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ABSTRACT

Low physical activity, high sedentary time (SED), and inadequate sleep increase cardiovascular disease risk, but the codepend-
ency between these 24-h movement behaviors has often been neglected. This study examined associations between 24-h move-
ment behaviors and incidence of cardiovascular risk factors. The study included 866 adults (mean age 62.4years, SD 1.1) from the
Finnish Retirement and Aging study who participated in wrist-accelerometry measurements between 2014 and 2018. Incident
register-based cardiovascular risk factors including hypertension, dyslipidemia, type 2 diabetes, and questionnaire-based obesity
were followed up over on average 3-year follow-up. Compositional Cox regression models were adjusted for age, sex, occupation,
smoking, and heavy alcohol consumption. We recorded 84 (17%) new cases of hypertension, 66 (9%) dyslipidemia, 28 (3%) type 2
diabetes, 43 (6%) obesity, and 94 (26%) any of these cardiovascular risk factors. Compared to mean composition (7.8 h sleep, 11.0h
SED, 4.2h light physical activity [LPA], 60 min moderate-to-vigorous physical activity [MVPA]), having 10min more MVPA at
the cost of other behaviors was associated with 5%-7% risk reduction in hypertension, 10%-13% in obesity, and 6%-7% in any
cardiovascular risk factor. Among the least active (sleep 7.9h, SED 12.1h, LPA 3.6h, MVPA 24 min), the risk reductions were
nearly twofold. In conclusion, when accounting the interdependence of movement behaviors, MVPA associated with highest risk
reduction in hypertension and obesity, especially among the least active participants. This suggests that even a small increase in
daily MVPA could help prevent development of cardiovascular risk factors.

1 | Introduction increasing the level of moderate-to-vigorous physical activity
(MVPA) from inactive to the recommended 150 min/week low-

Cardiovascular diseases (CVDs) are a leading cause of death ers the risk of incident CVD by 17% to 25% among adults [2].

worldwide [1]. One of the key modifiable health behaviors to re-

duce the risk of CVD is physical activity [2, 3]. A meta-analysis Physical activity reduces the risk of CVD by affecting cardio-

based on self-reported physical activity measures suggests that vascular risk factors; it reduces the risk of incident hypertension
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and type 2 diabetes in a dose-response manner [4, 5] and has a
favorable effect on body weight and composition [6]. In addition
to physical activity, also other movement behaviors accumulated
within a 24-hday, that is sleep and sedentary time (SED), have
been associated with cardiovascular risk factors. For example,
higher SED links with higher incidence of type 2 diabetes [7].
However, detrimental health associations of SED may attenuate
markedly with higher levels of MVPA [8]. In addition, replacing
sedentary behavior with physical activity, even light physical ac-
tivity (LPA), has been reported to reduce postprandial glucose
and insulin based on experimental evidence [9] and to associate
with a lower incidence of type 2 diabetes [10-12]. Short sleep
duration (either <6h or <7h) has been found to associate with
higher incidence of hypertension [13], type 2 diabetes [14], and
obesity [15], and some studies suggest similar associations for
long sleep (either >8h or >9h) [13, 14]. Collectively, these find-
ings suggest that all movement behaviors accumulated during
the 24-hday should be considered when examining cardiovas-
cular health risk.

Given that increasing one behavior, for instance physical ac-
tivity, inevitably leads to a compensatory effect of decreasing
at least one of the remaining behaviors [16, 17], there has been
a shift from examining movement behaviors in isolation from
each other to a 24-h time-use perspective [17]. Consequently, an
increasing number of studies have applied statistical methods to
account for this codependency. The most common method has
been compositional data analysis (CoDA) that treats movement
behaviors as relative and codependent in nature [16, 17]. Large
CoDA-based studies harmonizing device-based data on 24-h
movement behaviors across several countries have reported that
replacing other 24-h movement behaviors with MVPA is associ-
ated with more favorable levels of various cardiovascular indi-
cators, that is, BMI, waist circumference, total: HDL cholesterol
ratio, triglycerides, glycated hemoglobin (HbA1c), systolic and
diastolic blood pressure, and HDL cholesterol [18, 19]. CoDA-
based studies have also found that increase in MVPA in relation
to the remaining behaviors (either all or only wake-time behav-
iors) associates with lower incidence of CVD [20-22], but knowl-
edge of how 24-h movement behaviors are associated with the
incidence of cardiovascular risk factors is scarce. Previous
CoDA-based studies are limited to self-reported measures of
24-h movement behaviors [23, 24] and cross-sectional studies
on cardiovascular indicators, (prevalent) dyslipidemia, obesity,
and cardiovascular risk score [18, 19, 25-27], which increases
the possibility of reverse causation affecting the earlier findings.

To address these gaps in previous literature, we applied CoDA
to examine associations between 24-h movement behaviors and
incidence of cardiovascular risk factors among late middle-aged
adults with varying activity levels at a mean of 3-year follow-up.

2 | Methods

2.1 | Study Population

This study is based on the Finnish Retirement and Aging
(FIREA) study, which is an ongoing longitudinal cohort study

of older adults in Finland established in 2013 [28]. The eligible
population for the FIREA study cohort included all public sector

employees whose individual retirement date was between 2014
and 2019 and who were working in 2012 in one of the 27 mu-
nicipalities in Southwest Finland or in the nine selected cities
or five hospital districts around Finland. Information on indi-
vidual retirement dates was obtained from Keva Public Sector
Pensions, the pension insurance institute for the public sector
in Finland. The FIREA study cohort members were first con-
tacted 18 months prior to their estimated retirement date by
sending them a questionnaire inquiring, for example, about
work factors, health behaviors, and health and functioning.
Thereafter, the FIREA cohort members were followed up with
annual questionnaires. The FIREA study is conducted in line
with the Declaration of Helsinki and has been approved by the
Ethics Committee of Hospital District of Southwest Finland.
The participants provided a written informed consent before
participation.

For the current study, the study population was drawn from the
FIREA activity and clinical substudies. Detailed description
of the formation of the FIREA study cohort and its substudies
have been published elsewhere [28]. Shortly, the eligible study
population for the FIREA activity substudy included those
Finnish-speaking FIREA cohort members who completed the
first questionnaire while they were still working and whose es-
timated statutory retirement date was between 2016 and 2019
(n=2663). These participants were contacted by mail to invite
them to take part in the activity substudy, and of them, 908 (34%
of the eligible) agreed and returned the written informed con-
sent. Similarly, the eligible study population for the FIREA clin-
ical substudy included those Finnish-speaking FIREA cohort
members who completed the first questionnaire while they were
still working, whose estimated retirement date was between
2017 and 2019 and who lived in Southwest Finland (n=773). Of
them, 290 (38% of the eligible) agreed to participate and returned
the written informed consent.

In the present study, we included only those participants who
allowed linkage to the national health registry, provided suffi-
cient amount of accelerometer data (at least four valid measure-
ment days, one valid workday, and one valid day off to represent
a typical week), had information from all covariates, and did
not have prevalent cardiovascular risk factors at the time of the
accelerometer measurement. The formation of the analytical
samples for different study outcomes is illustrated in Figure 1.
This sample was followed up for register-based cardiovascular
risk factors (hypertension, dyslipidemia, and type 2 diabetes)
and questionnaire-based obesity from the day of the accelerom-
eter measurement (measurements conducted between 2014 and
2018) until December 31, 2019. Register and cohort data were
linked by the use of personal identification codes that for confi-
dentiality purposes were then recoded into research identifica-
tion codes to be used in the analyses.

2.2 | Assessment of 24-h Movement Behaviors

Triaxial ActiGraph wActiSleep-BT and wGT3X-BT accelerom-
eters (ActiGraph, Pensacola, Florida, USA) were used to esti-
mate the 24-h movement behaviors, that is, sleep, SED, LPA,
and MVPA. Accelerometers were initialized to record at 80 Hz
sampling frequency and mailed to the participants. Participants

20f 10

Scandinavian Journal of Medicine & Science in Sports, 2025

95U8017 SUOIWIOD dA11e81D) 3[ceol|dde auy Aq peuienol a1e sajolie YO 9SN Jo Sa|nJ 10} Aeiq1T 8UlUO /8|1 UO (SUONIPUOD-PUE-SWLSIALO A3 | 1M Ale.d 1[Bu UO//SIL) SUONIPUOD PUe SWIS | L) 38S *[5202/90/92] U0 Akeiqiauliuo A8]1A ‘PiTsuoedlidnd [e01ps Al Widepond Aq 0£00L SWS/TTTT OT/I0p/W0d A3 1M Aeiq1jeuluo//Sdny Wolj papeojumod ‘Z ‘GZ0Z ‘8E80009T



n=6783

Finnish Retirement and Aging study (FIREA)

Activity and clinical sub-study
participants with permission to link to
the national health registries n=1092

[

Did not participate in accelerometer
measurement n=23

!

Participated in the accelerometer
measurement n=1065

Device malfunction n=4

Had less than 4 valid measurement
days and/or less than 1 workday

A4

Valid accelerometer data n=953

and/or less than 1 day off n=112

v

Study population for incident
cardiovascular risk factors

e hypertension n=492

e dyslipidemia n=697

e type 2 diabetes n=866

e obesity n=753

e any cardiovascular risk factor
n=357

A4

Prevalent

e hypertension n=455

e dyslipidemia n=250

e type 2 diabetes n=81

e obesity n=194

e any cardiovascular risk
factor n=590

Missing data on obesity=21

Missing data on covariates n=6

FIGURE1 | Flow chart for the selection of the study populations for all outcomes.

were asked to wear the device on their nondominant wrist for
seven consecutive days and nights at all times, including water-
based activities. Participants were also provided a participant
log, where they were asked to record the date, waking time, bed-
time, and working times on each measurement day. Data from
the accelerometers were downloaded in the ActiLife software,
version 6.13 (ActiGraph, Pensacola, Florida, USA). The acceler-
ometer data collection was conducted between September 2014
and May 2018 during all four seasons (26% spring, 16% summer,
27% autumn, and 32% winter).

The accelerometer data were processed using previously re-
ported methods [29]. Shortly, the R-package GGIR version 1.7-1
[30] was used to estimate 24-h movement behaviors, after de-
tecting and excluding nonwear time. Sleep time was detected
based on the combination of the daily logs and algorithm of
the GGIR package, so that sleep was defined as periods of time
within the bedtime and waking times reported in the daily logs
during which there was no change larger than 5° in the arm
angle over at least 5min. Wake time SED, LPA, and MVPA were
defined using the threshold values of <30myg, at least 30 mg but
less than 100.6 mg, and >100.6 mg, respectively [29].

The measurement day was determined from each measurement
day's bedtime to the next measurement day's bedtime. The anal-
yses were restricted to valid measurement days with at least

10h of waking wear time. No specific restrictions were made
regarding night duration. The average duration of each valid
measurement day (from bedtime to bedtime) was 23.6h (range
18.3-28.8, interquartile range [IQR] 23.4-23.9). Weekly compo-
sitional means of time spent in each behavior were calculated
and scaled to be proportional to 24-h day.

2.3 | Assessment of Cardiovascular Risk Factors

For the cardiovascular risk factors examined as outcomes, data
on hypertension, dyslipidemia, and type 2 diabetes were ob-
tained from the national health registers. To identify cases of
hypertension, dyslipidemia, and type 2 diabetes, we used pre-
scription data on purchases of antihypertensive medication,
lipid-lowering medication (statins), and antidiabetic medication
(data available from 1994 to 2019), respectively, as described pre-
viously [31, 32]. Those participants who had become eligible for
special reimbursement for antihypertensive or type 2 diabetes
treatment (data available from 1980 to 2019), or who had pur-
chased antihypertensive, lipid-lowering, or type 2 diabetes med-
ication for the first time after the accelerometer measurement,
were considered as incident cases of hypertension, dyslipidemia,
or type 2 diabetes [31, 32]. Participants with corresponding pur-
chases before the accelerometer measurement were considered
as prevalent cases and excluded from the study.
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Incident obesity was defined as body mass index (BMI) >30kg/
m? based on self-reported body weight and height collected in
annual postal-delivered questionnaires [33]. Participants with
obesity at the baseline questionnaire preceding the accelerom-
eter measurement were considered as prevalent cases and ex-
cluded from the study.

Any incident cardiovascular risk factor was defined as at least
one of the cardiovascular risk factors examined (hypertension,
dyslipidemia, type 2 diabetes, or obesity), and all prevalent cases
of hypertension, dyslipidemia, type 2 diabetes, and obesity were
excluded for analyses of any incident cardiovascular risk factor.

2.4 | Assessment of Participant Characteristics

Gender, date of birth, and occupational title were obtained from
the Keva Public Sector Pensions register. Participants were di-
vided into two groups according to their occupational titles of
the last known occupation preceding retirement by using the
International Standard Classification of Occupations (ISCO):
manual workers (for instance, practical nurses, cooks, cleaners,
maintenance workers; ISCO classes 5-9) and nonmanual work-
ers (for instance, teachers, physicians, registered nurses, techni-
cians; ISCO classes 1-4).

Other participant characteristics were obtained from the base-
line questionnaire. Marital status was categorized as single or
married/cohabiting. Self-reported leisure time physical activity
was assessed with a question on average weekly duration and
intensity of leisure and commuting physical activity during the
past year, and metabolic equivalent (MET) hours per week were
calculated. Behavioral cardiovascular risks, including heavy al-
cohol consumption and current smoking, were defined based on
the questionnaire responses. Heavy alcohol consumption was
indicated by self-reported average consumption of more than
288 g/week of pure alcohol for men and 192 g/week for women
[34]. Self-reported smoking status was dichotomized into cur-
rent smoker and current nonsmoker. Self-reported health was
assessed with a 5-point scale (1 =good, ..., 5=poor) and was then
categorized as good/rather good (1-2) and average/poor (3-5)
health.

2.5 | Statistical Analyses

Descriptive information on participant characteristics is pre-
sented using means and standard deviations for continuous vari-
ables and frequencies and percentages for categorical variables.
To examine the selection to the current study, the participant
characteristics were compared between the current study pop-
ulation providing valid accelerometer data (n=953) and those
FIREA study participants who responded only to the survey
(n=3291) using chi-squared test for categorical variables and
ANOVA for continuous variables.

The 24-h movement behavior data were treated as compo-
sitional data, normalized to 24h per day. The statistical anal-
yses were conducted using the R software (version 4.3.1, R
Foundation for Statistical Computing, Vienna, Austria) using
“compositions,” “robCompositions,” and “survival” packages

and the SAS software (v.9.4 SAS Institute, Cary, NC, USA). The
dataset included four zero values for weekly mean of MVPA.
Given that zeros cannot be included in CoDA, these values were
imputed close to 1min using the R package robCompositions.
An isometric logratio (ilr) transformation was used to map the
compositional data into real-valued coordinates, which reduces
the dimensionality of the data and allows standard statistical
methods to be used [17]. We used pivot coordinates, the specific
type of ilr coordinates, that are a set of ilrs where the first coor-
dinate enables one part of the composition (for instance sleep)
to be considered relative to the remaining parts of the composi-
tion (i.e., SED, LPA, and MVPA), resulting in four sets of pivot
coordinates [16, 18]. The description of the formation of the ilr
coordinates is presented in Table S1.

To examine the association of 24-h movement behavior compo-
sition with incidence of cardiovascular risk factors, Cox propor-
tional hazards models for each movement behavior were used to
estimate hazard ratios (HRs) and 95% confidence intervals (CIs)
per one unit increase in ilr coordinates. In each model, three
ilr coordinates were entered as separate variables along with
covariates. Model 1 was adjusted for sex and age, while Model
2 was additionally adjusted for occupation and risky health be-
haviors (smoking or heavy alcohol consumption).

To illustrate how the risk of any incident cardiovascular risk
factors varied between different 24-h movement behavior com-
positions, the previously described Cox Regression Model 2 (ad-
justed for sex, age, occupation, and risky health behaviors) was
used to estimate HRs for simulated 24-h movement behavior
compositions ranging within the values observed in the study
sample. The mean 24-h movement behavior composition among
the large study sample providing valid accelerometer data
(n=953) was used as the reference. The mean 24-h movement
behavior composition included 7.8 h sleep, 11.0h SED, 4.2h LPA,
and 60min MVPA. The resulting compositions were visualized
as heat map ternary plots.

To further aid the interpretation of the findings, the composi-
tional isotemporal substitution model [35] was used to estimate
the effect of theoretical reallocations between 24-h movement
behaviors on the risk of incident individual and any cardio-
vascular risk factors. Again, the mean 24-h movement behav-
ior composition (sleep 7.8h, SED 11.0h, LPA 4.2h, and MVPA
60min) was used as the reference and HR and 95% CI was pre-
dicted based on the Cox Regression Model 2. The size of the re-
allocations was set to range in 10-min increments from 10 min to
60min, except for reallocations from MVPA to other movement
behaviors, where the maximum reallocation amount was set to
be below the mean MVPA level (60 min) to avoid reducing MVPA
to zero. Additionally, to examine how the theoretical effects de-
pend on the baseline level of MVPA, the mean 24-h movement
behavior composition of the lowest tertile of MVPA (sleep 7.9,
SED 12.1h, LPA 3.6h, and MVPA 24 min) was used as a refer-
ence and HRs and 95% CIs were predicted for this group as well.

Finally, as a sensitivity analysis, to account for potential reverse
causation, Cox proportional hazard models were repeated after
excluding cases occurring during the first year of the follow-up
(n=9-34). Moreover, given that the association between sleep
and cardiovascular risk factors may be U-shaped [13, 14], we
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tested the interaction between the first ilr coordinate (e.g., one
behavior in relation to the remaining behaviors) and three-level
indicator of the sleep level. Sleep was categorized to (1) “short
sleep,” that is, < 7h of sleep per night; (2) “sufficient sleep,” that
is, between 7 and 9 h of sleep per night; and (3) “long sleep,” that
is, more than 9h of sleep per night based on the latest recom-
mendations on healthy sleep range [36]. Interactions were sig-
nificant for incident hypertension and any of the cardiovascular
risk factors examined; thus, we conducted sensitivity analyses
by excluding short and long sleepers. To account for the pos-
sible effect of total accelerometer wear time per measurement
day (from bedtime to bedtime) on the results, we also conducted
a sensitivity analysis taking into the mean total accelerometer
wear time per measurement day in the age- and sex-adjusted
models.

3 | Results

Baseline characteristics of the study populations are presented
in Table 1. A majority of the participants were women (84%-
87%) and nonmanual workers (67%-69%). Less than one-tenth
had risky health behaviors (heavy alcohol consumption and/
or smoking). During the follow-up, 84 (17%) cases of new-onset
hypertension, 66 (9%) dyslipidemia, 28 (3%) type 2 diabetes,
and 43 (6%) obesity were recorded. Among the risk-factor free
participants (n=355), 94 (26%) incident cases of any of these
cardiovascular risk factors were recorded. The follow-up times
for each outcome varied slightly and are shown in Table 1. The
current study population was slightly younger, leaner, included

more nonmanual workers, and reported more physical activity,
less risky health behaviors, and better health compared with the
FIREA survey-only study population (Table S2).

Figure 2 illustrates the risk of any incident cardiovascular
risk factor across different 24-h movement behavior composi-
tions, using the mean 24-h movement behavior composition as
a reference (marked in the figure as black triangle). Different
combinations of 24-h movement behaviors seemed to produce
similar risk reductions (Figure 2A—D, green areas). However,
the proportion of MVPA in relation to the remaining behaviors
appeared to be the dominant behavior in reducing risk. Lower
MVPA in relation to the remaining behaviors resulted in higher
risk, whereas lower risks were observed with higher MVPA
(Figure 2A-C).

Higher MVPA in relation to the remaining behaviors was asso-
ciated with a lower risk of incident hypertension, obesity, and
any cardiovascular risk factor, whereas no associations were ob-
served for incident dyslipidemia or type 2 diabetes (Table S3).
Figure 3 illustrates the theoretical effects of reallocating time
between MVPA and the remaining behaviors, using the mean
24-h movement behavior composition as a reference (sleep 7.8 h,
SED 11.0h, LPA 4.2h, and MVPA 60min). The estimates and
their CIs are given in Table S4. Compared to the mean 24-h
movement behavior composition, having 10min less MVPA
and 10 min more sleep, SED, or LPA was associated with 7%-9%
higher risk of incident hypertension, 13%-17% higher risk of
incident obesity, and 7%-9% higher risk of any incident cardio-
vascular risk factor. In contrast, having 10min more MVPA

TABLE1 | Baseline characteristics of the participants included in different cardiovascular risk factor outcome analyses.

Type 2
Hypertension diabetes Any cardiovascular
n=492 Dyslipidemia n =697 n=3866 Obesity n =749 risk factor n=355

Follow-up time 3.0(1.2) 3.3(1.0) 3.3(1.0) 3.3(0.7) 2.8(1.2)
(years), mean (SD)
Age (years), mean 62.4(1.1) 62.4(1.1) 62.4(1.1) 62.4(1.1) 62.4 (1.0)
(SD)
Women, 1 (%) 411 (84) 604 (87) 736 (85) 634 (85) 306 (86)
Occupation, n (%)

Nonmanual 330 (67) 479 (69) 591 (68) 517 (69) 240 (68)

Manual 162 (33) 218 (31) 275 (32) 232(31) 115 (32)
Risky health 37(8) 49 (7) 66 (8) 56 (7) 26 (7)
behavior?, n (%)
Incident cases, n (%) 84 (17) 66 (9) 28 (3) 43 (6) 94 (26)
Number of valid 7.5 (7-8) 7.5 (7-8) 7.5 (7-7) 7.5 (7-7) 7.6 (7-8)
accelerometer
measurement days,
mean (IQR)
Compositional mean, 7.8,10.8, 4.3, 64 7.8,11.0,4.2, 60 7.8,11.0, 7.8,10.9, 4.3, 63 7.8,10.7, 4.4, 66
sleep (h), SED (h), 4.2, 60

LPA (h), and MVPA
(min)

Including current smoking or heavy alcohol consumption.
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FIGURE 2 | Heat map ternary plots (A-D) illustrating the association of 24-h movement behaviors with the incidence of any cardiovascular risk

factor (hypertension, dyslipidemia, type 2 diabetes, or obesity) compared to the mean 24-h movement behavior composition used as the reference

composition (sleep 7.8h, SED 11.0h, LPA 4.2h, and MVPA 60min), indicated as black triangle. Range of proportions of 24-h movement behaviors

reflects observed data in the study sample and color scale hazard ratios (HRs).

and 10min less sleep, SED, or LPA was associated with 5%-7%
reduction in the risk of incident hypertension, 10%-13% risk
reduction in incident obesity, and 6%-7% risk reduction in any
incident cardiovascular risk factor.

Regarding other 24-h movement behaviors, longer sleep time in
relation to the remaining behaviors was associated with a lower
incidence of type 2 diabetes, whereas higher SED and LPA were
associated with higher incidence (Table S3). The theoretical ef-
fects of reallocating time between sleep, SED and LPA, and the
remaining behaviors are illustrated in Figures S1-S3. Both re-
placing SED or LPA with sleep, and replacing SED with MVPA
were associated with a lower risk (Figures S1-S3). Reallocations
between sleep and MVPA were not associated with significant
changes in the risk (Table S4). For instance, replacing 10 min of
SED or LPA with sleep was associated with 10% lower risk and
replacing SED with MVPA with 8% lower risk of incident type 2
diabetes. However, these results should be interpreted with cau-
tion due to small event rate for type 2 diabetes.

Finally, to examine the benefit of increasing physical activity
among the least active participants in the current study popu-
lation, theoretical effects of time reallocations using the mean
24-h movement behavior composition among the lowest MVPA
tertile as a reference were calculated (Figure S4). Compared
to the mean 24-h movement behavior composition (sleep 7.9h,

SED 12.1h, LPA 3.6h, and MVPA 24 min), having 10min more
MVPA and 10min less sleep, SED, or LPA was associated with
12%-14% reduction in the risk of incident hypertension, 22%-
24% of incident obesity, and 13%-14% of any incident cardiovas-
cular risk factor.

A sensitivity analysis excluding incident cases occurring during
the first year of the follow-up did not alter interpretation of the
main results (Table S5). After excluding short sleepers, longer
sleep relative to the remaining behaviors was associated with a
higher incidence of hypertension, whereas higher SED was as-
sociated with a lower incidence of hypertension (Table S6). In
contrast, excluding long sleepers did not change interpretation
of the findings (Table S7). Additional adjustment for the total
accelerometer wear time per measurement day did not change
interpretation of the results (Table S8).

4 | Discussion

This study among 60-year-old adults demonstrated that higher
amount of MVPA in relation to the remaining behaviors was as-
sociated with a lower incidence of hypertension and obesity at a
mean of 3-year follow-up. Lower incidence of any cardiovascu-
lar risk factor (hypertension, dyslipidemia, type 2 diabetes, or
obesity) was also observed among risk-factor free individuals.
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FIGURE 3 | Hazard ratios (HRs) of incident individual and any cardiovascular risk factor for theoretical time reallocations between MVPA and

sleep, SED, and LPA. Dashed line represents the mean 24-h movement behavior composition used as the reference composition (sleep 7.8h, SED

11.0h, LPA 4.2h, and MVPA 60 min).

No significant associations were found for dyslipidemia. There
was some indication that more sleep and less SED and LPA may
be associated with a lower risk of incident type 2 diabetes.

Our findings broaden previous knowledge from the CoDA-
based cross-sectional studies on the association between device-
measured 24-h movement behaviors, cardiovascular indicators
[18, 19], and prevalent cardiovascular risk factors [25-27] as
well as prospective studies that have used self-reports to esti-
mate 24-h movement behaviors [23, 24]. Our findings are in line
with large cross-sectional harmonization studies showing that
reallocating time from other movement behaviors to MVPA is
associated with lower BMI [18] and systolic and diastolic blood
pressure [19]. Our study also aligns with a previous prospective
device-based study among middle-aged adults from the United
States, suggesting that reallocating time from SED or LPA to
MVPA was associated with lower odds of cardiovascular risk
and/or functional burden (defined as > 2 risk factors including
hypertension, hypercholesterolemia, type 2 diabetes, reduced
kidney function, and/or reduced physical functioning and de-
pressive symptoms) 10years later [37]. However, unlike in the
current study, the study of Full et al. [37] did not consider sleep,
and they did not use compositional isotemporal substitution
analysis, accounting for the codependency between movement
behaviors [35].

We observed that the risk of incident hypertension and obesity
associated with decreasing MVPA was substantially larger in
absolute terms compared to the risk reduction associated with
increasing MVPA. This commonly reported asymmetry was
particularly pronounced in the case of obesity. This is consistent
with the exercise physiology principles implicating that decon-
ditioning begins rapidly when physical activity levels drop, but
it takes much more time to improve health/fitness by exercise
overload [16, 38].

Animportant observation was that among the least active adults,
the benefits of increasing MVPA are larger than in the general
population. Our findings suggest that the risk reduction in hy-
pertension, obesity, and any of these cardiovascular risk factors
associated with having 10 min more MVPA was nearly twofold,
when MVPA was increased from the lowest level observed in
the current study population (24 min/day) in comparison to the
mean level (60min per day). These findings are consistent with
a previously observed curvilinear association between device-
measured MVPA and incident CVD [20, 39]. For instance,
in the device-based study by Yerramalla et al. [20] involving
70-year-olds adults from the Whitehall II study (from the UK),
theoretical risk reductions in incident CVD associated with a
10-min increase in MVPA were 13% among those with 10min
of MVPA compared to 6% among those with 30 min of MVPA.
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Recent findings related to all-cause mortality [40] suggest that
different combinations of 24-h movement behaviors associate
with similar reductions in health risks (for instance, similar
risk reduction could be achieved by replacing small amounts of
SED with MVPA without changing LPA or high amounts of SED
with LPA without changing MVPA). Some implications toward
this were also seen in our heat map ternary plots. However,
our study and the study of Yerramalla et al. [20] underline that
MVPA seems to be the dominant behavior associated with in-
cidence of cardiovascular risk factors and CVD, while varying
proportions of sleep, SED, and LPA did not seem to associate
with notable changes in the risks.

The role of 24-h movement behaviors in preventing incidence
of type 2 diabetes seems to be more complex. Theoretically, re-
placing SED with MVPA was associated with a lower incidence
of type 2 diabetes, but similar associations were also observed
for replacing SED or LPA with sleep. However, these findings
should be interpreted with caution due to low incidence of type
2 diabetes in our study sample (3%). Therefore, further studies
with more cases of new-onset type 2 diabetes are needed to
elaborate the association of 24-h movement behaviors with in-
cidence of type 2 diabetes.

We also observed that baseline sleep level affected the associa-
tions between 24-h movement behaviors and incidence of hyper-
tension. After exclusion of short sleepers, longer sleep appeared
to associate with higher incidence of hypertension. This might
be related to the previous experimental evidence that sleep ex-
tension from insufficient level improves cardiovascular health
[41], whereas long sleep has been associated with higher inci-
dence of hypertension [13], also known as U-shaped association
between sleep duration and cardiovascular health [13, 14].

Our study suggests that daily MVPA may be important in pre-
venting incident hypertension and obesity, especially among
the least active 60-year-old adults. Increasing MVPA may be
optimally pursued by minimizing the time spent sedentary,
as sufficient sleep [13-15] and LPA [9, 42] have been shown to
prevent cardiovascular risks. Our findings also highlight that
even maintaining current MVPA levels may prevent the rel-
atively high estimated increase in cardiovascular risks that is
observed when MVPA decreases. Possible ways to preserve or
increase MVPA among late middle-aged adults is to engage in
active commuting, which has been observed to be an important
source of daily MVPA in this age group [43]. Other strategies to
increase MVPA could include supervised exercise programs and
self-guided exercises. Additionally, many household chores and
gardening may fulfill the energy expenditure requirements of
MVPA among adults aged 60years or older.

The major strengths of this study are a prospective study design,
device-based measurement of all 24-h movement behaviors, and
register-based follow-up for hypertension, dyslipidemia, and
type 2 diabetes [31, 32]. Moreover, we used state-of-art statisti-
cal methods to account for the codependency between the 24-h
movement behaviors.

Our study naturally has some limitations. Obesity was defined
using self-reported height and weight, which may have led to
an underestimation of its prevalence and incidence. However,

the hazard curves of new-onset diabetes of participants with
obesity defined from hospital discharge registers do not differ
from hazard curves in participants with obesity defined from
self-reports [44]. Thus, obesity based on self-reports is unlikely a
source of a major bias in our study. The follow-up time was rela-
tively short (mean of 3years, up to 6years), and the incidence of
cardiovascular risk factors, especially type 2 diabetes and obe-
sity, was low, limiting the robustness and generalizability of the
findings. Therefore, further studies are needed to examine asso-
ciations between 24-h movement behaviors and incident cardio-
vascular risk factors in the long term. The possibility of reverse
causation cannot be fully eliminated, but excluding cases occur-
ring during the first year of the follow-up did not alter interpre-
tation of the results. Our study was observational and utilized
data on 24-h movement behaviors from one time point; thus, we
were unable to examine how actual changes in 24-h movement
behavior and long-term engagement in movement behaviors af-
fect cardiovascular risks. In addition, with threshold-based data
processing methods for wrist-worn accelerometers, it is not pos-
sible to differentiate standing from sitting positions; thus, there
might be some misclassification between SED and LPA. Our
accelerometer-based sleep estimates reflected time in bed rather
than biological sleep, and we were not able to consider sleep
quality. In our study population, the mean physical activity
levels estimated by a wrist-worn accelerometer were relatively
high (50-60min of MVPA per day). However, similar levels
have been reported in another wrist-accelerometer-based study
among older adults applying similar data processing methods
[45]. Finally, there is also a possibility that unmeasured con-
founding factors, for example, diet, affected our findings.

Regarding generalizability of the findings, our study popula-
tion consisted of individuals who were in the working life after
age of 60years and were thus healthier and better functioning
than general population of the same age. When compared to the
FIREA survey-only study population, the current study pop-
ulation with valid accelerometer data was healthier and more
physically active. Thus, possible selection to the current study
likely weakened the observed associations. However, as we
found associations between 24-h movement behaviors and in-
cident cardiovascular risk factors even in this relatively healthy
study population, the observed associations can be expected to
be stronger in a more representative study population. These is-
sues should be taken into account when interpreting the gener-
alizability of the findings.

5 | Perspective

In recent years, there has been a growing interest in examin-
ing sleep, sedentary behavior, and physical activity, that is, 24-h
movement behaviors, as constraints of a 24-hday. Previous
knowledge on the associations between these behaviors and
cardiovascular risk factors has mainly been based on cross-
sectional studies and self-reported data on movement behav-
iors. Therefore, we carried out device-based 24-h measurements
among late middle-aged adults to explore how the composition
of these behaviors is associated with the incidence of cardiovas-
cular risk factors over a mean follow-up period of 3years. Our
study revealed that a higher amount of MVPA in relation to
the remaining behaviors was associated with a lower incidence
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of hypertension and obesity, especially among the least active
participants. This suggests that daily MVPA may play a crucial
role in preventing hypertension and obesity, and even a small
increase in daily MVPA could benefit those who are physically
less active. Future intervention studies are needed to examine
how changes in 24-h movement behaviors can impact the onset
of cardiovascular risk factors.
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