persistent AF and most paroxysmal AF cases end as the permanent form.37 In addition, the 

prevalence of AF in the Rotterdam Study is ~4% which is in line with the global estimate of 

AF prevalence.2  

 

Conclusions 

Various body fat depots were associated with new-onset AF. Gynoid fat mass was 

independently associated with AF after adjustments for total lean mass. The inverse 

association between android-to-gynoid fat ratio with AF presents a novel finding. A 

significant dose-response relationship between body fat accumulation and AF was observed. 

Our results underscored the predominant role of subcutaneous fat on AF development. 
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Supplementary materials are available online:

https://bmcmedicine.biomedcentral.com/articles/10.1186/s12916-022-02505-y
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Abstract 

Background & Aims: Fatty liver disease has become the most prevalent chronic liver 

disease globally and is linked to cardio- vascular disease, including arrhythmias. However, 

there have been inconsistent reports on the association between fatty liver disease and atrial 

 

Methods: Within the Rotterdam Study, a large prospective ongoing cohort, participants 

attending the abdominal ultrasound program between 2009-2014 were included. Exclusion 

Steatosis was assessed by ultrasound, liver stiffness by transient elastography and atrial 

- lead electrocardiograms. Incide

records and complete until 2014. Logistic and Cox- regression were used to quantify 

 

Results: We included 5,825 participants (aged 69.5±9.1, 42.9% male), 35.7% had steatosis, 

ratio [OR] 0.80; 95% CI: 0.62- ngs were consistent for non-alcoholic or metabolic 

dysfunction-

-1.16); however, this was only 

persistent among those without steatosis (OR 1.18 per kPa, 95% CI: 1.08- 1.29). Lastly, no 

associations were found between steatosis (hazard ratio 0.88; 95% CI: 0.59-1.33; follow-up 

2.1 [1.1–  

Conclusions: Fatty liver disease was not associated with preva- lent or incident atrial 

among those without steatosis. This association might be driven by venous congestion instead 

t this awaits further validation. We recommend assessing cardiovascular 

health in participants with high liver stiffness, especially in the absence of overt liver disease. 

 

Keywords: ; 

steatosis 
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Introduction 

Fatty liver disease has become the most common chronic liver disease, affecting over 

25% of adults globally.1 It ranges from simple hepatic steatosis to clinically relevant 

 which are  drivers for advanced liver disease and 

hepatocellular carcinoma.2 However, the disease burden of fatty liver disease is not 

limited to hepatic complications but extends to renal dysfunction, extrahepatic 

malignancies and cardiovascular morbidity.3–7 

Atrial brillation is a highly prevalent heart rhythm disorder that has been suggested 

to be associated with fatty liver disease.8 Several mechanisms driving this association are 

proposed, resistance, and 

renin-angiotensin system activation.9–11 Moreover, liver stiffness, a transient 

elastography-

assumed association. However, the mechanism remains unclear and results have not yet 

been validated.12 

Few studies have investigated the association between fatty liver disease and atrial 
13–17 These studies were hampered by 

biomarker- based assessment of fatty liver disease (instead of imaging), limited sample 

size, or failure to adjust for important con- founders. Moreover, most of the studies have 

not assessed the role liver stif  

Within the large prospective population-based Rotterdam Study, we investigate the 

association of fatty liver disease and liver stiffness with prevalent and incident atrial 

 A 

and the availability of liver stiffness measurement, which altogether allows for a thorough 

assessment of liver health. 

 

Patients and methods 

Participants 

This analysis was embedded within the Rotterdam Study, a large prospective population-

based cohort study that commenced in 1989. Citizens of Ommoord, a district of 

Rotterdam, were selected based on zip code and were eligible to participate when at least 

40 years old. Participants are invited to the Rotterdam Study research center every 4 to 

6 years. Since 2009, abdominal ultrasound and transient elastography have been part of 
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the repeated assessments within the Rotterdam Study. The study design, principles, and 

 recently.18 

We included participants that had visited the research center between March 2009 

and June 2014 and had undergone abdominal ultrasound. Participants with no data on 

atrial brillation or >20% missing data for the included variables were excluded. 

 

Hepatology assessments 

Abdominal ultrasound was performed by a single sonographer (PvW) on a Hitachi Hi-

Vision 900. Measurements included craniocaudal length of the spleen and hepatic vein 

diameter (measured 20 mm distal of the inferior vena cava [IVC]) and the assessment of 

steatosis, which was based on hyperechoic liver parenchyma compared to the kidney or 

spleen.19 According to the European Association for the Study of the Liver (EASL) 

guidelines,20 non-  as hepatic steatosis 

in the absence of secondary causes of steatosis comprising viral hepatitis (B or C), 

steatogenic drug use, or excessive alcohol consumption de ned as >30 g/day for males 

and >20 g/day for females. In addition, NAFLD was excluded if quantitative alcohol data was 

missing in patients reporting an alcohol consumption frequency of >4 days a week, since we 

could not rule out excessive alcohol intake. Metabolic dysfunction-associated fatty liver 

disease (MAFLD) was according to the novel criteria as steatosis together with 

over- weight/obesity, diabetes or the presence of 2 minor metabolic dysfunction 

criteria.21 Liver stiffness was measured with tran- sient elastography (FibroScan, 

EchoSens, Paris, France) using the same device throughout the study period. At least 10 

individual measurements were required for a valid measurement with an interquartile 

range of <30% if liver stiffness exceeded 7.0 kPa.22 High liver stiffness was  as 

a valid liver stiffness measurement >8.0 kPa, based on prior research in the general 

population.23 

 

Cardiovascular assessments 

characteristics comprising irregular R-R intervals, absence of distinct repeating P waves and 

irregular atrial activations assessed on either a 30 second tracing electrocardiogram (ECG) or 

an entire 12-lead ECG.24 
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a 10- second, entire 12-lead ECG (Esaote, Biomedical, Florence, Italy) obtained on regular 

visits and assessed by the Modular ECG analysis system. Two research physicians validated 

the from the regular 

study visits, data were obtained from treating physicians and used to assess prevalent and 

of the 

ECG by research physicians.25 Follow-up was complete until January 1st, 2014. Prevalent 

coronary heart disease (CHD) and heart failure (HF) were based on data obtained during 

in 

cardiovascular data in the Rotterdam Study have been described in detail previously.25 IVC 

diameter was measured with an ACUSON Cypress 3V2c transducer during cardiac 

echocardiography. 

 

Additional covariates 

Research assistants and trained interviewers acquired data on participants’ anthropometrics, 

alcohol consumption, smoking habits, and education level. Alcohol consumption was 

addition- ally derived from the self-completed food frequency questionnaire. Medication data 

were obtained from linkage with the participants’ pharmacies. Blood samples were collected 

while participants were fasting. Glucose, blood lipids, aspartate aminotransferase, and 

alanine aminotransferase were assessed by automatic enzyme procedures and insulin with 

automatic immunoassay (Roche, Diagnostic GmbH, Mannheim, Germany). Diabetes was 

de ned as fasting glucose >7.0 mmol/L, drug treatment for diabetes, or obtained from treating 

physicians’  with the ATP-III 

criteria,26 as at least 3 of the following components: i) fasting glucose >5.6 mmol/L or 

anti-diabetic drug use, ii) waist circumference >102 cm for males and >88 cm for females; 

iii) triglycerides >1.7 mmol/L or statin use, iv) HDL-C <1.04 mmol/L in males and <1.30 in 

females or statin use and v) hypertension based on either a systolic blood pressure >130, 

diastolic blood pressure >85 or antihypertensive drug use. 

 

Statistical analysis 

We imputed missing values of covariates included in the main models or additional analyses 

to reduce potential bias from missing data. This was performed with the R-package MICE 

3.13.0 We created 50 imputed datasets and 
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analyses were performed in each dataset and consequently pooled using Rubin’s rules to 

take into account the uncertainty of the imputed values. More information regarding the 

imputation procedure is available in Table S1. Participants’ characteristics before 

imputation were described as n and %, mean and SD, or median and IQR, according to the 

nature of the data. In addition, imputed data was compared to non-imputed data in Table S2. 

Logistic and linear regression were used to assess the associations between fatty liver 

disease and liver stiffness (continuous and >8.0 kPa) with prevalent atrial brillation. We 

used steatosis for our main analysis and results were  by using NAFLD and MAFLD 

in additional analyses. We used 3 multivariable models, based on established risk factors for 

additionally adjusted for alcohol consumption, smoking, education level, prevalent HF, 

prevalent CHD, and the individual categorical components of the metabolic syndrome (high 

waist circumference, hypertension, hypo-HDL, hypertriglyceridemia and (pre)diabetes). 

Model 3 included covariates that could affect liver stiffness by other means than 

(craniocaudal spleen length, IVC diameter, liver vein diameter, and alanine 

aminotransferase levels)27-29 and was therefore only applied for the analysis assessing 

liver stiffness. Analyses were performed among the entire population and subsequently 

ts with 

prevalent HF and/or CHD were excluded. 

Next, in longitudinal analysis, Cox proportional hazards analysis was used to assess 

the impact of baseline fatty liver disease (MAFLD, NAFLD and steatosis) on the risk of 

ultrasound, and in 

addition to the general exclusion criteria, we excluded participants with prevalent atrial 

 of follow- -sectional 

analysis, results were adjusted for the covariates included in model 1 and model 2. 

IVC diameter, and liver vein diameter as exposures were explored with linear regression. 

These analyses were performed on the non-imputed data, as in particular IVC and liver vein 

diameter were frequently imputed. Results were adjusted for age, sex, alcohol consumption, 

smoking, education, high waist circumference, hypertension, hypo-HDL, 

hypertriglyceridemia, and (pre)diabetes. Similarly, the associations between prevalent atrial 
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using linear regression with the same model. 

All analyses were performed in R version 4.0.3 (The R Foun- dation for Statistical 

Computing, Vienna, Austria). P values of  

Figure 1. Flowchart of the study population 

Results 

In this cohort study, 5,967 participants underwent abdominal ultrasound, of whom 22 

participants were excluded for no  data and 120 participants for 

missing data across >20% of variables of interest, resulting in 5,825 participants for 

analysis (Fig. 1). The mean age was 69.5 (SD 9.1) years, 42.9% (n = 2,499) were male and 

mean BMI was 27.5 kg/m2 (SD 4.3). At baseline, steatosis was present in 35.7% (n = 2,079) 

7.0% (n = 405). Among included participants, 73.3% (n = 4,270) had 

a valid liver stiffness measurement and 6.1% (n = 262) had liver stiffness >8.0 kPa. 

Additional characteristics are provided in Table 1 and characteristics after imputation are 

provided in Table S2. A direct comparison of participants with 

those without is available in Table S3. 
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Table 1. Participants’ characteristics 

Variable 
All 

N = 5,825 
Steatosis 
N = 2,079 

No steatosis 
N = 3,746 

Demographics 
Age (years) 69.5 (9.1) 69.4 (8.4) 69.6 (9.4) 
Male 2,499 (42.9) 942 (45.3) 1,557 (41.6) 
European ancestry 5,036 (97.4) 1,813 (98.0) 3,223 (97.1) 
Education    

Low 2,776 (48.2) 1,067 (52.0) 1,709 (46.0) 
Intermediate 1,731 (30.0) 608 (29.7) 1,123 (30.3) 
High 1,255 (21.8) 375 (18.3) 880 (23.7) 

Current/former smoking 3,936 (67.7) 1,486 (71.7) 2,450 (65.5) 
Alcohol intake (gram/day) 7.3 (8.2) 8.2 (9.5) 6.8 (7.3) 
Physical examination 
High waist circumference  2,584 (44.4) 1,455 (70.0) 1,129 (30.1) 
BMI (kg/m2) 27.5 (4.3) 29.9 (4.3) 26.2 (3.7) 
Comorbidities 

Hypertension 4,654 (80.0) 1,798 (86.7) 2,856 (76.3) 
Diabetes 873 (15.2) 493 (24.1) 380 (10.3) 
Metabolic syndrome 2,897 (49.8) 1,476 (71.2) 1,421 (38.0) 
Atrial fibrillation 405 (7.0) 135 (6.5) 270 (7.2) 
Coronary heart disease 520 (8.9) 197 (9.5) 323 (8.6) 
Heart failure 206 (3.5) 73 (3.5) 133 (3.6) 

Biochemistry 
AST (U/L) 24 [21, 28] 25 [21, 29] 24 [21, 28] 
ALT (U/L) 19 [15, 24] 22 [17, 28] 17 [14, 22] 
HDL-C (mmol/L) 1.5 (0.4) 1.4 (0.4) 1.6 (0.4) 
Triglycerides (mmol/L) 1.3 [1.0, 1.7] 1.6 [1.2, 2.1] 1.2 [0.9, 1.5] 

Transient elastography    

Liver stiffness (kPa) 4.8 [3.9, 5.9] 5.1 [4.1, 6.4] 4.7 [3.8, 5.7] 
Liver  kPa 262 (6.1) 155 (10.8) 107 (3.8) 

Ultrasound 
Liver vein diameter (mm) 5.0 (1.4) 5.1 (1.4) 5.0 (1.4) 
IVC diameter (mm) 17.9 (3.4) 17.6 (3.1) 18.0 (3.5) 
Spleen length (cm) 9.7 (1.3) 10.0 (1.4) 9.6 (1.3) 

Data is presented as mean (SD), median [IQR] or n (%). AST, aspartate aminotransferase; 
ALT, alanine aminotransferase; IVC, inferior vena cava.  Waist circumference >102 cm 
for male and >88 cm for female. 
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Not fatty liver disease, but liver stiffness was associated with atrial brillation 

multivariable models (steatosis: odds ratio [OR] model 2: 0.80; 95% CI: 0.62-1.03, Table 2) 

and similar results were obtained when steatosis was replaced by NAFLD or MAFLD. In a 

subset without prevalent CHD and/or HF, fatty liver disease was consistently not associated 

with higher prevalence of atrial brillation (Table S4). On the other hand, liver 

stiffness >8.0 kPa was signi cantly associated with atrial brillation in fully adjusted 

models that included covariates affecting liver stiffness (OR model 3: 2.08; 95% CI: 1.33-

3.25, Table 3). 

Furthermore, a similar association was observed for liver stiff- ness (continuous) in 

multivariable analysis (OR model 3: 1.09 per kPa; 95% CI: 1.03–1.16, Table 3). These results 

were consistent in a subset of participants without prevalent CHD and/or HF (Table S5). 

 

Table 2. Association of fatty liver disease with prevalent atrial fibrillation 

Results were obtained with logistic regression and given as OR with 95% CI for prevalent 
atrial fibrillation as outcome. Atrial fibrillation was present in 405/5,829 participants.  
Model 1 was adjusted for age and sex; model 2 in addition for alcohol consumption, smoking, 
education, high waist circumference, hypertension, hypo-HDL, hypertriglyceridemia, 
(pre)diabetes, coronary heart disease and heart failure. NAFLD, non-alcoholic fatty liver 
disease; OR, odds ratio. 
 

 OR 95% CI P value 
Steatosis 

Model 1 0.94 0.76-1.17 0.582 
Model 2 0.80 0.62-1.03 0.082 

NAFLD 
Model 1 0.85 0.65-1.10 0.205 
Model 2 0.76 0.57-1.02 0.071 

MAFLD 
Model 1 0.96 0.77-1.20 0.735 
Model 2 0.81 0.62-1.04 0.097 
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Table 3. Association of liver stiffness with prevalent atrial fibrillation 
 OR 95% CI P value 

 kPa 
Model 1 2.82 1.91-4.15 <0.001 
Model 2 2.49 1.63-3.79 <0.001 
Model 3 2.08 1.33-3.25 0.001 

Liver stiffness (kPa) 
Model 1 1.15 1.10-1.21 <0.001 
Model 2 1.12 1.07-1.18 <0.001 
Model 3 1.09 1.03-1.16 0.002 

Results were obtained with logistic regression and given as OR with 95% CI for prevalent 
atrial fibrillation as outcome. Atrial fibrillation was present in 209/4270 participants.  
Model 1 was adjusted for age and sex; model 2 in addition for alcohol consumption, smoking, 
education, high waist circumference, hypertension, hypo-HDL, hypertriglyceridemia, 
(pre)diabetes, coronary heart disease and heart failure; model 3 in addition for spleen size, 
inferior vena cava diameter, liver vein diameter and alanine aminotransferase. OR, odds ratio. 
 

Liver stiffness was only associated with atrial brillation among those 

without steatosis 

in participants with steatosis (n = 1,440) and without steatosis (n = 2,830). For liver 

stiffness >8.0 kPa among the steatosis population, results were only 

age and sex-adjusted model (OR model 1: 2.22; 95% CI: 1.24-4.00) and no longer after 

including all confounders (OR model 3: 1.68; 95% CI: 0.82-3.47). This was in contrast to 

(OR model 3: 2.86; 95% CI: 1.56-5.22; Table 4). Similarly, liver stiffness (continuous) was 

(OR model 3: 1.03 per kPa; 95% CI: 0.95-1.11), 

in the no steatosis population in all models (OR model 3: 1.18 per kPa; 95% CI: 1.08-1.29, 

Table 4). 

 

Fatty liver disease was not associated with incident atrial brillation 

For the longitudinal analysis, we excluded 405 participants with prevalent atrial 

follow- up. During a median follow-up of 2.1 

[1.1-3.2] years, 132 out of 5,064 individuals had incident atrial brillation (incidence 

rate 10.2 per 1,000 person-years). Hepatic steatosis was not associated with incident 
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CI: 0.59–1.38) and similar results were 

obtained when steatosis was replaced by NAFLD or MAFLD (Table 5). 

Table 4. Association of fibrosis and liver stiffness with prevalent atrial fibrillation stratified 
for steatosis. 

Steatosis No steatosis 
OR 95% CI p value OR 95% CI p value 

 kPa 
Model 1 2.22 1.24-4.00 0.008 3.62 2.12-6.19 <0.001 
Model 2 1.87 0.95-3.69 0.070 3.55 2.01-6.25 <0.001 
Model 3 1.68 0.82-3.47 0.157 2.86 1.56-5.22 0.001 
Liver stiffness (kPa) 
Model 1 1.10 1.03-1.17 0.003 1.25 1.15-1.36 <0.001 
Model 2 1.05 0.98-1.13 0.196 1.23 1.12-1.34 <0.001 
Model 3 1.03 0.95-1.11 0.475 1.18 1.08-1.29 <0.001 

Results were obtained with logistic regression and given as OR with 95% CI for prevalent 
atrial fibrillation as outcome. 70/1,440 participants with steatosis had atrial fibrillation and 
139/2,830 of those without steatosis. 
Model 1 was adjusted for age and sex; model 2 in addition for alcohol consumption, smoking, 
education, high waist circumference, hypertension, hypo-HDL, hypertriglyceridemia, 
(pre)diabetes, coronary heart disease and heart failure; model 3 in addition for spleen size, 
inferior vena cava diameter, liver vein diameter and alanine aminotransferase. 

Table 5. Association of fatty liver disease and liver stiffness with incident atrial fibrillation 
HR 95% CI p value 

Steatosis 
Model 1 0.95 0.66-1.37 0.793 
Model 2 0.88 0.59-1.33 0.548 

NAFLD 
Model 1 0.88 0.57-1.35 0.544 
Model 2 0.86 0.53-1.38 0.522 

MAFLD 
Model 1 0.98 0.68-1.42 0.912 
Model 2 0.91 0.60-1.38 0.657 

Results were obtained with Cox regression and given as HR with 95% CI for incident atrial 
fibrillation as outcome. Incident atrial fibrillation occurred in 132/5,064 participants. 
Model 1 was adjusted for age and sex; model 2 in addition for alcohol consumption, smoking, 
education, high waist circumference, hypertension, hypo-HDL, hypertriglyceridemia, 
(pre)diabetes, coronary heart disease and heart failure. HR, hazard ratio; NAFLD, non-
alcoholic fatty liver disease.
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Liver stiffness is associated with IVC and liver vein diameter Last we investigated the 

association between liver stiffness and 

congestion. We observed higher liver stiffness among participants with heart failure (beta 1.75, 

95% CI: 1.34-2.16), which was consistent among those with and without steatosis. Similarly, 

among participants with steatosis, higher liver stiffness was seen for larger IVC diameter 

(beta: 0.19 per 5 mm, 95% CI: 0.10-0.29) and liver vein diameter (beta: 0.67 per 5 mm, 95% 

CI: 0.42-0.91, Table 6). However, this attenuated in the steatosis population and was no 

with an increased IVC (+1.9 

mm, 95% CI: 1.56-2.28) and liver vein diameter (+0.5 mm, 95% CI: 0.33-0.63) as well 

as increased liver stiffness (+1.1 kPa 95% CI: 0.83-1.39). 

 
Table 6. Association of heart failure, IVC and liver vein diameter with liver stiffness 

  95% CI p value 
All participants 

Heart failure 1.75 1.34–2.16 <0.001 
IVC ø (per 5 mm) 0.13 0.04–0.23 0.005 
Liver vein ø (per 5 mm) 0.58 0.35–0.81 <0.001 

Steatosis 
Heart failure 2.95 2.10–3.79 <0.001 
IVC ø (per 5 mm) -0.03 -0.25 to 0.20 0.816 
Liver vein ø (per 5 mm) 0.35 -0.17 to 0.87 0.188 

No steatosis 
Heart failure 1.09 0.66–1.52 <0.001 
IVC ø (per 5 mm) 0.19 0.10–0.29 <0.001 
Liver vein ø (per 5 mm) 0.67 0.42–0.91 <0.001 

Results were obtained with linear regression and given as beta with 95% CIs with liver 
stiffness as outcome. Results were adjusted for age, sex, alcohol consumption, smoking, 
education, high waist circumference, hypertension, hypo-HDL, hypertriglyceridemia and 
(pre)diabetes. IVC, inferior vena cava. 
 

Discussion 

In this large population-based cohort study, fatty liver disease was not a risk factor for 

prevalent atrial  those without steatosis. This 

observation might be explained by hepatic congestion driven by (subclinical) venous 

congestion. Current evidence regarding the association between fatty liver disease and atrial 
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brillation is inconsistent.13-17,30,31 Interestingly, in their meta-analysis, Cai et al. 

investigated the effect of adjusting for cardiovascular risk factors and demonstrated 

weaker associations between fatty liver disease and  after adjusting for 

cardiovascular risk factors (relative risk 1.19 vs. 1.65).30 Moreover, they demonstrated 

larger effect sizes in patient cohorts with typically more metabolic comorbidity, smaller 

studies, and when fatty liver disease was diagnosed by fatty liver index instead of 

imaging. These observed differences underscore the need for a well-  cohort with 

an accurate steatosis assessment and accurate adjustment for relevant confounders. 

In our large general population-based study, we did not identify abdominal ultrasound-

based fatty liver disease as an independent risk factor for prevalent or incident atrial 

age-related comorbidity, such as diabetes and hypertension, but has one of the lowest average 

BMIs reported in studies assessing 

e.g. high BMI), 

which may have contributed to not demonstrating an association with NAFLD and atrial 

study.11,30 

llation is limited as suggested 

previously30 or might not exist at all31, especially after adjusting for confounders such as 

hypertension, dyslipidemia, (pre)diabetes, waist circumference and prevalent heart diseases. 

- 

higher liver stiffness. A few studies 

n association was demonstrated 

76) among the 

Finnish elderly.12 -4 (FIB-4) and APRI (aspartate aminotransferase-

to- platelet ratio index), markers for brosis, were associated with 

among patients with NAFLD.32 However, using biomarker-based algorithms to assess 

-4 includes age). 

Our study assessed liver stiffness in the entire cohort by transient elastography and 

those without steatosis. 

This indicates that fatty liver disease is unlikely to be the driver for higher liver stiffness 
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ince the association was only demonstrated 

that individuals without steatosis but with high liver stiffness might have “burnout 

NAFLD”. However, among individuals that underwent a CT scan 4-5 years prior to liver 

stiffness measurement, there was only evidence for hepatic steatosis in 1/35 patients with 

explain the association between l

steatosis.  

venous pressure.27-29 The latter is of particular interest since individuals with atrial 
33 which is associated with (subclinical) 

venous congestion in the liver.34 Similarly, we demonstrated larger IVC and liver vein 

congestion. Our results support that subtle signs of congestion might be associated with 

increased liver stiffness, since not only heart failure but also increased IVC or hepatic 

vein diameter were associated with higher liver stiffness. This suggests that the 

congestion, implicating reverse causality by (cardiovascular conditions causing) atrial 

the development of liver stiffness.  

hepatic congestion can lead to hepatocyte atrophy via increased sinusoidal pressure, 

known as congestive hepatopathy.35 Within our data, the association between atrial 

tion 

fully) explained by 

venous congestion and allows for a role of (advanced) brosis. However, IVC and liver 

veins are imperfect markers for subclinical venous congestion, and residual con- 

founding should thus be considered. Therefore, further research, preferably with 
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histological evidence in addition to liver stiffness measurements and objective 

measurements of systemic venous pressure, is warranted. 

predominantly driven by 

venous congestion, currently used cut-offs for liver brosis (e.g. >8.0 kPa) may need to 

be reassessed in patients with atrial brillation and other cardiovascular diseases that 

could result in venous congestion. Moreover, individuals with high liver stiffness in the 

apparent capability of cardiovascular disease to increase liver st

especially relevant now that transient elastography is regularly applied among those without 

liver disease. For example, the novel EASL guideline on non-invasive tests recommends 

transient elastography to screen for advanced liver disease among those with metabolic 

dysfunction and intermediate-to-high FIB-4, which is highly common among the 

elderly.36,37 As the prevalence of cardiovascular disease increases by age, the 

ting more cardiovascular disease 

than liver dis- ease and thus initial (or simultaneous) referral to a cardiologist seems 

indicated. Furthermore, our results suggest that future studies using liver stiffness as an 

outcome should consider addressing the impact of cardiovascular disease on their results.  

Although this is one of the most extensive studies investigating prevalent and incident 

steatosis assessment by ultrasound and liver stiffness data, the following 

limitations need to be mentioned. First, our study population has a mean age of 69.5 years 

and is almost entirely of European ancestry (97.4%). 

prevalent at this age, the generalizability of our results might be limited, especially to younger 

and multi-ethnic populations. Second, the results derived from the cross-sectional analysis 

could not be used to study causality. Moreover, in the subgroup analysis assessing the 

only 70 individuals had a

models throughout our cross-sectional analysis regarding liver stiffness to allow for a fair 

comparison between different subgroups. Third, our longitudinal analysis was hampered by 

a short follow-

subclinical or paroxysmal. Fourth, the gold standard to assess steatosis and brosis is liver 

biopsy. However, since a biopsy is invasive and prone to severe complications, exposing a 
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healthy cohort to these risks is unethical. Therefore, we used abdominal ultra- sound and 

rrelate strongly with 
38 However, we note that ultrasound has limited sensitivity in detecting 

mild steatosis.20 

In conclusion, fatty liver disease was not associated with prevalent or incident atrial 

-based study. In contrast, higher liver stiffness, in particular 

among those without steatosis, was associated with 

validation, our results indicate that this association could be driven by venous congestion 

from conditions originally not linked with liver disease, further research is required to 

determine if the same liver stiffness cut-

participants with high liver stiffness, especially in the absence of overt liver disease.  
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Supplementary material 

Table S1: details on the multiple imputation process 

 

Software used R version 4.0.3 with R-package MICE 3.13.0 
Imputation method Fully conditional specification 
Maximum iterations 25 
Imputed data sets 
created 50 

Analysis variables 

Age, alcohol consumption, alanine aminotransferase, 
education level, inferior vena cava diameter, liver vein 

diameter, metabolic syndrome, metabolic syndrome 
components (hypertension, (pre)diabetes, hypo-HDL, 

hypertriglyceridemia and high waist circumference), sex, 
smoking status, spleen size 

Auxiliary variables 

Alkaline phosphatase, aspartate aminotransferase, body 
mass index, diastolic blood pressure, food frequency 

questionnaire derived alcohol intake, gamma-glutamyl- 
transferase, Homeostatic Model Assessment for Insulin 

Resistance, height, diabetes mellitus type II, systolic blood 
pressure, waist circumference 

Handling of variables  
  Non-normally 
distributed Predictive mean matching 

  Normally distributed Linear regression 
  Binary/categorical Logistic regression 

Population Imputation was performed on data of 5.825 participants 
after application of exclusion criteria. 
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Table S2: Participants’ characteristics before and after imputation 

Data is presented as mean (SD), median [P25-P75] or n and percentage. *Imputed data is 
based on pooled data from 50 imputations with 25 iterations each. †Waist 
circumference >102 cm for male and >88 cm for female. – represents no missing data. 
Abbreviations: BMI, body mass index; AST, aspartate aminotransferase; ALT, alanine 
aminotransferase; HDL-C, high density lipoprotein cholesterol; IVC, inferior vena cava.

 Before 
imputation Missing After 

imputation* 
Demographics    

Age(years) 69.5 (9.1) 0 (0) – 
Male 42.9 0 (0) – 
European ancestry 97.4 657 (11.3) Not imputed 

Education  63 (1.1)  
Low 48.2  48.2 
Intermediate 30.0  30.0 
High 21.8  21.7 

Current/former smoking 67.7 14 (0.2) 67.7 
Alcohol intake(gram/day) 7.3 (8.2) 22 (0.4) 7.3 (8.2) 
Physical examination    

High waist circumference† 44.4 1 (0.0) 44.4 
BMI(kg/m2) 27.5 (4.3) 1 (0.0) 27.5 (4.3) 

Comorbidity    
Hypertension 80.0 8 (0.2) 80.0 
Diabetes 15.2 86 (1.5) 15.2 
Metabolic syndrome 49.8 9 (0.2) 49.8 
Atrial fibrillation 7.0 0 (0.0) – 
Coronary heart disease 8.9 0 (0.0) – 
Heart failure 3.5 0 (0.0) – 

Biochemistry    
AST(U/L) 24 [21, 28] 1 (0.0) 24 [21, 28] 
ALT(U/L) 19 [15, 24] 1 (0.0) 19 [15, 24] 
HDL-C(mmol/L) 1.48 (0.43) 0 (0.0) – 

Triglycerides(mmol/L) 1.27 [0.97, 
1.72] 0 (0.0) – 

Transient elastography    
Liver stiffness(kPa) 4.8 [3.9, 5.9] 1555 (26.7) Not imputed 
Liver  6.1 1555 (26.7) Not imputed 

Ultrasound    
Liver vein diameter(mm) 5.0 (1.4) 903 (15.5) 5.0 (1.4) 
IVC diameter(mm) 17.9 (3.4) 710 (12.2) 17.9 (3.4) 

Spleen length(cm) 9.7 (1.3) 1053 (18.1) 9.8 (1.3) 
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Table S3: Participants’ characteristic 

Variable No atrial fibrillation 
n = 5420 

Atrial fibrillation 
n = 405 p-value 

Demographics    
Age (years) 69.08 (8.91) 75.23 (8.94) <0.001 
Male 2268 (41.8) 231 (57.0) <0.001 
European ancestry 4674 (97.3) 362 (98.9) 0.096 
Education   0.275 

Low 2594 (48.4) 182 (45.2)  
Intermediate 1596 (29.8) 135 (33.5)  
High 1169 (21.8) 86 (21.3)  

Current/former smoking 3648 (67.5) 288 (71.5) 0.108 
Alcohol intake 
(gram/day) 7.31 (8.13) 7.53 (8.66) 0.600 

Physical examination    
High waist 
circumference* 2386 (44.0) 198 (48.9) 0.065 

BMI (kg/m2) 27.44 (4.28) 28.37 (4.79) <0.001 
Comorbidities    

Hypertension 4314 (79.7) 340 (84.4) 0.028 
Diabetes 800 (15.0) 73 (18.5) 0.068 
Metabolic syndrome 2646 (48.9) 251 (62.3) <0.001 
Coronary heart disease 434 (8.0) 86 (21.2) <0.001 
Heart failure 120 (2.2) 86 (21.2) <0.001 
Biochemistry    
AST (U/L) 24 [21, 28] 26 [22, 30] <0.001 
ALT (U/L) 19 [15, 24] 19 [15, 25] 0.327 
HDL-C (mmol/L) 1.5 (0.4) 1.4 (0.4) <0.001 
Triglycerides (mmol/L) 1.3 [1.0, 1.7] 1.3 [1.0, 1.7] 0.449 
Transient elastography    
Liver stiffness (kPa) 4.8 [3.8, 5.8] 5.9 [4.7, 7.1] <0.001 

 222 (5.5) 40 (19.1) <0.001 
Ultrasound    
Liver vein diameter 
(mm) 5.0 (1.4) 5.5 (1.8) <0.001 

IVC diameter (mm) 17.7 (3.3) 19.5 (3.9) <0.001 
Spleen length (cm) 9.7 (1.3) 9.9 (1.3) 0.024 

Data is presented as mean (SD), median [P25-P75] or n and percentage. *Waist 
circumference >102 cm for male and >88 cm for female. Abbreviations: BMI, body mass 
index; AST, aspartate aminotransferase; ALT, alanine aminotransferase; HDL-C, high 
density lipoprotein cholesterol; IVC, inferior vena cava
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Table S4: Association of fatty liver disease with prevalent atrial fibrillation among 
participants without heart failure or coronary heart disease 

Results were obtained with logistic regression and given as OR with 95% CI for prevalent 
atrial fibrillation as outcome. Atrial fibrillation was present in 262/5164 participants. Model 
1 was adjusted for age and sex, model 2 in addition for alcohol consumption, smoking, 
education, high waist circumference, hypertension, hypo-HDL, hypertriglyceridemia, 
(pre)diabetes. Abbreviations: CI, confidence interval; IVC, inferior vena cava; NAFLD, non-
alcoholic fatty liver disease; OR, odds ratio 
 
Table S5: Association of liver stiffness with prevalent atrial fibrillation among participants 
without heart failure or coronary heart disease 

 OR 95% CI P 
 

Model 1 2.41 1.47 – 3.95 <0.001 
Model 2 2.55 1.54 – 4.22 <0.001 
Model 3 2.33 1.39 – 3.91 0.001 

Liver stiffness (kPa) 
Model 1 1.15 1.08 – 1.22 <0.001 
Model 2 1.15 1.08 – 1.22 <0.001 
Model 3 1.13 1.06 – 1.20 <0.001 

Results were obtained with logistic regression and given as OR with 95% CI for prevalent 
atrial fibrillation as outcome. Atrial fibrillation was present in 143/3885 participants. Model 
1 was adjusted for age and sex, model 2 in addition for alcohol consumption, smoking, 
education, high waist circumference, hypertension, hypo-HDL, hypertriglyceridemia and 
(pre)diabetes, model 3 in addition for spleen size, IVC diameter, liver vein diameter and 
alanine aminotransferase. Abbreviations: CI, confidence interval; IVC, inferior vena cava; 
NAFLD, non-alcoholic fatty liver disease; OR, odds ratio. 

 OR 95% CI P 
Steatosis    

Model 1 0.88 0.67 – 1.15 0.355 
Model 2 0.73 0.54 – 0.98 0.038 

NAFLD    
Model 1 0.88 0.64 – 1.19 0.399 
Model 2 0.72 0.52 – 1.02 0.065 

MAFLD    
Model 1 0.88 0.67 – 1.16 0.374 
Model 2 0.72 0.53 – 0.97 0.033 
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Abstract 

Background Clinical guidelines categorize atrial fibrillation (AF) based on the temporality 

of AF events. Due to its dependence on event duration, this classification is not applicable to 

population-based cohort settings. We aimed to develop a simple and standardized method to 

classify AF patterns at population level. Additionally, we compared the longitudinal 

trajectories of cardiovascular risk factors preceding the AF patterns, and between men and 

women. 

Methods Between 1990 and 2014, participants from the population-based Rotterdam study 

were followed for AF status, and categorized into ‘single-documented AF episode’, 

‘multiple-documented AF episodes’, or ‘long-standing persistent AF’. Using repeated 

measurements, we created linear mixed-effects models to assess the longitudinal evolution 

of risk factors prior to AF diagnosis. 

Results We included 14,061 participants (59.1% women, mean age 65.4 ± 10.2 years). After 

a median follow-up of 9.4 years (interquartile range 8.27), 1,137 (8.1%) participants were 

categorized as ‘single-documented AF episode’, 208 (1.5%) as ‘multiple-documented AF 

episodes’, and 57 (0.4%) as ‘long-standing persistent AF’. In men, we found poorer 

trajectories of weight and waist circumference preceding ‘long-standing persistent AF’ as 

compared to the other patterns. In women, we found worse trajectories of all risk factors 

between ‘long-standing persistent AF’ and the other patterns. 

Conclusion We developed a standardized method to classify AF patterns in the general 

population. Participants categorized as ‘long-standing persistent AF’ showed poorer 

trajectories of cardiovascular risk factors prior to AF diagnosis, as compared to the other 

patterns. Our findings highlight sex differences in AF pathophysiology and provide insight 

into possible risk factors of AF patterns. 

 

Keywords Atrial fibrillation; Atrial fibrillation patterns; Risk factors; Arrhythmia; 

Anthropometrics; Repeated measurements 
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Background 

Atrial fibrillation (AF) is the most common cardiac arrhythmia, with a lifetime risk of almost 

25% at the age of 55, and is associated with cardiovascular morbidity and increased mortality 

[1–4]. With aging of the population, the number of adults with AF is expected to steeply 

increase in the next decades [5]. AF presentation varies from asymptomatic short AF episodes 

to persistent AF causing hemodynamic instability [1]. Based on the European Society of 

Cardi- ology and American Heart Association guidelines, AF is commonly categorized into 

five patterns: first diagnosed AF, paroxysmal AF, persistent AF, long-standing-persistent AF, 

and permanent AF [6, 7]. Clinical studies have provided evidence for differences in the risk 

of morbidity and mortality between these AF patterns [8–10]. Moreover, cardiovascular risk 

factors may be associated with AF progression and transition from paroxysmal to persistent 

AF [11–15]. 

While this classification is comprehensive in clinical set- tings, the definitions often 

vary in research settings [16]. Moreover, due to the large time intervals between study 

examinations in large longitudinal cohort studies, asymptomatic AF patterns could be missed, 

and no data are available on the temporality of AF events. The Framingham Heart Study and 

the PREVEND study developed a classification system for cohort studies based on two-year 

follow-up [17, 18]. However, the short follow-up could lead to substantial misclassification 

bias, as later events remain undiagnosed. 

Recent literature suggests differences in AF pathophysiology between men and women 

[19]. Women are often older at the time of diagnosis and have a higher prevalence of 

hypertension and valvular heart disease. While decisive evidence is lacking, the structural 

development of AF is suggested to differ, as women often have more atrial fibrosis and 

distinct patterns in electrical function. This can imply differences in underlying 

pathophysiology between men and women. 

Using data from the Rotterdam study, with a follow-up of up to 24 years, we aimed to 

develop a simple and standardized method to identify AF patterns in a general population. 

Additionally, we assessed if the longitudinal trajectories of cardiovascular risk factors 

preceding AF patterns differ and evaluated the existence of potential sex differences in AF 

risk factors. 

 

  



Patterns and prognosis of atrial fi brillation among men and women in general population

4

285
 

Methods 

Study population 

The Rotterdam study (RS) is a large ongoing prospective population-based cohort study [20]. 

In 1990, inhabitants of Ommoord, a suburb in Rotterdam, the Netherlands, aged 

were invited to participate. Out of 10,215 eligible individuals, 7983 were included (RS-I). In 

(RS- d in the third cohort in 2006 (RS-

III). We included all participants from RS-I, RS-II, and RS-III for the classification of AF 

patterns. Out of 14,926 participants, 306 did not give informed consent for follow- up data 

collection. Additionally, 559 participants were excluded based on prevalent AF at inclusion. 

The RS 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/) and into the WHO 

International Clinical Trials Registry Platform (ICTRP; www.who. 

int/ictrp/network/primary/en/) under shared catalog number NTR6831. All participants 

provided written informed con- sent to participate in the study and to have their information 

obtained from treating physicians. 

 

Assessment of atrial fibrillation 

Prevalent AF was assessed at baseline using interviews by trained research assistants and 

extensive review of the medical records. Ten second 12-lead electrocardiograms (ECGs) 

were obtained from participants at baseline and during follow-up examinations, stored 

digitally with an ACTA Gnosis IV ECG recorder (Esaote; Biomedical, Florence Italy) and 

analyzed using the Modular ECG Analysis System (MEANS) software [21]. All ECG 

diagnoses were verified by two research physicians blind to the MEANS diagnosis. A 

cardiologist was consulted when consensus was not reached. To ensure AF events occurring 

in between the research visits were not missed, besides the periodical research examinations 

at the research center, the medical databases of general practitioners and hospitals were 

continuously monitored for reports of (sporadic) AF episodes. Those events occurring in 

between the research visits where AF events during follow-up were recorded. AF during the 
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process of dying, following myocardial infarction, or following cardiac surgery were not 

considered events. All participants were followed from inclusion date until January 1, 2014, 

loss-to-follow-up, or date of death, whichever came first. 

 

Assessment of risk factors 

At baseline and follow-up examinations, participants were measured and weighted without 

shoes or heavy garments. Body mass index (BMI) was defined as weight in kilograms, 

divided by the square of height in meters (kg/m2). Waist circumference was measured in a 

standing position during expiration, at the midpoint between the lower rib margin and iliac 

crest. Hip circumference was measured at the widest point of the hips. We calculated waist-

to-hip ratio (WHR) by dividing waist circumference by hip circumference. Systolic (SBP) 

and diastolic blood pressure (DBP) were defined as the mean of two measurements of the 

right arm using a sphygmomanometer. Fasting glucose, total cholesterol, and high-density 

lipoprotein (HDL) cholesterol were measured using standard laboratory techniques. Follow-

up for cardiovascular risk trajectories lasted until the first documented AF event, loss-to-

follow-up, date of death, or January 1, 2014, whichever came first. 

 

Atrial fibrillation classification 

Up to six ECGs were available for each participant from the examination rounds. If a single 

AF episode was reported by the general practitioner, and no ECGs at the examination center 

showed AF, participants were categorized as ‘single-documented AF episode’. If a second 

AF event was reported, or at least one additional ECG at the examination center showed AF, 

participants were categorized as ‘multiple-documented AF episodes’. ‘Long-standing 

persistent AF’ was defined as at least two consecutive ECGs at the examination center 

showing AF, not followed by an ECG showing normal rhythm. As on average, the interval 

between ECGs is five years, it is unlikely that participants in this latter category suffered 

from two separate events on the exact examination dates. The clinical definition of 

included if occurring more than seven days after the initial AF event. In total, 1137 

participants were categorized as ‘single-documented AF episode’, 208 as ‘multiple-

documented AF episodes’, and 57 as ‘long-standing persistent AF’. A graphical overview of 

the AF classification is provided in Figure 1. 
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Statistical analyses 

Baseline characteristics are presented as counts and percentages, mean and standard deviation 

(SD), or median and interquartile range (IQR), as appropriate. To assess differences at 

baseline between different AF patterns, one-way ANOVA, independent-sample Kruskal–

Wallis, or chi-square tests were performed. Linear mixed-effects models were fitted to assess 

the longitudinal evolution of each risk factor prior to AF. Age, sex, and cohort were treated 

as fixed effects in all models, and age was used as timescale. Each model included random 

intercepts and slopes, and an unstructured covariance matrix. In addition, natural cubic 

splines with up to three knots for age were added in the models to investigate nonlinearity. 

Likelihood ratio tests were used to determine the best model for the analyses. Subsequently, 

the final models were plotted to show the longitudinal trajectories of risk factors among AF 

patterns, for men and women separately.  

Complete cases were used for statistical analyses (range of missingness: 0.0–3.4%). 

Data management and statistical analyses were performed in R, version 4.0.3 (R Foundation 

for Statistical Computing, Vienna, Austria) and IBM SPSS Statistics for Windows, version 

25.0 (IBM Corp., Armonk, New York, USA). A two-tailed p value < 0.05 was denoted as 

statistically significant. 
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Figure 1. Flowchart of the atrial fibrillation classification of participants in the Rotterdam 
study. AF atrial fibrillation, RS Rotterdam study, GP general practitioner

Results

Baseline characteristics

We included 14,061 participants (59.1% women, mean age 65.43 ± 10.21 years). As is visible 

in Table 1, at baseline, women were significantly older (66.17 ± 10.76 vs 64.35 ± 9.26 years) 

and had a higher BMI (27.14 ± 4.48 vs 26.56 ± 3.52 kg/m2) than men. Median total 

cholesterol (6.37 [5.13–7.61] vs 5.90 [4.72–7.08] mmol/L) and HDL cholesterol (1.49 [1.09–

1.89] vs 1.22 [0.89–1.55] mmol/L) levels were also higher in women. Men had significantly 

higher median SBP (139.01 [118.33–159.69] vs 137.81 [115.61–161.01] mmHg) and DBP 

(78.59 [66.66–90.52] vs 76.49 [64.65–88.33] mmHg).
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Table 1. Baseline characteristics of the study population 

 Total 
(N = 14,061) 

Women 
(N = 8310) 

Men  
(N = 5751) P value 

Age (years) 65.43 (10.21) 66.17 (10.76) 64.35 (9.26) < 0.001 
Weight (kg) 76.00 (13.82) 71.48 (82.24) 82.24 (12.84) < 0.001 
Height (cm) 167.96 (9.57) 162.26 (6.70) 175.83 (7.03) < 0.001 

BMI (kg/m2) 26.90 (4.11) 27.14 (4.48) 26.56 (3.52) < 0.001 
WC (cm) 92.03 (11.96) 88.71 (11.89) 96.61 (10.46) < 0.001 
HC (cm) 102.70 (8.85) 103.51 (9.59) 101.58 (7.57) < 0.001 
WHR 0.90 (0.09) 0.86 (0.08) 0.95 (0.07) < 0.001 
SBP (mmHg) 138.31 (21.58) 137.81 (22.20) 139.01 (20.68) < 0.01 
DBP (mmHg) 77.36 (11.93) 76.49 (11.84) 78.59 (11.93) < 0.001 
Prevalent DM, N 
(%) 1352 (12.7%) 687 (11.2%) 665 (14.8%) < 0.001 

Total cholesterol 
(mmol/L) 6.17 (1.24) 6.37 (1.24) 5.90 (1.18) < 0.001 

HDL-cholesterol 
(mmol/L) 1.38 (0.39) 1.49 (0.40) 1.22 (0.33) < 0.001 

Use of cardiac 
medication, N (%) 980 (7.0%) 566 (6.8%) 414 (7.2%) 0.435 

Use of lipid-
lowering 
medication, N (%) 

1353 (9.6%) 704 (8.5%) 649 (11.3%) < 0.001 

Current smoking, 
N (%) 3378 (24.5%) 1663 (20.5%) 1715 (30.2%) < 0.001 

Data as N (%) or mean ± SD. P value based on 2 for categorical data, or independent samples 
T-test for continuous data. P values refer to differences in baseline risk factors between 
women and men. AF atrial fibrillation, BMI body mass index, WC waist circumference, HC 
hip circumference, WHR waist-to-hip ratio, SBP systolic blood pressure, DBP diastolic blood 
pressure, DM diabetes mellitus, HDL high-density lipoprotein. 
 

After a median follow-up time of 9.4 (8.3) years, 1402 participants (10.0%) developed 

a first AF event, out of which 1137 (81.1%) were categorized as ‘single-documented AF 

episode’, 208 (14.8%) as ‘multiple-documented AF episodes’, and 57 (4.1%) participants as 

‘long-standing persistent AF’. In total, 4953 participants died during follow-up, and 406 

(2.9%) participants were lost-to-follow-up due to different reasons. The pro- portion of 

women decreased toward the more severe AF categories; 54.7% (622 women vs 515 men) in 

‘single-documented AF episode’, 49.5% (103 vs 105) in ‘multiple- documented AF episodes’, 

and 38.6% (22 vs 35) in ‘long- standing persistent AF’. As shown in Table 2, there were 
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significant differences between the AF patterns for all risk factors of interest at baseline, 

except hip circumference.

As depicted in Figures 2 and 3, in the population ultimately diagnosed with long-

standing persistent AF, the weight, BMI, waist circumference, hip circumference, and WHR 

were continuously higher than participants categorized with the other AF patterns. 

Participants in the long-standing persistent AF group also showed a similar SBP and DBP at 

a younger age, but these values increased more rapidly than in the other patterns. Looking at 

men and women separately, we found that men who later developed ‘long-standing persistent 

AF’ had a higher weight (around 5 kg) at all ages, as compared to the other men. For waist 

and hip circumference, there also appeared to be a difference of 3 cm between men 

categorized as ‘long-standing persistent AF’ and the other categories (Figure 3).

Figure 2. Evolution of weight and body mass index prior to various atrial fibrillation 
patterns in total population (upper bar) and among men and women (lower bar). 
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In women, weight, BMI, waist circumference, and hip circumference all increased in a 

steeper manner in the ‘long-standing persistent AF’ category, as opposed to the other 

categories. Additionally, SBP levels were higher for the ‘long-standing persistent AF’ group 

as opposed to the other categories, but this difference attenuated when women grew older 

than 70 years (Figure 4). Women categorized as ’long-standing persistent’ or ‘multiple-

documented AF episodes’ had higher DBP values than women categorized as ‘single-

documented AF episode’ or women with no AF. However, DBP levels from the women in 

the ‘multiple-documented AF episodes’ group remained roughly the same, whereas DBP 

increased for women in all other categories, most noticeably in women who developed ‘long-

standing persistent AF’ or did not develop AF. WHR was higher in women who developed 

‘long-standing persistent AF’ at all ages, as opposed to all other categories. 

 

Discussion 

We developed a classification for AF patterns in a general population. Overall, we found 

poorer trajectories for weight, BMI, weight circumference, hip circumference, WHR, and 

SBP in participants who developed ‘long-standing persistent AF’. In sex-stratified analyses, 

we found distinct poorer trajectories of weight, waist circumference, and hip circumference 

over time between men who developed ‘long-standing persistent AF’ and other AF patterns. 

In women, we additionally found worse cardio-metabolic risk profiles of BMI, SBP, DBP, 

and WHR between ‘long-standing persistent AF’ and the other patterns. 

After a median follow-up of 9.4 years, 1402 participants (10%) developed at least one 

AF episode. Among participants who developed AF, 1137 (81.1%) were categorized as 

‘single-documented AF episode’, 208 (14.8%) as ‘multiple- documented AF episodes’, and 

57 (4.1%) as ‘long-standing persistent AF’. 
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Figure 3. Evolution of anthropometric measures prior to various atrial fibrillation patterns 
in total population (upper bar) and among men and women (lower bar). 
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Figure 4. Evolution of systolic and diastolic blood pressure prior to various atrial 
fibrillation patterns in total population (upper bar) and among men and women (lower bar). 

Within the Framingham Heart Study, out of 478 participants with AF, 63 (10%) had no 

recurrence within two years, comparable to our ‘single documented AF episode’, 162 (26%) 

experienced a concurrent event within two years, comparable to our ‘multiple-documented 

AF episodes’, and 207 (34%) developed sustained AF, comparable to our ‘long-standing 

persistent AF’ [17]. In a similar method, the PREVEND study investigated predictors of AF 

recurrence within two years [18]. Out of 319 participants who developed AF, 103 (32%) had 

no recurrence, 158 (50%) had a self-terminating AF, and 58 (18%) had non-self-terminating 

AF. Most studies investigating progression of clinical AF patterns, however, find that around 

50% of the AF cases develop a recurrent event, and that the majority of patients remain 

having short paroxysmal AF events [22–25]. Partly, our low number of recurrences can be 

explained by the large intervals between the consecutive research examinations. As the RS 

partly relies on hospital discharge letters and documentation by general practitioner, it is 

possible that asymptomatic AF episodes remain undiagnosed, and therefore are misclassified 
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in our study. Moreover, if multiple AF episodes occur during hospitalization, this is often 

reported as one AF episode. However, this method of data collection and classification is 

representative of a real-world situation. Therefore, with this classification we set the grounds 

for large observational longitudinal cohort studies to investigate differences in etiology, 

pathophysiology, underlying risk factors, and prognosis between AF patterns in the general 

population. 

We found distinct patterns for the evolution of various risk factors in the ‘long-standing 

persistent AF’ category, as compared to other AF patterns. Previous studies have tried to 

identify risk factors for AF progression and recurrence after cardioversion or ablation therapy 

[11, 23, 26–28]. How- ever, these studies used the clinical classification, and are not 

performed in a general population. Additionally, to our knowledge we are the first study to 

investigate the longitudinal evolution of cardiovascular risk factors prior to AF pat- terns in 

a general population. A previous meta-analysis has shown that a higher BMI at baseline is 

significantly associated with a recurrent AF episode after ablation therapy [29]. Additionally, 

clinical evidence of baseline associations for cardiovascular risk factors, such as weight, BMI, 

and blood pressure, for patients with AF progression is inconclusive [11, 30]. It is thought 

that exposure to risk factors causes progressive atrial remodeling, eventually causing 

recurrent AF events, and progression to persistent and permanent AF [11, 31]. However, 

these studies investigated baseline levels, and evidence on the impact of different evolutions 

of these factors are lacking. 

Obesity has previously been linked to atrial remodeling [32, 33]. Our findings support 

this, as participants categorized as ‘long-standing persistent AF’ had higher weight and BMI 

values at all ages preceding AF, especially in women. This could imply that longer exposure 

to obesity progressively impairs the cardiac function, eventually increasing AF recurrence 

risk and disease burden. Waist circumference, hip circumference, and WHR are indicators of 

body fat distribution. Higher waist circumference and WHR indicate central obesity, which 

has previously been associated with cardiovascular disease [33, 34]. Our findings imply that 

for men, the distribution of fat does not contribute to AF recurrences. However, in women, 

the waist circumference and WHR are continuously higher over all ages in participants 

categorized as ‘long-standing persistent AF’, as compared to the other patterns. Continuous 

exposure to central obesity may therefore be a larger risk in women than in men. A recent 

study showed that longer lasting elevated SBP and DBP were associated with an increased 

risk of AF, most noticeably in women [35]. Longer exposure to high blood pressures may 
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cause cardiac dilatation, structural and electrical impairment, and eventually AF. This 

mechanism is further supported by our findings, as we found that women categorized as 

‘long-standing persistent AF’ had higher SBP and DBP levels over all ages. In men, however, 

we found no differences between the various AF patterns. 

While the exact pathophysiology of AF development is not clear, recent evidence 

suggests sex differences between underlying atrial remodeling mechanisms [36–38]. Sex 

hormones, such as estrogen and progestin, are suggested to reduce atrial remodeling, at least 

partly explaining the higher incidence of AF in men [38]. Additionally, atrial fibrosis could 

play a larger role in AF development in women than in men [19, 39]. In this light, the different 

mechanisms underlying AF between men and women can reflect differing associations with 

various risk factors. This is in line with our findings, as women in the ‘long-standing 

persistent AF’ group had consistently higher weight, BMI, blood pressures, and waist and 

hip circumferences as they aged, whereas in men, only differences in weight and waist and 

hip circumference were found. A possible explanation for this is the differences in etiology 

of hypertension between men and women. Hypertension in women is often related to sex 

hormones, such as estrogen and progestin [40, 41]. It is possible that these underlying 

differences in pathogenesis, and the generally steeper increase in blood pressure in women, 

carry additional risks for AF development and progression. Furthermore, a lack of awareness 

of the risks and prevalence of hypertension may still have a role in the treatment and 

surveillance of women at risk of AF [40]. 

Our findings are in line with the recent evidence suggesting prolonged exposure to risk 

factors is associated with AF development. With increased knowledge on risk factors of AF 

progression and recurrence, we can apply targeted therapy to improve risk profiles of 

individuals at risk of AF at an earlier stage [32]. Our standardized and simple categorization 

can be applied at population level, opening the door to large studies investigating AF patterns. 

Moreover, our findings accentuate the differences in AF etiology and underlying mechanisms 

across various AF patterns, and between men and women. This further underlines the 

importance of a sex-specific approach in AF prevention and management. This study was 

embedded within the large population- based RS. Strengths of the RS include its prospective 

design, large study population and long follow-up period. Through extensive interviews by 

trained interviewers, periodical research center visits, and a continuous linkage with general 

practitioners and hospitals, AF events were carefully adjudicated. Additionally, the periodical 

visits to the research center allow for the availability of repeated measurements of risk factors 
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over time. Therefore, longitudinal changes could be assessed. However, the large time 

intervals of 4–5 years between research visits, the lack of Holter monitoring, and the 

dependence on the accuracy and completeness of hospital and general practitioners’ 

databases could have led to some degree of misclassification. Moreover, while we actively 

encourage participants to remain in the Rotterdam study after a newly found diagnosis or 

disease period, participants may be inclined to opt out of the study after the development of 

a first AF episode. Therefore, the ‘single-documented AF episode’ pattern may contain 

participants who would otherwise be categorized as ‘multiple-documented AF episodes’, or 

‘long-standing persistent AF’. Addition- ally, older participants or those in worse health were 

more likely to be classified as ‘single-documented AF episode’, as participants may have 

died within the 4–5 years between study visits. Lastly, the Rotterdam study mostly consists 

of participants from Caucasian descent and of older age. Our findings may therefore not be 

directly generalizable to other ethnicities or a younger population.  

 

Conclusion 

We developed a standardized method to classify different AF patterns in the general 

population. Various AF patterns were accompanied by different trajectories of cardiovascular 

risk factors prior to AF diagnosis. Our findings further highlight sex differences in AF 

pathophysiology, and give insight into possible risk factors of various AF patterns. 
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Chapter 5

Introduction 

Atrial fibrillation is the most common arrhythmia worldwide.1 Persons with atrial fibrillation 

have increased risk of morbidity, for example incident stroke, and mortality. Atrial 

fibrillation also carries a lower quality of life and generates enormous economic and social 

burdens, constituting a global public health problem.2 Advancing age is a well-documented 

unmodifiable risk factor for atrial fibrillation.2 The prevalence and incidence rates of atrial 

fibrillation steeply increase after age 55 years among both men and women. Among women, 

the rates increase specifically in post-menopausal period.1 Compared to men, women with 

atrial fibrillation tend to have more adverse prognosis, including the incident stroke and 

mortality.3 Among atrial fibrillation patients, a significant doubling in stroke risk in women, 

compared to men, is reported.4 Though significant sex differences in atrial fibrillation 

epidemiology and pathophysiology have been suggested, comprehensive and efficient sex-

specific intervention strategies for atrial fibrillation prevention remain unresolved. Therefore, 

a further elucidation of the diversity of atrial fibrillation pathophysiology among men and 

women is required. To this end, a combination of basic, clinical, and population-based 

scientific approaches is warranted. Obesity and hypertension are among the most important 

traditional cardiovascular risk factors that enhance the risk of atrial fibrillation.2 With the 

development and application of medical imaging technology, novel imaging-based measures, 

for example, cardiac structures and body fat depots have been correlated with atrial 

fibrillation.2,5 The aim of this thesis was to further explore the role of pathways that link the 

above-mentioned risk factors to development of atrial fibrillation. In particular, we 

elaborately examined potential sex differences in the relation of the traditional and novel risk 

markers with atrial fibrillation onset and prognosis.  

In this general discussion, the main findings and their interpretations will be summarized, 

after which methodological considerations will be addressed. This chapter will be concluded 

with reflections upon clinical implications and directions for future research. 

MAIN FINDINGS AND INTERPRETATIONS 

Risk factors for new-onset atrial fibrillation: a sex-specific approach  

Longitudinal evolution of traditional risk factors  

The link of atrial fibrillation with obesity is becoming increasingly clear. The initial 

epidemiological links between obesity, represented by body mass index (BMI), and atrial 
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fibrillation was reported in 2004 by investigators from the Framingham Heart Study.6 Twenty 

years later, obesity has been considered as the most important modifiable risk factor for 

development of atrial fibrillation. The risk of incident atrial fibrillation is estimated to 

increase by 49% in obese subjects, compared to non-obese subjects.6,7 Recently, various 

anthropometric measures like height, waist circumference, hip circumference, and waist-to-

hip ratio (WHR), in addition to BMI, have been shown to be significantly associated with a 

higher risk of atrial fibrillation.8-11 Herein, in Chapter 2.1 we investigated the evolution of 

several anthropometric measures over time and further assessed their associations with new-

onset atrial fibrillation among men and women, taking advantage of the joint modelling 

approach. We found a stronger association between height and atrial fibrillation among men, 

compared to women. Women had a shorter mean height and a more rapid shrinkage of height 

with aging, compared to men. Both factors may partly explain the lower risk of atrial 

fibrillation associated with height among women. In addition, a robust sex difference in the 

association between WHR and atrial fibrillation was observed. Based on our finding that 

linked the long-term evolution of obesity-related measures to new-onset atrial fibrillation, we 

further interested in looking into whether differential long-term patterns/trajectories of those 

measures over time affect the risk for atrial fibrillation onset.  

Hypertension is another well-established risk factor for the development of atrial 

fibrillation. The population-attributable risks of obesity and hypertension for incident atrial 

fibrillation have been reported to be 18.6% and 14.2% for women, and 18.0% and 13.7% for 

men, respectively.12 In Chapter 2.2, taking advantage of a two-stage analysis method of 

latent class linear mixed model and Cox proportional hazards model, we investigated the 

associations between various obesity and blood pressure trajectories with new-onset atrial 

fibrillation among men and women. To our knowledge, our study is the first to 

comprehensively explore the sex-specific longitudinal patterns of obesity-related measures 

in association with incident atrial fibrillation at population level. We demonstrated that 

increasing BMI over time conferred 40% and 70% increased risks of atrial fibrillation in men 

and women, respectively. Besides, findings indicated that various trajectories of waist 

circumference and hip circumference were independently associated with new-onset atrial 

fibrillation in men and women. The persistently increasing patterns of waist circumference 

or hip circumference carried around 40% larger risks for incident atrial fibrillation in men 

and women. Interestingly, our study also showed that elevated waist circumference from 
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younger ages conferred higher risk for incident atrial fibrillation in women whereas long-

term exposure to elevated hip circumference was associated with new-onset atrial fibrillation 

in men. Our results also showed that longitudinal systolic blood pressure (SBP) patterns were 

associated with incident atrial fibrillation among men and women, in line with the former 

results from the Tromsø Study.13 We observed that participants who had been affected by 

severe hypertension (>160 mmHg) at younger age, despite a decline thereafter, experienced 

the highest risk for incident atrial fibrillation. In addition, a rapid increase in SBP with ageing 

was associated with incident atrial fibrillation. In contrast, a moderate growth of SBP or an 

elevated-and-restricted SBP trajectory were not independently associated with incident atrial 

fibrillation.  

 

Common cardiometabolic disorders 

Besides obesity, other cardiometabolic disorders, including hypertension, diabetes, heart 

failure, coronary heart disease and stroke are also intertwined with atrial fibrillation.2 

Considerable evidence has demonstrated that presence of either of these conditions alone 

leads to an increased risk of atrial fibrillation.14-17 Moreover, sex differences in epidemiology 

of single cardiometabolic disorders in relation to atrial fibrillation have been suggested;3 with 

stronger associations between obesity and coronary heart disease with atrial fibrillation 

among men,12,18-20 but stronger associations between hypertension, diabetes, stroke, and heart 

failure with atrial fibrillation among women.12,21-23 In Chapter 2.3, we assessed the sex-

specific impact of the burden of cardiometabolic disorders on new-onset atrial fibrillation. In 

addition, the atrial fibrillation lifetime risks were estimated with the increasing burden of 

cardiometabolic disorders among men and women. We observed a significant collective 

impact of multiple cardiometabolic disorders on new-onset atrial fibrillation. Each additional 

disorder conferred a 28% higher atrial fibrillation risk among the overall population. Besides, 

results suggested an increase in lifetime risk of atrial fibrillation across the groups of 

cardiometabolic disorders and parallel to the increase in comorbidities. Among participants 

aged 55 years or older, the lifetime risk of atrial fibrillation was 25.2% among healthy men, 

and 16.3% among healthy women. The atrial fibrillation lifetime risk gradually increased 

among both men and women with the increasing burden of cardiometabolic disorders. Of 

 disorders at age 55 years or older, around 

one in three developed new-onset atrial fibrillation, and the pattern was similar among men 
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and women. The difference in atrial fibrillation lifetime risks across various groups of 

comorbid cardiometabolic disorders diminished with aging, especially among men. Finally, 

our findings demonstrated a stronger impact of the burden of cardiometabolic disorders on 

atrial fibrillation onset among women. Women with higher burden of cardiometabolic 

disorders showed twofold higher risks for incident atrial fibrillation, compared to men.  

 

Novel biomarkers 

Emerging evidence suggests that the pathophysiological mechanisms responsible for the 

development of AF center around atrial remodeling, not only by traditional cardiovascular 

risk factors but also by autonomic nervous system dysfunction.5 The latter implies that 

subclinical neurodegeneration may contribute to the onset of cardiac arrhythmia. Amyloid-

is an amyloidogenic peptide of which amyloid- 40 and amyloid- 42 are the most studied types 

in the nervous system, leading to cerebral amyloid angiopathy and Alzheimer’s disease.24 In 

Chapter 2.4, we investigated the associations between plasma concentrations of amyloid- 40 

and amyloid- 42 and their ratio (amyloid- 42/40) at baseline with new-onset atrial fibrillation 

during follow-up. To the best of our knowledge, we are the first to report the association 

between amyloid-  peptides and incident atrial fibrillation. The association between amyloid-

40 and amyloid- 42 with new-onset atrial fibrillation in our study was independent of age 

and sex and other established cardiovascular risk factors, implying a role for amyloid-

biomarkers in assessing newly found pathophysiological pathways underlying atrial 

fibrillation development, beyond the traditional atrial fibrillation risk factors. Unexpectedly, 

we observed an association between high amyloid- 42 and increased risk for atrial fibrillation. 

Our results imply a close relationship between the heart and brain, and warrant further 

research to neurodegenerative risk factors for the development of atrial fibrillation.  

 

Women-specific reproductive factors  

As aforementioned, the age-adjusted incidence, prevalence, and lifetime risk of atrial 

fibrillation are lower in women compared to men.18 One possible mechanism to explain such 

sex differences may relate to the changes of estrogen levels with aging among women.25 Thus, 

reflecting the hormone levels, women-specific reproductive risk factors are potentially 

associated with atrial fibrillation development in women and may partly account for the 

observed sex differences in atrial fibrillation epidemiology. In Chapter 2.5, the linear and 
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non-linear associations between several women-specific reproductive risk factors and the risk 

of new-onset atrial fibrillation were comprehensively assessed within the large population-

based UK Biobank study cohort. Findings showed independent significant associations of 

age at menopause, years after menopause, reproductive span, irregular menstrual cycle, 

number of live births, age at first birth, and years after last birth with risk of new-onset atrial 

fibrillation. Significant non-linear associations between menopausal age, reproductive 

lifespan, and number of live births with the risk of new-onset atrial fibrillation presented 

novel findings. By means of the results of the spline analysis, we identified potential 

appropriate reference groups of various risk factors with the lowest risk for atrial fibrillation. 

The risk of atrial fibrillation was significantly larger among women who had experienced 

menopause at younger age <44 years or at very old age >60 years, with the lowest risk for 

the menopause age between 45-59 years old. Regarding the number of live births, compared 

to women with 1-2 children, women without children or with >4 children had higher risks of 

atrial fibrillation development.  

 

Prediction of new-onset atrial fibrillation requires a sex- and gender-specific approach  

Significant sex differences have been suggested in atrial fibrillation epidemiology, 

pathophysiology, and prognosis. However, a comprehensive sex- and gender-specific 

approach to predict new-onset atrial fibrillation is lacking. The past decade has witnessed an 

exponential growth in recorded data in the healthcare sector. The massive amount of recorded 

information, i.e. big data, has turned to a topic of special interest, because of its great potential. 

Leverage of big data, using artificial intelligence (AI)-enabled approaches, provides an 

opportunity to further improve prediction of atrial fibrillation. Use of various sources of big 

data such as electrocardiograms (ECGs), electronic health records (EHRs), and wearable 

devices, in particular in a sex- and gender-specific approach, could lead to substantial 

advancements in atrial fibrillation prediction and ultimately prevention. Thus, we reviewed 

the current status and highlight the premise and potential of these data sources to improve 

sex- and gender-specific prediction of new-onset atrial fibrillation in Chapter 2.6. We report 

that ample challenges remain before AI-enabled algorithms can be adopted for prediction, 

prevention, and management of atrial fibrillation. First, the interpretability (transparency and 

explainability) of AI and exact definition of how all the different methods work is yet 

challenging.26 Second, validation and calibration of AI enabled algorithms for atrial 
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fibrillation prediction while using external data sources are essential before such algorithms 

could be widely adopted, implemented, and used within the atrial fibrillation field. Third, the 

classification codes of clinical variables, drugs, and diseases in different countries and 

hospitals are different. This leads to challenges with respect to data extraction and 

harmonization. Careful standardization to harmonize the data, derived from multiple sources, 

and to integrate all the data modalities within a multidimensional dataset is warranted. Fourth, 

various ethical issues such as privacy, transparency, informed consent, and trust should be 

taken care of, and the potential for criminal and malicious use and contested ownership of 

data should be carefully considered. Lastly, rigorosity of AI-enabled algorithms depends on 

the objectivity, quality, and size of the data used to train them. False, low quality, non-

representative study sample, and/or missing data will result in invalid models, while also 

limiting the generalizability of such models.27  

 

Imaging-based measures related to new-onset atrial fibrillation 

Fat depots 

Beyond the widely recognized association of higher BMI with increased risk of atrial 

fibrillation, associations of lean body mass, but weak or no independent associations of fat 

mass, with higher risk of atrial fibrillation have been reported.9,28-30 This implies the 

importance of regional fat distribution rather than overall body fat mass in understanding the 

association of obesity with atrial fibrillation onset. Therefore, in Chapter 3.1, we 

prospectively investigated the associations between various body fat depots and risk of new-

onset atrial fibrillation. These fat depots included android fat and gynoid fat, assessed by 

dual-energy X-ray absorptiometry (DXA), and liver fat and epicardial fat, assessed by 

computed tomography (CT). Findings confirmed that various body fat depots were positively 

associated with new-onset atrial fibrillation after adjusting for traditional cardiovascular risk 

factors. We, for the first time, showed an inverse association between android-to-gynoid fat 

ratio with incident atrial fibrillation. Also, our findings indicated that gynoid fat mass, but 

not android fat mass, is an independent risk factor for incident atrial fibrillation, implying a 

predominant role of subcutaneous fat on atrial fibrillation onset instead of abdominal fat. 

Meanwhile, we observed that both liver fat and epicardial fat were not independent risk 

factors for atrial fibrillation in the general population after adjustment for body size. Similarly, 

taking advantage of the principal component analysis (PCA), we observed that the body fat 
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distribution pattern predominated by fat mass and gynoid fat mass was more evidently 

associated with incident atrial fibrillation, compared to a weaker association between the 

pattern predominated by liver fat, epicardial fat and android fat with atrial fibrillation.  

 

 

Liver disease 

Fatty liver disease, characterized by excessive fat cumulation within the liver, is considered 

a major component of metabolic syndrome and the leading cause of chronic liver disease in 

many western countries.31 Studies have indicated that the burden of fatty liver disease is not 

limited to hepatic complications but extends to renal dysfunction, extrahepatic malignancies 

and cardiovascular disorders, including atrial fibrillation. Several mechanisms driving this 

association between fatty liver disease and atrial fibrillation are proposed, including systemic 

inflammation, dyslipidemia, increased insulin resistance, and renin-angiotensin system 

activation.32-34 Liver stiffness, a transient elastography-based marker for liver fibrosis, may 

be an important parameter in this assumed association. However, the potential link between 

liver fibrosis and atrial fibrillation remains unclear and unvalidated.35 Thus, in Chapter 3.2, 

we conducted a large population-based study with meticulous methods to identify liver 

disease and atrial fibrillation to assess whether there is a relationship among fatty liver disease, 

liver stiffness and atrial fibrillation. Our results showed that fatty liver disease was not a risk 

factor for prevalent or incident atrial fibrillation. Liver stiffness, however, was associated 

with prevalent atrial fibrillation, which was only significant among those without steatosis. 

In addition, we demonstrated larger inferior vena cava and liver vein diameter among those 

with prevalent atrial fibrillation, indicating (subclinical) venous congestion. Our results 

support that subtle signs of congestion might be associated with increased liver stiffness, 

since not only heart failure but also increased inferior vena cava or hepatic vein diameter 

were associated with higher liver stiffness. This suggests that the association between liver 

stiffness and atrial fibrillation could be explained by venous congestion, implicating reverse 

causality by (cardiovascular conditions causing) atrial fibrillation. Interestingly, results were 

consistent after excluding participants with coronary heart disease and heart failure, 

supporting an independent role for atrial fibrillation, via venous congestion, in the 

development of liver stiffness. 
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Cardiac structures 

Atrial fibrillation is a multifactorial arrhythmia. Evidence suggests a key role for atrial 

electrical and structural remodeling in the pathophysiology of atrial fibrillation 5,36 These 

abnormalities result in progressive impairments of the cardiac structure and function, 

including increased atrial dilatation and fibrosis, shortened effective refractory period and 

reduced action potential duration, thus increasing the predisposition to atrial fibrillation 

development. In Chapter 3.3, taking advantage of a validated, fully automatic method for 

cardiac segmentation by non-contrast computed tomography (CT) scans, we evaluated the 

sex-specific associations between various cardiac volumetric measures, including the size of 

aortic root, left and right atrium, left and right ventricle, and whole heart, with new-onset 

atrial fibrillation among the Rotterdam Study participants. To our knowledge, our study is 

the first to assess the association between aortic root size and new-onset atrial fibrillation. 

We found significant and positive associations between larger body surface area (BSA)-

indexed aortic root, left atrium, left ventricle, right atrium, and right ventricle with higher 

risk of new-onset atrial fibrillation among both men and women, after adjusting for traditional 

cardiovascular risk factors. Notably, none of associations for cardiac morphological 

measures with incident atrial fibrillation remained significant after further adjusting for left 

atrium size, reflecting the predominant role of left atrial size on development of atrial 

fibrillation.  

 

Sex-specific insights on prognosis of atrial fibrillation 

Life expectancy with and without atrial fibrillation 

Atrial fibrillation is the most common sustained arrhythmia worldwide, with high risk of 

complications and mortality. 1,37 Advancing age is the most important risk factor for atrial 

fibrillation development. The prevalence of atrial fibrillation ranges from 0.2% in adults 

younger than 55 years to around 10% in those 85 years or older. 37 To translate observed 

effects of risk factors on atrial fibrillation to public health interventions, it is relevant to gain 

more insight in the impact of common risk factors on total life expectancy, and on life 

expectancy with and without atrial fibrillation. In Chapter 4.1, we assessed the sex-specific 

impact of the burden of cardiometabolic disorders on total life expectancy, and on life 

expectancy with and without atrial fibrillation, using data from the large prospective 

population-based Rotterdam Study. To the best of our knowledge, we are the first to report 
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the estimated life expectancy lived with and without atrial fibrillation. It is well-known that 

women tend to live longer than men. Meanwhile, previous studies reported that the age-

adjusted prevalence and incidence of atrial fibrillation is lower among women. 3 As expected, 

our results demonstrated that women had a longer total life expectancy (+2 years at 65 years 

old) compared to men, whereas a smaller percentage of life expectancy with atrial fibrillation 

(-5.5% at 65 years old). In this study, we further evaluated the association between 

cardiometabolic disease burden and life expectancy with and without atrial fibrillation. We 

found that participants with increased cardiometabolic disease burden had shorter total life 

expectancy and larger proportion of living with atrial fibrillation for their remaining lifespan. 

Of note, findings indicated that the life expectancy with atrial fibrillation did not change 

substantially among various groups of cardiometabolic disease, however the life expectancy 

without atrial fibrillation decreased significantly. For example, for men at 65 years, the life 

expectancy with atrial fibrillation was estimated around 2.6 years among all groups. 

Nevertheless, the life expectancy without atrial fibrillation decreased from 13.6 years among 

diseases. These results suggest that the event of atrial fibrillation could be postponed by 

effective interventions in cardiometabolic health, which further contributes to increased years 

lived free from atrial fibrillation.  

 

Cardiometabolic events among various atrial fibrillation patterns 

Atrial fibrillation presentation varies from asymptomatic short atrial fibrillation episodes to 

persistent atrial fibrillation.38 Based on the European Society of Cardiology and American 

Heart Association guidelines, atrial fibrillation is commonly categorized into five patterns: 

first diagnosed atrial fibrillation, paroxysmal atrial fibrillation, persistent atrial fibrillation, 

long-standing-persistent atrial fibrillation, and permanent atrial fibrillation.39 However, a 

concise and feasible method applying to large-scale population-based research settings is 

lacking. Clinical studies have provided evidence for difference in the risk of morbidity and 

mortality between various atrial fibrillation patterns. Thus, in Chapter 4.2, we managed to 

develop a simple and standardized method to identify atrial fibrillation patterns in the 

Rotterdam study population with a follow-up of up to 24 years. Additionally, we assessed if 

the longitudinal trajectories of cardiovascular risk factors preceding atrial fibrillation patterns 

differ and evaluated the existence of potential sex differences in atrial fibrillation risk factors 
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for each atrial fibrillation pattern. Based on a maximum of six ECGs during follow-up, we 

classified our population into 4 groups according to the number of the identification of atrial 

fibrillation episodes. If a single atrial fibrillation episode was reported by the general 

practitioner, and no ECGs at the examination center showed atrial fibrillation, participants 

were categorized as ‘single-documented atrial fibrillation episode (sAF)’. If a second atrial 

fibrillation event was reported, or at least one additional ECG at the examination center 

showed atrial fibrillation, participants were categorized as ‘multiple-documented atrial 

fibrillation episodes (mAF)’. ‘Long-standing persistent atrial fibrillation (lpAF)’ was defined 

as at least two consecutive ECGs at the examination center showing atrial fibrillation, not 

followed by an ECG showing normal rhythm. In total, 1137 participants were categorized as 

sAF, 208 as mAF, and 57 as lpAF. We are the first study to investigate the longitudinal 

evolution of cardiovascular risk factors prior to atrial fibrillation patterns in a general 

population. We found distinct patterns for the evolution of various risk factors in the lpAF 

category, as compared to other atrial fibrillation patterns. It is thought that exposure to risk 

factors causes progressive atrial remodeling, eventually causing recurrent atrial fibrillation 

events, and progression to persistent and permanent atrial fibrillation.40,41 Besides, our 

findings showed that women in the lpAF group had consistently higher weight, BMI, blood 

pressures, and waist and hip circumferences as they aged, whereas in men, only differences 

in weight and waist and hip circumference were found.  

In Chapter 3.3, using our novel atrial fibrillation classification, we further investigated 

potential differences in cardiovascular prognosis among participants with various atrial 

fibrillation patterns and matched individuals without AF in the general population. We found 

that the more severe atrial fibrillation patterns carried a higher risk for heart failure, as 

compared to propensity-matched individuals without atrial fibrillation.42 These findings 

support the general consensus that atrial fibrillation is a major risk factor for heart failure 

development and progression.43,44 Moreover, we observed a similar trend, albeit statistically 

not significant, suggesting a larger stroke risk. This is in line with notion that atrial fibrillation 

underlies a prothrombotic state, conferring a higher thromboembolism risk, increasing with 

longer exposure to the arrhythmia.45  
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METHODOLOGICAL CONSIDERATIONS 

Limitations of a prospective cohort study 

The majority of the studies in this thesis were performed in the Rotterdam Study, a 

prospective population-based cohort study.46 Cohort design is a standard robust design in 

observational epidemiological studies with common health outcomes. The design of the 

prospective cohort study allows for various outcomes to be studied in relation to the 

exposures over time. The most important advantage of a cohort study design is that the 

temporal sequence between exposure and outcome is more clearly indicated, because in a 

cohort study, subjects are known to be disease-free at the beginning of the observation period 

when their exposure status is established. Besides, a cohort design, and all other observational 

studies, cannot fully measure and then control for, through statistical analysis, all factors that 

may have affected the outcome. It is therefore not possible to infer causation from a observed 

association because this association may have been due to confounding.47 

In a specific scenario for atrial fibrillation research, given its complex etiology, both 

reverse causality and simultaneity are important issues to be considered. For instance, when 

we study the association of blood amyloid-  peptides level with risk of atrial fibrillation 

(Chapter 2.4), thanks to the prospective design of our study, we can be more confident that 

the measurements indicate the biomarker levels before the occurrence of the disease. 

However, amyloid-  closely related to systemic inflammations and other 

cardiovascular comorbidities like atherosclerosis, stroke and heart failure,24,48-50 and knowing 

that they can be both triggers and features of atrial fibrillation, we cannot totally exclude the 

possibility of the reverse causation. Depending on the related pathway of the investigated 

marker, amyloid-  affected by presence of atrial fibrillation. The same logic 

applies also when associations between obesity or hypertension and atrial fibrillation are 

studied (Chapter 2.1-2.3 and 3.1). Thus, despite the broad view of the risk factors for atrial 

fibrillation provided by observational epidemiology, a final conclusion on causation is 

disputed. Alternative approaches such as Mendelian randomization studies have gained a lot 

of popularity in recent years that offer new opportunities to investigate casual relations.51  

 

Selection bias 

Selection bias is about who is and who is not in the study population. In fact, prospective 

cohort studies reduce the possibility that the results will be biased by selecting subjects for 
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the comparison group who may be more or less likely to have the outcome of interest, because 

in a cohort study the outcome is not known at baseline when exposure status is established. 

Nevertheless, selection bias can occur in prospective cohort studies as a result of differential 

loss to follow up. For example, participants with worse health conditions at baseline tend to 

lose contact (because of moving or death) more frequently. In the Rotterdam Study46, 

participants were all extensively examined at study entry (i.e. baseline) and subsequent 

follow-up visits that take place every 3 to 6 years. They were interviewed at home (2 hours) 

and then underwent an extensive set of examinations (a total of 5 hours) in a specially built 

research facility in the center of the district. In addition to the in-person examinations, the 

follow-up takes place via automated coupling of the study database with medical records 

from the general practitioners, who serve as gatekeepers to the Dutch health care system and 

therefore receive all relevant medical information from all caregivers of their patients. 

Thanks to the strict follow-up of the participants, extensive evaluations during the follow-up 

visits, encouraging participants and evaluators (observers) to always respond and/or register 

the records properly, and nationwide tracking of the events/diseases/death onset for each 

participant, the rate of loss to follow-up is negligible in the Rotterdam Study.  

 

Information bias 

Limitations of the DXA measurement 

In Chapter 3.1, various body fat depots were measured using DXA. There is increasing 

interest in clinical assessment of body composition, however uncertainty remains regarding 

the appropriate techniques. DXA is a simple and safe technique that can be used for children 

and the old and frail. DXA is often described as a gold standard, in view of its high precision 

(reproducibility). As reported previously, repeatability of the DXA-based measurements was 

excellent with a Pearson correlation coefficient of 0.991 for total fat mass and 0.994 for total 

lean mass.52 Precision of all DXA measurements is excellent but varies with the region under 

investigation. Inaccuracy in DXA arises because soft tissue composition (fat versus lean) can 

only be assessed in pixels containing no bone. In those pixels containing bone, of which the 

torso region contains many, soft tissue composition is estimated rather than measured. 

Moreover, the precision has been reported to be less good for obese subjects. DXA is 

therefore no gold standard for body composition and has limitations both for case–control 

studies and for longitudinal investigations, specifically among the elderly. Despite these 
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limitations, DXA can remain valuable for clinical assessment providing that the sources of 

error are kept in mind. In Chapter 3.1, body composition was assessed by DXA using a 

ProdigyTM total body-fan beam densitometer (GE Lunar Corp, Madison, WI, USA) following 

manufacturer protocols. Total lean mass is the sum of trunk lean mass and appendicular lean 

mass (the sum of lean tissue from the arms and legs). Total fat mass is the sum of android fat 

mass (localized around the waist), gynoid fat mass (localized around the breasts, hips, and 

thighs), and fat mass not otherwise specified. Here, another drawback is that we cannot 

determine the specific fat mass inside the lean body mass since the DXA cannot assess the 

single body region (i.e., individual muscles) separately.53  

 

Pros and cons of repeated measurements  

Repeated measures overtime in longitudinal studies could capture the dynamic nature of risk 

factors, allowing for assessment of intra-individual time-dependent variations of the risk 

factors and their relationship with disease development. For example, in Chapter 2.2, 

repeated measurements of blood pressure at different time points would allow us to identify 

various trajectories of blood pressure over time before atrial fibrillation onset and relate them 

to the risk of atrial fibrillation onset. Further, repeated measurements increase the statistical 

power as compared to cross-sectional designs. However, a significant disadvantage of using 

repeated measurements in analysis is the enlarged measurements errors. The measurement 

error is defined as the difference between the true or actual value and the measured value, 

and a man-made measurement is always not perfectly accurate. Thus, an appropriate analysis 

model to deal with the measurement error of repeated measurements is of importance for 

clinical investigation for an unbiased estimation. For insurance, in Chapter 2.1, longitudinal 

evaluation of anthropometric risk factors was assessed in relation to new-onset atrial 

fibrillation. To the best of our knowledge, the available evidence has primarily focused on a 

single baseline assessment of anthropometric measures in association with the risk of atrial 

fibrillation. Anthropometric measures, however, tend to change over time. Therefore, solely 

focusing on baseline assessment of anthropometric measures fails to account for changes in 

anthropometric measurements over time that may affect the risk. To solve this problem, 

investigators used to combine repeated measurements, for example BMI, and time-to-event 

outcomes into traditional Cox proportional hazards model with BMI as a time-varying 

covariate. However, this typical manner is potentially inefficient, because it does not fully 
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exploit the dependence between the repeated measurement process and the hazard for 

survival, and leads to biased estimation of the association between the two, as it ignores 

measurement error.54 Recently, an emerging statistical method that simultaneously models 

the profile of the repeated measurements and the time-to-event data, so-called joint modelling, 

has become possible to infer more accurate estimates than Cox model by taking the 

dependence between the repeated measurements into account, and thus should be preferred 

for simultaneous analyses of repeated measurement and survival data.54  

 

Asymptomatic atrial fibrillation  

Atrial fibrillation is often paroxysmal, and may also be asymptomatic. These characteristics 

may lead to a neglect of some incident atrial fibrillation cases, and this is a general limitation 

of most population-based studies, including studies in this thesis. In the Rotterdam Study, 

ascertainment of atrial fibrillation has been based on clinical information from the medical 

records for all participants.55 In addition, a resting ECG is obtained from all participants at 

every visit of the Rotterdam Study to verify atrial fibrillation onset. Within the Rotterdam 

Study, data on medical history and medication use are continuously being collected through 

multiple sources including both self-report and medical records. Several data sources include 

a baseline home interview, a physical examination at the research center, the pharmacy 

prescription records, the Nationwide Medical Registry of all primary and secondary hospital 

discharge diagnosis and screening of general practitioner’s records. Therefore, the 

population-based Rotterdam Study is among the studies with most complete follow-up and 

thorough adjudication of atrial fibrillation events. The prevalence of atrial fibrillation in the 

Rotterdam Study is ~4% which is in line with the global estimate of AF prevalence.1 

Nevertheless, it should be acknowledged that we might have potentially ascertained 

participants as no atrial fibrillation who may have had paroxysmal, asymptomatic atrial 

fibrillation. In this case, however, we might underestimate the true number of atrial 

fibrillation cases, which further gave rise to an underestimation of the observed effect in 

associations.   

 

Confounding 

In observational studies, such as the ones presented in this thesis, associations between 

exposure (e.g. menopausal age) and outcome (atrial fibrillation) could be biased because of 
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confounding. A confounding factor is an extraneous variable that is not an intermediate in 

the causal pathway between the exposure and the outcome, but correlates with both, causing 

a spurious association. Residual confounding is the distortion that remains after controlling 

for confounding in the design and/or analysis of a study. When the confounder is not 

considered in the analysis or cannot directly and accurately be measured in the study, it will 

lead to residual confounding. Depending on how the confounding factor is related to both the 

exposure and outcome, residual confounding can lead to either overestimation or 

underestimation of the observed effect estimate. For instance, in Chapter 2.4, the association 

between women-specific reproductive risk factors and new-onset atrial fibrillation were 

investigated. In Cox models, we first adjusted for traditional cardiovascular risk factors 

including age, ethnicity, education, BMI categories, total cholesterol, high density lipoprotein 

cholesterol, systolic blood pressure, diastolic blood pressure, smoking status, history of 

diabetes mellitus, history of coronary heart disease, history of heart failure, history of stroke, 

use of blood pressure lowering medication, and use of cholesterol lowing medication, which 

are all the well-documented risk factors for atrial fibrillation. However, we further considered 

that several of the assessed risk factors inherently capture the aging-process in them. For 

instance, post-menopausal women are expected to be older than those prior to menopause. 

Therefore, age-stratified analysis with 5-year age strata was conducted as well to limit the 

residual confounding of age. Finally, based on our hypothesis, the variation of sex hormone 

levels may play a key role on women cardiovascular health and mediate the assessed 

associations. Previous study has indicated that cardiovascular risk profile differs in women 

with or without hysterectomy. Therefore, we considered that including women with 

hysterectomy/oophorectomy, who might be comorbid with other severe metabolic disorders 

and have worse heath status, could lead to residual confounding and thus, we excluded 

women with history of hysterectomy/oophorectomy for ruling out potential impact of 

unnatural menopause on the associations between various risk factors and AF. Nevertheless, 

because of the observational study design, the residual confounding could not be completely 

ruled out.   

 

Generalizability 

Studies, with the exception for Chapter 2.5 and 2.6, were conducted within the Rotterdam 

Study cohort. A majority of the participants from the Rotterdam Study were of European 
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ancestry and older adults, limiting the generalizability of our findings to younger populations 

and other ethnicities. In fact, age is the most important risk factor for AF. It is associated with 

increased atrial fibrillation burden, with a sharp incline after age 65 years.2 Thus, considering 

the rapidly increasing prevalence of AF in the elderly1, identifying atrial fibrillation risk 

factors and devising atrial fibrillation screening strategies targeting the older population is of 

clinical importance. Regarding the ethnicities, the overall prevalence of AF in European 

Union (EU) was estimated 1% in 2014, and projected triple to about 3% in the next 50 years 

by 2060.56,57 AF prevalence and incidence in Asians and blacks are lower than in individuals 

with European ancestry, despite a higher burden of comorbidities in blacks. Possible 

explanations comprise genetic, socioeconomic, and environmental determinants of health, 

which have up to date not been completely evaluated.58,59 In the MESA (Multi-Ethnic Study 

of Atherosclerosis), the AF incidence was 46% to 65% lower in Hispanics, Asians, and 

blacks >65 years compared with non-Hispanic whites.59 Thus, our results may have slight 

overestimations when generalized to other ethnicities.  

 

Missing Data 

Missingness leads to nonresponse bias. In our research, missing values of the covariates were 

imputed under the assumption of missing at random using multiple imputation with a fully 

conditional specification. Compared to a complete-case analysis, bias tends to be smaller for 

multiple imputation, with general missing data mechanisms like missing at random.60 All 

multiple imputation methods follow three steps: i) Imputation – The imputed values are 

drawn m times from the distribution. At the end of this step, there should be m completed 

datasets. ii) Analysis – Performing analysis in each dataset. At the end of this step there 

should be m results. iii) Pooling – The results are combined into one result according to 

Rubin’s rule. In our cases, all available data were used to generate five to ten imputed data 

sets (Chapter 2 & 3), and pooled results were reported. For each study using multiple 

imputation, we further conducted a complete-case analysis to test the robustness and 

validation of the results.  
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FUTURE RESEARCH 

Sex differences in atrial fibrillation 

While men and women with atrial fibrillation usually differ greatly in terms of risk factors, 

clinical evidence focusing on sex differences in atrial fibrillation development is largely 

inadequate and significant knowledge gaps remain. In this thesis, several traditional and 

novel risk factors were investigated for new-onset atrial fibrillation with significant sex 

differences. Moreover, we found various women-specific reproductive risk factors to be 

associated with the risk of atrial fibrillation (Chapter 2.4). Given the potential role of sex 

hormone on cardiovascular health61, these results imply an imbalanced or decreasing estrogen 

level may contribute to the development of atrial fibrillation which further contribute to the 

rapid increase of atrial fibrillation incidence and adverse atrial fibrillation prognosis among 

post-menopausal women. However, inconsistent evidence was reported in association 

between use of hormone replacement therapy and risk of cardiovascular diseases including 

atrial fibrillation. Moreover, in Chapter 2.4, further adjustment for sex hormone levels 

(testosterone and sex hormone binding globulin) did not change the significance of observed 

associations between various reproductive risk factors and atrial fibrillation. Thus, the 

transition of menopause status seems to not completely explain the higher incidence and 

worse prognosis of atrial fibrillation with ageing among women compared to men. 

Alternative risk factors and mechanisms are warranted in future basic and epidemiological 

studies. Also, since our study population are generally old, studies are needed to validate our 

results among younger populations. Besides, in contrast to sex, gender refers to the socially 

constructed roles, behaviors, expressions and identities of girls, women, boys, men, and 

gender diverse people. It influences how people perceive themselves and each other, how 

they act and interact, and the distribution of power and resources in society. Basic science, 

translational, and clinical research into gender differences in atrial fibrillation are now all 

lacking and thus warrants more attentions in the future.  

 

Obesity and atrial fibrillation  

Typically, obesity is considered as the most important modifiable risk factor for atrial 

fibrillation.11,62-64 Emerging evidence, however, suggests that body size seems to confer a 

more predominant role on atrial fibrillation development. Epidemiological studies suggest 

that large body size, represented by height or body surface area, is independently related to 
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the development of atrial fibrillation after adjustment for weight or body mass index.8,65 

Besides, associations of lean body mass, but weak or no independent associations of fat mass, 

with higher risk of atrial fibrillation have been reported as well. In Chapter 3.1, however, 

our findings present robust associations between total fat mass and various fat depots with 

atrial fibrillation after adjusting for measures of body size, including total lean mass and left 

ventricular hypertrophy. Moreover, we found that gynoid fat mass, but not android fat mass, 

is an independent risk factor for incident atrial fibrillation. Since our study population was 

old, we assumed that differential function of visceral and subcutaneous adipose tissue with 

aging could explain the observed associations. Adipose tissue undergoes critical changes to 

its inflammatory properties and cellular senescence as people grow older.66,67 Evidence 

suggests that inflammation in the elderly is more linked with subcutaneous adipose tissue 

than visceral adipose.67 Meanwhile, among subcutaneous adipose depots only, senescent cell 

burden may increase due to the shortened telomere length with aging.67 Herein, it seems that 

subcutaneous adipose tissue can have more detrimental impact on health than visceral fat 

tissue among the elderly. Nevertheless, we acknowledge that our study was based on single 

(baseline) imaging measures to assess body fat and the potential impact of changes of body 

fat over time on atrial fibrillation development could not be taken into account. Therefore, 

future studies among other old populations with repeated body fat measures are needed to 

validate our results and to further explore potential mechanisms. 

 

Gene, microbiome, and atrial fibrillation 

In this thesis, studies mainly focus on traditional risk factors in relation to new-onset atrial 

fibrillation using an observational study design. However, emerging novel risk factors 

including genetic and metabolomic risk profiles and gut microbiome were not studied in this 

thesis. In fact, it is increasingly recognized that a genetic component underlies atrial 

fibrillation development.68 Genome-wide association studies have now identified around 140 

genetic loci associated with atrial fibrillation. Studies into the effects of several loci and their 

tentative gene targets have identified novel pathways associated with atrial fibrillation 

development. However, further studies to identify specific pathways underlying various atrial 

fibrillation patterns are needed. Dietary intake has been shown to change the composition of 

gut microbiota and some changes in microbiota (dysbiosis) have been linked to diabetes, 

hypertension, and obesity, which are established risk factors for atrial fibrillation. Previous 
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epidemiological studies have suggested a causal bi-directional relationship between gut 

microbiota dysbiosis and atrial fibrillation.69 The awareness that gut microbiota composition 

can contribute to the evolution of cardiovascular disease, including atrial cardiomyopathy, 

may lead to the development of novel therapeutic opportunities for atrial fibrillation 

management.69 Taken together, given the multifactorial pathogenesis of atrial fibrillation 

development, future research is necessary to study the traditional risk factors reported in this 

thesis in the context of genetic, environmental and microbiome interactions to depict a 

panorama of atrial fibrillation risk and for its primary prevention.  

 

CLINICAL AND PUBLIC HEALTH IMPLICATIONS 

Our findings of the significant associations between longitudinal 

evolution/patterns/trajectories of obesity- and hypertension-related measures with new-onset 

atrial highlight the importance to pay more attention to the long-term changes of traditional 

cardiovascular risk factors in the context of atrial fibrillation prevention. Moreover, the 

significant high risk for atrial fibrillation among participants with severe hypertension (>160 

mmHg) at younger age, followed by a decline thereafter, implies a lag time for the impact of 

high blood pressure on incident atrial fibrillation. This highlights the importance of lifestyle 

and therapeutic interventions that control blood pressure from younger ages to have an 

optimal impact on atrial fibrillation prevention and to avoid a high residual risk for atrial 

fibrillation development at older ages. Furthermore, our results suggested the atrial 

fibrillation lifetime risk gradually increased with the increasing burden of cardiometabolic 

disorders including obesity, diabetes, hypertension, coronary heart disease, heart failure and 

stroke. Given the studied cardiometabolic disorders are modifiable or semi-modifiable, these 

results highlight implementing interventions for reducing cardiometabolic risks as early as 

possible in the context of atrial fibrillation prevention. Finally, overt sex differences were 

observed in those associations, which underscore the importance of devising a sex-specific 

screening strategy for atrial fibrillation to better target high-risk populations among both men 

and women.   

Our results on the association between amyloid- 40 and amyloid- 42 with new-onset 

atrial fibrillation implies a close relationship between the heart and brain and requires further 

research into neurodegenerative risk factors for the development of atrial fibrillation. Besides, 

the unexpected association between high amyloid- 42 and increased risk for atrial fibrillation 
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further inspires a need to better understand the potential link between Alzheimer's disease 

and atrial fibrillation in pathophysiology. Further longitudinal studies are needed to discern 

the changes of amyloid- ial fibrillation patients, in addition to preclinical 

studies to unravel the underlying mechanisms of amyloid- 42 induced cardiac dysfunction 

and its role in atrial fibrillation development. 

The results presented on women-specific reproductive risk factors may present new 

frontiers in the development of sex-specific preventive strategies for atrial fibrillation among 

women. For instance, our findings underscore the higher atrial fibrillation risk among 

nulliparous and multiparous women, and among women who had early or delayed 

menopause. An appropriate reference group with the lowest risk for atrial fibrillation was 

observed among women who experienced menopause between 45-59 years old, which helps 

shape future healthcare plans and strategies to screen atrial fibrillation among menopausal 

women.  

We found that fatty liver disease was not associated with prevalent or incident atrial 

fibrillation in our large population-based study. In contrast, higher liver stiffness, in particular 

among those without steatosis, was associated with prevalent atrial fibrillation. Awaiting 

validation, our results indicate that this association could be driven by venous congestion 

instead of fibrogenesis. Since this study indicates that increased liver stiffness may result 

from conditions originally not linked with liver disease, further research is required to 

determine if the same liver stiffness cut-offs for fibrosis are applicable in participants with 

concomitant atrial fibrillation. For now, results recommend assessing cardiovascular health 

in participants with high liver stiffness, especially in the absence of overt liver disease. 

The new imaging-based measure android-to-gynoid fat mass ratio is a novel risk factor 

for incident atrial fibrillation regardless of the total fat mass level, implying a predominant 

role of subcutaneous fat, instead of visceral fat, on atrial fibrillation onset. In clinical practice, 

our findings highlight the potential benefit of assessing subcutaneous fat in the context of 

atrial fibrillation prevention, especially among the elderly. In addition, taking advantage of 

the non-enhanced cardiac CT, we observed significant and positive associations between 

cardiac volumetric measures and atrial fibrillation risk, most evidently in women. Findings 

underscore the predominant role of left atrium size in atrial fibrillation development and 

suggest a potential added value of assessing cardiac volumetric measures for various atrial 

fibrillation patterns.   
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We developed a standardized method to classify atrial fibrillation patterns in the general 

population on basis of multiple ECGs. These atrial fibrillation patterns were accompanied by 

different trajectories of cardiovascular risk factors prior to atrial fibrillation diagnosis, 

especially among women. This implies the potential differential etiologies among various 

atrial fibrillation patterns and further highlights the necessity of developing specific clinical 

practices for atrial fibrillation patients with various patterns. Our findings further emphasis 

sex differences in atrial fibrillation pathophysiology and give insight into possible risk factors 

of various atrial fibrillation patterns. Moreover, our classification method for atrial 

fibrillation patterns may benefit identification of novel risk factors among general population 

for each atrial fibrillation pattern. By means of the investigation of prognosis among various 

atrial fibrillation patterns, we suggest that atrial fibrillation patterns carry different risks for 

complications, such as heart failure and stroke, implying the necessity for targeted screening 

and therapies for atrial fibrillation patients.  

Finally, our results demonstrated that women had a longer total life expectancy 

compared to men, whereas a smaller percentage of life expectancy with atrial fibrillation. In 

addition, findings indicated that the life expectancy with atrial fibrillation did not change 

substantially among various groups of cardiometabolic disease, while the life expectancy 

without atrial fibrillation decreased significantly. These findings suggest that the event of 

atrial fibrillation could be postponed by effective intervention in cardiometabolic health, 

which further contributes to increased years lived free from atrial fibrillation. Also, the 

information on life expectancy among men and women may be important for policy makers 

to help shape future healthcare plans and strategies to reduce the impact of cardiometabolic 

disease on atrial fibrillation development. Our results may contribute to future studies to 

evaluate the cost-effectiveness in health economics.  
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SUMMARY 

In this thesis, we aim to investigate associations between various traditional and novel risk 

factors with the risk for atrial fibrillation onset and prognosis in general population as well 

as among women and men from the population-based Rotterdam Study. We further aim to 

explore the role of pathways that link the risk factors to development of atrial fibrillation. In 

particular, we elaborately examine potential sex differences in the relation of the traditional 

and novel risk markers with atrial fibrillation onset and prognosis. 

Chapter 1 introduces the epidemiology, burden and pathophysiology of atrial 

fibrillation and describes the established evidence of risk factors in relation to development 

and prognosis of atrial fibrillation. In particular, sex differences in epidemiology and risk 

factors of atrial fibrillation are proposed and emphasized. Finally, objectives and the outline 

of this thesis are presented. 

Chapter 2 contains six studies in which mainly the role of different risk factors/markers 

for atrial fibrillation among men and women is examined. Chapter 2.1 studies the sex-

specific association of a set of anthropometric measures with new-onset atrial fibrillation 

using an emerging statistical method called joint modeling. In joint models, that allow for 

both individual-level and cohort-level trajectories, height in men and weight in women 

showed the strongest associations with new-onset atrial fibrillation. Increase in measure of 

central obesity showed a stronger association with incident atrial fibrillation among women, 

as compared to men. Chapter 2.2 further investigates the association between various 

trajectories of obesity-and hypertension-related measures with atrial fibrillation onset. Main 

findings can be summarized as: (1) Increasing trajectories of weight and BMI confers the 

highest risks for incident atrial fibrillation; (2) Fat accumulation around waist and hip over 

time are strongly associated with incident atrial fibrillation in men and women.; (3) 

Trajectories initially starting from hypertensive ranges carries the highest risk for incident 

atrial fibrillation; (4) Significant sex differences are observed in associations between waist 

and hip circumference and diastolic blood pressure trajectories with atrial fibrillation. In 

Chapter 2.3, we aim to investigate the impact of cardiometabolic disorders on lifetime risk 

for atrial fibrillation onset. Our findings suggest a significant collective impact of multiple 

cardiometabolic disorders on new-onset atrial fibrillation and indicate a significant sex 

difference. Lifetime risks for atrial fibrillation are generally higher among men, whereas they 

increased more rapidly among women with the increasing burden of cardiometabolic 

disorders. Chapter 2.4 explores the association between amyloid- 40 and amyloid- 42 levels 
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with risk of new-onset atrial fibrillation. We observe that higher plasma levels of amyloid-

are related to a higher risk of developing atrial fibrillation and this appears to be mostly driven 

by amyloid- 42 rather than amyloid- 40. Chapter 2.5 comprehensively assesses women-

specific productive factors in association with atrial fibrillation in the UK Biobank study 

population. Findings suggest independent significant associations of age at menarche, age at 

menopause, years after menopause, reproductive span, irregular menstrual cycle, number of 

live births, and age at first birth, and years after last birth with risk of new-onset atrial 

fibrillation. In Chapter 2.6, we review perspectives on sex- and gender-specific prediction 

of new-onset atrial fibrillation by leveraging Big Data. Large, diverse, and multidimensional 

data sources carry the potential to improve atrial fibrillation prediction and management. Yet, 

various challenges remain before AI-enabled algorithms can be adopted and implemented. 

Enhancement of personalized and precision medicine in atrial fibrillation warrants taking into 

account the complexity of sex and gender dimensions in big data sources and methods, while 

also overcoming the challenges that currently accompany the use of AI-enabled algorithms.  

Chapter 3 focuses on the role of several imaging-based measures, mainly body fat 

depots and cardiac structures, in the risk for atrial fibrillation onset. Chapter 3.1 investigates 

the association between various body fat depots and new-onset atrial fibrillation. Results 

suggest independent role of total fat mass and various fat depots on atrial fibrillation after 

adjusting for total lean mass. In particular, a novel marker of android-to-gynoid fat ratio 

provides additional information on atrial fibrillation risk beyond total fat mass. Chapter 3.2 

indicates that fatty liver disease is not a risk factor for prevalent or incident atrial fibrillation. 

Liver stiffness, however, is associated with prevalent atrial fibrillation, which is only 

significant among those without steatosis. In Chapter 3.3, the impact of cardiac volumetric 

measures on risk of new-onset atrial fibrillation is examined. Findings suggest associations 

between various cardiac volumetric measures and larger risk of new-onset atrial fibrillation. 

Compared to all other cardiac volumetric risk factors, a predominant impact of the left atrium 

size on rial fibrillation development is observed. In addition, the associations between both 

left and right atrium size with rial fibrillation incident appear to be stronger among women. 

In Chapter 4, studies focus on patterns and prognosis of atrial fibrillation among men 

and women in general population. Chapter 4.1 estimates the life expectancy with and 

without atrial fibrillation and investigates the impact of common cardiometabolic diseases on 

life expectancy with atrial fibrillation. Results suggest that the life expectancy with and 

without atrial fibrillation differs by groups of cardiometabolic diseases among both men and 
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women. Increased cardiometabolic diseases burden associates with a shorter total life 

expectancy and a larger proportion of life expectancy lived with atrial fibrillation. In Chapter 

4.2, we develop a standardized method to classify atrial fibrillation patterns using ECGs. 

Participants categorize as ‘long-standing persistent atrial fibrillation’ showed poorer 

trajectories of cardiovascular risk factors prior to atrial fibrillation diagnosis, as compared to 

the other patterns. Furthermore, Chapter 4.3 investigates potential differences in 

cardiovascular prognosis among participants with various atrial fibrillation patterns using our 

developed atrial fibrillation classification. Results suggest that more severe atrial fibrillation 

patterns carry larger heart failure and stroke risks.  
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SAMENVATTING  

In deze thesis beogen we verbanden te onderzoeken tussen verschillende traditionele en 

nieuwe risicofactoren met het risico op het ontstaan en prognose van atriumfibrilleren in de 

algemene bevolking, evenals bij vrouwen en mannen uit de bevolkingsgebaseerde Rotterdam 

Studie. Verder beogen we de rol van de pathways te verkennen die de risicofactoren 

verbinden met de ontwikkeling van atriumfibrilleren. In het bijzonder onderzoeken we 

uitgebreid mogelijke sekseverschillen in de relatie van de traditionele en nieuwe 

risicofactoren met het ontstaan en prognose van atriumfibrilleren. 

Hoofdstuk 1 introduceert de epidemiologie, belasting en pathofysiologie van 

atriumfibrilleren en beschrijft het gevestigde bewijs van risicofactoren met betrekking tot de 

ontwikkeling en prognose van atriumfibrilleren. Met name worden sekseverschillen in de 

epidemiologie en risicofactoren van atriumfibrilleren voorgesteld en benadrukt. Ten slotte 

worden de doelstellingen en de opzet van deze scriptie gepresenteerd. 

Hoofdstuk 2 bevat zes studies waarin voornamelijk de rol van verschillende 

risicofactoren/markers voor atriumfibrilleren bij mannen en vrouwen wordt onderzocht. 

Hoofdstuk 2.1 onderzoekt de sekse-specifieke verbanden van een reeks antropometrische 

maatregelen met nieuw ontstaan atriumfibrilleren met behulp van een opkomende statistische 

methode genaamd joint modeling. In joint modellen, die zowel individuele als cohort-

trajecten toestaan, vertoonden de lengte bij mannen en het gewicht bij vrouwen de sterkste 

verbanden met nieuw ontstaan atriumfibrilleren. Toename van de mate van centrale obesitas 

vertoonde een sterker verband met incident atriumfibrilleren bij vrouwen in vergelijking met 

mannen. Hoofdstuk 2.2 onderzoekt verder het verband tussen verschillende trajecten van 

obesitas- en hypertensiegerelateerde maatregelen met het ontstaan van atriumfibrilleren. De 

belangrijkste bevindingen kunnen als volgt worden samengevat: (1) Toenemende trajecten 

van gewicht en BMI geven het hoogste risico op incident atriumfibrilleren; (2) Vetophoping 

rond taille en heupen in de loop der tijd zijn sterk geassocieerd met incident atriumfibrilleren 

bij mannen en vrouwen; (3) Trajecten die aanvankelijk vanuit hypertensieve waarden 

beginnen, dragen het hoogste risico op incident atriumfibrilleren; (4) Er worden significante 

sekseverschillen waargenomen in de verbanden tussen taille- en heupomtrek en diastolische 

bloeddruktrajecten met atriumfibrilleren. In Hoofdstuk 2.3 willen we de impact van 

cardiometabole aandoeningen op levenslange risico's voor het ontstaan van atriumfibrilleren 

onderzoeken. Onze bevindingen suggereren een significante collectieve impact van meerdere 

cardiometabole aandoeningen op nieuw ontstaan boezemfibrilleren en duiden op een 
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significant sekseverschil. Levenslange risico's voor atriumfibrilleren zijn over het algemeen 

hoger bij mannen, terwijl ze sneller toenemen bij vrouwen met een grotere belasting van 

cardiometabole aandoeningen. Hoofdstuk 2.4 onderzoekt de associatie tussen amyloïd- 40 

en amyloïd- 42 niveaus en het risico op nieuw ontstaan atriumfibrilleren. We observeren dat 

hogere plasma niveaus van amyloïd-

ontwikkelen van atriumfibrilleren en dat dit voornamelijk wordt gedreven door amyloïd- 42 

in plaats van amyloïd- 40. Hoofdstuk 2.5 geeft een uitgebreide beoordeling van 

vrouwspecifieke productieve factoren die verband houden met atriumfibrilleren in de 

onderzoekspopulatie van de UK Biobank. De bevindingen suggereren onafhankelijke 

significante verbanden tussen de leeftijd bij menarche, de leeftijd bij menopauze, jaren na 

menopauze, reproductieve periode, onregelmatige menstruatiecyclus, aantal 

levendgeborenen en leeftijd bij de eerste geboorte, en jaren na de laatste geboorte met het 

risico op nieuw optredend atriumfibrilleren. In Hoofdstuk 2.6 bespreken we de perspectieven 

op geslachts- en gender-specifieke voorspelling van nieuw optredend atriale fibrillatie door 

gebruik te maken van Big Data. Grote, diverse en multidimensionale gegevensbronnen 

hebben het potentieel om de voorspelling en behandeling van atriumfibrilleren te verbeteren. 

Toch blijven er verschillende uitdagingen bestaan voordat op AI-gebaseerde algoritmen 

kunnen worden toegepast en geïmplementeerd. Het verbeteren van gepersonaliseerde en 

precisiegeneeskunde bij atriumfibrilleren vereist het rekening houden met de complexiteit 

van geslachts- en genderdimensies in grote gegevensbronnen en -methoden, terwijl ook de 

uitdagingen die momenteel gepaard gaan met het gebruik van op AI-gebaseerde algoritmen 

moeten worden overwonnen. 

Hoofdstuk 3 richt zich op de rol van verschillende op beeldvorming gebaseerde 

maatregelen, voornamelijk lichaamsvet depots en cardiale structuren, bij het risico op 

atriumfibrilleren. Hoofdstuk 3.1 onderzoekt het verband tussen verschillende lichaamsvet 

depots en nieuw optredend atriumfibrilleren. Resultaten suggereren een onafhankelijke rol 

van totale vetmassa en verschillende vet depots bij atriumfibrilleren na aanpassing voor totale 

vetvrije massa. In het bijzonder, een nieuwe marker van de android-tot-gynoid-

vetverhouding geeft aanvullende informatie over het risico op atriumfibrilleren buiten de 

totale vetmassa. Hoofdstuk 3.2 geeft aan dat leververvetting geen risicofactor is voor 

prevalent of incident atriumfibrilleren. Leverstijfheid is echter geassocieerd met prevalent 

atriumfibrilleren, wat alleen significant is bij degenen zonder steatose. In Hoofdstuk 3.3 

wordt de impact van cardiale volumetrische maatregelen op het risico van nieuw optredend 
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boezemfibrilleren onderzocht. De bevindingen suggereren verbanden tussen verschillende 

cardiale volumetrische maatregelen en een groter risico op nieuw optredend atriumfibrilleren. 

In vergelijking met alle andere cardiale volumetrische risicofactoren wordt een overwegend 

impact van de grootte van het linker atrium op de ontwikkeling van atriumfibrilleren 

waargenomen. Bovendien lijken de verbanden tussen zowel de grootte van het linker- als het 

rechter atrium en het optreden van atriumfibrilleren sterker te zijn bij vrouwen.  

In Hoofdstuk 4 richt zich op studies met patronen en prognoses van atriumfibrilleren 

bij mannen en vrouwen in de algemene bevolking. Hoofdstuk 4.1 schat de 

levensverwachting met en zonder atriumfibrilleren en onderzoekt de impact van 

veelvoorkomende cardiometabole ziekten op de levensverwachting met atriumfibrilleren. De 

resultaten suggereren dat de levensverwachting met en zonder atriumfibrilleren verschilt per 

groep van cardiometabole ziekten bij zowel mannen als vrouwen. Verhoogde cardiometabole 

ziektelast gaat gepaard met een kortere totale levensverwachting en een groter deel van de 

levensverwachting leefde met atriumfibrilleren. In Hoofdstuk 4.2 ontwikkelen we een 

gestandaardiseerde methode om atriumfibrillatiepatronen te classificeren met behulp van 

ECG's. Deelnemers die gecategoriseerd zijn als 'langdurig aanhoudende atriumfibrillatie' 

vertonen slechtere trajecten van cardiovasculaire risicofactoren voorafgaand aan de diagnose 

van atriumfibrilleren, in vergelijking met de andere patronen. Bovendien onderzoekt 

Hoofdstuk 4.3 potentiële verschillen in cardiovasculaire prognose bij deelnemers met 

verschillende atriumfibrillatiepatronen met behulp van onze ontwikkelde 

atriumfibrillatieclassificatie. De resultaten suggereren dat ernstigere 

atriumfibrillatiepatronen grotere risico's op hartfalen en beroerte met zich meebrengen. 
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