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Background. Previous studies have shown an
increased risk for atrial fibrillation and atrial
flutter (AF) in people with type 2 diabetes and
prediabetes. It is unclear whether this increase
in AF risk is independent of other risk factors
for AF.

Objective. To investigate the association between
diabetes and different prediabetic states, as inde-
pendent risk factors for the onset of AF.

Methods. We performed a population-based cohort
study in Northern Sweden, including data on fast-
ing plasma glucose, oral glucose tolerance test,
major cardiovascular risk factors, medical history,
and lifestyle factors. Participants were divided into
six groups depending on glycemic status and fol-
lowed through national registers for AF diagnosis.
Cox proportional hazard model was used to assess

the association between glycemic status and AF,
using normoglycemia as reference.

Results. The cohort consisted of 88,889 participants
who underwent a total of 139,661 health examina-
tions. In the model adjusted for age and sex, there
was a significant association between glycemic sta-
tus and development of AF in all groups except
the impaired glucose tolerance group, with the
strongest association for the group with known dia-
betes (p-value <0.001). In a model adjusted for sex,
age, systolic blood pressure, bodymass index, anti-
hypertensive drugs, cholesterol, alcohol, smoking,
education level, marital status, and physical activ-
ity, there was no significant association between
glycemic status and AF.

Conclusions/interpretation. The association between
glycemic status and AF disappears upon adjust-
ment for potential confounders. Diabetes and pre-
diabetes do not appear to be independent risk fac-
tors for AF.

Keywords: atrial fibrillation, diabetes, glucose, oral
glucose tolerance test, prediabetes

Introduction

Atrial fibrillation and atrial flutter (AF) are the
most common cardiac arrythmias requiring treat-
ment [1] and are associated with four-to-five times
increased risk for ischemic stroke [2]. The preva-
lence of AF in Sweden is almost 3% [3, 4]. The inci-
dence increases sharply with age; at the age of 75
years, the prevalence of AF is 12% [5] and 27.5
per 1000 person-years in persons aged 80 years
or more [6]. Important risk factors for developing

AF are hypertension, ischemic heart disease, atrial
volume, and high body mass index (BMI) [7–9].

Worldwide, impaired fasting glucose (IFG) is the
third largest risk factor for death after hyperten-
sion and smoking [10]. IFG, together with impaired
glucose tolerance (IGT) during an oral glucose tol-
erance test (OGTT), and elevated levels of glycated
hemoglobin A1c (HbA1c) not fulfilling the criteria
for diabetes, are sometimes collectively referred to
as prediabetes [11]. Previous studies have shown

© 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

605

https://doi.org/10.1111/joim.13696
https://orcid.org/0000-0002-7357-8386
https://orcid.org/0000-0002-9303-3228
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjoim.13688&domain=pdf&date_stamp=2023-07-11


Diabetes, prediabetes, and AF / C. Johansson et al.

that people with type 2 diabetes (T2D) have two-to-
four times increased risk of cardiovascular events
compared to the population as a whole [12].

An association between T2D and AF has been sug-
gested [13], but the putative relationship between
prediabetes and risk of AF is less well studied. A
meta-analysis published in 2018 showed that dia-
betes was associated with a 28% increased risk of
developing AF and that prediabetes was associated
with a 20% increased risk of developing AF [14].
However, it is not clear whether hyperglycemia is
an independent risk factor for AF, or whether the
increased risk seen in people with diabetes and
prediabetes is mediated through other cardiovas-
cular risk factors and possibly coronary artery dis-
ease. It is important to note that the meta-analysis
from 2018 includes different study designs, and
many of the studies did not assess hyperglycemia
as the primary exposure, but only as a covariate.

Our aim was to investigate if there is an inde-
pendent association between diabetes, different
components of prediabetes, and the onset of AF,
adjusted for all major AF risk factors.

Methods

We created a cohort study, linking data from
the Västerbotten Intervention Programme (VIP) to
the Swedish National Patient Register through the
unique personal identification number given to all
Swedish residents.

VIP invites 40-, 50-, and 60-year-olds in Västerbot-
ten County to a health examination to increase the
awareness of lifestyle factors influencing the risk of
cardiovascular disease [15]. The participation rate
has increased over the years, from 56% in 1995 to
73% in 2011 [16].

The Swedish National Patient Register includes
International Classification of Diseases (ICD) codes
for all admissions to inpatient care from 1987 and
specialist outpatient care from 2001 [17]. A previ-
ous study in the county of Västerbotten found that
the Swedish National Patient Register included
93.2% of all AF cases in a population of 75,000
individuals [4]. Information about death was col-
lected from the National Cause of Death Regis-
ter, and information about migration was collected
from the Swedish Tax Agency.

For this study, participants in VIP between Jan-
uary 1, 1988, and September 5, 2014, were

included. Participants who had a diagnosis of AF or
a history of myocardial infarction at baseline were
excluded; prediabetes is a well-established risk fac-
tor for ischemic heart disease [18], which in turn
increases the risk of AF [19]. A total of 23 people got
the AF diagnosis on the same date as their health
examination and were therefore not included in the
analysis.

Measurements and definitions

Fasting plasma glucose (FPG) was analyzed after
a minimum of 8 h of fasting. An OGTT was per-
formed, using a 75 g oral glucose load. The FPG and
the OGTT 2-h post-load plasma glucose (2HPG)
were capillary samples. The WHO definition of
IFG and IGT was used [20]. IFG was defined as
FPG between 6.1 and 6.9 mmol/L, and IGT was
defined as 2-h plasma glucose between 8.9 and
12.1 mmol/L. Previously unknown diabetes was
defined as FPG ≥7.0 mmol/L, or a 2-h oral glu-
cose tolerance plasma glucose of ≥12.2 mmol/L
without previously diagnosed diabetes. Known dia-
betes was defined as self-reported diabetes or self-
reported treatment with antidiabetics.

BMI (measured in kg/m2) was calculated after
measuring height and weight in light clothing
and without shoes. It was classified as under-
weight (<18.5 kg/m2), normal weight (18.5–
24.9 kg/m2), overweight (25.0–29.9 kg/m2), or obe-
sity (≥30 kg/m2). Hypertension was defined as
systolic blood pressure ≥140 mm Hg, diastolic
blood pressure ≥90 mm Hg, or as self-reported use
of antihypertensive medication during the last 2
weeks. Blood pressure was measured after a mini-
mum of 5 min of rest.

History of myocardial infarction, smoking habits,
educational level, physical activity, and marital
status was collected from a questionnaire. Alco-
hol habits were assessed using the CAGE ques-
tions (cut down, annoyance, guilt, eye-opener)
and analyzed as a number of positive answers
[21]. Smoking was classified as smoker, previ-
ous smoker, or never smoker. Previous smok-
ing was not defined according to any time crite-
rion in the questionnaire but was based on how
the participants defined themselves. Marital sta-
tus was defined as unmarried, married/living with
partner, divorced/separated, or widow/widower.
Educational level was divided into four categories:
primary school, lower secondary school, upper
secondary school, or university degree. Physical
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activity was categorized as inactive, moderately
inactive, moderately active, or active, based on the
Cambridge index, a validated instrument used to
assess physical activity both at work and during
leisure time [22].

Statistical analyses

Baseline characteristics were presented stratified
for glycemic status and described as means and
standard deviations for continuous variables, and
numbers and proportions for categorical variables.
We performed a complete-case analysis.

Cox proportional hazards model was used to calcu-
late hazard ratios (HRs) and 95% confidence inter-
vals (CIs) for the association between glycemic sta-
tus, categorized as normoglycemic, IFG, IGT, IFG
in combination with IGT, previously unknown dia-
betes, and known diabetes, according to the defini-
tions above, and AF diagnosis. Time at risk was cal-
culated from the date of participation in VIP until
the date of event, death, moving from Västerbot-
ten county, or the end of the study, September 5,
2014, whichever came first. An event was defined
as the first occasion with a diagnosis of AF (ICD-
10 code I48 or ICD-9 code 427.3). Model 1 was
adjusted for sex and age. Model 2 was adjusted for
sex, age, and BMI. Model 3 was adjusted for sex,
age, BMI, and systolic blood pressure. Model 4 was
adjusted for the covariates in model 3 as well as
the use of antihypertensive drugs, total cholesterol,
alcohol, smoking, education level, marital status,
and physical activity. Systolic blood pressure, total
cholesterol, BMI, and age were handled as contin-
uous variables, and sex, alcohol, smoking, educa-
tional level, marital status, and physical activity
were handled as categorical variables. Some covari-
ates in this study may be both confounders and
mediators. This is particularly true for blood pres-
sure, which is often elevated in people with dia-
betes and prediabetes, although the causal direc-
tion of the association has not been established.
We refrained from a formal mediation analysis due
to the complexity of interrelated data. Each partic-
ipation in VIP was entered as one recording in the
analysis. One participant could thus have several
observations in the analysis, which was accounted
for using a robust variance estimator [23]. Anal-
yses were also performed stratified for age, sex,
BMI, and systolic blood pressure. We have cho-
sen to stratify for this as they are known and eas-
ily accessible risk factors for diabetes and AF, and
the limits are chosen to be clinically well estab-

lished but also to obtain reasonably equal-sized
groups [24].

Sensitivity analyses, including data from each
participant’s most recent health examination,
were performed in which the association between
glycemic status and risk of AF was analyzed with
Cox proportional hazards regression. A further
sensitivity analysis was performed, analyzing FPG
and 2HPG as continuous variables and their asso-
ciation with risk of AF. We also performed a sen-
sitivity analysis regarding the association between
prediabetes and diabetes (with normoglycemia as
reference category) and the risk of AF. Prediabetes
was defined as IFG, IGT, or IFG + IGT. Diabetes
was defined as previously unknown diabetes or
known diabetes. We performed a further sensitiv-
ity analysis regarding the association between pre-
diabetes and diabetes, and the risk of AF, includ-
ing participants with a previous myocardial infarc-
tion (in contrast to the main analysis where partic-
ipants with a previous myocardial infarction had
been excluded). These sensitivity analyses were
successively adjusted for variables in models 1–4
as described above, and with the year of health
examination as an additional adjustment variable.

The participants in VIP that donated blood for
future research provided written consent, and all
participants were informed that their health data
is collected in a database and that it may be used
for future research. They were given the option
to be removed from the database. The study was
approved by the Regional Ethics Review Board,
Umeå, Sweden (approval number 2015-50-31 M).

The descriptive statistics and Cox regression sen-
sitivity analyses were calculated using IBM SPSS
statistics for Macintosh, Versions 27.0.1.0 and
28.0.1.1 (IBMCorp). Themain Cox regression anal-
yses were performed using Stata 16 MP (Stata Cor-
poration).

Results

Overall, 139,661 observations from 88,889 unique
individuals were included in the analyses (Table 1
and Fig 1). Baseline data based on exposure is pre-
sented in Table 1, and baseline data based on out-
come is presented in Table S1. Overall, 51.8% of
the included observations were from female par-
ticipants and the mean age at health examination
was 49 years (SD 8.9). The proportion of partici-
pants with missing data was low (Table 1).
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Myocardial infarction  
before the VIP, n = 1820  
Missing data regarding 
history of  myocardial 
infarction, n = 6816 

Total number of 
observations in VIP,  

n = 172,958 

Final study cohort,  
n = 139,661 

Not fasting at the VIP,  
n = 10,873 

Undeterminable glycemic 
status due to missing data 

on fasting glucose, oral 
glucose tolerance test and 
without known diabetes, 

n = 3810 

Missing in the Swedish 
population register,  

n = 37 

AF before the VIP, n = 587 

Younger than 25 years,  
n = 16 

Older than 65 years,  
n = 239 

Registered as migrated from 
Västerbotten before the VIP, 

n = 24 

VIP before study start on 
1988/01/01 or after study 

end on 2014/09/05, 
n = 9075 

Fig. 1 Inclusion of Västerbotten Intervention Programme
(VIP) observations in the study cohort.

During follow-up, 4948 participants had an inci-
dent hospital-based diagnosis of AF, with mean
age at AF diagnosis of 65 years (SD 8.4), and
a median time-to-AF-event of 10.2 years. Among
the participants who developed AF, 37% were
women.

The risk for AF for participants in different glu-
cose categories compared to normoglycemia is pre-
sented in Table 2 and Fig. 2. In model 1, there
was a significant association between glycemic sta-
tus and higher risk of developing AF for all pre-
diabetic and diabetic categories except in the IGT Ta
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Fig. 2 Association between glycemic status and risk of
atrial fibrillation. Model 1 shown in red circles, model 2
shown in blue squares, model 3 shown in green triangles,
and model 4 in yellow diamonds. Model 1: adjusted for sex
and age; model 2: adjusted for sex, age, and body mass
index (BMI); model 3: adjusted for sex, age, BMI, and sys-
tolic blood pressure; model 4: adjusted for sex, age, BMI,
systolic blood pressure, antihypertensive drugs, choles-
terol, smoking, education level, marital status, and physi-
cal activity. CI, confidence interval; DM, diabetes; HR, haz-
ard ratio; IFG, impaired fasting glucose; IGT, impaired glu-
cose tolerance.

group, ranging from IFG (HR: 1.17; 95% CI: 1.07–
1.28) to the known diabetes group (HR: 1.55; 95%
CI: 1.31–1.82). In model 2, adjusted for sex, age,
and BMI, there was no association between pre-
diabetic status and the risk of AF, and the asso-
ciation between known diabetes and the risk of
AF was attenuated (HR: 1.30; 95% CI: 1.10–1.54).
In model 3, adjusted for sex, age, BMI, and sys-
tolic blood pressure, the only remaining significant
association was in the known diabetes group (HR:
1.25; 95% CI: 1.05–1.47). In model 4, adjusted for
the covariates in model 3 and use of antihyper-
tensive drugs, total cholesterol, alcohol, smoking,
education level, marital status, and physical activ-
ity, there was no significant association between
glycemic status and the risk of AF.

Analyses stratified for age, sex, BMI, and systolic
blood pressure are presented in Table S2, fully
adjusted according to model 4. In summary, IGT

was associated with a lower risk of AF in elderly,
overweight, and people with elevated systolic blood
pressure, whereas no glucose category was consis-
tently associated with an increased risk of AF in
more than one subgroup.

The sensitivity analysis, including data from each
participant’s most recent health examination,
confirmed the association between IGT and a
decreased risk of AF (HR 0.83; 95% CI 0.71–0.99
adjusted for the variables in model 4 and health
examination year; Table S3), as did the analysis
including 2HPG as a continuous variable (HR 0.97;
95% CI 0.95–0.99 adjusted for the variables in
model 4 and health examination year; Table S3).
There were no significant association among IFG,
IFG+ IGT, or diabetes and risk of AF in the analysis
using data from the most recent health examina-
tion, nor in the analysis assessing FPG as a contin-
uous variable (HR 1.01; 95% CI 0.98–1.04 adjusted
for the variables in model 4 and health examination
year; Table S3). There was no association between
prediabetes (defined as IFG, IGT, or both) or dia-
betes and the risk of AF; see Table S4. There was no
association between prediabetes (HR 0.93; 95% CI
0.85–1.01) or diabetes (HR 0.97; 95% CI 0.85–1.10)
and risk of AF adjusted for the variables in model 4
and health examination year when including indi-
viduals with a previousmyocardial infarction in the
study population.

Discussion

Our study found a clear association between
glycemic status and the risk of AF in the analy-
ses that only adjusted for age and sex, which was
attenuated with increasing adjustment and disap-
peared in the fully adjusted model. These find-
ings indicate that diabetes and prediabetes are
not independently associated with the risk of AF;
but rather that the increased risk associated with
hyperglycemia can be explained by other factors.

Some previous studies reported an increased risk
of AF in people with diabetes and prediabetes. A
meta-analysis published in 2018 found that dia-
betes was associated with a 28% increased risk
of AF, and that prediabetes was associated with a
20% increased risk of AF [14]. However, the design
of the included studies differed a lot; many of the
included studies did not assess glycemic status
as the primary exposure, but only as a covariate,
which may have affected the analytical strategy
and choice of covariates, and thus the results.

© 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2023, 294; 605–615
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Huxley et al. studied the association among dia-
betes, prediabetes, and the risk of AF and found
no association between prediabetes and AF. How-
ever, they found an association between fasting
serum glucose (FSG) in people with diabetes and
AF risk after adjustment for confounders, includ-
ing BMI and systolic blood pressure (FSG 100–
125 mg/dL: HR: 1.99; 95% CI 0.46–8.67. FSG
≥126 mg/dL HR: 2.89; 95% CI 0.71–11.8, com-
pared to FSG <100 mg/dL, p-value for trend 0.04).
However, the association was no longer significant
after adjustment for the history of coronary heart
disease (FSG ≥126 mg/dL HR: 2.63; 95% CI 0.64–
10.7, p-value for trend 0.11) [25]. This result is con-
sistent with our findings, showing no association
between glycemic status and risk of AF in the fully
adjusted analyses.

A Danish registry-based study reported an asso-
ciation between diabetes and an increased risk
of AF. This association was more pronounced in
younger participants and not detectable in people
aged 75 years or older [26]. However, this study
lacked information about BMI, a major poten-
tial confounder due to its association with both
hyperglycemia and AF [27, 28]. The fact that BMI
increases the risk of many conditions that are
known to increase the risk of AF, such as hyper-
tension, obstructive sleep apnea syndrome, and
atherosclerotic cardiovascular disease, underlines
the importance of adjustment for BMI to explore a
possible causal role of hyperglycemia in AF [29–31]

Some studies indicate that lean body mass rather
than fat mass is associated with the risk of inci-
dent AF, and that BMI is therefore not an optimal
measurement for this relationship [32, 33]. Frost
et al. found an association between fat mass and
atrial fibrillation, but the association was atten-
uated when adjusting for lean body mass. They
also found an association between lean body mass
and risk of incident AF, and when adjusting for fat
mass, this association remained significant [34].
This may be related to the fact that heart size,
which is an important driver of AF, is more strongly
associated with lean body mass than fat mass, and
a study from 2004 demonstrated that the asso-
ciation between BMI and AF disappeared when
adjusting for atrial diameter [35]. Unfortunately,
we do not have access to data on lean body mass
in our study cohort.

In a recently published study, using European
cohorts, different biomarkers were studied as

predictors of atrial fibrillation. The analyses in
this study were extensively adjusted, and no
association between glucose levels and AF was
found [36].

A strength of our study is that the number of par-
ticipants is considerably larger than that of previ-
ous studies, with extensive follow-up, resulting in
more than 1.1 million person-years at risk. This
allows us to detect smaller differences between
groups than other studies with fewer participants
would be able to do. In our study, we can thus,
with high certainty, exclude an increased risk for
AF associated with prediabetes and a risk increase
of 30% or more for people with known diabetes.
Interestingly, our analyses suggested an inverse
association between IGT and AF for several sub-
groups, as well as for 2HPG assessed as a continu-
ous variable. These findings need to be interpreted
with caution.

Our study has some limitations. First, people with
low income and single households tend to partici-
pate to a lesser extent in VIP, raising the possibility
of a healthy participant bias. Second, most of the
included participants were of Northern European
ancestry [16]. An American study found that black
Americans, Asian Americans, and Hispanic Amer-
icans had an increased risk for diabetes at lower
BMI levels compared to White Americans [37].
Furthermore, a British study suggested ethnicity-
specific BMI cutoffs for overweight, since people
from, for example, Asia tend to have an increased
risk for hyperglycemia at lower BMI levels [38].
Interestingly, however, a systematic review from
2018 described a lower risk of AF in Asians, Blacks,
and Hispanics compared to Caucasian, despite an
increased prevalence of previously known AF risk
factors in these ethnical groups [39]. Our results
should therefore be applied with caution to other
ethnic groups.

Third, it is not possible to separate atrial fibrillation
from atrial flutter in our study as the ICD-9 code
427.3 and the ICD-10 code I48.9, which are used
to identify persons with incident AF in our study,
include both atrial fibrillation and atrial flutter.
Hence, we have decided to include both atrial fib-
rillation and atrial flutter, even though the patho-
genesis for these conditions partly differs.

Fourth, the questionnaire used to collect data on
several lifestyle factors has not been separately
validated. On the other hand, several previous

612 © 2023 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
Journal of Internal Medicine, 2023, 294; 605–615
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studies using the data from the same VIP health
examinations have found associations between the
recorded risk factors (e.g., studies regarding the
association between alcohol consumption and risk
of AF, and anthropometric factors and risk of AF)
that are consistent with findings from other cohorts
[40, 41]. We also lack information on some condi-
tions associated with both hyperglycemia and AF,
for example, heart failure and obstructive sleep
apnea [29, 42, 43], and we do not have informa-
tion about the duration or severity of hypertension.
However, the cohort is relatively young, and people
with a history of myocardial infarction before the
health examination are excluded; so the potential
impact of undiagnosed heart failure should be lim-
ited. Possibly, the risk for residual confounding due
to sleep apnea is decreased as we have adjusted for
BMI [30].

Lastly, the blood analyzed in this study was from
capillary samples, which have a lower analyti-
cal precision, compared to venous samples (which
is WHO standard) [44]. We also lack data on
HbA1c, which, in addition to FPG and OGTT, is
commonly used to diagnose diabetes and predia-
betes. However, as we did not find an association
between neither diabetes nor prediabetes and AF,
it seems unlikely that there would be an associa-
tion between prediabetic HbA1c and AF.

In summary, this study implies that blood glucose
is not an independent risk factor for AF. Rather, the
increased risk of AF seen in people with diabetes
and prediabetes seems to be related to the higher
prevalence of other risk factors.
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Supporting Information

Additional Supporting Informationmay be found in
the online version of this article:

Table S1: Baseline data.
Table S2: Association between glycemic status
and risk of AF. Analyses stratified by age, sex,
BMI, and systolic blood pressure.

Table S3: Association between glycemic status
at the most recent health examination and risk
of AF.
Table S4: Association between prediabetes, dia-
betes, and risk of atrial AF based on data from the
most recent health examination. Associations pre-
sented as hazard ratios with 95% confidence inter-
vals.
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