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Abstract

Background and 
Aims

Atrial fibrillation (AF) is the most common sustained arrhythmia in adults. Investigations of risk factor profiles for AF accord-
ing to age and genetic risk groups are essential to promote individualized strategies for the prevention and control of AF.

Methods A total of 409 661 participants (mean age, 56 years; 46% men) free of AF at baseline and with complete information about 
risk factors were included from the UK Biobank cohort. The hazard ratios and population-attributable risk (PAR) percen-
tages of incident AF associated with 23 risk factors were examined, including 3 social factors, 7 health behaviours, 6 cardi-
ometabolic factors, 6 clinical comorbidities, and the genetic risk score (GRS), across 3 age groups (40–49, 50–59, and 60–69 
years) and 3 genetic risk groups (low, moderate, and high GRS).

Results After a follow-up of 5 027 587 person-years, 23 847 participants developed AF. Most cardiometabolic factors and clinical 
comorbidities showed a significant interaction with age, whereby the associations were generally strengthened in younger 
groups (Pinteraction < .002). However, only low LDL cholesterol, renal dysfunction, and cardiovascular disease showed a sig-
nificant interaction with genetic risk, and the associations with these factors were stronger in lower genetic risk groups 
(Pinteraction < .002). Cardiometabolic factors consistently accounted for the largest number of incident AF cases across all 
age groups (PAR: 36.2%–38.9%) and genetic risk groups (34.0%–41.9%), with hypertension and overweight/obesity being 
the two leading modifiable factors. Health behaviours (PAR: 11.5% vs. 8.7%) and genetic risk factors (19.1% vs. 14.3%) con-
tributed to more AF cases in the 40–49 years group than in the 60–69 years group, while the contribution of clinical co-
morbidities remained relatively stable across different age groups. The AF risk attributable to overall cardiometabolic 
factors (PAR: 41.9% in the low genetic risk group and 34.0% in the high genetic risk group) and clinical comorbidities 
(24.7% and 15.9%) decreased with increasing genetic risk. The impact of social factors on AF was relatively low across 
the groups by age and genetic risk.

Conclusions This study provided comprehensive information about age- and genetic predisposition-related risk factor profiles for AF in a 
cohort of UK adults. Prioritizing risk factors according to age and genetic risk stratifications may help to achieve precise and 
efficient prevention of AF.
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Structured Graphical Abstract

To explore the population-attributable risk (PAR) of risk factor profile of atrial fibrillation (AF), covering social factors, health behaviours, 
cardiometabolic factors, clinical comorbidities, and genetic risk across different age and genetic risk groups.

Cardiometabolic risk factors followed by clinical comorbidities, health behaviours and social factors in a decreasing sequence of PARs 
were responsible for the greatest number of AF cases among all age and genetic risk groups. Hypertension and overwight/obesity were 
the leading modifiable risk factors. With a decreasing genetic risk, overall cardiometabolic risk factors and clinical comorbidities
accounted for more AF cases.

Control of cardiometabolic factors especially hypertension and overweight/obesity could be a critical part of AF prevention strategy 
across different age and genetic risk groups. Targeting modifiable risk factors is probably most effective in people with a low genetic risk 
rather than a high genetic risk.
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Age-specific and genetic predisposition-specific associations of risk factor profiles with atrial fibrillation (AF). Population-attributable risk percen-
tages of AF risk factors were presented for different age and genetic risk population groups.
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Introduction
Atrial fibrillation (AF), as the most common sustained arrhythmia, im-
poses a huge burden on individuals and public health worldwide.1 In 
the 2019 global statistics, there were ∼59.7 million people with AF/flut-
ter.2 With the continuous improvement of lifespan and medical stan-
dards, the population with AF in the European Union will double in 
the next 40 years, and the lifetime risk will be one in three individuals 
of European ancestry at an index age of 55.3,4 Atrial fibrillation is an in-
dependent risk factor for heart failure and myocardial infarction5,6 and 
is responsible for one in five strokes.7 Even worse, people with AF have 
twice the risk of premature death.8

The pathophysiological mechanism and risk factors for AF are com-
plex, multifactorial, and interacting, making prevention challenging.9,10

Previous studies have found that many social, lifestyle, and cardiometa-
bolic factors and comorbidities are associated with the occurrence and 
development of AF.11–14 It has also been reported that interventions 
for some risk factors, such as alcohol reduction and weight manage-
ment, are beneficial in reducing the AF burden, recurrence, and symp-
toms.15–17 Thus, the observed impact of risk factor burden/multiple 
comorbidities suggests that an early intervention addressing risk factors 
is urgently needed to reduce the number of new AF cases.

However, current evidence comes mainly from the general popula-
tion, and considering that age and genetic predisposition are critical 
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fixed risk factors for AF,12,18,19 it remains unclear whether there is a 
varied impact of those individual factors on the AF risk by age and gen-
etic risk group and whether age and genetic risk-specific strategies of 
primary prevention should be adopted. Although the number of people 
with AF increases significantly with aging,14 a diagnosis of AF at a young-
er age or early onset AF poses a greater burden on health.20 Identifying 
the contribution of various risk factors to incident AF in different age 
and genetic risk groups is of great significance for the prevention of AF.

In this study, we aimed to explore the associations of 23 risk factors 
with incident AF and to present the ranking order of these factors by 
partial population-attributable risk (PAR) percentages among three 
consecutive age groups (40–49, 50–59, and 60–69 years) and different 
genetic risk groups (low, moderate, and high) in a large prospective UK 
cohort.

Methods
Study sample
The UK Biobank (UKB) is a prospective cohort study including >500 000 
community-dwelling adults aged 40–69 years across the UK (https:// 
www.ukbiobank.ac.uk/).21 Participants were recruited through 22 assess-
ment centres between 2006 and 2010. We declare that all data are publicly 
available in the UKB repository.21 The UKB received ethical approval from 
the UK National Health Service, National Research Ethics Service North 
West, the National Information Governance Board for Health and Social 
Care in England and Wales, and the Community Health Index Advisory 
Group in Scotland. All participants provided written informed consent. 
This study was approved by the UKB (application number 777407740).

A total of 502 411 participants were included in our study. We excluded 
8412 participants with AF at baseline, and 82 490 with missing data on any 
risk factor mentioned below were excluded from our cohort, as well as 
1848 out of range 40–69 years. Therefore, 409 661 participants were in-
cluded in the present study (see Supplementary data online, Figure S1).

Definition of risk factors
At baseline, participants provided information, such as demographic charac-
teristics, lifestyle behaviours, and medical information, by completing a com-
prehensive and standardized touchscreen questionnaire and verbal 
interview. In addition to self-reported information, the diagnosis of clinical 
comorbidities was also obtained using linkages with primary care and hos-
pital inpatient records. In the assessment centre, height, weight, and blood 
pressure were measured at baseline using standard methods and devices, 
and body mass index (BMI) was calculated as body weight in kilograms di-
vided by the square of height in metres. In addition, a range of key biochem-
istry markers [e.g. lipid profile, C-reactive protein (CRP), and cystatin C] 
were measured in the blood sample collected at recruitment.

The 2020 ESC guidelines for the diagnosis and management of AF devel-
oped in collaboration with the European Association for Cardio-Thoracic 
Surgery summarized 46 modifiable and nonmodifiable risk factors for inci-
dent AF.12 In summary, nine factors were excluded due to unavailable/inad-
equate data (competitive or athlete-level endurance sports, coronary artery 
calcification, carotid intima-media thickness, carotid plaque, PR interval pro-
longation, family history of AF, short QT syndrome, fibrinogen, other bio-
markers, and HDL), age was the stratification variable, and sex and ethnicity 
were adjusted in the model. Then, the other 34 factors were combined into 
23 factors. Detailed information is presented in Supplementary data online, 
Tables S1 and S2.

The 23 factors covered 5 aspects. The first aspect consisted of social fac-
tors, including less education (less than high school), socioeconomic depriv-
ation (Townsend index ≥ 1.34, the highest quintile), and severe air pollution 
(local air concentration of nitrogen dioxide ≥ 32.49 µg/m3 or nitrogen oxi-
des ≥ 53.22 µg/m3). The second aspect consisted of health behaviours, 
including current smoking, excessive alcohol intake (alcohol intake 

≥24 g/day22), physical inactivity (<150 min/week of moderate intensity, 
<75 min/week of vigorous intensity, or an equivalent combination23,24), ex-
cessive physical activity (>55 metabolic equivalent task-hours/week25), no 
coffee intake, loneliness (‘YES’ to ‘Do you often feel lonely?’), and broad 
depression (‘YES’ to ‘Have you ever seen a psychiatrist for nerves, anxiety, 
tension or depression?’26). The third aspect consisted of cardiometabolic 
factors, including hypertension (history of hypertension, regularly taking 
anti-hypertension medications, systolic blood pressure ≥140 mmHg, or dia-
stolic blood pressure ≥90 mmHg), low LDL-cholesterol (<2.81 mmol/L, 
the lowest quintile), low triglycerides (<.986 mmol/L, the lowest quintile), 
diabetes mellitus/prediabetes (history of diabetes, taking antidiabetic medi-
cations, or HbA1c ≥5.7%), overweight/obesity (BMI ≥25 kg/m2), and ele-
vated CRP (≥3.12 mg/L, the highest quintile). The fourth aspect consisted 
of clinical comorbidities [cardiovascular disease (CVD), sleep apnoea, chron-
ic obstructive pulmonary disease (COPD), renal dysfunction (chronic renal 
disease or estimated glomerular filtration rate <60 mL/min/1.73 m2), 
immune-mediated disease (hypo- and hyperthyroidism, coeliac disease, 
rheumatoid arthritis, and psoriasis), and acute illness (history of sepsis, major 
operations, and pneumonia)]. The last aspect was high genetic risk [genetic 
risk score (GRS) >6.72, the highest quintile (ascending sequence)]. More de-
tailed definitions and references are provided in Supplementary data online, 
Table S2.

Furthermore, we established weighted risk scores in four aspects (social 
factors, health behaviours, cardiometabolic factors, and clinical comorbid-
ities) by summing all risk factors within each aspect while considering mag-
nitudes of their relative risks. Risk score = (β1 × factor 1 + β2 × factor 2 + 
L + βn × factor n) × (n/sum of the β coefficients).27 β was driven from the 
effect estimate of each risk factor on AF in adjusted regression models. 
A higher score indicated a higher risk of the corresponding aspect.

Genetic risk for atrial fibrillation
A total of 104 single nucleotide polymorphisms (SNPs) were found to be 
distinctly associated with AF at the genome-wide association significance 
level in a multi-ethnic genome-wide association study.28 The weighted 
GRS for each participant was calculated by summing the product of the 
AF-increasing allele and its effect size.29 Individual SNPs were coded as 0, 
1, and 2 according to the number of risk alleles. The effect size of each 
SNP was obtained from the genome-wide association study mentioned be-
fore,28 which is listed in Supplementary data online, Table S3.

Ascertainment of incident atrial fibrillation
Incident AF cases (both primary and secondary diagnoses) were identified 
from the ‘first occurrence of health outcomes defined by a 3-character 
ICD 10th Revision code’ (category ID in UKB 1712) (I48). The diagnosis 
of individual AF was obtained using linkages with the death register, primary 
care, and hospital inpatient records. Detailed information regarding the link-
age procedure is available online (https://biobank.ctsu.ox.ac.uk/crystal/ 
exinfo.cgi?src=diag_xtabs_HES).

Statistical analyses
Participants were divided into 40–49, 50–59, and 60–69 years old groups. 
The genetic risk groups included low (lowest quintile of GRS), moderate 
(mid-three quintiles of GRS), and high (highest quintile of GRS) genetic 
risk groups.

Baseline characteristics are presented as the means with standard devia-
tions (SDs) for continuous variables or numbers with percentages for cat-
egorical variables. COLLIN option in regression model and Kendall’s tau 
coefficient were used to test collinearity among risk factors, and the results 
showed an absence of collinearity (see Supplementary data online, Table S4). 
The end event was the first report of incident AF. The follow-up time was 
from the date of recruitment to the date of first occurrence or to the death 
date or latest censoring date (December 2021), whichever came first. We 
used Cox proportional hazards models with age as time scale to examine 
the associations between risk factors and incident AF. In each age group 
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and genetic risk group, the model was adjusted for sex, age, ethnicity, and 
the use of lipid-lowering medication and mutually adjusted for individual 
risk factors. The associations of risk scores with incident AF were examined 
in Cox regression models adjusting for sex, age, ethnicity, the use of 
lipid-lowering medication, and individual risk factors that were not included 
in the risk score. We tested whether age and genetic risk modified the as-
sociations of risk factors and risk scores with the probability of AF using a 
log-likelihood ratio test to compare models with and without cross- 
product interaction terms.

We calculated partial PAR percentages of AF for each risk factor using 
the previously well-established method of multivariable-adjusted PAR30

for the effects of the same set of variables as the hazard ratio (HR) calcula-
tion. Population-attributable risk percentages can be interpreted as a popu-
lation proportion that would avoid suffering from the disease if no one was 
exposed to a certain risk factor.31 The negative PAR% of a risk factor was 
not included in the models and was truncated at the limit of 0, as this is the 
lowest threshold to determine an association with increased risk.

In the secondary analyses, we also measured similar HRs and PAR% values 
among all participants, men, and women, with further adjustments for age 
groups. We performed several sensitivity analyses. First, we tested the three- 
way interaction among risk factors, age group, and genetic risk group on inci-
dent AF. Second, we used waist circumference (men ≥90 cm, women 
≥80 cm) in place of BMI to define central obesity. Third, to shed light on those 
who already had diabetes and hypertension but were under reasonable con-
trol with medication, we used only blood pressure and glycated haemoglobin 
(HbA1c) to define high blood pressure (systolic blood pressure ≥140 mmHg, 
or diastolic blood pressure ≥90 mmHg) and high blood glucose (HbA1c 
≥5.7%), with further adjustments for the use of anti-hypertension and antidia-
betic medications. Fourth, competing risk analysis was performed using pro-
portional subdistribution hazards regression models,32 in which non-AF death 
was regarded as a competing outcome event to AF. Fifth, to address bias from 
complete case analysis, we used multiple imputation by chained equations 
(MICE)33 to impute baseline missing data for risk factors.

A two-sided P-value <.05 was considered statistically significant. 
However, to account for multiple comparisons for the analysis of the 23 
risk factors and 4 risk scores, Bonferroni’s correction was used. P < .002 
(.05/23) and P < .013 (.05/4) were considered statistically significant. SAS 
software, version 9.4 and R software, version 4.1.2 were used for analyses. 
We estimated the HR for risk factors with the Survival R package. We used 
a competing risk model with the CMPRSK R package. The macro of PAR% 
was published in a previous article.30 We implemented multiple imputation 
with the MICE R package.

Results
Participant characteristics
Baseline characteristics by age and genetic risk groups are shown in 
Table 1. The mean age of the cohort was 56 (SD 8) years old, and 
46% were men. Participants in the 40–49 years age group were 
more educated and socioeconomically deprived, had a higher propor-
tion of current smokers, greater physical activity, and reported loneli-
ness compared with those in the 60–69 years age group. 
Cardiometabolic factors were more common in elderly participants. 
The prevalence of clinical comorbidities increased with age. 
Moreover, most of the baseline characteristics were rather comparable 
among the different genetic risk groups. Participants excluded due to 
missing data seemed to have worse health behaviours than those 
who were included (see Supplementary data online, Table S5).

Age-specific association of risk factors and 
scores with atrial fibrillation
After a follow-up of 5 027 587 person-years (median 12.3 years, inter-
quartile range 11.9–13.5 years, range 1–15 years), 23 847 (5.8%) of 

participants developed AF (4.7 per 1000 person-years, 3.2 and 6.6 
per 1000 person-years in men and women). The incidence rate of AF 
increased from the younger group to the older group (40–49 years: 
1.0 per 1000 person-years; 50–59 years: 3.0 per 1000 person-years; 
60–69 years: 8.5 per 1000 person-years). In all participants, the risk 
of incident AF was significantly associated with all selected risk factors 
except severe air pollution, physical inactivity, excessive physical activ-
ity, and no coffee intake (see Supplementary data online, Table S6).

The associations between risk factors and AF by age group are 
shown in Figure 1A (absolute rate shown in Supplementary data online, 
Table S7). The associations between AF and all cardiometabolic factors, 
except low LDL-C, were strengthened in younger groups (Pinteraction  

< .002). Among the comorbidities, COPD, renal dysfunction, CVD, 
and acute illness had significant interactions with age groups regarding 
AF risk, and these interactions were also stronger in younger groups 
(Pinteraction < .001). Notably, the association with CVD was particularly 
strengthened in younger groups {HR 3.39 [95% confidence interval (CI) 
2.61–4.41] among 40–49 years group vs. 1.65 [1.57–1.73] among 60– 
69 years group}. Additionally, a high genetic risk was more strongly as-
sociated with AF in the younger groups (Pinteraction < .001). The social 
factors and health behaviours showed no significant interactions. 
When further stratified by sex, the profiles of some specific risk factors 
across age groups were different between men and women (see 
Supplementary data online, Table S8). For example, the association 
with elevated CRP was strengthened in younger groups in women 
[1.46 (1.15–1.85) vs. 1.25 (1.18–1.32)] but not in men. Conversely, 
the HR of high genetic risk significantly decreased with age in men 
only [3.03 (2.23–4.12) vs. 1.56 (1.47–1.65)].

The associations between risk scores and AF by age group are shown 
in Figure 2A. The strength of the association was strongest for the GRS, 
followed by the clinical comorbidity and cardiometabolic risk scores. All 
risk scores interacted significantly with age group (all Pinteraction < .01), 
except for the social risk score. Each one-point increment in the clinical 
comorbidity risk score was associated with a 95% [HR 1.95 (95% CI 
1.77–2.15)] and 36% [1.36 (1.33–1.38)] higher risk of AF in the 40– 
49 years group and 60–69 years group, respectively. These results 
were also observed for cardiometabolic risk [1.23 (1.18–1.28) vs. 
1.19 (1.18–1.21)] and GRSs [2.20 (1.96–2.47) vs. 1.88 (1.82–1.94)]. 
Consistent significant interactions of the three risk factor categories 
with age group on AF were found in both men and women (see 
Supplementary data online, Table S9).

Genetic risk-specific association of 
risk factors and scores with atrial 
fibrillation
Figure 1B presents the associations between risk factors and AF by gen-
etic risk group. Only 3 of the 22 risk factors showed a significant inter-
action with genetic risk (Pinteraction < .002). One cardiometabolic factor 
was low LDL-C [HR 1.21 (95% CI 1.10–1.34) among the low genetic 
risk group vs. 1.08 (1.01–1.14) among the high genetic risk group]. 
The associations of renal dysfunction [1.72 (1.54–1.92) vs. 1.48 
(1.37–1.60)] and CVD [1.91 (1.70–2.14) vs. 1.46 (1.34–1.59)] were 
also significantly strengthened in the low genetic risk group.

The associations between risk scores and AF by genetic risk groups 
are shown in Figure 2B. There were significant interactions of cardiome-
tabolic and clinical morbidity risk scores with genetic risk for AF 
(Pinteraction < .01). The risk of AF was stronger for the clinical morbidity 
and cardiometabolic risk scores in the low genetic risk group than in the 
high genetic risk group.
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Table 1 Baseline characteristics of participants by age groups and genetic risk groups

40–49 years 50–59 years 60–69 years Low genetic  
risk

Moderate  
genetic risk

High genetic  
risk

Participants, n 98 839 138 553 172 269 81 956 246 685 81 020

Incidence of AF

Case (percentage) 1251 (1.3) 5229 (3.8) 17 367 (10.1) 2880 (3.5) 13 532 (5.5) 7435 (9.2)

Events per 1000 person-years 1.0 3.0 8.5 2.8 4.5 7.6

Age, years 45.0 ± 2.7 54.8 ± 2.9 64.0 ± 2.8 56.2 ± 8.1 56.0 ± 8.0 56.3 ± 8.0

Sex

Male 44 914 (45.4) 61 237 (44.2) 81 999 (47.6) 38 002 (46.4) 113 481 (46.0) 36 667 (45.3)

Female 53 925 (54.5) 77 316 (55.8) 90 270 (52.5) 43 954 (53.6) 133 204 (54.0) 44 353 (54.7)

Ethnic groups

White 86 662 (87.7) 125 959 (90.9) 160 958 (93.4) 72 960 (89.0) 226 022 (91.6) 74 597 (92.1)

Mixed 4611 (4.7) 5040 (3.6) 4795 (2.8) 3802 (4.6) 8262 (3.3) 2382 (2.9)

Asian or Asian British 4708 (4.8) 4828 (3.5) 4480 (2.6) 3129 (3.8) 8266 (3.4) 2621 (3.2)

Black or Black British 824 (.8) 700 (.5) 525 (.3) 680 (.8) 1071 (.4) 298 (.4)

Others 1765 (1.8) 1645 (1.2) 965 (.6) 1124 (1.4) 2363 (1.0) 888 (1.1)

Social factors

Less education 45 189 (45.7) 69 586 (50.2) 109 621 (63.6) 44 872 (54.8) 135 013 (54.7) 44 511 (54.9)

Socioeconomic deprivation 22 509 (22.8) 25 504 (18.4) 27 542 (16) 16 300 (19.9) 44 752 (18.1) 14 503 (17.9)

Severe air pollution 27 500 (27.8) 33 083 (23.9) 35 616 (20.7) 20 379 (24.9) 57 213 (23.2) 18 607 (23)

Health behaviours

Current smoking 9358 (9.5) 11 144 (8) 10 156 (5.9) 5916 (7.2) 18 545 (7.5) 6197 (7.6)

Excessive alcohol intake 30 750 (31.1) 46 582 (33.6) 54 872 (31.9) 25 935 (31.6) 80 012 (32.4) 26 257 (32.4)

Physical inactivity 35 967 (36.4) 54 971 (39.7) 58 452 (33.9) 29 869 (36.4) 90 003 (36.5) 29 518 (36.4)

Excessive physical activity 23 244 (23.5) 30 531 (22) 43 271 (25.1) 19 584 (23.9) 58 250 (23.6) 19 212 (23.7)

No coffee intake 32 726 (33.1) 41 633 (30) 44 108 (25.6) 24 647 (30.1) 70 613 (28.6) 23 207 (28.6)

Loneliness 20 406 (20.6) 26 568 (19.2) 26 489 (15.4) 15 056 (18.4) 43 935 (17.8) 14 472 (17.9)

Broad depression 11 382 (11.5) 15 947 (11.5) 18 118 (10.5) 9030 (11) 27 289 (11.1) 9128 (11.3)

Cardiometabolic factors

Hypertension 35 995 (36.4) 75 920 (54.8) 124 642 (72.4) 47 372 (57.8) 142 759 (57.9) 46 426 (57.3)

Low LDL-cholesterol 21 674 (21.9) 21 684 (15.7) 35 671 (20.7) 16 263 (19.8) 47 252 (19.2) 15 514 (19.1)

Low triglycerides 28 982 (29.3) 28 314 (20.4) 26 056 (15.1) 17 214 (21) 49 816 (20.2) 16 322 (20.1)

Diabetes/prediabetes 8341 (8.4) 23 115 (16.7) 42 900 (24.9) 15 668 (19.1) 44 516 (18) 14 172 (17.5)

Overweight/obesity 60 475 (61.2) 91 435 (66) 119 527 (69.4) 54 586 (66.6) 163 388 (66.2) 53 463 (66)

Elevated C-reactive protein 16 068 (16.3) 26 223 (18.9) 36 628 (21.3) 15 936 (19.4) 47 445 (19.2) 15 538 (19.2)

Clinical comorbidities

Sleep apnoea 302 (.3) 710 (.5) 914 (.5) 386 (.5) 1172 (.5) 368 (.5)

COPD 632 (.6) 1920 (1.4) 4621 (2.7) 1396 (1.7) 4373 (1.8) 1404 (1.7)

Renal dysfunction 713 (.7) 3614 (2.6) 15 013 (8.7) 4004 (4.9) 11 649 (4.7) 3687 (4.6)

Cardiovascular disease 1002 (1) 3829 (2.8) 11 288 (6.6) 3290 (4) 9698 (3.9) 3131 (3.9)

Immune-mediated disease 6117 (6.2) 12 328 (8.9) 18 257 (10.6) 7107 (8.7) 22 124 (9) 7471 (9.2)

Continued 
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Age and genetic risk-specific 
population-attributable risk of risk factors 
and scores
After stratification by age, hypertension was the top modifiable risk fac-
tor in all age groups, with a PAR% of 15.9% (95% CI 9.3–22.3) in the 40- 
to 49-year-old group and 18.9% (16.2–21.6) in the 60- to 69-year-old 
group (Figure 3). High genetic risk accounted for a PAR% of 19.1% 
(15.8–22.3) and 14.3% (13.4–15.1) for AF cases in the 40–49- and 
60–69-year-old groups, respectively. Overweight/obesity and acute ill-
ness were two other major contributors in all three age groups [PAR%: 
15.0% (95% CI 5.5–24.1) and 13.3% (6.1–20.4) in the 40–49 years 
group, 14.7% (12.1–17.3) and 11.2% (8.8–13.6) in the 60–69 years 
group]. When considered jointly, the single predominant contributor 
was the combination of cardiometabolic factors, and the PAR% ranged 
from 36.2% in the 40–49 years group to 38.9% in the 60–69 years 
group (Figure 4). The AF risk attributable to health behaviours declined 
from 11.5% in the 40–49 years group to 8.7% in the 60–69 years group. 
The lowest PAR% was observed for social factors in all three groups.

Hypertension, overweight/obesity, and acute illness were the top 
three contributors in each genetic risk group (Figure 3). The PAR% of 
most risk factors decreased with increasing genetic risk. However, 
the PAR% of feeling lonely increased with increasing genetic risk. 
When examined jointly, cardiometabolic factors overall were still the 
single predominant contributor to AF, and the PAR% ranged from 
41.9% in the low genetic risk group to 34.0% in the high genetic risk 
group (Figure 4). The AF risk attributable to clinical comorbidities de-
clined from 24.7% in the low genetic risk group to 15.9% in the high 
genetic risk group. Similarly, the PAR% of social factors remained the 
lowest in all three groups by genetic risk.

Sensitivity analysis
We found similar results in the model considering death as a competing 
risk (see Supplementary data online, Tables S10 and S11). Furthermore, 
the difference in age-related changes in the risk of incident AF with each 
risk factor was nonsignificant among genetic risk groups (see 
Supplementary data online, Table S12). Using waist circumference to de-
fine central obesity, the PAR of central obesity increased compared 
with overweight/obesity by the BMI definition. When the use of anti- 
hypertension and anti-diabetes medications was among the adjustment 
covariates, the PARs of high blood pressure and glucose defined by 
measured blood pressure and HbA1c decreased compared with the 
PARs of hypertension and diabetes mellitus/prediabetes (see 
Supplementary data online, Table S13). Furthermore, we repeated the 
analyses after multiple imputation for the missing exposures (see 
Supplementary data online, Tables S14–S17) and found no obvious differ-
ence in the primary results. For example, the leading risk factors 

(hypertension, overweight/obesity, high genetic risk, acute illness) 
that explained >10% of the onset of AF were the same. The relative 
contribution of the four risk factor categories to the development of 
AF remained consistent with primary results.

Discussion
Using data from the large, prospective UKB cohort, this study provides 
novel and comprehensive information about age- and genetic 
predisposition-specific risk of new-onset AF attributable to risk factor 
profiles. Cardiometabolic factors were responsible for the greatest 
number of AF cases among all age and genetic risk groups, with hyper-
tension and overweight/obesity being the leading risk factors. Health 
behaviours and genetic risk factors accounted for more AF cases in 
the 40- to 49-year-old group than in the 60- to 69-year-old group, while 
the contribution of clinical comorbidities remained stable. The AF risk 
attributable to overall cardiometabolic factors and clinical comorbid-
ities decreased significantly with increasing genetic risk. Moreover, 
most cardiometabolic factors and clinical comorbidities showed a sig-
nificant interaction with age, while only low LDL-C, renal dysfunction, 
and CVD showed significant interactions with genetic risk (Structured 
Graphical Abstract). These findings could help to shed light on the poten-
tial causes of AF and, more importantly, provide evidence to facilitate 
precision strategies for the prevention and management of AF.

It is notable that overall cardiometabolic factors contributed the 
most to incident AF cases, among all age groups. Most previous stud-
ies of the PAR% of AF have focused on hypertension in the general 
population.34 Rodriguez et al.35 suggested that hypertension was 
the largest contributor to AF, followed by BMI, diabetes, and smoking, 
but only a significant PAR% for hypertension regarding new-onset AF. 
Our results showed that hypertension was the top contributor to AF 
in participants aged 50–59 years and 60–69 years old, which is consist-
ent with a previous study,36 but not in those aged 40–49 years old. 
Moreover, hypertension explained more AF with increasing age, 
mostly because of a higher prevalence of hypertension in elderly indi-
viduals. Cardiometabolic factors, especially hypertension, have a 
strongly intrinsic association with AF. Atrial fibrosis and dysfunction 
of the autonomic nervous system, which can be caused by hyperten-
sion, usually trigger the development of AF.9 Overweight/obesity 
ranked second among cardiometabolic factors, accounting for a simi-
lar proportion of AF as in previous studies.36,37 The PARs of over-
weight/obesity were rather similar among the age groups. 
Haemodynamic alteration caused by obesity is a central mechanism 
for the structural abnormalities of the ventricles that ultimately lead-
ing to AF.38 These findings prioritize the monitoring and intervention 
approaches targeting hypertension and overweight/obesity across all 
age groups for AF prevention.

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

Table 1 Continued  

40–49 years 50–59 years 60–69 years Low genetic  
risk

Moderate  
genetic risk

High genetic  
risk

Acute illness 55 322 (56) 88 568 (63.9) 121 958 (70.8) 52 564 (64.1) 160 474 (65.1) 52 810 (65.2)

High genetic risk score 19 545 (19.8) 27 554 (19.9) 33 921 (19.7) - - -

Values are expressed as N (%) or mean ± SD. 
COPD, chronic obstructive pulmonary disease.
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Clinical comorbidities overall were another major contributor to in-
cident AF in all age groups. Age-related differences in clinical comorbid-
ities for AF were less mentioned previously.39,40 We found that the 
strength of the association between clinical comorbidities and AF 

decreased with age. Interestingly, the PAR% for acute disease ranked 
highest among clinical comorbidities and explained >10% of the AF 
cases in all age groups, and the largest proportion was observed in 
the 50- to 59-year-old age group (PAR% of 16.2%). This outcome might 

Figure 1 Multivariable-adjusted hazard ratios (95% confidence intervals) of incident atrial fibrillation associated with risk factors in different age groups 
(A) and genetic risk groups (B). Models were adjusted for sex, age, ethnicity, and the use of lipid-lowering medication and were mutually adjusted for 
individual risk factors. Statistical significance was defined as a Bonferroni-corrected threshold of P < .002 (.05/23). LDL-C, low-density lipoprotein chol-
esterol; CRP, C-reactive protein; COPD, chronic obstructive pulmonary disease
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be related to more than half of the participants aged 50–59 years old 
having experienced acute illness or major surgery. Similarly, Lowres 
et al.41 found that 1.4% of patients who were admitted for noncardiac 
surgery or acute illness developed AF during their hospital stay, and 
one-third of those with new-onset AF had a recurrence of AF within 
9 days of discharge. This finding draws special attention to clinical signs 
of AF in patients admitted for acute illness or surgery and professional 
guidance for early detection of AF after discharge.

Maintaining healthy behaviours has been recognized as the funda-
mental measure that not only improves the prognosis after AF treat-
ment but also plays an important role in AF prevention.42 The PAR% 
for AF attributable to healthy behaviours in the 40- to 49-year-old 
group was nearly twice as high as that in the 60- to 69-year-old group. 
The PAR% of individual behavioural risk factors was generally low, 

which might partly have occurred because these behavioural risk fac-
tors often coexist with several other cardiometabolic factors or clinical 
comorbidities. For example, alcohol can trigger AF by constricting 
blood vessels to raise blood pressure or indirectly by affecting auto-
nomic function.43 As a result, the contribution of behaviour risk factors 
was diluted after considering cardiometabolic factors and comorbid-
ities. In addition, we noted that the impact of social factors on AF bur-
den was rather limited across all age groups.

Notably, instead of cardiometabolic factors, the PAR% of high genet-
ic risk ranked the first in the 40–49 years group, which has not been 
mentioned in previous studies.36,37,44 High genetic risk also ranked high-
ly (second and third) in the other two age groups. Genetic predispos-
ition accounts for a certain amount of AF onset. A previous cohort 
study reported that 15% of patients with AF had a family history.45

Figure 2 Multivariable-adjusted hazard ratios (95% confidence intervals) of incident atrial fibrillation associated with risk scores in different age groups 
(A) and genetic risk groups (B). Models were adjusted for sex, age, ethnicity, the use of lipid-lowering medication and individual risk factors that were not 
included in the risk score. Statistical significance was defined using Bonferroni-corrected thresholds of P < .013 (.05/4)
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Thus far, >100 genetic loci28 have been identified to be significantly as-
sociated with AF. Our results confirmed the existing evidence that early 
genetic screening could help to increase personalized prevention and 
control of AF,46 particularly among younger adults.

In addition to the relationship between genetic predisposition and AF 
incidence, investigations on risk factor profiles according to genetic risk 
stratification might also be useful to develop efficient prevention strat-
egies. Overall, there are some commonalities for risk profiles across 

different genetic risk subgroups. For example, cardiometabolic factors 
and clinical comorbidities were consistently the leading factors account-
ing for AF onset although the PAR% decreased with higher genetic risk. 
In detail, hypertension, overweight/obesity, and acute illness remained 
the three major contributors to AF onset across the genetic risk 
groups, similar to the age subgroups. Conversely, the PARs% of hyper-
tension and acute illness were nearly half higher in the low genetic risk 
group than in the high genetic risk group, indicating the need for 

Figure 3 Partial population-attributable risk percentages for incident atrial fibrillation associated with risk factors in different age groups (A) and gen-
etic risk groups (B). Values are expressed as population-attributable risk percentages (95% confidence intervals). Models were adjusted for sex, age, 
ethnicity, and the use of lipid-lowering medication and were mutually adjusted for individual risk factors. Since this threshold for determining an increase 
in risk is 0, the risk factors with negative population-attributable risk percentages were excluded from the models and were truncated at the limit of 
0. LDL-C, low-density lipoprotein cholesterol; CRP, C-reactive protein; COPD, chronic obstructive pulmonary disease
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equivalent or even more rigorous control of cardiometabolic factors 
and clinical comorbidities among individuals with low genetic risk.

At the same time, we observed other differences in risk profiles 
among different genetic risk groups. The PAR% for AF attributable to 
CVD and renal dysfunction was twice as high in the low genetic risk 
group as in the high genetic risk group. In contrast, the PAR% of less edu-
cation was twice as high in the high genetic risk group as in the low gen-
etic risk group. A possible explanation is that people with less education 
tended to have unhealthier lifestyles and receive fewer medical re-
sources,47 which might be more strongly associated with AF incidence 
based on high genetic susceptibility to AF. Less education is a powerful 
socioeconomic determinant for CVD and mortality.48 It is difficult to im-
prove academic qualifications in later stages of life, but education about 

health knowledge and awareness of regular monitoring could still help to 
reduce lifetime risk and extend disease-free survival time.

Although the risk profiles for AF according to age and genetic predis-
position stratification were largely comparable, the relative contribu-
tion of certain risk factors to some extent varied. Cardiometabolic 
factors were the dominant factors for AF onset independent of age 
and genetic predisposition, but the variations in PAR% seemed to be 
greater across genetic risk stratification than across age stratification. 
There were more pronounced differences in PAR% associated with 
health behaviours among different age groups, while more obvious dif-
ferences for clinical comorbidities, including acute disease, CVD, and re-
nal dysfunction, were found among different genetic risk groups. Thus, 
in addition to prioritizing target risk factors by age, determination of 

Figure 4 Partial population-attributable risk percentages for incident atrial fibrillation associated with combinations of risk factors by age group (A) 
and genetic risk group (B). Models were adjusted for sex, age, ethnicity, the use of lipid-lowering medication and individual risk factors that were not 
included in the risk score
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genetic risk as a complementary means could yield additional evidence 
to guide AF prevention on an individual level.

To our knowledge, this study is the first to quantify age and genetic 
risk-related disparities in AF risk attributable to risk factor profiles. We 
included almost all risk factors reported to be associated with the de-
velopment of AF. However, several limitations apply to our findings. 
Unfortunately, the UKB database did not recruit participants older 
than 70 years old, which might partly reduce the ability to detect 
more age-related differences in risk factor profiles associated with 
AF. The potential bias might be caused by removing the population 
with missing information. Given that excluded individuals were more 
likely to have worse health profiles, the effects of risk factors might po-
tentially be larger in more representative populations because of this 
selection bias. Secondly, all risk factors were extracted from baseline 
data, and their changes over time could not be accounted for in this 
study. The data of some risk factors were self-reported and might 
have been prone to recall bias. Additionally, several risk factors were 
discarded due to unavailable/inadequate data, such as HDL cholesterol, 
coronary artery calcification, family history of AF, short QT syndrome, 
PR interval prolongation, carotid intima-media thickness, and carotid 
plaque. However, most of these factors might not significantly alter 
the PAR results. For example, coronary artery calcification, carotid 
intima-media thickness, and carotid plaque could largely overlap with 
CVD, and the prevalence of short QT syndrome could be very low. 
We included the AF GRS as a proxy for the family history of AF. 
Third, participants in the UKB cohort are more likely to represent a 
‘healthy volunteer’ population. Consequently, the strength of the ob-
served associations in our study would have been underestimated. 
Moreover, the UKB participants were mostly White British, and 
whether our findings could be generalized to other populations re-
quires further research. Lastly, there was a possibility of missed AF 
cases from medical records because of asymptomatic paroxysmal epi-
sodes before diagnosis.

Public health and clinical implications
The European Heart Rhythm Association has recently issued updated 
guidelines that listed >20 risk factors for AF.12 The expansion of the 
interactions between age and common risk factors for AF in our study 
provides an opportunity to further advance targeted screening initia-
tives, modifications, and interventions. Beyond the similarity of cardi-
ometabolic factors and related comorbidities as the predominant 
contributors across all age groups, the decreasing PAR attributable 
to lifestyle risk factors with age emphasizes the priority for interven-
tion efforts targeting lifestyle behaviours in younger adults in prevent-
ing or delaying the onset of AF. By comparison, regarding genetic risk 
stratification, cardiometabolic factors, and clinical comorbidities 
played more dominant roles in people with a lower genetic predispos-
ition to AF, suggesting that improving the management of cardiome-
tabolic factors and clinical comorbidities might yield more benefit in 
reducing AF cases in people with low genetic risk than in those with 
high genetic risk. Our findings of age- and genetics-related risk factor 
profiles for AF could not only help to improve future risk evaluation 
but also provide evidence to facilitate precise and efficient prevention 
and control of AF.

Conclusions
This large, prospective cohort study provided comprehensive informa-
tion about age- and genetic predisposition-related risk factor profiles 
for AF in a cohort of UK adults. These findings emphasize the 

importance of individualized approaches in accordance with age- and 
genetic risk-specific risk profiles for effective prevention of AF.
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Supplementary data are available at European Heart Journal online.
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