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See the editorial comment for this article ‘The ins and outs of physical activity monitoring: implications for atrial fibrillation manage-
ment’, by A. D. Elliott et al., doi:10.1093/eurheartj/ehab520.

Aims The aim of this study was to investigate the association between within-individual changes in physical activity and
onset of atrial fibrillation (AF).

Methods A total of 1410 participants from the general population (46.2% women, mean age 74.7 + 4.1 years) with risk fac-

and results tors but with no prior AF diagnosis underwent continuous monitoring for AF episodes along with daily accelero-
metric assessment of physical activity using an implantable loop recorder during ~3.5 years. The combined duration
of monitoring was ~1.6 million days, where 10 851 AF episodes lasting >60 min were detected in 361 participants
(25.6%) with a median of 5 episodes (2, 25) each. The median daily physical activity was 112 (66, 168) min/day. A
dynamic parameter describing within-individual changes in daily physical activity, i.e. average daily activity in the last
week compared to the previous 100 days, was computed and used to model the onset of AF. A 1-h decrease in
average daily physical activity was associated with AF onset the next day [odds ratio 1.24 (1.18-1.31)]. This effect
was modified by overall level of activity (P <0.001 for interaction), and the signal was strongest in the tertile of par-
ticipants with lowest activity overall [low: 1.62 (1.41-1.86), mid: 1.27 (1.16—1.39), and high: 1.10 (1.01-1.19)].

Conclusions Within-individual changes in physical activity are associated with the onset of AF episodes as detected by continu-
ous monitoring in a high-risk population. For each person, a 1-h decrease in daily physical activity during the last
week increased the odds of AF onset the next day by ~25%, while the strongest association was seen in the group
with the lowest activity overall.

Clinical Trial ClinicalTrials.gov, identifier: NCT02036450.
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Graphical Abstract
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Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia, and
the incidence of AF is associated with cardiovascular risk factors such
as hypertension, diabetes, and hypercholesterolaemia.1'2 While phys-
ical activity is known to be protective against these risk factors, mul-
tiple investigations have focused on physical activity as an either
harmful or protective element in AF pathophysiolog)/.3’4

So far, the association has proven complex since some studies
have linked rigorous physical exercise to AF risk,”® while others
found sedentary lifestyle to be an important risk factor for develop-
ment of AF, and even others have found the association direction to
be dependent on age.”* Indeed, exercise-induced and sedentary-
induced AF might represent two different entities. In general, the pro-
tective impact of moderate physical activity might outweigh the nega-
tive impact,>'* especially in older individuals."* Finally, decreased
physical activity could be a marker of conditions leading to AF rather
than a causal factor. With the advent of increasingly accessible wear-
able technology, interest is growing in the potential to measure phys-
ical activity and AF on a day-to-day basis."*"® Implantable loop

Atrial fibrillation e Continuous monitoring e Physical activity e Activity patterns e Accelerometry

recorder (ILR) monitoring provides a unique opportunity to study
the association between the two by means of daily objective meas-
urements of movement along with high accuracy for AF detection.

The current study aims to gain insight into the association between
objectively measured physical activity and incident AF in patients with
risk factors, and to describe whether day-to-day patterns in physical
activity (i.e. within-individual changes in physical activity) can be
related to AF onset.

Methods

Study design

This analysis is a sub-study of the LOOP study; an on-going randomized
controlled trial conducted at four centres in Denmark. Detailed methods
have been published previously.' Written informed consent was
obtained from all participants, and the study was approved by the Danish
Regional Ethical Committee (H-4-2013-025) and Data Protection
Agency (2007-58-0015), and the trial was registered at ClinicalTrials.gov
(NCT02036450).
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In short, individuals from the general population were identified by ad-
ministrative registries and invited by letter to participate. Eligible individu-
als had to be >70years old and diagnosed with >1 of the following stroke
risk factors: hypertension, diabetes, heart failure, or previous stroke,
while those with any history of AF or cardiac implantable electronic de-
vice were excluded. At a baseline visit, a standard ECG was obtained to
rule out prevalent AF and confirm study eligibility. Included participants
were randomized in a 1:3 ratio to receive an ILR with continuous heart
rhythm monitoring (Reveal LINQ®, Medtronic) vs. standard care.

For participants in the ILR group, new AF alerts were reviewed daily
by an experienced physician. Any new-onset episode suspicious of AF
lasting >6 min was independently adjudicated by two senior cardiologists.
Any dispute was resolved by majority vote after involving a third senior
cardiologist blinded to the previous evaluations. In patients with adjudi-
cated AF, an experienced physician furthermore adjudicated the first epi-
sode lasting at least 1, 5.5, and 24 h. The ILR was also used to measure
physical activity. The device uses a single axis from an embedded acceler-
ometer to capture movement as an electric signal, by which the number
of minutes the person is active is counted, where a minute is considered
active if a threshold is reached incorporating both the number and magni-
tude of deflections. This method has proven responsive in capturing activ-
ities of daily living, and these measurements of physical activity have been
found to correlate with clinical events.?>* Transmission of data from
the ILR continued until the end of device battery-life (minimum 3 years),
device explantation, or death. All AF episodes and daily physical activity
totals in minutes were retrieved for each day for each participant during
the study.

The current study comprised all participants in the LOOP study
receiving ILR and for whom ILR assessments of AF and physical activity
could be retrieved.

Data handling and statistical analysis

Al information was registered in and acquired from an online database
specific to the LOOP study. All AF episodes occurring before the first
adjudicated episode were discarded. Characteristics such as age, sex,
medication, and disease history were obtained at the baseline visit.

For summary statistics, continuous variables were presented as mean
+ standard deviation for normally distributed variables compared by t-
tests, and median (interquartile range) for non-normally distributed varia-
bles compared by Wilcoxon rank-sum tests, while categorical variables
were presented as frequency and percentage compared by chi-squared
tests. For the analysis of data with more than two groups, the Kruskal—
Wallis method was used and in case of significance, the inter-group signifi-
cance was assessed using Tukey and Kramer method.

AF episodes lasting at least 1 h were used as the outcome in the main
analyses. Association between physical activity and AF was analysed first
using time-to-event and second using within-individual changes.

For the time-to-event analysis, the average daily physical activity in the
first 100 days of monitoring was calculated, which was then used as the in-
dependent variable with new-onset AF after 100 days as the dependent
variable. Cumulative incidences were calculated, and a Cox proportional-
hazards model was tested. The proportional-hazards assumption was
assessed with Schoenfeld residuals and any violations were reported.
Multivariate models were tested including age, sex, hypertension, dia-
betes, heart failure, previous stroke, systemic arterial embolism or transi-
ent ischaemic attack, and previous myocardial infarction, percutaneous
coronary intervention, or coronary artery bypass graft. The final model
included all of these variables.

For the within-individual analysis, changes in daily physical activity
(APA) were computed by comparing ‘recent’ daily physical activity with

the preceding ‘usual’ daily physical activity. Here, recent daily physical ac-
tivity was defined as the average physical activity during the previous
week up (PAnean7d) until but not including the day used to determine the
outcome (AF onset or not), and usual physical activity was defined as the
average physical activity during the prior 100 days (PAmeant00d)- TO avoid
overlap, PAncan1o0d had a lag of 7days. APA was then defined by
PAean100d—PAmean7d and was calculated for each day for each partici-
pant moving one day at a time. In this way, several time epochs were
defined, and the data were extended to include one data point per moni-
toring day per participant, except for the first 100 days per participant. A
graphical example of how APA was computed can be seen in Figure 1.

Logistic regression was then used to estimate the association between
AF episode onset and within-individual changes in physical activity for all
days in the data set. Three models were tested: M1, M2, and M3. M1 was
adjusted for the total number of prior AF episodes. M2 was further
adjusted for age, sex and annual season; spring, summer, fall, winter
(defined by date cut-offs; 1 June, 1 September, 1 December, and 1
March). M3 was further adjusted for baseline risk factors: hypertension,
diabetes, heart failure, previous stroke, systemic arterial embolism or
transient ischaemic attack, and previous myocardial infarction, percutan-
eous coronary intervention, or coronary artery bypass graft.

A supplementary analysis was conducted using the relative change in
physical activity (PAmean100d/PAmean7d) instead of absolute change. In
this analysis, a maximum value of 100 (i.e. factor 100 increase) was
defined, as it tended to rapidly increase towards infinity on days with low
PAmean100d.

Sub-analyses were performed after stratifying by overall level of phys-
ical activity; PAw, PAmias and PAyig, based on tertiles of average daily
physical activity during the first 100 days for the time-to-event analysis,
and over the entire study period for the within-individual analysis. The
within-individual analysis included test for interaction between overall
level of physical activity and APA.

Two sets of sensitivity analyses were applied. The first set investigated
AF episodes lasting at least 6 min, 5.5h, or 24 h instead of 1h and was
applied for both the time-to-event analysis and the within-individual ana-
lysis. The second set was applied only for the within-individual analysis as
it defined APA by different time windows than PAmean100d—
PAmean7d, ie. PAncan100d—PAmeanzds  PAmean3od—PAmean7as  and
PAean30d—PAmeanad - A P-value <0.05 was considered statistically signifi-
cant. Data handling and analysis were performed using R version 4.0.1
[https://www.R-project.org/, R Core Team (2019)] including tidyverse ver-
sion 1.3.0.%*

Results

Study population and data overview

A total of 1420 participants in the LOOP study had an ILR implanted,
and of these, technical data retrieval was successful in 1410, compris-
ing the current sub-study population. Baseline characteristics can be
found in Table 1. The combined duration of monitoring was 1 636
824 days, with a median of 1195 (1117, 1261) days per participant
available for the current study. A total of 54 persons (3.83%) died
during or within one month from end of monitoring [event rate, 0.73
(0.55, 0.95) per 100 person-years].

A total of 41 709 AF episodes lasting at least 6 min were found
across 429 participants (30.4%) having a median number of 21 (4,
82), mean 97 + 209, episodes per person. A total of 10 851 AF epi-
sodes lasting at least 1 h (the outcome in the main analysis) were
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Figure | Graphical example of changes in recent compared to usual physical activity (APA) and a pattern of APA leading up to an AF episode. (A)
Daily physical activity used to calculate APA leading up to the day of AF onset (blue triangle): recent physical activity (during the most recent week,
with a horizontal line illustrating the mean, PAcan74 green), and usual physical activity (during the prior 100 days, with a horizontal line illustrating
the mean, PAcan100a, red). (B) The pattern of APA values leading up to an AF episode. Each day, APA is calculated by subtracting PA,can74 from
PAmean100d» Where PA ean74 is defined as the average daily physical activity in the week leading up to but not including that particular day, and
PA mean100d is defined as the average daily physical activity in the 100 days prior to that week. AF, atrial fibrillation.

found across 361 participants (25.6%) having a median number of 5
(2, 25), mean 30 £ 67, episodes per person.

Of the 429 patients with AF episodes lasting at least 6 min, 50
(11.7%) were symptomatic at debut of AF, 19 (4.4%) received any
antiarrhythmic therapy (class Ic or Ill drugs, or ablation, or cardiover-
sion) during monitoring, 4 (0.9%) underwent ablation and 14 (3.3%)
cardioversion. Of the 361 patients with AF episodes lasting at least
1h, 46 (12.7%) were symptomatic at debut, 17 (4.7%) received any
antiarrhythmic therapy during monitoring, 4 (1.1%) underwent abla-
tion, and 12 (3.3%) cardioversion. In general, patients with AF were
older, more frequently male, and had slower sinus heart rate at base-
line (Supplementary material online, Table ST).

Physical activity

The median daily physical activity for the participants was 112 (66,
168) min/day during all of monitoring, with tertiles 80 min/day and
141 min/day, used to define physical activity groups: PAow, PAmedium
and PApg. Male sex, age >75 years, previous transient ischaemic at-
tack or stroke, diabetes, and heart failure were all associated with
lower physical activity (Tables 2 and 3). The distribution of physical
activity for all days in the data set is shown in Figure 2A and the distri-
bution of ‘recent’ compared to ‘usual’ physical activity (APA) are
shown in Figure 2B. The 95th and 99th percentiles for APA were at
-45 and -76 min. A total of 33 108 days (2.2%) had a APA of -1h or
more, with a median of 25 (9.52) days per person.

Physical activity and AF

The time-to-event analysis found that higher daily physical activity
during the first 100 days was associated with lower risk of AF
thereafter [hazard ratio 0.88 (0.81, 0.96) per hour, P<0.01]. The
effect remained significant after adjustment for all variables but
age, and there was no signal in the final model [hazard ratio 0.95
(0.86, 1.04) per hour, P=0.23]. Time-to-event curves and hazard
ratios for shorter and longer AF episodes according to physical ac-
tivity are shown in Supplementary material online, Table S2 and
Supplementary material online, Figure S1.

The fraction of participants with AF per day is illustrated in Figure
3A, which differed across physical activity groups; PAy, PAmg, and
PApign (P<0.01) (Figure 3B). In average, physical activity differed by
0.08+0.69h on days with and without AF for each participant
(1.83+£1.15vs.1.75+ 1.32h, P=0.01). In a multivariate model adjust-
ing for the same covariates as M3, lower physical activity on any given
day was associated with AF being present on the same day (odds
ratio 1.003 per hour, P <0.01).

The within-individual analysis found that a decrease in recent (the
previous week) compared to usual (the prior 100 days) physical activ-
ity (APA) was associated with AF onset in all models (Table 4). For
M3, the odds increased by factor 1.24 (1.18, 1.31) per hour decline in
physical activity. The association between APA and AF onset was
modified by the overall physical activity (P<0.001 for interaction),
and the odds ratio for APA was higher in the low-activity group;
PA\ow 0dds ratio 1.62 (1.41, 1.86), PA,i4 odds ratio 1.27 (1.16, 1.39),
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and PAygn 0odds ratio 1.10 (1.01, 1.19) (Figure 4). The supplementary
analysis using relative change in physical activity (PAmean100day/
PAmean7day), instead of absolute change, showed that a reduction of
10% increased the odds of AF event onset by factor 1.09 (1.07, 1.10).
When grouped by overall activity this was only statistically significant
for participants in the low (PA,) and medium (PA,i4) activity group
in which a reduction of 10% increased the odds of AF onset by factor
1.11 (1.09, 1.12) and 1.06 (1.02, 1.09), respectively. The sensitivity
analyses defining AF by a cut-off of 6 min, 5.5 h, or 24 h showed simi-
lar findings, albeit the effect size of decreased physical activity was
larger with regard to the longer AF episodes (Supplementary material
online, Table S3). The sensitivity analyses defining APA by different
time windows showed similar findings, albeit the signal was weaker
when looking at short-term changes in PA (Supplementary material
online, Table $4).

Discussion

We used long-term monitoring of physical activity and AF in 1410
individuals without known AF but with risk factors to associate phys-
ical activity and day-to-day changes in physical activity with AF epi-
sodes. The key findings were (i) a low level of physical activity overall
was associated with development of AF, but this was confounded by
age; (i) low physical activity on any given day was slightly associated
with AF onset on that day; (iii) within-individual changes in physical
activity was strongly associated with AF onset; and (iv) the magnitude
of the association between within-individual changes in physical activ-
ity and AF onset was dependent on the general level of physical activ-
ity (Graphical abstract).

Physical activity and AF
The association between physical activity and AF has been found to
follow different shapes such as linear, J-shaped, or U-shaped, depend-
ently on the age and characteristics of the study population.g'12 This
has created the hypothesis that underlying mechanisms responsible
for an increased risk of AF are different from those responsible for a
reduced risk of AF. Factors protecting against AF could be linked to
the positive effects of physical activity on well-known epidemiological
cardiovascular risk factors such as hypertension, diabetes, hyperchol-
esterolaemia, and obesity, while more specific effects could include
reduced epicardial fat, lower burden of sleep apnoea, and lower age-
related decline in arterial elasticity.”> >’ Factors predisposing to AF
could be linked to left atrial dilatation, left ventricular hypertrophy,
and increased parasympathetic tone, although mainly investigated in
athletes.?®

Numerous studies have investigated the association between
physical activity and AF, but the focus has mainly been on young to
middle-aged adults and rigorous exercise opposed to activities of
daily living.7'”'29 Albeit studies such as the Cardiovascular Health
Study and the Rotterdam Study looked at leisure-time activity and
development of AF in populations aged >65 and >55 years, phys-
ical activity was, however, based on subjective values estimated
through questionnaires, and AF detection on occasional ECG
measurements.* While one study found an association between
low baseline physical activity and risk of AF,” the other did not.*
More recently, self-reported physical activity and wrist-worn

Table | Baseline characteristics (n = 1410)
Female sex 626 (44.0)
Age, years 74.7 £4.1
Alcohol consumption, U/week 5[1,10]
Smoking pack years 7 [0, 28]
Hypertension 1301 (93.0)
Diabetes 407 (294)
Heart failure 56 (4.0)
Previous stroke, TIA, or SAE 296 (21.0)
Previous AMI, CABG, or PCI 166 (11.8)
Valvular heart disease 61 (4.3)
CHA,DS;-VASc score
2 193 (13.7)
3 487 (34.5)
4 392 (27.8)
5 229 (16.2)
>6 109 (7.7)
Treatment with
Beta-blockers 336 (23.8)
Calcium channel blockers 528 (37.4)
Renin—angiotensin inhibitors 931 (66.0)
Statins 829 (58.8)
Diuretics 462 (32.8)
Platelet inhibitors 665 (47.2)

Insulin 119 (8.4)

Other antidiabetic drugs 310 (22.0)
Systolic blood pressure, mmHg 150.5+19.1
Diastolic blood pressure, mmHg 847111
Pulse rate, b.p.m. 71.6£12.1
Body mass index, kg/m? 279+4.6
eGFR, mL/min 76+19.3

Missing data: blood pressure (n=1), pulse rate (n=1), and eGFR (n=8). Values
are presented as n (%), mean £ SD, or median [Q1, Q3].

AMI, acute myocardial infarction; CABG, coronary artery bypass grafting; COPD,
chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration
rate; PCl, percutaneous coronary intervention; SAE, systemic arterial embolism;
SD, standard deviation; TIA, transient ischaemic attack.

accelerometry data from the UK Biobank have strongly supported
the notion that lower levels of daily physical activity at baseline are
associated with higher risk of a receiving a diagnosis of AF.>"* In
the current study, the link between baseline physical activity and
incident AF was confounded by age, while traditional risk factors
were associated both with lower physical activity and with AF
(Tables 3 and 4), corresponding to previous findings linking physic-
al activity to risk factors for AF.'%! 3

Day-to-day changes in physical activity
and AF onset

While we did find an association between lower physical activity in
the first part of monitoring and development of AF episodes there-
after, the effect was small and not robust to multivariate adjustment.
Also, although lower activity on any given day was associated with AF
on the same day, the odds only increased with 0.3% per hour of
physical activity.
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Table2 Number of participants grouped by baseline risk factors and physical activity

Variable Al (n=1410) PA.. (n =463) PA,.ia (n = 469) PAyigh (n = 478) P-value

Age (years) <0.01
<75 626 (44) 159 (34) 202 (43) 265 (55)
>75 784 (56) 304 (66) 267 (57) 213 (45)

Sex <0.01
F 662 (49) 162 (35) 210 (45) 280 (59)
M 758 (56) 301 (65) 259 (55) 198 (41)

Hypertension <0.01
No 99 (7) 34 (7) 36 (8) 39 (8)
Yes 1301 (93) 429 (93) 433 (92) 439 (92)

Diabetes <0.01
No 1003 (71) 269 (58) 345 (74) 389 (81)
Yes 407 (29) 194 (42) 124 (26) 89 (19)

Heart failure 0.9
No 1354 (96) 431 (93) 457 (97) 466 (97)
Yes 56 (4) 32 (6) 12(2) 12 (3)

Previous stroke, SAE or TIA <0.01
No 1114 (79) 343 (74) 377 (80) 394 (82)
Yes 296 (21) 120 (26) 92 (20) 84 (18)

Overview of number of participants grouped by risk factors and physical activity groups; PAlow, PAmid, and PAhigh. Values are presented as n (%). The P-value is based on a
test for difference across the physical activity groups.
PA, physical activity; Q1, Q3, quartiles 1 and 3; SAE, systemic arterial embolism; TIA, transient ischaemic attack.

Table 3 Average daily physical activity in minutes grouped by baseline risk factors and physical activity

Variable All (n=1410) PAow (n = 463) PA.ia (n = 469) PApigh (n = 478) P-value

Age (years) <0.01
<75 137176 50+19 110+ 18 210+ 52
>75 1M11+£72 45+21 111+17 205+ 53

Sex <0.01
F 140 + 81 45+£22 111+18 216+ 58
M 108 £ 65 48+20 111+17 196 +43

Hypertension <0.01
No 126+78 45+23 115+ 14 207 + 63
Yes 122+74 47+ 21 111+18 207 + 51

Diabetes <0.01
No 132175 48+ 21 111+18 209 +52
Yes 99 + 68 46 +21 110+17 201+55

Heart failure 0.6
No 124+75 47+ 21 111+18 208 +98
Yes 94+ 71 47+£19 10915 204+ 65

Previous stroke, SAE or TIA <0.01
No 126 £75 48+20 111+17 205+ 54
Yes 11173 45+23 112+19 205+ 48

Overview of average daily physical activity in minutes during the monitoring-period grouped by risk factors and physical activity; PAo,,, PAmig, and PAh. Values are listed as
mean £ SD. The P-value is based on a test for difference across the physical activity groups.
PA, physical activity; Q1, Q3, quartiles 1 and 3; SAE, systemic arterial embolism; SD, standard deviation; TIA, transient ischaemic attack.

Interestingly, the within-individual day-to-day changes in physical : average daily physical activity in the recent week compared to usual
activity (APA) proved effective at mapping the association between :  physical activity was independently associated with a2 25% increase
activity and onset of AF episodes, since a 1-h reduction in a person’s  : in odds of AF onset the next day. The strong association between a
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Figure 2 Subplots illustrating physical activity and day-to-day change in physical activity in the study population. (A) Distribution of physical activity
for all data points; one for each day for each participant. (B) Distribution of day-to-day change in physical activity, defined as average physical activity
during the prior 100 days (PAmean1o04) Subtracted by average physical activity in the recent week (PAean7d)- To avoid overlap, a lag of 7 days was

included between the two. PA, physical activity.
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Figure 3 Subplots illustrating atrial fibrillation episodes in the study population. (A) Fraction of participants with AF onset on each day during the
study period, with participants stratified into physical activity groups. (B) Overall percentage of days with AF onset for each participant, stratified by
activity group. A Kruskal-Wallis test showed a significant difference between groups (P < 0.01) and a Tukey—Kramer analysis showed that all groups
were significantly different from each other (P < 0.01). AF, atrial fibrillation; PA, physical activity.

decline in physical activity and onset of AF could to some extent be
due to lack of exercise leading to AF in itself, while another possible
explanation could be the presence of unknown, subclinical conditions
leading to both decreased physical activity and then to AF. The inter-
action analysis illustrated that the dynamic relationship between

physical activity and AF was strongest among persons with low activ-
ity overall, as a 1-h reduction in an individual's physical activity
increased the odds of AF by ~260% among the third of the population
with the least activity. Few previous studies have investigated day-to-
day changes in some exposure and association with AF. Linz et al?’



3986

M.P. Bonnesen et al.

Table 4 Association between within-individual changes in physical activity and atrial fibrillation onset

Coefficient

Estimate 95% CI P-value

APA
Episodespior [#]

1.16-1.28
1.02-1.02

<0.01
<0.01
Seasonspring
Seasong mmer

Seasonyinter

Age (years)

Sex (male)

Diabetes

Hypertension

Previous stroke, SAE, or TIA
Previous AMI, PCI, or CABG

Heart failure

M2 M3
Estimate 95% ClI P-value Estimate 95% CI P-value
1.21 1.18-1.24 <0.01 1.24 1.18-1.31 <0.01
1.02 1.02-1.02 <0.01 1.02 1.02-1.02  <0.01
1.09 1.02-1.17  <0.01 1.1 1.04-1.19  <0.01
0.96 0.89-1.02 0.2 0.98 0.92-1.05 0.2
1.09 1.02-1.16  <0.01 113 1.06-1.20  <0.01
1.03 1.02-1.04 <0.01 1.03 1.03-1.04  <0.01
137 1.30-1.43  <0.01 1.17 1.12-1.23  <0.01
1.01 0.96-1.07 0.6
1.92 1.72-213  <0.01
1.21 1.14-1.28  <0.01
1.64 1.54-1.74  <0.01
1.35 1.23-148  <0.01

Results from the logistic regression models: M1, M2, and M3, regarding the association between APA and the onset of AF episodes lasting at least 1 h. The estimate for APA rep-
resents a 1-h decrease in activity. Seasong, was used as a reference for the annual season parameter.

AF, atrial fibrillation; AMI, acute myocardial infarction; CABG, coronary artery bypass grafting; Cl, confidence interval; APA, change in daily physical activity; PCl, percutaneous
coronary intervention; SAE, systemic arterial embolism; TIA, transient ischaemic attack.

Subgroup No. of individuals (%) i Odds ratio (95% CI)  P-value
PAlow 467 (33) I & { 1.62(1.41-1.86)  <0.001
PAmid 465 (33) }—-—{ 1.27 (1.16-139)  <0.001
PAhigh 478 (34) }—-—{ 1.1 (1.01-1.19) 0.035
PAall 1410 (100) ’ 1.24 (1.18-1.31) <0.001
1.00 1.25 1.50 75 2.00
Odds ratio

Figure 4 Association between changes in recent compared to usual physical activity (APA) and onset of atrial fibrillation grouped by overall physic-
al activity after multivariate adjustment (M3). M3, model 3 adjusted for age, sex, hypertension, diabetes, heart failure, previous stroke, systemic arterial
embolism or transient ischaemic attack, and previous myocardial infarction, percutaneous coronary intervention, or coronary artery bypass graft, the

total number of prior atrial fibrillation episodes and annual season.

investigated 72 patients undergoing 21+ 8weeks of pacemaker-
mediated monitoring for both AF and respiratory disturbances and
reported that nights with more sleep-disordered breathing conferred
a higher risk of AF.

Future perspectives

One of the traits of the digital age is the promise of individual risk esti-
mation on a day-to-day basis. Our findings illustrate the potential util-
ity of day-to-day monitoring of physical activity as a biomarker for
forthcoming AF. The recent years have seen an explosion in so-called
‘wearables’, both developed for clinical use and for the consumer
market. The technology is continuously improving with regards to
monitoring activities of daily life and exploring risk factors or even
detecting clinical disease. Many such devices are capable of acceler-
ometry and are thus able to measure physical activity, making this a
topic of interest.”>™'® The clinical utility and possible health benefits

for patients are far from fully understood. Patient-initiated health
monitoring with digitally delivered feedback imposes new challenges
to health care systems as concerns remain when it comes to validity
and reliability of the data. Potential benefits from the utilization of pa-
tient data from devices or ‘wearables’ include facilitated preventive
care and aid in monitoring ongoing illness, whereas potential harms
include increased workload on health care givers, risk of over- and
underestimating signs of disease, and a psychological burden."”

Limitations

Limitations of the study adhere to the population under study and
the device used. The study population was recruited by letter invita-
tion and could be affected by healthy user bias. Persons with mobility
disorders were not actively excluded. The eligibility criteria required
all participants to be without a diagnosis of AF but to have at least
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one comorbidity which impeded the ability to investigate the impact
of individual comorbidities.

Also, the multivariate model included comorbidities at baseline,
not interim conditions occurring during the approximately 3 years of
monitoring. We did not have data on sleep apnoea. The absolute risk
of AF onset on any given day was limited.

As the ILR used a single axis accelerometer, it was only capable of
detecting movement in a binary way (active or inactive) and it was
not possible to categorize physical activity by type (walking, running,
biking, etc.) or intensity levels (leisure, moderate, vigorous exercise,
etc.), which is arguably inferior to more advanced tri-axial accelerom-
etry."* Furthermore, the ILR algorithm used for AF detection in the
current study has significant false-positive rates. Mittal et al. reported
that in patients with stroke risk factors but without known AF only
39% of AF alerts lasting >6 min would be deemed true AF, while for
alerts lasting >1 h, the proportions were ~91-97%.3° For this reason,
we applied a rigorous adjudication regimen for new-onset AF and
then focused our analysis on the longer episodes.

Conclusion

Using data from long-term, continuous heart rhythm monitoring and
accelerometry in 1410 individuals with stroke risk factors we demon-
strated an association between physical activity and AF onset on a
day-to-day basis. Specifically, a 1-h reduction in recent compared to
usual daily activity accounted for a 25% increase in the odds of AF the
next day. These findings illustrate the potential of day-to-day moni-
toring of physical activity as a biomarker for the risk of AF.

Supplementary material
Supplementary material is available at European Heart Journal online.

Acknowledgements

We thank Professor Dan Atar, University of Oslo and Department
of Cardiology B, Oslo University Hospital Ullevél, Norway, Professor
Gregory Y. H. Lip, The University of Liverpool and Liverpool Heart
and Chest Hospital, United Kingdom, and Professor Marten
Rosenqyist, Karolinska Institutet and Danderyd Hospital, Sweden, for
assisting the study with their expertise in the study’s International
Advisory Committee. We thank research nurses and other col-
leagues in the Departments of Cardiology, Copenhagen University
Hospital, Rigshospitalet and Bispebjerg Hospital, Zealand University
Hospital, Roskilde, and Odense University Hospital for their assist-
ance with study procedures.

Funding

The LOORP study is supported by the Innovation Fund Denmark [12-
135225], the Research Foundation for the Capital Region of Denmark,
the Danish Heart Foundation [11-04-R83-A3363-22625], Aalborg
University Talent Management Programme, Arvid Nilssons Fond,
Skibsreder Per Henriksen, R. og Hustrus Fond, and Medtronic. The opin-
ions, results, and conclusions in this paper are those of the authors and
are independent of the funding sources. The authors are exclusively re-
sponsible for the design and conduct of this study, all study analyses, the
drafting and editing of the paper, and its final contents. The employment
of the first author, MPB, is funded by the AFFECT-EU consortium,

which has received funding from the European Union’s Horizon 2020 re-
search and innovation program under grant agreement No 847770.

Conflict of interest: M.P.B. reports to be an employee of Cortrium,
not related to this work. KJ.H. reports travel and educational grants from
Medtronic, Abbott, and Biotronik and speaker honoraria from
Boehringer Ingelheim not related to this work. LK. reports speaker hono-
raria from Bayer, Astra-Zeneca, Orion Pharma, Novartis, and Sanofi, not
related to this work. D.K. reports being a Medtronic Focus Group mem-
ber. AB. reports a research grant from Theravance and the Regions of
Southern Denmark and Zealand, and speaker honoraria from Bayer,
Boehringer Ingelheim, and Bristol-Myers Squibb not related to this work.
JH.S. reports to be a member of the Medtronic advisory boards and to
have received speaker honoraria and research grants from Medtronic
concerning this work, in addition to a research grant from Gilead not
related to this work. S.Z.D. reports to be a part-time employee of Vital
Beats, not related to this work.

Data availability

The data underlying this article cannot be shared publicly for ethical
reasons, but the methodology will be shared upon reasonable re-
quest to the corresponding author.

References
1. Chung MK, Eckhardt LL, Chen LY, Ahmed HM, Gopinathannair R, Joglar JA,
Noseworthy PA, Pack QR, Sanders P, Trulock KM; American Heart Association
Electrocardiography and Arrhythmias Committee and Exercise, Cardiac
Rehabilitation, and Secondary Prevention Committee of the Council on Clinical
Cardiology; Council on Arteriosclerosis, Thrombosis and Vascular Biology;
Council on Cardiovascular and Stroke Nursing; and Council on Lifestyle and
Cardiometabolic Health. Lifestyle and risk factor modification for reduction of
atrial fibrillation: a scientific statement from the American Heart Association.
Circulation 2020;141:e750-e772.

. Psaty BM, Manolio TA, Kuller LH, Kronmal RA, Cushman M, Fried LP, White R,
Furberg CD, Rautaharju PM. Incidence of and risk factors for atrial fibrillation in
older adults. Circulation 1997;96:2455-2461.

. Elliott AD, Linz D, Mishima R, Kadhim K, Gallagher C, Middeldorp ME,
Verdicchio CV, Hendriks JML, Lau DH, La Gerche A, Sanders P. Association be-
tween physical activity and risk of incident arrhythmias in 402 406 individuals:
evidence from the UK Biobank cohort. Eur Heart | 2020;41:1479-1486.

4. Albrecht M, Koolhaas CM, Schoufour D, van Rooij FJ, Kavousi M, lkram MA,
Franco OH. Physical activity types and atrial fibrillation risk in the middle-aged
and elderly: the Rotterdam Study. Eur | Prev Cardiol 2018;25:1316-1323.

5. Jin M-N, Yang P-S, Song C, Yu HT, Kim T-H, Uhm J-S, Sung J-H, Pak H-N, Lee
M-H, Joung B. Physical activity and risk of atrial fibrillation: a nationwide cohort
study in general population. Sci Rep 2019;9:13270.

. Gerche AL, Schmied CM. Atrial fibrillation in athletes and the interplay between
exercise and health. Eur Heart | 2013;34:3599-3602.

. Andersen K, Farahmand B, Ahlbom A, Held C, Ljunghall S, Michaélsson K,
Sundstrém J. Risk of arrhythmias in 52 755 long-distance cross-country skiers: a
cohort study. Eur Heart | 2013;34:3624-3631.

. Morseth B, Graff-lversen S, Jacobsen BK, Jorgensen L, Nyrnes A, Thelle DS,
Vestergaard P, Lachen M-L. Physical activity, resting heart rate, and atrial fibrilla-
tion: the Tromseg Study. Eur Heart | 2016;37:2307-2313.

. Mozaffarian D, Furberg CD, Psaty BM, Siscovick D. Physical activity and incidence

N

w

o

~N

focl

0

of atrial fibrillation in older adults: the cardiovascular health study. Circulation
2008;118:800-807.

10. Staerk L, Sherer JA, Ko D, Benjamin EJ, Helm RH. Atrial Fibrillation: epidemi-
ology, Pathophysiology, and Clinical Outcomes. Circ Res 2017;120:1501-1517.

11. Drca N, Wolk A, Jensen-Urstad M, Larsson SC. Physical activity is associated
with a reduced risk of atrial fibrillation in middle-aged and elderly women. Heart
2015;101:1627-1630.

12. Drca N, Wolk A, Jensen-Urstad M, Larsson SC. Atrial fibrillation is associated
with different levels of physical activity levels at different ages in men. Heart
2014;100:1037-1042.

13. Garnvik LE, Malmo V, Janszky |, Ellekjeer H, Wislaff U, Loennechen JP, Nes BM.
Physical activity, cardiorespiratory fitness, and cardiovascular outcomes in indi-
viduals with atrial fibrillation: the HUNT study. Eur Heart | 2020;41:1467-1475.


https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab597#supplementary-data

3988

M.P. Bonnesen et al.

20.

21.

22.

. Khurshid S, Weng L-C, Al-Alusi MA, Halford JL, Haimovich JS, Benjamin EJ,

Trinquart L, Ellinor PT, McManus DD, Lubitz SA. Accelerometer-derived physical
activity and risk of atrial fibrillation. Eur Heart | 2021;42:2472-2483.

. Semaan S, Dewland TA, Tison GH, Nah G, Vittinghoff E, Pletcher MJ, Olgin JE,

Marcus GM. Physical activity and atrial fibrillation: data from wearable fitness
trackers. Heart Rhythm 2020;17:842-846.

. Ding EY, Marcus GM, McManus DD. Emerging technologies for identifying atrial

fibrillation. Circ Res 2020;127:128-142.

. Piwek L, Ellis DA, Andrews S, Joinson A. The rise of consumer health wearables:

promises and barriers. PLoS Med 2016;13:e1001953.

. Perez MV, Mahaffey KW, Hedlin H, Rumsfeld ]S, Garcia A, Ferris T,

Balasubramanian V, Russo AM, Rajmane A, Cheung L, Hung G, Lee J, Kowey P,
Talati N, Nag D, Gummidipundi SE, Beatty A, Hills MT, Desai S, Granger CB,
Desai M, Turakhia MP; Apple Heart Study Investigators. Large-scale assessment
of a smartwatch to identify atrial fibrillation. N Engl | Med 2019;381:1909-1917.

. Diederichsen SZ, Haugan K], Keber L, Hgjberg S, Brandes A, Kronborg C, Graff

C, Holst AG, Nielsen JB, Krieger D, Svendsen JH. Atrial fibrillation detected by
continuous electrocardiographic monitoring using implantable loop recorder to
prevent stroke in individuals at risk (the LOOP study): rationale and design of a
large randomized controlled trial. Am Heart | 2017;187:122-132.

Pressler A, Danner M, Esefeld K, Haller B, Scherr J, Schémig A, Halle M, Kolb C.
Validity of cardiac implantable electronic devices in assessing daily physical activ-
ity. Int | Cardiol 2013;168:1127-1130.

Shoemaker MJ, Cartwright K, Hanson K, Serba D, Dickinson MG, Kowalk A.
Concurrent validity of daily activity data from Medtronic ICD/CRT devices and
the actigraph GT3X triaxial accelerometer: a pilot study. Cardiopulm Phys Ther |
2017;28:3-11.

Cowie MR, Sarkar S, Koehler ], Whellan D), Crossley GH, Tang WHW,
Abraham WT, Sharma V, Santini M. Development and validation of an integrated
diagnostic algorithm derived from parameters monitored in implantable devices
for identifying patients at risk for heart failure hospitalization in an ambulatory
setting. Eur Heart | 2013;34:2472-2480.

23.

24.

25.

26.

27.

28.

29.

30.

Conraads VM, Spruit MA, Braunschweig F, Cowie MR, Tavazzi L, Borggrefe M,
Hill MRS, Jacobs S, Gerritse B, van Veldhuisen D). Physical activity measured with
implanted devices predicts patient outcome in chronic heart failure. Circ Heart
Fail 2014;7:279-287.

Wickham H, Averick M, Bryan ], Chang W, McGowan L, Frangois R,
Grolemund G, Hayes A, Henry L, Hester |, Kuhn M, Pedersen T, Miller E,
Bache S, Miiller K, Ooms ], Robinson D, Seidel D, Spinu V, Takahashi K,
Vaughan D, Wilke C, Woo K, Yutani H. Welcome to the tidyverse. | Open
Source Softw 2019;4:1686.

Laurent S, Cockceroft ], Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D,
Pannier B, Vlachopoulos C, Wilkinson |, Struijker-Boudier H; European Network
for Non-invasive Investigation of Large Arteries. Expert consensus document on
arterial stiffness: methodological issues and clinical applications. Eur Heart | 2006;
27:2588-2605.

Wong CX, Ganesan AN, Selvanayagam ]B. Epicardial fat and atrial fibrillation:
current evidence, potential mechanisms, clinical implications, and future direc-
tions. Eur Heart | 2017;38:1294-1302.

Linz D, Brooks AG, Elliott AD, Nalliah CJ, Hendriks JML, Middeldorp ME,
Gallagher C, Mahajan R, Kalman JM, McEvoy RD, Lau DH, Sanders P. Variability
of sleep apnea severity and risk of atrial fibrillation. JACC Clin Electrophysiol 2019;
5:692-701.

Wilhelm M, Roten L, Tanner H, Wilhelm |, Schmid J-P, Saner H. Atrial remodel-
ing, autonomic tone, and lifetime training hours in nonelite athletes. Am J Cardiol
2011;108:580-585.

Mont L, Tamborero D, Elosua R, Molina I, Coll-Vinent B, Sitges M, Vidal B,
Scalise A, Tejeira A, Berruezo A, Brugada |. Physical activity, height, and left atrial
size are independent risk factors for lone atrial fibrillation in middle-aged healthy
individuals. Europace 2008;10:15-20.

Mittal S, Rogers |, Sarkar S, Koehler J, Warman EN, Tomson TT, Passman RS.
Real-world performance of an enhanced atrial fibrillation detection algorithm in
an insertable cardiac monitor. Heart Rhythm 2016;13:1624-1630.



	tblfn1
	tblfn2
	tblfn3
	tblfn4
	tblfn5
	tblfn6
	tblfn7
	tblfn8

