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BACKGROUND: Although myocardial infarction (MI) and atrial fibrillation (AF) are frequent comorbidities and share common 
cardiovascular risk factors, the direction and strength of the association of the risk factors with disease onset, subsequent 
disease incidence, and mortality are not completely understood.

METHODS AND RESULTS: In pooled multivariable Cox regression analyses, we examined temporal relations of disease onset 
and identified predictors of MI, AF, and all-cause mortality in 108 363 individuals (median age, 46.0 years; 48.2% men) free of 
MI and AF at baseline from 6 European population-based cohorts. During a maximum follow-up of 10.0 years, 3558 (3.3%) 
individuals were diagnosed exclusively with MI, 1922 (1.8%) with AF but no MI, and 491 (0.5%) individuals developed both MI 
and AF. Association of sex, systolic blood pressure, antihypertensive treatment, and diabetes appeared to be stronger with 
incident MI than with AF, whereas increasing age and body mass index showed a higher risk for incident AF. Total cholesterol 
and daily smoking were significantly related to incident MI but not AF. Combined population attributable fraction of cardiovas-
cular risk factors was >70% for incident MI, whereas it was only 27% for AF. Subsequent MI after AF (hazard ratio [HR], 1.68; 
95% CI, 1.03–2.74) and subsequent AF after MI (HR, 1.75; 95% CI, 1.31–2.34) both significantly increased overall mortality risk.

CONCLUSIONS: We observed different associations of cardiovascular risk factors with both diseases indicating distinct patho-
physiological pathways. Subsequent diagnoses of MI and AF significantly increased mortality risk.
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Myocardial infarction (MI) and atrial fibrillation 
(AF) are common comorbidities. The onset of 1 
condition increases the risk of the other disease 

significantly. A history of MI has been known to be a 
risk factor for incident AF independent of clinically overt 
heart failure.1,2 Vice versa, AF also increases the risk 
of MI, in particular non–ST-segment–elevation MI.3,4 

Both lifetime diseases share common cardiovascular 
risk factors such as increased body mass index (BMI) 
or hypertension.2,5 Thus, pathophysiological pathways 
may overlap.6 If both diseases concur, mortality is in-
creased after MI.7 A meta-analysis revealed that AF 
diagnosis in patients with MI is related to a 1.37-fold 
increased risk of mortality.8
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Data on the (temporal) relationship of both diseases 
and the prognostic importance of subsequent disease 
onset on mortality in the general population are rare.

Therefore, our goal was to examine the temporal 
relationship of MI and AF, potential differential risk fac-
tor associations for both diseases, and their impact 
on mortality using cohorts from the BiomarCaRE 
(Biomarker for Cardiovascular Risk Assessment Across 
Europe) consortium.9 We expected to find a bidirec-
tional temporal relationship between the incidence of 
AF and MI. In addition, we hypothesized that traditional 
cardiovascular risk factors would have a stronger asso-
ciation with the incidence of MI than with the incidence 
of AF and that subsequent disease diagnosis would be 
associated with increased all-cause mortality.

METHODS
Because of the sensitive nature of the data collected 
for this study, requests to access the data set from 

qualified researchers trained in human subject confi-
dentiality protocols may be sent to the corresponding 
author.

Study Population
We pooled participant-level data from 6 community-
based cohort studies of the BiomarCaRE project with 
available information on AF and MI status at baseline 
and follow-up (http://www.bioma​rcare.eu/), the DAN-
MONICA study, the FINRISK study, the Moli-sani study, 
the Northern Sweden MONICA study, the SHHEC 
(Scottish Heart Health Extended Cohort), and the 
Tromsø Study, comprising 129  027 unique individu-
als.9 Each cohort is based on representative popu-
lation samples with baseline examinations between 
1982 and 2010. Details on the enrollment and follow-
up procedures of each cohort are provided in Data S1. 
The data from the cohorts were carefully harmonized 
in the MORGAM (Monica Risk, Genetics, Archiving 
and Monograph) project.10 These community-based 
cohorts permit the examination of the prognostic rel-
evance of the subsequent disease occurrence during 
long-term follow-up.

Individuals with a positive history of AF based on 
self-report, prior diagnosis by a physician, or on the 
baseline ECG (N=917) were excluded from all analyses 
as well as individuals with a positive history of MI based 
on self-report or prior physician’s diagnosis (N=3213). 
Furthermore, individuals with missing information on 
baseline or follow-up variables for AF, MI, or mortality 
or on covariates used in the regression analysis were 
excluded (N=16 534). Thus, 108 363 individuals were 
included for analyses across all cohorts.

Definition of Outcomes and Follow-Up
Incident AF was defined by date of the first documenta-
tion on ECG or assignment of the relevant code (427.4 
for International Classification of Diseases, Eighth 
Revision [ICD-8], 427.3 for International Classification 
of Diseases, Ninth Revision [ICD-9], and I48 for 
International Classification of Diseases, Tenth Revision 
[ICD-10]).

Incident MI was defined as the first definite or possi-
ble fatal or nonfatal acute coronary event according to 
the MORGAM criteria, excluding individuals with unsta-
ble angina pectoris whenever separation was possible. 
Overall mortality was defined as mortality attributed to 
any cause during the follow-up period (details on all 
outcome classifications are provided in Data S2).

Follow-up for AF and MI was based on linkage with 
national (hospitalization) registries. Follow-up for mor-
tality was obtained from central death registries.

The follow-up for the cohorts was completed in 2009 
(SHHEC), 2010 (DAN-MONICA, FINRISK, Tromsø), or 
2011 (Moli-sani, Northern Sweden). All participating 

CLINICAL PERSPECTIVE

What Is New?
•	 Atrial fibrillation and myocardial infarction show 

different risk factor associations with common 
cardiovascular risk factors.

•	 Classical cardiovascular risk factors explain a 
higher proportion of the risk for myocardial in-
farction compared with atrial fibrillation.

•	 Incident atrial fibrillation increases the risk for 
subsequent myocardial infarction and vice 
versa, and diagnoses of both diseases signifi-
cantly increase mortality risk, irrespective of the 
first event.

What Are the Clinical Implications?
•	 Consequent population-level risk factor man-

agement could help reduce the burden of atrial 
fibrillation and myocardial infarction, in particu-
lar if either condition has already occurred.

•	 Low-threshold screening for (paroxysmal) atrial 
fibrillation should be performed in patients who 
have suffered from myocardial infarction.

Nonstandard Abbreviations and Acronyms

BiomarCaRE	 Biomarker for Cardiovascular Risk 
Assessment Across Europe

MORGAM	 Monica Risk, Genetics, Archiving 
and Monograph

PAF	 population attributable fraction
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cohort studies complied with the Declaration of 
Helsinki and were approved by local ethics commit-
tees, and informed consent was obtained from each 
participant.

Statistical Analysis
Categorical variables are given as absolute and rela-
tive frequencies, and continuous variables are given 
as median (25th, 75th percentiles). The diagnoses of 
AF and MI over time were assessed in the overall co-
hort, limited to a maximum follow-up time of 10 years 
to meet the proportional hazard assumption. We per-
formed univariable and multivariable-adjusted Cox 
proportional hazards regression analyses with incident 
AF, incident MI, and sequential incident AF and MI as 
end points using time since baseline as the time scale 
to determine the association of cardiovascular risk fac-
tors with incident disease diagnosis. Death was treated 
as a censoring event because we wanted to estimate 
cause-specific hazard ratios (HRs).11 All Cox propor-
tional hazards regressions were adjusted for age, sex, 
and cohort. In multivariable-adjusted analyses, systolic 
blood pressure, BMI, total serum cholesterol concen-
tration, diabetes, daily smoking, antihypertensive treat-
ment, and prevalent stroke at baseline were used as 
additional covariates. This set of risk factors was cho-
sen based on previously reported associations with 
incident AF and MI and was used for all analyses.2,5

When incident AF or incident MI were covariates, 
they were included as time-dependent covariates.

To understand the prognostic impact of subse-
quent diagnosis of AF after MI for all-cause mortality, 
we computed multivariable-adjusted Cox regressions 
for all-cause mortality, including only those individuals 
who were diagnosed with MI during follow-up and no 
diagnosis of AF up to that point. Individuals for whom 
the date of the index MI corresponded with the date of 
death were excluded from the analyses. Similar analy-
ses were performed exchanging the role of MI and AF. 
The time after the initial diagnosis (MI or AF) was used 
as the time scale in both models, and subsequent in-
cident AF or MI were again treated as time-dependent 
covariates.

To avoid nonlinearity in all multivariable Cox propor-
tional hazards models, the statistical significance of all 
possible second-order interactions and of quadratic 
terms of the variables in the model was assessed, 
and an interaction was included as an additional co-
variate if its Bonferroni-corrected P value was <0.05. 
Interactions with time since baseline were added when 
needed to avoid violations of the proportional hazards 
assumption, which were identified using the R func-
tion cox.zph with parameter “global” set to false. When 
included in an interaction, continuous variables were 
centered on their overall mean (more details on the 

statistical approach are provided in Data S3). To exam-
ine possible secular trends attributed to the long study 
period, we performed additional Cox regressions 
using the date of the baseline examination/risk factor 
assessment or the date of the first documentation of 
incident AF and MI as covariates.

Population attributable fractions (PAFs) were calcu-
lated using the fully adjusted estimated HR to replace 
the risk ratios in the original formula for PAF. Hence, 
the PAF of each risk category of each risk factor was 
calculated using pd×(HR-1)/HR, where pd is the pro-
portion of those in the risk category among the cases 
(incident AF or MI) during a 5-year follow-up. The com-
bined PAF of the risk factors was calculated according 
to the method suggested by Bruzzi et al.12 For each 
PAF, bootstrapping with 500 repetitions was used to 
estimate its associated 95% CI and the P values for 
the differences between PAFs and associated 95% CI.

For the calculation of PAFs, systolic blood pressure, 
BMI, and total cholesterol were categorized using 4 
(<120 mm Hg, 120 to <140mm Hg, 140 to <160 mm Hg, 
≥160 mm Hg), 3 (<25 kg/m2, 25 to <30 kg/m2, ≥30 kg/
m2), and 2 categories (based on the cutoff value 5.17 
mmol/L), respectively. The lowest risk category was 
taken as reference level during the PAF calculation. 
Analyses were performed with R version 3.6.3 (http://
www.R-proje​ct.org).

RESULTS
Population Characteristics and Temporal 
Relations of MI and AF
The median age of the included individuals was 46.0 
years (25th/75th percentiles, 36.1/56.4), 48.2% were 
men (further baseline characteristics are presented 
in Table 1 and by cohort in Table S1). During a maxi-
mum follow-up of 10.0 years, 3558 (3.3%) individuals 
were diagnosed exclusively with MI, 1922 (1.8%) with 
AF but no MI, and 491 (0.5%) individuals developed 
both MI and AF. Of these individuals, 183 (37%) were 
diagnosed with both diseases within 30 days, 158 
(32%) had an MI >30  days after AF diagnosis, and 
150 (32%) were diagnosed with AF >30 days after MI 
(Figure 1).

Association of Different Risk Factors With 
Incident Disease
Multivariable-adjusted Cox regression analyses re-
vealed different associations of common cardiovas-
cular risk factors with incident AF and MI (Table 2). 
Increasing age, male sex, systolic blood pressure, BMI, 
diabetes, and antihypertensive treatment were associ-
ated with both incident AF and MI, whereas total cho-
lesterol and daily smoking were only associated with 
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incident MI. While increasing age and BMI showed 
higher HRs for incident AF than MI, male sex, systolic 
blood pressure, antihypertensive treatment, and diabe-
tes had stronger associations with incident MI than AF. 
Interim incident MI was associated with an increased 
risk of subsequent AF diagnosis and vice versa (HR, 
7.71 [95% CI, 5.54–9.87; P<0.01] and HR, 2.61 [95% 
CI, 1.74–3.48; P<0.01], respectively). All evaluated risk 
factors were associated with subsequent diagnoses of 
both AF and MI with male sex and diabetes showing 
the highest HRs (Figure 2). The strength of the asso-
ciation between cardiovascular risk factors and the in-
cidence of disease, in particular MI, depended on the 
study period and decreased over the years (Table S2). 
The PAFs of the cardiovascular risk factors for 5-year 
incidence for AF and MI are presented in Figure 3. The 
combined PAFs for incident AF and MI were 26.9% 
and 71.2%, respectively.

Impact of Subsequent Disease Diagnosis 
on Overall Mortality
In multivariable-adjusted Cox regression analysis with 
MI and AF as time-dependent covariates, MI subse-
quent to incident AF (HR, 1.68; 95% CI, 1.03–2.74; 
P=0.04) as well as AF subsequent to incident MI (HR, 
1.75; 95% CI, 1.31–2.34; P<0.01) were both associated 
with an increased mortality risk (Table 3). The evalua-
tion of the proportional hazards assumption revealed 
a significant interaction between the time interval from 
AF to subsequent MI and its impact on overall mortal-
ity. The reported HR for incident MI after AF represents 

the geometric mean of the HRs obtained by adding 
incident MI according to 2-year intervals (eg, within the 
first 2 years, 2 to 4 years) as separate time-dependent 
variables to the model. We observed the highest HR 
for subsequent MI within the first 2 years after AF (for 
details on the HR of subsequent MI after AF, please 
refer to Table S3). We did not observe any other viola-
tions of the proportional hazards assumption.

DISCUSSION
Based on carefully harmonized data from 6 European 
population-based cohorts, we were able to demon-
strate different associations of common cardiovascular 
risk factors with incident AF and MI. These risk fac-
tors accounted for a substantially higher proportion of 
the PAF of MI compared with AF, indicating the com-
plex, heterogeneous underlying pathophysiology of AF. 
Subsequent diagnoses of both diseases were associ-
ated with an increased overall mortality risk, irrespec-
tive of the first event.

Temporal Relations of AF and MI
Focusing on individuals with both AF and MI during fol-
low-up, we observed a clustering of disease diagnosis 
of 1 disease within 30 days of the other disease. The 
nonrandom clustered temporal distribution of disease 
diagnosis in individuals with both incident diseases is 
in line with prior findings from a diseased cohort study 
in which 46% of all incident AF cases were diagnosed 
within the first 30 days after acute MI, with a gradual 
decline in AF diagnosis during the duration of follow-
up.7 This observation might be explained by 3 factors. 
First, both AF and MI might make the treating physician 
alert to potential clinically silent concomitant cardiac 
disease and therefore enhance the diagnosis of the re-
spective condition. Second, AF might induce MI and 
vice versa as outlined in more detail next.6 Third, the 
number of individuals at risk of developing AF or MI 
is likely to decline over time as a result of mortality in 
these patients who are sick and might therefore also 
partly explain the lower absolute incidence rates with 
longer follow-up. Nevertheless, our findings provide 
further evidence for intensified screening for silent AF 
in case of the (first) diagnosis of MI.

Association of Risk Factors With Incident 
Diseases
We found that the association of male sex, systolic blood 
pressure, antihypertensive treatment, and diabetes ap-
peared to be stronger with incident MI than with AF, 
whereas increasing age and BMI showed stronger as-
sociations with a newly diagnosed AF. Total cholesterol 
and daily smoking were significantly related to incident 
MI, but not AF. The directions of the associations are 

Table 1.  Characteristics of the Study Population 
(N=108 363)

General characteristics

Years of baseline examinations, range 1982–2010

Age at baseline examination, y 46.0 (36.1/56.4)

Male sex, n (%) 52 250 (48.2)

Cardiovascular characteristics

Systolic blood pressure, mm Hg 131 (120/145)

Body mass index, kg/m² 25.3 (22.9/28.4)

Total cholesterol, mmol/L 5.7 (5.0/6.6)

Diabetes, n (%) 3422 (3.2)

Daily smoker, n (%) 33 052 (30.5)

Antihypertensive treatment, n (%) 12 063 (11.1)

Prevalent stroke, n (%) 1182 (1.1)

Events during follow-up

Atrial fibrillation, n (%) 2413 (2.2)

Myocardial infarction, n (%) 4049 (3.7)

Death, n (%) 6933 (6.4)

Pooled characteristics of the 6 cohorts are presented as absolute and 
relative frequencies for categorical variables and medians (25th/75th 
percentiles) for continuous variables.
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in line with previous reports. Data on smoking have re-
mained inconsistent. Although a recent meta-analysis 
of population-based cohorts showed a relationship be-
tween smoking and incident AF, other reports did not 
demonstrate a clear association.2,5,6,13 Similarly, prior 
reports on the association of diabetes with incident AF 
have been inconclusive, whereas the association with 
incident MI is well established.1,5,14 We observed an at-
tenuation of the association of cardiovascular risk factors 
with the risk of incident disease in more recent study 
periods, potentially reflecting increasing awareness and 
treatment options for the cardiovascular risk factors. The 
observed difference of the cardiovascular risk factors’ 
associations with incident AF and MI might be explained 
by distinct pathophysiological pathways. MI often is the 
consequence of acute plaque rupture with subsequent 

occlusion of the vessel or a supply–demand mismatch 
attributed to coronary artery disease as the cardiac 
manifestation of arteriosclerosis, whereas the underly-
ing etiology of AF seems to be more complex and is 
only partially explained by vascular disease caused by 
classic cardiovascular risk factors.6 In addition, misclas-
sification in the case of asymptomatic AF might have 
weakened the associations and could help explain the 
observed differences.

The observed stronger association of modifiable car-
diovascular risk factors with incident MI than with AF, ex-
cept for BMI, led to a higher combined PAF for incident 
MI compared with AF. Previous population-based stud-
ies demonstrated a PAF of similar strength for hyperten-
sion and increased BMI with both incident AF and MI, 
whereas the PAF of smoking and diabetes seemed to 

Figure 1.  Temporal relations of myocardial infarction (MI) and atrial fibrillation (AF).
This graph shows the distribution of individuals who developed both AF and MI based on the time that 
elapsed between diagnoses of both events. Overall, 491 individuals were diagnosed with both diseases 
during a maximum follow-up of 10.0 years.
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be higher for incident MI than AF.2,5 Whereas increased 
total cholesterol concentrations contribute a large PAF 
for incident MI, they have shown an inverse association 
with incident AF.2,15 We present a direct comparison of 
the PAF of the cardiovascular risk factors for both dis-
eases, demonstrating that it is about 70% for incident 
MI, whereas it is only about a quarter for incident AF in 
our cohorts. As known, total cholesterol, daily smoking, 
and systolic blood pressure contributed substantially to 
the incidence of MI in the community, highlighting the 
importance and potential benefit of strict risk factor 

management. Based on our results and a dearth of 
specific disease prevention programs, AF prevention is 
more complex.16 For now, blood pressure treatment and 
weight control appear to be the most promising strate-
gies for a reduction of the AF burden in the community.

Impact of Incident Disease on All-Cause 
Mortality
Subsequent diagnoses of AF and MI were associated 
with an increased risk of overall mortality in our study, 

Table 2.  Association of Risk Factors With Incident AF and MI

Risk factor Disease HR (95% CI) P value

Age, per 5 y increase AF 1.84 (1.75–1.92) <0.01

MI 1.65 (1.59–1.72) <0.01

Male sex AF 2.72 (2.32–3.11) <0.01

MI 3.86 (3.42–4.30) <0.01

Systolic blood pressure, per 10 mm Hg increase AF 1.03 (1.01–1.05) <0.01

MI 1.12 (1.10–1.13) <0.01

Body mass index, per 5 kg/m² increase AF 1.31 (1.22–1.40) <0.01

MI 1.18 (1.11–1.24) <0.01

Total cholesterol, per 1 mmol/L increase AF 0.95 (0.89–1.00) 0.05

MI 1.57 (1.49–1.64) <0.01

Diabetes AF 1.19 (1.02–1.36) 0.03

MI 2.18 (1.95–2.42) <0.01

Daily smoker AF 1.05 (0.95–1.15) 0.35

MI 2.21 (2.04–2.39) <0.01

Antihypertensive treatment AF 1.35 (1.04–1.66) 0.03

MI 1.76 (1.50–2.02) <0.01

Incident interim MI during follow-up AF 7.71 (5.54–9.87) <0.01

Incident interim AF during follow-up MI 2.61 (1.74–3.48) <0.01

P values and CIs were estimated by bootstrapping with 500 repetitions. Analyses were additionally adjusted for cohorts. AF indicates atrial fibrillation; HR, 
hazard ratio; and MI, myocardial infarction.

Figure 2.  Hazard ratios of cardiovascular risk factors for subsequent diagnoses of atrial 
fibrillation and myocardial infarction.
Hazard ratios and 95% CIs are provided. Analyses were adjusted for cohorts.
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irrespective of the first event. Furthermore, interim in-
cident AF was associated with an increased risk for 
subsequent MI and vice versa (Figure 4). MI has previ-
ously been shown to increase the risk of incident AF, 
possibly mediated by atrial ischemia, systemic inflam-
mation caused by MI, and subsequent heart failure at-
tributed to wall motion abnormalities.1,2,6 Prior studies 

demonstrated that worse Killip class and left ventricu-
lar ejection fraction, but not ST-segment–elevation 
MI, were associated with incident AF in patients with 
acute MI.7,17 AF, on the other hand, might also induce 
MI, in particular non–ST-segment–elevation MI as 
a result of an irregular and excessive ventricular re-
sponse (tachyarrhythmia) with a subsequent oxygen 

Figure 3.  Bar chart showing the population attributable fractions (PAFs) of common 
cardiovascular risk factors for 5-year incidence of myocardial infarction and atrial fibrillation.
Error bars represent 95% CIs. P values and CIs were estimated by bootstrapping with 500 repetitions. 
*Risk factors with a statistically significant (5% level) difference of the PAF for both diseases.

Table 3.  Multivariable-Adjusted HRs for Subsequent Disease Onset of Atrial Fibrillation and Myocardial Infarction for All-
Cause Mortality

Incident index event

Variables
Atrial fibrillation (n=2232), 
HR (95% CI) P value

Myocardial infarction 
(n=2871), HR (95% CI) P value

Subsequent myocardial infarction 1.68 (1.03–2.74) 0.04 … …

Subsequent atrial fibrillation … … 1.75 (1.31–2.34) <0.01

Age, per 5 y increase 1.55 (1.47–1.64) <0.01 1.33 (1.28–1.39) <0.01

Sex (men) 1.69 (1.39–2.06) <0.01 1.24 (1.06–1.45) <0.01

Systolic blood pressure, per 10 mm Hg 
increase

1.04 (0.99–1.08) 0.09 1.07 (1.03–1.10) <0.01

Body mass index, per 5 kg/m² increase 0.77 (0.69–0.86) <0.01 0.96 (0.87–1.04) 0.31

Total cholesterol, per 1 mmol/L increase 1.10 (1.03–1.17) <0.01 1.03 (0.98–1.08) 0.25

Diabetes 1.54 (1.13–2.10) <0.01 1.81 (1.48–2.23) <0.01

Daily smoker 1.67 (1.35–2.06) <0.01 1.38 (1.18–1.62) <0.01

Antihypertensive treatment 1.06 (0.85–1.32) 0.62 1.28 (1.08–1.51) <0.01

Prevalent stroke 1.65 (1.20–2.26) <0.01 1.28 (0.93–1.76) 0.12

In individuals with an index diagnosis of myocardial infarction, 811 died during follow-up; in individuals with an index diagnosis of atrial fibrillation, 503 died. 
Time since the index event is used as the time scale in both analyses, with subsequent myocardial infarction and atrial fibrillation treated as time-dependent 
covariates. Analyses were additionally adjusted for cohorts. HR indicates hazard ratio.
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supply–demand mismatch.3,6 Another probably rather 
rare mechanism is embolic occlusion of a coronary 
artery attributed to thromboembolism caused by AF.18 
Considering these potentially underlying mechanisms 
for subsequent disease onset, downstream diagnosis 
of the respective other disease might also be an in-
dicator of disease progression of the primary condi-
tion. Whereas a meta-analysis confirmed the negative 
prognostic impact of AF in individuals with MI,8 reports 
from disease cohorts on the prognostic impact of AF 
according to the timing of disease onset in individu-
als with MI have yielded inconclusive results.19,20 The 
prognostic impact of subsequent MI after AF seemed 
to vary in our study depending on the time that elapsed 
between the diagnoses of both diseases. However, 
these results should be interpreted with caution be-
cause the number of incident cases beyond the first 
2 years of follow-up after incident disease was com-
paratively small, resulting in a rather wide CI.

Limitations and Strengths
We excluded 16 534 individuals because of missing in-
formation on covariates or follow-up variables. This, to-
gether with nonparticipation to the baseline surveys, may 
have introduced selection bias. Because follow-up was 
mainly based on linkage to hospital discharge registry 
data, some cases of incident AF might have been missed 

because AF does not necessarily require hospital treat-
ment. Furthermore, because of the often paroxysmal and 
asymptomatic nature of AF, some cases of AF might have 
misclassified. However, underascertainment of AF would 
more likely underestimate the true association of incident 
AF with mortality. Nevertheless, we observed a significant 
impact of AF on overall mortality. Information about the 
medical treatment after the diagnosis of AF or MI was 
not available in this study, which might have affected the 
results given the comparatively long study period and the 
considerable change in treatment strategies for both dis-
eases in recent decades. Furthermore, we did not have 
any information on the severity of MI (eg, Killip class, ST-
segment–elevation versus non–ST-segment–elevation 
MI). Therefore, as usual in community-based studies, re-
sidual confounding is likely. Finally, because of the obser-
vational nature of the current study, no conclusions can 
be drawn regarding a causal relationship between AF, MI, 
and mortality. Strengths of our study are the unique study 
sample with harmonized long-term follow-up for both 
cardiovascular diseases and mortality that permits strong 
insights into the temporal relationship of AF and MI.

CONCLUSIONS
Subsequent diagnoses of incident MI and AF were as-
sociated with a significant increase in mortality across 

Figure 4.  Common cardiovascular risk factors show different associations with incident AF and MI, their subsequent 
onset, and death.
AF indicates atrial fibrillation; BMI, body mass index; MI, myocardial infarction; and PAF, population attributable fraction.
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European cohorts, irrespective of the first event. 
Associations of common cardiovascular risk factors 
varied for MI and AF, indicating distinct pathophysi-
ological pathways in disease development requir-
ing specific prevention strategies. Our results further 
emphasize the importance of risk factor management 
considering that all investigated cardiovascular risk 
factors were associated with subsequent diagnoses of 
both diseases.
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Data S1. 

Cohort descriptions 

DAN-MONICA21 

The DAN-MONICA study from the Research Center for Prevention and Health in Glostrup 

consists of three prospective cohorts with individuals randomly selected from eleven 

municipalities from the western part of the suburbs of Copenhagen, Denmark. Random 

sampling was based on the national population register, stratified by sex and year of birth. 

Cohort 1 (N=4,052; baseline survey 1982-1984) and 3 (N=1,504; 1991-1992) included 

inhabitants from 30 to 70 years, whereas age range for cohort 2 (N=1,624; 1986-1987) was 

set at 30 to 60 years. Follow-up was based on linkage to the Civil Registration System, the 

National Hospital Discharge Register and to the National Cause of Death Register using a 

unique personal identification number. At the present time, follow-up has been extended up to 

December 31st 2010.   

https://www.thl.fi/publications/morgam/cohorts/full/denmark/den-gloa.htm 

FINRISK22 

The FINRISK study is a large Finnish population-based survey on cardiovascular risk factors 

carried out every five years since 1972 by the National Public Health Institute in Helsinki, 

including individuals from up to six regions in eastern and south-western Finland. The cohorts 

were formed by random sampling based on the Nationwide Central Population Register, 

stratified by sex and 10-years age group. Baseline examinations were conducted in 1982 for 

cohort 1 (N=9,029), in 1987 for cohort 2 (N=5,811), in 1992 for cohort 3 (N=5,999), in 1997 

for cohort 4 (N=8,444), and in 2002 for cohort 5 (N=9,291), respectively. Follow-up was 

achieved through linkage to the National Register of Cause of Death, the National Hospital 

Discharge Register and the National Drug Reimbursement Register. Follow-up for the cohort 

is completed up to December 31st 2010. 

https://www.thl.fi/publications/morgam/cohorts/full/finland/fin-fina.htm 

Moli-sani study23, 24 

The cohort of the Moli-sani study was recruited from residents of the Molise region in Italy 

by multistage sampling based on the city-hall registries. First, townships were sampled in two 
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major areas by cluster sampling; then, within each township, individuals aged 35 years or 

older were selected by simple random sampling. Pregnancy at the time of recruitment, current 

polytrauma or coma, lack of understanding or refusal to sign the informed consent were 

exclusion criteria. Baseline examinations and questionnaires were administered by trained 

staff. Overall, 24,325 individuals were included from 2005 to 2010. Median follow-up for the 

total cohort was 4.2 years (with a maximum of 6.5 years) from the baseline examination until 

death or December 31st 2011 for those individuals who remained alive. Follow-up was 

achieved by record linkage to national mortality registers and hospital discharge registers. 

https://moli-sani.org 

 

Northern Sweden MONICA project25, 26 

The Northern Sweden MONICA project consists of population-based surveys of individuals 

from the counties of Västerbotten and Norrbotten carried out every five years since 1986. 

Individuals were randomly selected from population registers, stratified for 10-years age 

group (with age range from 25 to 64 years in 1986 and 1990, and 25 to 74 years since 1994) 

and sex.  

For every survey 250 men and 250 women were selected in each age group, totalling in 2,000 

individuals for the first two surveys and 2,500 individuals from 1994 on, respectively. The 

participants of the 1986, 1990, and 1994 surveys were re-examined in 1999. Follow-up was 

achieved through linkage with the national death register and the National registers at the 

National Board of Health and Welfare (Cause of Death Register, Inpatient Diagnosis Register, 

Cancer Register, and Medication Register) as well as the MONICA stroke event and 

myocardial infarction registers, with endpoint diagnosis based on MORGAM criteria. Follow-

up is completed until December 31st 2011. 

https://www.thl.fi/publications/morgam/cohorts/full/sweden/swe-nswa.htm 

https://snd.gu.se/en/catalogue/study/ext0042 

 

Scottish Heart Health Extended Cohort (SHHEC)27 

The Scottish Heart Health Extended Cohort consists of two overlapping studies which share a 

common protocol and methods: the Scottish Heart Health Study randomly recruited men and 

women aged 40-59 across 22 Scottish districts in 1984-1987; Scottish MONICA similarly 

recruited men and women aged 25-64 in Edinburgh and North Glasgow in 1986, and in North 

Glasgow again in 1989, 1992 (age range 25-74 years), and in 1995 as part of the WHO 

MONICA Project 27. The cohorts comprise respondents of representative sample surveys of 
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the respective area. As the first sampling stage, a random sample of general practitioners was 

selected based on a list of all general practitioners as the sampling frame. In the second stage, 

the lists of persons registered with the selected general practitioners were used as sampling 

frames. From each of these lists a sample of size proportional to the number of persons within 

the target age and sex groups in the list was selected. The second stage sampling was stratified 

by sex and 10-year age group. Follow-up was achieved by record linkage and extends through 

2009. Of the original 18,107 individuals, complete data on 16,000 were transferred to 

Helsinki in 2000 for the MORGAM collaboration and available serum and plasma to the 

biomarker laboratory in Mainz/ Hamburg some years later, first for use in the MORGAM 

biomarker study and then for the Biomarker for Cardiovascular Risk Assessment across 

Europe (BiomarCaRE) project. A more detailed cohort description has been published 

elsewhere 28. https://www.thl.fi/publications/morgam/cohorts/full/uk/unk-sco.htm 

The Tromsø Study 29 

The Tromsø Study is a prospective population-based health study carried out in the region of 

Northern Norway with overall seven surveys taking place from 1974 to 2016. Residents of 

specific age groups were invited to each survey based on the official population registry of the 

municipality of Tromsø, enabling the gathering of information on the change of prevalent 

diseases and risk factors in many individuals over time. The third and the fourth Tromsø 

surveys, conducted in 1986/87 and 1994/95, participated in the current study. For the third 

survey men aged 20-61 years, women aged 20-56 years, a randomly selected 10% sample 

from the 12-19 years age group as well as a subsample, who were included in a family 

intervention study, were invited, whereas for the fourth and largest survey all resident of 

Tromsø aged 25 or elder were asked to participate. Analysis of the current study included all 

individuals of the third survey aged 20-59 years, and all individuals from the fourth survey 

who were not included from the third survey. 

Follow-up for incident events was achieved by linkage to the discharge diagnosis registry at 

the University Hospital of North Norway, the only hospital in the region of Tromsø, and to 

the National Causes of Death Registry. Adjudication of all incident events was conducted. 

Follow-up is completed up to December 31st 2010. 

https://thl.fi/morgam/a/publications/cohorts/full/norway/nor-tro.htm 

http://tromsoundersokelsen.uit.no/tromso/
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Data S2. 

Detailed outcome classification 

Incident atrial fibrillation was defined as atrial fibrillation of any kind or duration. Self-

reported diagnosis as the only information source was considered insufficient during follow-

up. Clinical and death certificate diagnosis were scanned and the relevant ICD codes were 

427.4 for ICD-8, 427.3 for ICD-9 and I48 for ICD-10, respectively. These codes comprise 

atrial fibrillation as well as atrial flutter, so that some cases classified as atrial fibrillation in 

this study might have actually been considered as atrial flutter. 

Incident myocardial infarction was defined as first definite or possible fatal or non-fatal acute 

coronary event with or without cardiac revascularization according to MORGAM criteria30, 

excluding individuals with unstable angina pectoris in the cohort, in which angina pectoris 

could be reasonably separated from possible myocardial infarction (using cardiac troponin 

measurements). 

The follow-up procedure for the assessment and validation of incident coronary events varied 

between the included cohorts.  

In DAN-MONICA follow-up was achieved trough linkage to the National Hospital Discharge 

Register (ICD codes 410 and 411 for ICD-8 and I21 and I22 for ICD-10, respectively) and the 

Causes of Death Register (ICD codes 410-414 for ICD-8 and I20-I25 for ICD-10, 

respectively).  

In FINRISK events found in the FINMONICA or FINAMI register, two different diagnostic 

procedures were used. For events up to year 1996, the MONICA diagnostic category was 

used.  

For an event to be classified as definite myocardial infarction according to MONICA criteria 

there had to be  

• definite signs of myocardial infarction on electrocardiogram (ECG) or 

• symptoms typical or atypical or inadequately described, together with probable ECG 

and abnormal enzymes, or 

• symptoms typical and abnormal enzymes with ischaemic or non-codable ECG or ECG 

not available, or 

• naked-eye appearance of fresh myocardial infarction and/or recent coronary occlusion 

found at necropsy in fatal cases. 

Events were considered as a possible myocardial infarction if criteria for definite myocardial 

infarction were not met, but  
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• the patient presented with typical symptoms without good evidence for another cause 

for the attack or 

• the case was fatal without good evidence for another cause of death (clinically or at 

autopsy). 

For events from 1997 up to 2002, the AHA/WHF/ESC/CDC/NHLBI definition from year 

2003 was used 31. For events found in the Hospital Discharge Register or the Register of 

Causes of Death but not in the FINMONICA or FINAMI register, and for all events after year 

2002, the diagnostic classification was done using the relevant ICD-codes. For events found 

in the hospital discharge codes these were 410 for ICD-8/9 and 21 and I22 for ICD-10, 

respectively. For events identified through the Register of Causes of Death the relevant ICD 

codes were 410-414 for ICD-8/9 and I21-25 for ICD-10. 

Coronary events occurring within 28 days of each other were considered as one event. For 

events found both in the Hospital Discharge register and the Register of Causes of Death, a 

coronary event diagnosis was given if it was found in either of them.  

In the Moli-sani study potential coronary events were selected for further validation if death 

certificates presented one of the following as the underlying cause of death: 

• ischemic heart disease (ICD-9 codes 410-414) 

• sudden death (ICD-9 code 798 and 799) 

• diabetes as the underlying cause of death (ICD-9 code 250) or arterial hypertension 

(ICD-9 codes 401-405) or other form of heart disease (ICD-codes 420-429), 

associated with ischemic heart disease (ICD-9 codes 410-414) as a secondary cause of 

death. 

Furthermore, events were selected for further evaluation if hospital discharge records revealed 

a hospitalization with ICD-9 code 410-414. 

For all cases selected for further validation, the clinical records were searched and if clinical 

documentation was found, the event was validated using the procedure of the AHA, WHF, 

ESC, CDC and NHLBI definition for epidemiology and clinical research studies 31. If clinical 

documentation for a fatal event was not available, general practitioners were asked for 

information and on the basis of their patient description the diagnostic category was assigned. 

The Northern Sweden MONICA project used the MONICA criteria (see above) to identify 

definite and possible myocardial infarctions through linkage to the myocardial infarction 

register. The cohort was further linked to the National Cause of Death Register, the National 

Inpatient Diagnosis Register and the Local Diagnosis Registers. For events not found in the 

myocardial infarction register and for non-fatal events found in the myocardial infarction 
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register with diagnostic category "possible MI", the MORGAM diagnostic category was 

derived using the corresponding ICD-codes. For an inpatient diagnosis these were 41000, 

41007, and 41099 for ICD-8-SV, 410 and 411A for ICD-9-SV and I21-23 for ICD-10-SE, 

respectively. The relevant ICD-codes in the National Cause of Death Register were 410 and 

412-4, 41007 for ICD-8-SV and ICD-9-SV and I21-25 for ICD-10-SE. 

The Scottish Heart Health Extended Cohort used the combination of diagnostic codes found 

in the Scottish Record Linkage System or the NHS Central Register to assess incident acute 

coronary events and other coronary diagnoses. The relevant ICD-codes for incident definite or 

possible myocardial infarction were 410 for ICD-9 and I21-23 for ICD-10, respectively. If 

information from the official underlying or other death certificates were used, a coding of 

410-414 for ICD-9 and I20-25 for ICD-10 were considered as incident myocardial infarction 

events. 

In the Tromsø Study adjudication of hospitalized and out-of-hospital first-ever myocardial 

infarction was performed by an endpoint committee consisting of experienced physicians. 

Medical records have been validated for all persons with a relevant cardiovascular discharge 

diagnosis from the hospital (including visits in out-patient clinics) and/or from the national 

Causes of Death Registry. For out of hospital deaths, records from pre-hospital care 

(ambulance service, general practitioners, nursing homes) and/or death certificate were 

searched for diagnostic criteria (clinical presentation, diagnostic procedures, laboratory tests, 

and/or autopsy). To be accepted as definite myocardial infarction in the Tromsø Study one of 

the following had to be present: 

• typical, atypical or inadequately described symptoms + a definite new infarction in 

ECG recordings. 

• Typical symptoms + significantly higher myocardial enzyme and/or troponin levels. 

• Atypical or inadequately described symptoms + significantly higher myocardial 

enzyme and/or troponin levels + a probable new infarction in ECG recordings. 

To be accepted as probable myocardial infarction one of the following sets of conditions was 

required: 

• Typical, atypical, or inadequately described symptoms + a probable new infarction in 

ECG recordings + moderately increased myocardial enzyme and/or troponin levels. 

• Typical symptoms + moderately higher myocardial enzyme and/or troponin levels. 

• Atypical or inadequately described symptoms + significantly higher myocardial 

enzyme and/or troponin levels. 
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• Fatal events with insufficient evidence for definite MI but a diagnosis of death due to 

coronary disease on the death certificate. 

• Fatal events with a diagnosis of sudden death (ICD 7:795, ICD 8: 795-796, ICD 9: 

798-799, ICD 10: I46, R96, R98, R99) on the death certificate with evidence of a 

history of coronary heart disease or where there is no good evidence for another cause 

of death and no concomitant diagnosis of cancer, chronic obstructive pulmonary 

disease, chronic alcoholism, alcohol-related liver disease and/or acute pneumonia. 

Furthermore, fatal events with a diagnosis of sudden death (please see above) when no 

information other than a diagnosis from the Causes of Death Registry was available were also 

accepted as cases of incident myocardial infarction in the Tromsø Study. 

 

Overall mortality was defined as mortality due to any cause during the follow-up time.  

Further details of the follow-up and diagnostic procedures of each participating study have 

been published elsewhere 32. 

Data S3.  

Supplementary statistical methods 

As outlined in the main manuscript the statistical significance of all possible second-order 

interactions and quadratic terms of the variables in the model was assessed and an interaction 

was included as additional covariate if its Bonferroni-corrected p-value was smaller than 0.05 

in order to avoid non-linearity in all multivariable Cox proportional hazards models. The 

number of tests for these Bonferroni corrections was taken each time as the total number of 

estimable interactions plus the total number of estimable quadratic terms. Interactions with 

time since baseline were added when needed to avoid violations of the proportional hazard 

assumption, which were identified using the R function cox.zph with parameter “global” set 

to false. When included in an interaction, continuous variables were centered on their overall 

mean. In the analyses were hazard ratios for AF and MI were compared, the interactions and 

quadratic terms added to the AF model were also added to the MI model and vice versa. After 

the addition of the interactions with time, a few further changes were implemented:  

(i) The interaction of MI and time since MI was added to the model with outcome AF and 

the interaction of AF and time since AF was added to the model with outcome MI. 

(ii) All possible age interactions and the quadratic age term were tested and included in 

the model when the Bonferroni-corrected p-value was smaller than 0.05. The number of tests 
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in this Bonferroni-correction was the number of estimable age interactions plus one (to 

account for the quadratic age term). 

(iii) In a final step, it was again assured that all interactions in the model with AF as the 

outcome were also present in the model with MI as the outcome. Interactions which became 

non-significant (p≥0.05) in both models were removed from both models. 
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Table S1. Characteristics of the study population by cohort. 

Cohort DANMONICA FINRISK Moli-sani TROMSØ 
NORTHERN 

SWEDEN 
SHHEC 

General characteristics N=7167 N=33,420 N=16,136 N=26,364 N=10,121 N=15,155 

Years of baseline examinations 1982-1992 1982-2002 2005-2010 1986-1995 1986-2009 1984-1995 

Age at baseline, years 50.0 (20.2) 45.1 (21.6) 53.6 (17.5) 37.3 (18.6) 47.9 (21.8) 49.4 (12.7) 

Men, No. (%) 3540 (49.4) 15874 (47.5) 7556 (46.8) 12857 (48.8) 4903 (48.4) 7520 (49.6) 

Cardiovascular characteristics             

Systolic blood pressure, mmHg 121 (23) 134 (26) 137 (27) 130 (22) 126 (26) 129 (26) 

Body mass index, kg/m² 24.4 (5.0) 25.8 (5.6) 27.5 (6.1) 23.8 (4.4) 26.2 (5.9) 25.3 (5.0) 

Total cholesterol, mmol/L 5.7 (1.5) 5.6 (1.5) 5.5 (1.5) 5.6 (1.8) 5.8 (1.7) 6.2 (1.6) 

Diabetes mellitus, No. (%) 155 (2.2) 1423 (4.3) 957 (5.9) 329 (1.2) 329 (3.3) 229 (1.5) 

Daily smoker, No. (%) 3198 (44.6) 8268 (24.7) 3311 (20.5) 10585 (40.1) 1875 (18.5) 5815 (38.4) 

Antihypertensive treatment, No. (%) 481 (6.7) 3919 (11.7) 4371 (27.1) 1111 (4.2) 1181 (11.7) 1000 (6.6) 

Prevalent stroke, No. (%) 72 (1.0) 476 (1.4) 97 (0.6) 258 (1.0) 163 (1.6) 116 (0.8) 

Endpoints during follow-up             

Atrial fibrillation, No. (%) 249 (3.5) 550 (1.6) 185 (1.1) 849 (3.2) 384 (3.8) 196 (1.3) 

Myocardial infarction, No. (%) 405 (5.7) 1062 (3.2) 91 (0.6) 1329 (5.0) 487 (4.8) 675 (4.5) 

Death, No. (%) 1043 (14.6) 1721 (5.1) 245 (1.5) 2059 (7.8) 728 (7.2) 1137 (7.5) 

Characteristics of the six cohorts are presented as absolute and relative frequencies for categorical variables, and medians and interquartile range for 

continuous variables.         
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Table S2. Secular trends in the association of cardiovascular risk factors with 

incident myocardial infarction and atrial fibrillation and the risk of sequential disease 

diagnosis 

 Atrial fibrillation Myocardial infarction 

Variable HR (95% CI) HR (95% CI) 

Age, per 5 years increase 1.00 (1.00 - 1.00) 0.99 (0.99 - 0.99) 

Male sex 0.99 (0.98 - 1.00) 0.94 (0.94 - 0.95) 

Systolic blood pressure, per 10 mmHg 1.00 (1.00 - 1.00) 0.99 (0.99 - 0.99) 

Body mass index, per 5 kg/m² 1.00 (0.99 - 1.01) 0.98 (0.98 - 0.99) 

Total cholesterol, mmol/L 1.00 (0.99 - 1.00) 0.98 (0.98 - 0.99) 

Diabetes mellitus 1.01 (0.99 - 1.03) 0.97 (0.95 - 0.98) 

Daily smoker 0.98 (0.97 - 0.99) 0.96 (0.95 - 0.96) 

Prevalent stroke 0.99 (0.96 - 1.03) 0.96 (0.93 - 0.98) 

Antihypertensive treatment 1.00 (0.98 - 1.01) 0.95 (0.94 - 0.96) 

Incident myocardial infarction * 0.98 (0.95 - 1.01) - 

Incident atrial fibrillation* - 0.93 (0.90 - 0.96) 

This table shows the impact of the date of baseline examination on the strength of the 

association of the specific risk factors with incident atrial fibrillation or myocardial 

infarction (per 1 year increase). * For incident myocardial infarction/atrial fibrillation the 

table shows the relative risk for the subsequent diagnosis of the respective other disease 

over time (per 1 year increase). 

Table S3. Multivariable adjusted hazard ratio for overall mortality after incident 

atrial fibrillation 

 
Variables Hazard ratio (95% CI) p-value  

Subsequent myocardial infarction - -  

… overall* 1.68 (1.03 - 2.74) 0.04  

… within the first 2 years after AF 3.27 (2.26 - 4.74) <0.01  

… 2 to 4 years after AF 1.11 (0.70 - 1.75) 0.66  

… 4 to 6 years after AF 1.39 (0.76 - 2.55) 0.29  

… 6 to 8 years after AF 2.92 (1.11 - 7.69) 0.03  

… 8 to 10 years after AF 0.90 (0.12 - 6.79) 0.92  

Age, per 5 years increase 1.55 (1.47 - 1.64) <0.01  

Sex (men) 1.69 (1.39 - 2.06) <0.01  

Systolic blood pressure, per 10 mmHg increase 1.04 (0.99 - 1.08) 0.09  

Body mass index, per 5 kg/m² increase 0.77 (0.69 - 0.86) <0.01  

Total cholesterol, per 1 mmol/L increase 1.10 (1.03 - 1.17) <0.01  

Diabetes mellitus 1.54 (1.13 - 2.10) <0.01  

Daily smoker 1.67 (1.35 - 2.06) <0.01  

Antihypertensive treatment 1.06 (0.85 - 1.32)  0.62  

Prevalent stroke 1.65 (1.20 - 2.26) <0.01  

AF, atrial fibrillation; CI, confidence interval; * The reported hazard ratio is the geometric 

mean of the five hazard ratios: 

exp((log(3.27)+log(1.11)+log(1.39)+log(2.92)+log(0.90))/5) = 1.68 
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