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ORIGINAL RESEARCH

Body Mass Index in Adolescence and 
Long- Term Risk of Early Incident Atrial 
Fibrillation and Subsequent Mortality, Heart 
Failure, and Ischemic Stroke
Demir Djekic , MD, PhD; Martin Lindgren, MD, PhD; N. David Åberg , MD, PhD; Maria Åberg, MD, PhD;  
Espen Fengsrud , MD, PhD; Dritan Poci , MD, PhD; Martin Adiels , MS, PhD; Annika Rosengren , MD, PhD

BACKGROUND: We sought to determine the role of obesity in adolescent men on development of atrial fibrillation (AF) and  
subsequent associated clinical outcomes in subjects diagnosed with AF.

METHODS AND RESULTS: We conducted a nationwide, register- based, cohort study of 1 704 467 men (mean age, 18.3±0.75 years) 
enrolled in compulsory military service in Sweden from 1969 through 2005. Height and weight, blood pressure, fitness, muscle 
strength, intelligence quotient, and medical disorders were recorded at baseline. Records obtained from the National Inpatient 
Registry and the Cause of Death Register were used to determine incidence and clinical outcomes of AF. During a median 
follow- up of 32 years (interquartile range, 24– 41 years), 36 693 cases (mean age at diagnosis, 52.4±10.6 years) of AF were 
recorded. The multivariable- adjusted hazard ratio (HR) for AF increased from 1.06 (95% CI, 1.03– 1.10) in individuals with body 
mass index (BMI) of 20.0 to <22.5 kg/m2 to 3.72 (95% CI, 2.44– 5.66) among men with BMI of 40.0 to 50.0 kg/m2, compared 
with those with BMI of 18.5 to <20.0 kg/m2. During a median follow- up of ≈6 years in patients diagnosed with AF, we identified 
3767 deaths, 3251 cases of incident heart failure, and 921 cases of ischemic stroke. The multivariable- adjusted HRs for all- 
cause mortality, incident heart failure, and ischemic stroke in AF- diagnosed men with baseline BMI >30 kg/m2 compared with 
those with BMI <20 kg/m2 were 2.86 (95% CI, 2.30– 3.56), 3.42 (95% CI, 2.50– 4.68), and 2.34 (95% CI, 1.52– 3.61), respectively.

CONCLUSIONS: Increasing BMI in adolescent men is strongly associated with early AF, and with subsequent worse clinical out-
comes in those diagnosed with AF with respect to all- cause mortality, incident heart failure, and ischemic stroke.

Key Words: adolescence and ischemic stroke ■ atrial fibrillation ■ body mass index ■ heart failure ■ mortality

Obesity is a complex metabolic condition defined 
as an excessive accumulation of body fat and 
is associated with a range of disorders, includ-

ing cardiovascular disease.1– 4 Individuals with a body 
mass index (BMI) of >30 kg/m2 are classified as obese, 
those with a BMI of 35 to >40 kg/m2 are classified as 
severely obese, and those with a BMI of >40 kg/m2 are 
classified as morbidly obese.

In 2016, >650 million individuals, equivalent to 12% 
of the world’s population, were estimated to be obese.5 

The prevalence of obesity has approximately tripled 
during the past 50 years, and it is anticipated that by 
2025, 33 of 53 European countries will reach an obe-
sity prevalence exceeding 20%, with increasing rates 
in children and adolescents.5– 7 In Swedish adolescent 
men, the prevalence of severe and morbid obesity in-
creased from 0.1% in 1969 to 1974 to 1.1% in 1996 
to 2005.8 Accordingly, with unprecedented numbers 
of young people overweight and obese, there is an ur-
gent need to address the long- term consequences.
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Atrial fibrillation (AF) is the most common sustained 
cardiac arrhythmia in adults worldwide, with 43.6 mil-
lion diagnosed in 2016, equivalent to a prevalence of 2% 
to 4%, and is more common in elderly individuals and 
in men.9 Individuals with AF are at a 1.5-  to 3.5- fold risk 
of death, with about 21% of those deaths attributed to 
heart failure (HF) and ischemic stroke (IS).9– 12 Studies 
have shown lower rates of all- cause mortality in obese 
subjects with AF, a phenomenon known as the “obe-
sity paradox.”13,14 The observed obesity paradox that 
emerged from these studies may potentially be related 
to an older and sicker study population. Recent data 
from a prospective cohort of middle- aged patients with 
AF did not show obesity to be associated with higher 
risk of poor clinical outcomes.15 Other studies have 
suggested both overweight and obesity as a risk fac-
tor for death and a composite end point of IS, throm-
boembolism, and death, but not for HF or IS alone, 
in patients with AF.16 Accordingly, there is a need for 

further studies in this area, in particular among those 
diagnosed already when young, where a double bur-
den of early obesity and AF may theoretically be more 
harmful than AF alone.

In this long- term cohort study, we aimed to estab-
lish the relationship of BMI in adolescence with later 
diagnosis of AF using a nationwide register of men 
enrolled in compulsory military service in Sweden. A 
further goal was to determine the influence of adoles-
cent overweight and obesity on clinical outcomes in 
individuals later diagnosed with AF.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Study Population
Data of conscripts (n=1 918 466) into military service 
from 1969 through 2005 were drawn from the Swedish 
Military Service Conscription Register (Figure  S1). 
Military service was mandatory in Sweden until 2005, 
except for prison inmates, those with severe medical 
conditions, or those with functional disability (≈2%– 3% 
annually). The personal identity number was reused for 
some enlistees; these were excluded (n=1154). Women 
(n=10 228), men aged <15 and >40 years (n=14 204), 
and those with missing BMI data (n=188 274) were ex-
cluded from the analysis. We also excluded a limited 
number of subjects with BMI >50 kg/m2 (n=139) be-
cause there might have been errors in registering their 
weight or height.

All military conscripts underwent a 2- day assess-
ment at 1 of 6 centers in Sweden.2 The assessment 
protocols were performed according to standard pro-
cedures and included measures of weight, height, and 
blood pressure and evaluation of cognition, cardiore-
spiratory fitness, and muscle strength. A global intelli-
gence score (intelligence quotient [IQ]) was obtained 
from the cognitive evaluations and used as a proxy for 
general cognitive ability. The test results were stan-
dardized and transformed to Standard Nine (stanine) 
scores 1 to 9.

A bicycle ergometric test was performed to evaluate 
cardiorespiratory fitness. Briefly, 5 minutes of submaxi-
mal exercise was performed at work rate of 75 to 175 W, 
depending on the body weight.17 The work rate was 
continuously increased by 25 W/min until limited by ex-
haustion. The final work rate (maximum work capacity 
[Wmax]) was recorded and divided by kilograms (Wmax/kg).  
This measure was used because Wmax/kg yielded a 
better correlation with maximum oxygen consump-
tion (correlation coefficient of ≈0.9) than the predicted 
maximum oxygen consumption (correlation coefficient 

CLINICAL PERSPECTIVE

What Is New?
• In adolescent men, increased risk of future atrial 

fibrillation (AF) started already at low- normal 
body mass index and continued to increase 
with increasing body mass index.

• Adolescent men with severe or morbid obe-
sity, corresponding to body mass index levels 
>35 kg/m2, had a 3-  to 4- fold increased risk of 
AF in early adulthood (mean age at diagnosis, 
43.4 years).

• The risk for all- cause mortality, heart failure, and 
ischemic stroke among men diagnosed with AF 
in adulthood was strongly associated with body 
mass index in adolescence.

What Are the Clinical Implications?
• Assessment of long- standing and early- onset 

obesity among men diagnosed with AF could 
help to identify individuals with a particularly 
high risk of clinical outcomes, such as all- cause 
mortality, heart failure, and ischemic stroke.

• A more vigilant monitoring of obese individu-
als may be warranted in patients with AF, and 
these issues should be addressed in future ran-
domized studies.

Nonstandard Abbreviations and Acronyms

IS ischemic stroke
Wmax maximum work capacity
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of 0.6– 0.7).18 The resulting value (Wmax/kg) served as 
a measure of cardiorespiratory fitness. Wmax/kg was 
recorded as raw data for the conscription in years 
1972 through 2005. No raw data were recorded for 
the conscripts performing at the lowest 3 fitness levels 
(=stanines) in years 2000 through 2005. For the rest 
of the years, these conscripts were categorized into 
the lowest fitness group.2 From 1969 through 1971, 
raw data were not recorded, but the values of Wmax/
kg were converted to 9 levels that served as a mea-
sure of fitness. Isometric muscle strength was mea-
sured by hand grip, elbow flexion, and knee extension. 
Weighted values were integrated into an overall esti-
mate in kiloponds until April 1, 1979, and in Newtons 
after that date.19 Test results were standardized against 
data from previous years, resulting in scores from 1 to 
9 (low to high).

The Longitudinal Integration Database for Health 
Insurance and Labour Market was used to obtain data 
about the highest completed level of parental edu-
cation, available for 80% of the study population and 
stratified into ≤9, 10 to 12, and >12 years.

Outcomes
Data were obtained from the Swedish National 
Inpatient Registry, recording hospital inpatient and 
outpatient visits or discharge. The coverage of inpa-
tient discharge increased during the period from 1970 
through 1986 and is complete since 1987, with outpa-
tient visits recorded from 2001. AF cases and clinical 
outcomes (IS and HF) after a recorded case of AF were 
identified according to the International Classification 
of Diseases, Eight Revision (ICD- 8), International 
Classification of Diseases, Ninth Revision (ICD- 9), and 
International Classification of Diseases, Tenth Revision 
(ICD- 10), and linked to the Hospital Register and Cause 
of Death Register through the Swedish 12- digit per-
sonal identity number with diagnoses coded as in both 
main and secondary diagnosis (Table S1). We were un-
able to differentiate between various subtypes of AF, 
such as paroxysmal, persistent, or permanent AF as 
well as atrial flutter.

Statistical Analysis
Enlistee records were reviewed from date of con-
scription until an initial AF diagnosis, death, emigra-
tion, or December 31, 2019, whichever occurred first  
(14– 50 years). Men with a registered AF diagnosis dur-
ing follow- up formed a subcohort that was followed up 
with respect to clinical outcomes, including all- cause 
mortality, HF, and IS.

Unadjusted incidence rates and 95% Poisson CIs 
(exact) were calculated. Cox regression was used to 
estimate the association of BMI in adolescence with 
risk of future AF. To not underestimate the true risk 

associated with high adolescent BMI, we did not ad-
just for interim diagnoses of comorbidities, such as hy-
pertension and diabetes, conditions that are strongly 
associated with elevated BMI and involved in the 
pathophysiological mechanism of AF. BMI was clas-
sified as <18.5, 18.5 to <20.0, 20.0 to <22.5, 22.5 to 
<25.0, 25.0 to <27.5, 27.5 to <30.0, 30.0 to <35.0, 35 
to <40.0, and 40.0 to 50.0 kg/m2. For Cox regressions 
of BMI and subsequent clinical outcomes, BMI “nor-
mal” reference was set at <20.0 kg/m2, contrasting to 
the more traditional definition of normal BMI of 18.5 to 
20 kg/m2,5 because of the near- continuous increase in 
risk of AF from low BMI values observed in prior analy-
ses from this cohort.20

Subjects who developed AF were followed up until 
a clinical cardiovascular outcome of death, HF, or IS. 
Incidence rates and corresponding 95% CIs for clin-
ical events were calculated with Poisson regression. 
Cox regression was used to estimate the association 
of adolescent BMI with future hospitalization for clinical 
outcomes in patients with AF. This analysis included 
fewer subject groups with BMI <20.0 (reference), 20.0 
to <25.0, 25.0 to <30.0, and >30.0 kg/m2, because rel-
atively few clinical outcomes developed in those exhib-
iting the most extreme obesity.

Systolic blood pressure was stratified into 100 to 
119, 120 to 125, 126 to 130, 131 to 138, and 139 to 
180 mm Hg, and diastolic blood pressure was stratified 
as 40 to 59, 60 to 65, 66 to 70, 71 to 76, and 77 to 
100 mm Hg. Cardiorespiratory fitness was categorized 
as low,1– 4 moderate,5– 7 or high,8,9 and muscle strength 
was categorized as low,1– 3 moderate,4– 6 or high.7– 9 
Parental education was classified as ≤9, 10 to 12, or 
>12 years.

Differences among conscription centers, conscrip-
tion years, and age at conscription were adjusted for 
as potential confounders. Spline plots were produced 
with BMI as a restricted cubic spline with knots placed 
at 5% (18.1 kg/m2), 35% (19.9 kg/m2), 65% (23.2 kg/
m2), and 95% (27.2 kg/m2). Year of conscription was 
included in the spline with knots placed at 5% (1972), 
35% (1979), 65% (1994), and 95% (2002). Effects of in-
teractions of BMI with other variables on the incidence 
of AF were tested with BMI as a continuous variable. 
Systolic and diastolic blood pressure, cardiorespiratory 
fitness, muscle strength, parent education, baseline 
diabetes, hypertension, and congenital heart disease 
were analyzed as factors. The unadjusted models are 
presented in Figures S2 through S5.

Random forest, a robust and nonparametric ma-
chine learning statistical method that optimizes predic-
tive accuracy by fitting an ensemble of trees, was used 
to study the interactions among baseline risk factors 
on clinical outcomes in patients with AF.21 Finally, to aid 
interpretation of the random forest results, partial de-
pendence plots were produced to show the interaction 
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effects among the most important cardiovascular risk 
factors.

Data were prepared with SAS version 9.4 (SAS 
Institute, Cary, NC), and statistical analyses were 
conducted using R software version 3.4.2 (dplyr, 
moonBook, ggplot, caret, rms, plotmo, and survival 
packages; R Foundation for Statistical Computing, 
Vienna, Austria).

Ethical Approval
The regional ethical review board of Gothenburg ap-
proved the study (registration number 567- 15), which 
conformed to the principles outlined in the Declaration 
of Helsinki. Informed consent was not required be-
cause data were not collected for a research purpose.

RESULTS
Study Population and Follow- Up
Table  1 shows the characteristics of the 1 704 467 
men in the study (mean age, 18.3±0.75 years) after 
exclusions (Figure  S1); 8.1% were underweight (BMI 
<18.5 kg/m2), 79.5% were normal weight (BMI 18.5– 
<25 kg/m2), 10.0% were overweight (BMI 25 to <30 kg/
m2), 1.8% were obese, 0.4% were severely obese, 
and 0.1% were morbidly obese (Table 1). There were 
no major differences in age or height among the BMI 
categories of the subjects. Systolic and diastolic blood 
pressure increased slightly with BMI. The proportion 
of subjects with low cardiorespiratory fitness, muscle 
strength, and IQ was higher in obese, compared with 
normal weight, men. Few comorbidities were present 
at baseline, but in the 2 most obese categories, 1% 
to 2% were diagnosed with hypertension already at 
conscription.

During a median follow- up of 32 years, 36 693 men 
were registered with a diagnosis of AF (Table S2). The 
number of AF cases in the total cohort was 68 per 
100 000 observed person- years, increasing from 61 
per 100 000 person- years in those with BMI of 18.5 
to <20 kg/m2 to 131 per 100 000 person- years in the 
BMI group of 40 to 50 kg/m2 (Table S2). The median 
age of AF diagnosis in the total cohort was 52.4 years, 
decreasing from a median of 54 years at AF diagnosis 
for those with BMI of 18.5 kg/m2 to 43.4 years in the 
BMI group of 40 to 50 kg/m2.

Risk of AF
The cumulative incidence rate of AF after a maximum 
50- year follow- up until December 31, 2019, was 20% 
among men fulfilling criteria for obesity at baseline, 
12.4% in overweight men, and 8.3% in those with BMI 
20 to <25 kg/m2, compared with 6.5% in men with BMI 
<20 kg/m2 (Figure 1A).

Compared with the BMI reference of 18.5 to 
<20.0 kg/m2, the adjusted risk for AF at low- normal 
BMI levels of 20.0 to <22.5 kg/m2 was hazard ratio (HR) 
of 1.06 (95% CI, 1.03– 1.10) and this increased gradually 
to 3.72 (95% CI, 2.44– 5.66) at BMI of 40 to 50 kg/m2 
(Figure 1B and Table 2). The multivariable- adjusted HR 
showed a 6.4% higher risk of AF (HR, 1.064 [95% CI, 
1.059– 1.068]) for each kg/m2 increase in BMI.

In the multivariable- adjusted models, age, year of 
conscription, systolic blood pressure, cardiorespiratory 
fitness, IQ, and baseline comorbidities were indepen-
dent predictors of AF (Table S3). There were significant 
negative interactions between BMI and IQ (ie, the ef-
fect of high BMI on risk of AF was attenuated in sub-
jects with high compared with low IQ). In contrast, we 
found positive interactions between BMI and muscle 
strength and adult congenital heart disease (namely, 
the effect of high BMI on the risk of AF was increased 
in subjects with higher muscle strength or in those with 
adult congenital heart disease) (Table S3).

Event Rates and Risk of Clinical 
Outcomes in Subjects With AF
Among men diagnosed with AF (n=36 693), there 
were 3767 deaths, representing 13.2 cases per 1000 
person- years (Table S4), increasing from 13.0 per 1000 
person- years in subjects with BMI <20 kg/m2 to 22.6 per 
1000 person- years for BMI >30 kg/m2. Similarly, 3251 
men developed HF, and 921 developed IS (Table S4). 
The number of cases per 1000 person- years was 11.7 
for HF and 3.4 for IS in those with AF. The figures per 
1000 person- years in subjects with a BMI <20 kg/m2 
were 11.8 for HF and 3.6 for IS compared with 19.2 and 
5.4, respectively, for BMI >30 kg/m2.

All- cause mortality after a maximum 10- year fol-
low- up after AF index diagnosis was 19.1% in obese 
subjects, 16.8% in overweight subjects, and 11.4% in 
those with BMI 20 to <25 kg/m2, compared with 11.7% 
in men with BMI <20 kg/m2. The corresponding cumu-
lative incidence of HF was 12.2% in obese subjects, 
8.7% in overweight subjects, and 5.1% in those with 
BMI 20 to <25 kg/m2, compared with 5.2% in men 
with BMI <20 kg/m2; and for IS, the values were 4.8%, 
3.8%, 3.0%, and 3.2%, respectively.

The risk for all- cause mortality, incident HF, and IS 
gradually increased with increasing BMI levels in sub-
jects diagnosed with AF (Figure 2). The multivariable- 
adjusted HR for all- cause mortality was 2.86 (95% CI, 
2.30– 3.56) in individuals with BMI >30 kg/m2 in adoles-
cence compared with those having BMI levels <20 kg/m2  
(Table  3), with an 8.8% higher risk of all- cause mor-
tality per BMI unit. Obese and overweight subjects 
showed a significantly higher multivariable- adjusted 
HR for incident HF (HR, 3.42 [95% CI, 2.50– 4.68] and 
HR, 2.17 [95% CI, 1.73– 2.72], respectively) compared 
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with subjects with BMI levels <20 kg/m2. In similarly 
adjusted models, those subjects with AF with BMI 
>30 kg/m2 at baseline exhibited a higher risk of devel-
oping IS (HR, 2.34 [95% CI, 1.52– 3.61]) compared with 
those with BMI levels <20 kg/m2.

To visualize the complex interaction effects of BMI 
with the most important risk factors, we constructed 
3- dimensional partial dependence plots. We found the 

interaction effects between BMI and IQ and systolic 
and diastolic blood pressure on all- cause mortality 
and incident HF (Figure 3). The probability of all- cause 
mortality in subjects with AF gradually increased with 
lower IQ, and higher systolic and diastolic blood pres-
sure (Figure 3A). Similar trends were observed for in-
cident HF (Figure 3B); however, for subjects with high 
BMI levels, the probability for incident HF was high, 

Figure 1. A, Cumulative incidence of atrial fibrillation with respect to body mass index (BMI) group.
B, Association of BMI at conscription into military service with risk of early- onset atrial fibrillation. The model was adjusted for age, 
conscription year as a spline with knots at 5%, 25%, 75%, and 95% (1972, 1979, 1994, and 2002), test center, systolic blood pressure, 
diastolic blood pressure, cardiorespiratory fitness, muscle strength, parental education, and baseline comorbidities (diabetes, 
hypertension, and adult congenital heart disease) (n=1 287 197). BMI of 15 to 50 kg/m2 was modeled as a restricted cubic spline with 
knots at 5%, 25%, 75%, and 95% (18.1, 19.9, 23.2, and 27.2 kg/m2) with BMI of 20 kg/m2 as reference.
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Table 2. HRs (95% CIs) for AF Relative to BMI Group

Variable Model 1* Model 2† Model 3‡ Model 4§

Events/population 36 693/1 704 466 36 275/1 614 868 36 126/1 587 607 24 897/1 297 909

BMI <18.5 kg/m2 0.94 (0.90– 0.98) 0.94 (0.90– 0.98) 0.99 (0.95– 1.04) 1.00 (0.95– 1.06)

BMI 18.5– <20.0 kg/m2 1.00 1.00 1.00 1.00

BMI 20.0– <22.5 kg/m2 1.15 (1.12– 1.19) 1.14 (1.11– 1.18) 1.09 (1.05– 1.12) 1.06 (1.03– 1.10)

BMI 22.5– <25.0 kg/m2 1.43 (1.39– 1.48) 1.41 (1.36– 1.46) 1.29 (1.24– 1.33) 1.23 (1.18– 1.28)

BMI 25.0– <27.5 kg/m2 1.74 (1.66– 1.81) 1.69 (1.62– 1.77) 1.55 (1.48– 1.62) 1.45 (1.37– 1.54)

BMI 27.5– <30.0 kg/m2 2.28 (2.14– 2.42) 2.19 (2.06– 2.33) 2.03 (1.91– 2.16) 1.87 (1.73– 2.02)

BMI 30.0– <35.0 kg/m2 2.91 (2.71– 3.11) 2.76 (2.58– 2.96) 2.56 (2.39– 2.75) 2.39 (2.19– 2.61)

BMI 35.0– <40.0 kg/m2 3.75 (3.24– 4.33) 3.64 (3.14– 4.22) 3.41 (2.93– 3.97) 2.80 (2.30– 3.40)

BMI 40.0– 50.0 kg/m2 4.70 (3.44– 6.41) 4.39 (3.13– 6.15) 4.30 (3.05– 6.06) 3.72 (2.44– 5.66)

Per unit BMI 1.083 (1.080– 1.087) 1.080 (1.077– 1.084) 1.071 (1.068– 1.075) 1.064 (1.059– 1.068)

The HRs were derived from Cox regressions (Methods) with different models of adjustments as follows. AF indicates atrial fibrillation; BMI, body mass index; 
and HR, hazard ratio.

*Model 1 adjusted for age at conscription, conscription year, and test center.
†Model 2 as model 1, additionally adjusted for systolic and diastolic blood pressure at baseline, and baseline comorbidities diabetes, hypertension, and adult 

congenital heart disease.
‡Model 3 as model 2, additionally adjusted for cardiorespiratory fitness and muscle strength.
§Model 4 as model 3, additionally adjusted for parental education and intelligence quotient.
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independent of IQ and blood pressure. There were no 
significant interactions among BMI and risk factors on 
IS (data not shown).

DISCUSSION
In this large nationwide long- term study, elevated 
BMI in adolescence was associated with increased 
risk of AF in adulthood in comparatively young men. 
An increased risk was observed already at mildly el-
evated BMI within the normal range, with a 3-  to 4- 
fold increase in risk among men with severe or morbid 
obesity, corresponding to BMI levels >35 kg/m2, sug-
gesting a causal role of adiposity on pathophysiological 
processes leading to AF. In addition, our data also sug-
gest that adolescent obesity is prognostic of poorer 
outcomes in subjects later diagnosed with AF with re-
spect to all- cause mortality, HF, and IS. Investigating 
the true association of obesity with AF is challenging 
because of the complex interactions of obesity with 
other factors associated with AF, such as poor diet, 
low physical activity, hypertension, diabetes, smok-
ing, elevated blood lipids, and sleep apnea.9 However, 
young obese individuals may not have accumulated 
these risk factors to the same extent as older cohorts, 
and the present study cohort accordingly provides a 
valuable opportunity to investigate the impact of obe-
sity per se on AF. We found that age, year of conscrip-
tion, systolic blood pressure, cardiorespiratory fitness, 
IQ, and baseline comorbidities, such as hypertension 
and adult congenital heart disease, in adolescence 
were additional factors associated with development 
of AF in adulthood, but the relationship with BMI in ad-
olescence persisted independent of these factors and 
comorbidities.

An increased risk of AF in obese subjects has been 
a consistent finding of several register-  and population- 
based prospective cohort studies.16,20,22,23 In the pro-
spective Danish Diet, Cancer, and Health Study of 
47 589 randomly selected participants aged 50 to 
64 years followed up for 5.7 years, 553 subjects devel-
oped AF or flutter.16 The adjusted HR for AF in obese, 
compared with normal weight, men was 2.35 (95% CI, 
1.70– 3.25), with each SD increment of BMI significantly 
related to incident AF (HR, 1.08). A prospective study 
from Sweden of 4021 subjects aged 60 years, with a 

Figure 2. Association of adolescent body mass index (BMI) 
diagnosed with atrial fibrillation with mortality and clinical 
outcome in early adulthood.
Risk of all- cause mortality (A), heart failure (B), and ischemic 
stroke (C) in patients with atrial fibrillation relative to BMI. The 
models were adjusted for age, conscription year as a spline 
with knots at 5%, 25%, 75%, and 95% (years 1970, 1972, 1982, 
and 1992), test center, systolic blood pressure, diastolic blood 
pressure, cardiorespiratory fitness, muscle strength, parental 
education, and baseline comorbidities (diabetes, hypertension, 
and congenital heart disease). BMI of 15 to 50 kg/m2 was modeled 
as a restricted cubic spline with knots at 5%, 25%, 75%, and 
95% (18.1, 20.0, 23.5, and 28.0 kg/m2) with BMI of 20 kg/m2 as 
reference for all- cause mortality, 21 kg/m2 for heart failure, and 
22.5 kg/m2 for ischemic stroke.
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mean follow- up of 13.6 years and 285 cases of incident 
AF, revealed obesity to be associated with an ≈2- fold 
risk of AF, regardless of whether metabolic syndrome 
was present or not.22

A previous study of the present cohort, followed up 
for a median of 26 years with 9777 cases of incident 
AF, showed an ≈2- fold risk of hospitalizations for AF 
among men who were obese in adolescence com-
pared with those with BMI 20 kg/m2.20 However, with 
a longer follow- up and addition of outpatient cases, 
and analysis of important post- AF outcomes, we were 
able to follow the severely obese category, relevant to 
the current obesity pandemic with severe and morbid 
obesity increasing worldwide.

Accordingly, there is a need to address how the 
issue should be addressed. To the best of our knowl-
edge, the present study of ≈1.7 million subjects with 
a median follow- up of 32 years and 36 693 cases of 
incident AF is the largest, with the longest follow- up 
and the highest number of identified AF outcomes. The 
cumulative incidence of 20% among obese subjects 
was high, also in absolute terms, and approaching that 
of lifetime risk (about 25%), whereas the men of the 

present study were much younger.24 We found an in-
creased risk of AF starting at normal BMI levels in ado-
lescence and ≈3-  and 4- fold risks of incident AF in the 
severely and morbidly obese subjects, respectively, 
compared with normal weight subjects. The European 
Society of Cardiology 2020 guidelines pertaining to 
AF recommend screening for AF in individuals aged 
≥65 years and in patients with hypertension, and it 
should be considered in those with obstructive sleep 
apnea, but not in obese subjects.9 Our data generate 
questions to be further addressed in randomized tri-
als: whether screening for AF in severely and morbidly 
obese subjects may increase survival or prevent HF or 
stroke in this group. In a previous study from the MESA 
(Multi- Ethnic Study of Atherosclerosis), the relationship 
between BMI and development of AF was J shaped.25 
The nearly linear association in the present study may 
be explained by the fact that we measured weight and 
height in adolescence, and not in adulthood; hence, 
the association may differ, with a stronger relationship 
among younger people, to that seen in adulthood.

The mechanisms by which obesity may lead to the 
development of AF are complex and not completely 

Table 3. HRs (95% CIs) for Clinical Outcomes in Patients With AF Relative to BMI Group

Variable Model 1* Model 2† Model 3‡ Model 4§

All- cause mortality

Events/population, n 3767/36 459 3742 /36 041 3735/35 892 2145/24 757

BMI <20.0 kg/m2 1.00 1.00 1.00 1.00

BMI 20– <25.0 kg/m2 1.01 (0.93– 1.09) 1.01 (0.93– 1.09) 1.25 (1.15– 1.35) 1.26 (1.13– 1.41)

BMI 25– <30.0 kg/m2 1.62 (1.46– 1.80) 1.60 (1.43– 1.78) 2.02 (1.80– 2.26) 2.11 (1.81– 2.45)

BMI ≥30 kg/m2 2.12 (1.82– 2.49) 2.10 (1.79– 2.47) 2.50 (2.12– 2.97) 2.86 (2.30– 3.56)

Per unit BMI 1.063 (1.053– 1.072) 1.063 (1.053– 1.072) 1.081 (1.071– 1.091) 1.088 (1.074– 1.010)

Heart failure

Events/population, n 1648/34 534 1629/34 131 1626/33 983 956/23 568

BMI <20.0 kg/m2 1.00 1.00 1.00 1.00

BMI 20– <25.0 kg/m2 1.08 (0.96– 1.22) 1.08 (0.95– 1.22) 1.28 (1.12– 1.46) 1.22 (1.03– 1.45)

BMI 25– <30.0 kg/m2 1.87 (1.59– 2.19) 1.86 (1.58– 2.19) 2.28 (1.92– 2.71) 2.17 (1.73– 2.72)

BMI ≥30 kg/m2 3.04 (2.44– 3.79) 2.88 (2.29– 3.63) 3.40 (2.68– 4.32) 3.42 (2.50– 4.68)

Per unit BMI 1.085 (1.071– 1.099) 1.083 (1.068– 1.098) 1.099 (1.084– 1.114) 1.104 (1.084– 1.125)

Ischemic stroke

Events/population, n 921/35 025 917/34 616 916/34 468 550/ 23 846

BMI <20.0 kg/m2 1.00 1.00 1.00 1.00

BMI 20– <25.0 kg/m2 0.95 (0.82– 1.11) 0.93 (0.80– 1.08) 1.08 (0.92– 1.27) 1.09 (0.88– 1.34)

BMI 25– <30.0 kg/m2 1.21 (0.97– 1.52) 1.15 (0.91– 1.44) 1.37 (1.07– 1.74) 1.29 (0.93– 1.78)

BMI ≥30 kg/m2 1.88 (1.36– 2.60) 1.74 (1.25– 2.43) 1.99 (1.40– 2.81) 2.34 (1.52– 3.61)

Per unit BMI 1.040 (1.021– 1.061) 1.034 (1.014– 1.055) 1.052 (1.031– 1.074) 1.058 (1.030– 1.086)

The HRs were derived from Cox regressions (Methods) with different models of adjustments as follows. AF indicates atrial fibrillation; BMI, body mass index; 
and HR, hazard ratio.

*Model 1 adjusted for age at conscription, conscription year, and test center.
†Model 2 as model 1, additionally adjusted for systolic and diastolic blood pressure at baseline, and baseline comorbidities diabetes, hypertension, adult 

congenital heart disease, and heart failure.
‡Model 3 as model 2, additionally adjusted for cardiorespiratory fitness and muscle strength.
§Model 4 as model 3, additionally adjusted for parental education and intelligence quotient.
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understood. Obese individuals may be susceptible to 
AF via alterations in hemodynamics and cardiac struc-
tures, such as increased blood volume and increased 
stroke volume, eventually causing elevation in left atrial 
pressure, increase in left ventricular wall stress, and left 
ventricular remodeling and diastolic dysfunction that 
may trigger AF.26 An excessive accumulation of adi-
pose tissue may result in release of proinflammatory 
cytokines and oxidative stress and excess deposition 
of epicardial fat, contributing to left atrial enlargement 
and left ventricular diastolic dysfunction and remodel-
ing, including collagen deposition and fibrosis.26

Individuals with AF are at 1.5-  to 3.5- fold risk of 
death compared with those with sinus rhythm.9,10,12 A 
prospective study of Japanese men (n=4045) showed 

that common causes of death among patients with AF 
were malignancy (23.1%), infection/sepsis (17.3%), or HF 
(14.5%), with stroke- related mortality at 6.5%.11 However, 
the impact of obesity on death in relation to other co-
morbidities in patients with AF has not been extensively 
studied. Further on, in subgroup analyses of the AFFIRM 
(Atrial Fibrillation Follow- Up Investigation of Rhythm 
Management) study, 304 deaths occurred in 2492 sub-
jects (mean age, 66.4 years at baseline; 35.7% obese) 
who were followed up for a mean of 3 years. Obese 
subjects with AF showed higher rates of all- cause mor-
tality, but not of stroke; however, the adjusted HR for 
all- cause mortality was not significantly associated with 
obesity.27 In a second subgroup analysis, a Cox regres-
sion analysis adjusted only for those baseline variables 

Figure 3. Three- dimensional partial dependence plots generated from the random forest models.
Graphical visualization of the most important interactions between body mass index (BMI) and risk factors (x1 and x2 axis) on all- cause 
mortality (A) and incident heart failure (B) (y axis). The y axis denotes probability of all- cause mortality or incident heart failure. A, 
Intelligence quotient (IQ) is in the reverse direction from high to low. BP indicates blood pressure.
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that differed significantly revealed a significant inverse 
relationship between obesity and all- cause mortality.13 
Findings of the ARISTOTLE (Apixaban for Reduction 
in Stroke and Other Thromboembolic Events in Atrial 
Fibrillation) randomized trial subgroup analysis of 17 913 
subjects (mean age, 69.4 years; 40.0% obese) were sim-
ilar, with a median follow- up of 1.8 years, 1229 deaths, 
and 465 strokes or systemic emboli. In multivariable ad-
justed models, obesity in those with AF was associated 
with lower risk of all- cause mortality, but not of stroke or 
systemic embolism.14 Findings from these 2 studies were 
compatible with a potential obesity paradox, indicating 
that obese subjects with AF are “protected” from car-
diovascular outcomes, but where this effect is mainly at-
tributable to older and sicker individuals being included. 
Investigating the association between AF and HF might 
be complex, as the 2 conditions often overlap.28

Findings of observational prospective studies have 
differed from subgroup analyses of randomized tri-
als that suggest an obesity paradox. In a recent pro-
spective study of 1956 patients (mean age, 73.8 years; 
37.2% obese) with AF receiving anticoagulants, and a 
median follow- up of 3 years, observing 255 deaths and 
45 strokes, obesity was not associated with all- cause 
mortality or stroke. This contrasts to the findings of the 
prospective observational Danish Diet, Cancer and 
Health study (aged 50– 64 years at baseline; n=57 053), 
where the subcohort with AF (n=3135; followed up for 
a median 4.9 years) had a significant association for 
obesity with a composite end point of IS, thromboem-
bolism, and death, even after adjustment for CHA2DS2- 
VASc (HR, 1.36 [95% CI, 1.11– 1.65]). However, obesity 
was not significantly associated with IS or HF alone.

Our data gained from a median follow- up of 
≈6 years of 37 000 subjects with AF suggest that obe-
sity in adolescence is associated with an ≈3- fold risk 
of all- cause mortality, 3.5- fold risk of incident HF, and 
2.5- fold risk of incident IS. In addition, the probability 
for all- cause mortality gradually increased with lower 
IQ and higher blood pressure levels, whereas the prob-
ability for incident HF was high in subjects with high 
BMI levels independent of blood pressure. We believe 
these findings are novel and suggest that the question 
of whether more rigorous monitoring of obese subjects 
with AF may improve prognosis and survival should 
be addressed in future trials. For example, otherwise 
healthy men aged <65 years with AF would normally 
not be considered for anticoagulant therapy; our find-
ings might indicate a potential beneficial effect that 
might be explored in a clinical trial.

STRENGTHS AND LIMITATIONS
Strengths of the present study include a large sample 
size with a high number of AF cases, long- term follow-
 up, and the population- based study design comprising 

a cohort largely representative of the male adolescent 
population of Sweden. In addition, we investigated the 
association of BMI in early adolescence with clinical 
outcomes in patients diagnosed with AF.

There are limitations to our study that should be 
addressed. First, we used BMI as a proxy for over-
weight and obesity. Mildly elevated BMI may reflect 
high muscle mass, not adiposity, but this is unlikely to 
be the case when BMI is extremely high. Second, our 
data and statistical analysis did not account for vari-
ation of BMI over time, which might have introduced 
a time- related bias. This has been demonstrated in a 
previous study in which a decrease in BMI over time 
was associated with lower rates of AF.29 However, 
it should also be addressed that obesity in adoles-
cence may cause irreversible changes in cardiac 
structures strongly associated with AF, such as left 
atrial enlargement. This has been shown in a previ-
ous study investigating changes in cardiac geomet-
ric structures before and after bariatric surgery in 38 
adolescents.30 Indeed, there were no changes in the 
dimension of left atrium or the left ventricle, which 
might suggest that obesity in adolescence is a crucial 
determinant of AF irrespective of changes in weight 
during adulthood.31

Third, our homogeneous study population with 
respect to sex and ethnicity precludes the gener-
alizability of results to women and to populations of 
other ethnicities. Age- adjusted incidence, prevalence, 
and life- time risk of AF are lower in women compared 
with men and varies with race and/ethnicity. Fourth, 
another inherent limitation is the inability to account 
or adjust for the development of comorbid medical 
diagnoses. One might hypothesize that the compen-
dium of risk factors that closely track with obesity and 
morbid obesity explain the development of AF, as op-
posed to a direct causal role of elevated adolescent 
BMI levels. This might suggest BMI is a mere marker of 
downstream risk factors (eg, type 2 diabetes, obstruc-
tive sleep apnea, and essential hypertension), which 
predispose to AF. Still, given the young age of the co-
hort at baseline, it is more likely that high BMI exerts an 
effect on future AF through these intermediary factors, 
which would likely not have developed in the absence 
of an elevated BMI, or at least not to the same ex-
tent. In addition, we were unable to include potential 
lifestyle risk factors, such as smoking, diet, alcohol 
consumption, and physical activity occurring during 
follow- up as potential mediating factors, nor did we 
have information on adult BMI. Fifth, we were unable 
to differentiate between AF and atrial flutter and vari-
ous subtypes of AF, such as paroxysmal, persistent, or 
permanent AF. Finally, lack of data on oral anticoagu-
lant use is a limitation as we cannot exclude that body 
weight might impact on the use of anticoagulants and 
subsequent AF- related strokes.
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CONCLUSIONS
Severe and morbid obesity in adolescence in men is 
strongly associated to development of AF in early adult-
hood. Documented obesity in adolescence in men later 
diagnosed with AF is associated with higher risk of all- 
cause mortality, incident HF, and IS. Increasing obesity 
prevalence in the young is likely to lead to increasing rates 
of early AF, with markedly elevated risk of poor outcomes.
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Table S1. ICD codes of Atrial Fibrillation, baseline comorbidities and clinical 
outcomes  

Diagnosis ICD 8 ICD 9 ICD 10  
Atrial fibrillation 42792 427D I48.0-I48.9 
Diabetes mellitus 250 250 E10-E14 
Hypertension 401-405 401-405 I10-I15 
ACH 746-747 745-747 Q2, Q332, Q871E, Q872, 

Q874, Q878, Q90, Q96 
Heart failure 42700 428A, 428B, 

428X 
I50.0-I50.9 

Ischemic stroke 433,00, 433,99 
434,00, 434,99 
435,00, 435,99 
436,00, 436,99 

433A, 433B 
433C, 433D 
433W, 433X 
434A, 434B 
434X, 436X 

I63.0-I63.9 

International classification of diseases (ICD), ACH (adult congenital heart disease) 

 

Table S2. Event rates for atrial fibrillation relative to body mass index group 

BMI= body mass index; CI= Confidence intervals, IQR= Interquartile range, SD= Standard 
deviation.  

 

 All BMI 
<18.5 
kg/m2 

BMI 
18.5–
<20.0 
kg/m2 

BMI 
20.0–
<22.5 
kg/m2 

BMI 
22.5–
<25.0 
kg/m2 

BMI 
25.0–
<27.5 
kg/m2 

BMI 
27.5–
<30.0 
kg/m2 

BMI 
30.0–
<35.0 
kg/m2 

BMI 
35.0–
<40.0 
kg/m2 

BMI 
40.0–
50.0 
kg/m2 

n (%) 1704467 
(100) 

13864
5 (8.1) 

307135 
(18.0) 

687070 
(40.3) 

362485 
(21.3) 

12619
3  

(7.4) 

44592 
(2.6) 

30800 
(1.8) 

6244 
(0.4) 

1302 
(0.1) 

Events, 
n (%) 

36693 
(100) 

2871 
(7.8) 

6228 
(16.9) 

14176 
(38.6) 

7967 
(21.7) 

3008 
(8.2) 

1260 
(3.4) 

953 
(2.6) 

190 
(0.5) 

40 
(0.1) 

Cases 
per 100 
000 
observe
d 
person 
years 
(CI) 

68 
(67–69) 

61 
(59–
63) 

61 
(59–62) 

65 
(63–66) 

73 
(71–74) 

82 
(79–
85) 

100 
(94–
105) 

114 
(107–
121) 

122 
(105–
140) 

131 
(93–
178) 

Age at 
diagnosi
s, 
year(SD
) 

52.4 
(10.6) 

54.0 
(10.3) 

53.6 
(10.3) 

52.5 
(10.6) 

51.7 
(10.7) 

51.1 
(10.8) 

50.7 
(10.6) 

50.4 
(10.3) 

48.3 
(10.6) 

43.4 
(10.3) 

Median 
follow 
up time, 
y (IQR) 

32 
(24–41) 

36 
(26–
45) 

34 
(26–44) 

33 
(25-41) 

31 
(22–39) 

29 
(21–
38) 

28 
(21–
37) 

26 
(19–
35) 

24 
(18–
32) 

22 
(17–
30) 

Person-
years of 
follow-
up  

5370409
2 

46992
25 

101864
71 

218829
60 

109729
29 

36799
34 

12624
15 

83432
4 

15526
6 

30569 



Table S3. Hazard Ratios (95% CIs) for Atrial Fibrillation by cardiovascular risk factors 

 Multivariable adjusted Model  

Events/population, n 24897/1297909 
Age 1.11(1.09-1.13) 
P-value interaction 0.80 
Center 1.00(0.99-1.01) 
P-value interaction 0.10 
Year 1.01(1.01-1.02) 
P-value interaction 0.32 
Systolic blood pressure  
100–119 mmHg 1 
120–125 mmHg 1.07(1.03-1.11) 
126–130 mmHg 1.10(1.06-1.15) 
131–138 mmHg 1.08(1.04-1.13) 
139–180 mmHg 1.20(1.15-1.25) 
P-value interaction 0.23 
Diastolic blood pressure  
40–59 mmHg 1 
60–65 mmHg 0.99(0.95-1.04) 
66–70 mmHg 1.00(0.96-1.05) 
71–76 mmHg 1.00(0.95-1.04) 
77–100 mmHg 1.03(0.99-1.08) 
P-value interaction 0.73 
Cardiorespiratory fitness  
High (8-9) 1 
Moderate (5-7) 1.03 (0.99-1.07) 
Low (1-4) 1.17(1.12-1.22) 
P-value interaction 0.06 
Muscle strength  
High (8-9) 1 
Moderate (5-7) 0.91(0.82-1.01) 
Low (1-4) 0.93(0.83-1.05) 
P-value interaction 0.004 
Parental education  
High (8-9) 1 
Moderate (5-7) 1.04(0.99-1.08) 
Low (1-4) 1.02(0.96-1.06) 
P-value interaction 0.27 
IQ  
High (8-9) 1 
Moderate (5-7) 1.04 (1.01-1.07) 
Low (1-4) 1.14(1.09-1.18) 
P-value interaction 0.006 
Baseline comorbidities  
Diabetes 1.50(0.95-2.35) 
P-value interaction 0.33 
Hypertension 1.55(1.24-1.95) 
P-value interaction 0.46 
GUCH 5.99(4.89-7.34) 
P-value interaction 0.0004 
Hazard rations were derived by Cox regressions (methods), and interactions by  use of BMI 
as continuous variable (methods). 



Table S4. Event rates for clinical outcomes in patients with atrial fibrillation relative to 
body mass index group 

 All BMI<20.0 
kg/m2 

BMI 20–
<25.0 
kg/m2 

BMI 25–
<30.0 
kg/m2 

BMI ≥30 
kg/m2 
 

All-cause mortality 

total n (%) 36459 (100) 9037(24.8) 22006 (60.4) 4244 (11.6) 1172 (3.2) 
Events, n (%) 3767 (100) 917 (24.3) 2083 (55.3) 578 (15.3) 189 (5.0) 
Cases per 1000 
observed person 
years (CI) 

13.2 (12.8–
13.6) 

13.0 (12.1–
13.8) 

11.9 (11.4–
12.5) 

18.0 (16.6–
19.6) 

22.6 (19.5–
26.0) 

Age at death, y 
(SD) 

58.6(7.4) 59.3(7.4) 58.7(7.4) 57.9(7.5) 56.1(8.1) 

Median follow up 
time, y (IQR) 

6.0 (2.4–
12.0) 

6.7 (2.9–12.1) 6.7 (2.8–12.5) 6.5 (2.8–12.4) 6.7 (3.3–11.6) 

Person-years of 
follow up 

285692 70724 174543 32051 8373 

Heart Failure 
Total n (%) 34534 (100)  8592 (24.9) 20966 (60.7) 3919 (11.3)  1057 (3.1) 
Events, n (%)  3251 (100) 808 (24.9) 1818 (55.9)  475 (14.6) 150 (4.6) 
Cases per 1000 
observed person 
years (CI) 

11.7 (11.3–
12.2) 

11.8 (11.0–
12.6) 

10.7 (10.2–
11.2) 

15.5 (14.2–
17.0) 

19.2 (16.2–
22.5) 

Age of 
diagnosis, y(SD) 

57.4(7.6) 57.6(8.3) 57.7(7.3) 56.8(7.7) 55.2(7.5) 

Median follow up 
time, y IQR) 

6.1 (2.5–
11.7) 

6.2 (2.5–11.5) 6.2 (2.5–11.8) 6.0 (2.4–11.6) 5.9 (2.8–10.9) 

Person-years of 
follow up 

269419 66920 165627 29526 7345 

Ischaemic Stroke 
Total n (%) 35025 (100)  8641 (24.7) 21183 (60.5) 4078 (11.6)  1123 (3.2) 
Events, n (%) 921(100) 242 (26.3) 522 (56.7) 114 (12.4) 43 (4.7) 
Cases per 1000 
observed person 
years (CI) 

3.4 (3.1–3.6) 3.6 (3.1–4.0) 3.1 (2.8–3.4) 3.7 (3.1–4.5) 5.4(3.9–7.3) 

Age at 
diagnosis, y(SD) 

61.2(6.8) 59.3(3.2) 58.2(6.9) 56.5(7.3) 54.3(8.2) 

Median follow up 
time, y(IQR) 

6.0 (2.4–
11.5) 

6.1 (2.4–11.3) 6.1 (2.4–11.6) 5.7 (2.2–11.1) 5.7 (2.7–10.4) 

Person-years of 
follow up 

260174 67834 168028 30761 7980 

BMI= body mass index; CI= Confidence intervals, IQR= Interquartile range, SD= Standard 
deviation.  

 

 

 

 

 

 

 



Figure S1. Study flowchart 

 

The flow chart is in accordance with the STROBE criteria.  

BMI; Body mass index. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S2. Association between body mass index (BMI) at conscription and risk for 
Atrial Fibrillation 

 

The model was unadjusted (n= 1704467). BMI was restricted to BMI between 15 and 50 
kg/m2 and modelled as a restricted cubic spline with knots at 5%, 25%, 75%, and 95% (i.e., 
18.1, 19.9, 23.2, and 27.2 kg/m2), with BMI of 20 kg/m2 as reference.  

 

 

 

 

 

 

 



Figure S3. Association between body mass index (BMI) at conscription and risk for 
all-cause mortality in patients diagnosed with Atrial Fibrillation 

 

The model was unadjusted (n=36445). BMI was restricted to BMI between 15 and 50 kg/m2 
and modelled as a restricted cubic spline with knots at 5%, 25%, 75%, and 95% (ie, 18.1, 
20.0, 23.2, and 27.2 kg/m2), with BMI of 20 kg/m2 as reference. 

 

 

 

 

 

 

 



Figure S4. Association between body mass index (BMI) at conscription and risk for 
Heart failure (HF) in patients diagnosed with Atrial fibrillation (AF) 

 

The model was unadjusted (n=34534). BMI was restricted to BMI between 15 and 50 kg/m2 
and modelled as a restricted cubic spline with knots at 5%, 25%, 75%, and 95% (ie, 18.0, 
20.0, 23.4, and 27.8 kg/m2), with BMI of 22 kg/m2 as reference. 

 

 

 

 

 

 

 



Figure S5. Association between body mass index (BMI) at conscription and risk for 
Ischemic stroke (IS) in patients diagnosed with Atrial fibrillation 

 

The model was unadjusted (n=35 013). BMI was restricted to BMI between 15 and 50 kg/m2 

and modelled as a restricted cubic spline with knots at 5%, 25%, 75%, and 95% (ie, 18.1, 
20.0, 23.5, and 28.1 kg/m2), with BMI of 22.5 kg/m2 as reference. 
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