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Abstract

Background The distribution of time across physical activity, sedentary behaviors, and sleep appears to be essential for the
management of obesity. However, the impact of reallocating time among these behaviors, collectively known as 24-h move-
ment behaviors, remains underexplored.

Objective This study examines the theoretical effects of reallocating time between 24-h movement behaviors on obesity
indicators across different age groups.

Methods We performed a pooled data meta-analysis of 9818 participants from 11 observational and experimental studies. To
estimate the time spent in movement behaviors, we reprocessed and harmonized individual-level raw accelerometer-derived
data. Isotemporal substitution models estimated theoretical changes in body mass index (BMI) and waist circumference
(WC) associated with time reallocation between movement behaviors. We performed the analysis separately for children,
adolescents, adults, and older adults.

Results Even minor reallocations of 10 min led to significant changes in obesity indicators, with pronounced effects observed
when 30 min were reallocated. The most substantial adverse effects on BMI and WC occurred when moderate-to-vigorous
physical activity (MVPA) was reallocated to other movement behaviors. For 30-min reallocations, the largest increase in BMI
(or BMI z-score for children) occurred when MVPA was reallocated to light-intensity physical activity (LPA) in children
(0.26 units, 95% confidence interval [CI] 0.15, 0.37) and to sedentary behavior (SB) in adults (0.72 kg/mz, 95% CI10.47, 0.96)
and older adults (0.73 kg/m2, 95% CI 0.59, 0.87). The largest increase in WC was observed when MVPA was substituted
with LPA in adults (2.66 cm, 95% CI 1.42, 3.90) and with SB in older adults (2.43 cm, 95% CI 2.07, 2.79). Conversely, the
highest magnitude of the decrease in obesity indicators was observed when SB was substituted with MVPA. Specifically,
substituting 30 min of SB with MVPA was associated with a decrease in BMI z-score by —0.15 units (95% CI—0.21,—0.10)
in children and lower BMI by —0.56 kg/m* (95% CI —0.74, —0.39) in adults and by —0.52 kg/m? (95% CI—0.61,—0.43) in
older adults. Reallocating time away from sleep and LPA showed several significant changes but lacked a consistent pattern.
While the predicted changes in obesity indicators were generally consistent across age groups, inconsistent findings were
observed in adolescents, particularly for reallocations between MVPA and other behaviors.

Conclusions This investigation emphasizes the crucial role of MVPA in mitigating obesity risk across the lifespan, and the
benefit of substituting SB with low-intensity movement behaviors. The distinct patterns observed in adolescents suggest a
need for age-specific lifestyle interventions to effectively address obesity. Emphasizing manageable shifts, such as 10-min
reallocations, could have significant public health implications, promoting sustainable lifestyle changes that accommodate
individuals with diverse needs, including those with severe obesity.
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Our findings reinforce the importance of moderate-to-
vigorous physical activity in the management of obesity
and provide novel evidence that benefits can be derived
from the substitution of sedentary time, even with
lighter-intensity activities.

Positive effects on obesity may be possible by targeting
modest lifestyle changes that are feasible and sustain-
able for a broad range of individuals, including those
with severe obesity, low physical capabilities, and other
associated health conditions.

Although our findings were generally consistent across
age groups, adolescents may require age-specific inter-
ventions.

1 Introduction

Despite encouraging evidence of a plateau in obesity preva-
lence in high-income countries, the global trend continues to
rise, driven by a sharp increase in emerging countries [1, 2].
According to a recent projection of the World Obesity Fed-
eration [2], the global population of those living with obesity
is expected to exceed 2 billion by 2035, corresponding to an
increase from 14 to 24% within 15 years. The cost of obesity
and related diseases is expected to rise dramatically. If cur-
rent trends persist, the economic impact of overweight and
obesity will surpass 3% of global gross domestic product
in the coming decades and lower resourced countries will
bear the largest economic burden [3]. Obesity, therefore, is
a critical global health challenge that requires immediate
policy actions to mitigate its impact on global health and
development.

Addressing obesity is challenging owing to its multifac-
torial nature. Although modern approaches to managing
obesity recognize many genetic and environmental drivers
[4, 5], lifestyle changes remain foundational to any weight
loss and maintenance efforts [6]. Regular physical activity
is considered an essential component of lifestyle change,
complementing the benefits of dietary change [7] and
improving the efficacy of modern pharmacological ther-
apy [8]. Physical activity is also effective as a stand-alone
intervention [9]. However, achieving long-term benefits
from lifestyle interventions can be challenging as various
barriers hinder engagement with regular physical activity,
especially among those living with chronic conditions [10].

Substituting prolonged sedentary behavior (SB) with light-
intensity physical activity (LPA) may help counter these
issues and is advised as an initial step to improve adherence
and facilitate a progressive transition to moderate-to-vig-
orous physical activity (MVPA) [11]. Sleep is also crucial
for obesity management [12, 13] and should be integrated
into multicomponent intervention strategies. Thus, a holis-
tic approach to addressing obesity that encompasses all
daily movement behaviors, collectively referred to as 24-h
movement behaviors (i.e., sleep, SB, and physical activ-
ity of different intensities), has the potential to enhance
the effectiveness and sustainability of obesity intervention
efforts [14].

A substantial amount of research highlights the potential
to reduce the risk of obesity through the reallocation of
time between 24-h movement behaviors [15, 16]. A recent
scoping review [17] indicates that the reallocation of time
from any other behavior to MVPA is associated with the
greatest improvements in obesity indicators. Additional
benefits can be achieved by reallocating time to sleep and
LPA. The review also revealed an inconsistency in the find-
ings depending on age, highlighting the need to expand our
understanding of how the reallocation of time between
movement behaviors influences obesity indicators at dif-
ferent stages of life. Studying the interaction of movement
behaviors across the lifespan is vital for developing lifestyle
interventions tailored for specific age groups [18]. However,
itis challenging to draw general recommendations based on
previous research. This is mainly because most previous
studies have concentrated on specific age groups, and often
have small sample sizes with limited geographical represen-
tation. Additionally, there is considerable variation in meth-
odologies used for processing device-measured data on 24-h
movement behaviors, further complicating the derivation of
guidelines. To help bridge this evidence gap, we designed
the present study to pool harmonized individual partici-
pant data from 11 geographically diverse observational and
experimental studies of varied cohorts, with high-resolution
accelerometer-derived data on 24-h movement behaviors.
We employed the compositional isotemporal substitution
approach [19] to estimate theoretical changes in obesity
indicators associated with time reallocations between sleep,
SB, LPA, and MVPA across different age groups.

2 Methods

This study is a secondary analysis of an individual participant
data study that aimed to examine the relationships between
sleep and physical activity across the lifespan. The current
analysis adheres to the original protocol [20] in most meth-
odological aspects, and any deviations from the original pro-
tocol are described in this section. The Preferred Reporting
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Items for a Systematic Review and Meta-analysis of Indi-
vidual Participant Data (PRISMA-IPD) guidelines for meta-
analysis of individual participant data were followed [21].

2.1 Search Strategy and Inclusion Criteria

A multi-level search strategy was employed to identify poten-
tially relevant studies. This involved the following steps: (1)
searching for relevant studies included in the reference list
of the most recent systematic reviews covering the objective
of the primary analysis; (2) mapping the literature using the
relevant studies from Step 1 as “seed studies”; (3) searching
for unpublished research and gray literature in the clinical
trials registers (International Clinical Trials Registry Plat-
form [ICTRP], International Standard Randomised Con-
trolled Trial Number [ISRCTN], and Australian New Zealand
Clinical Trials Registry [ANZCTRY]) and the Open Science
Framework database; (4) identifying accelerometry consor-
tiums; and (5) directly contacting researchers to identify rel-
evant data sources. Studies were eligible for inclusion if they
provided data on 24-h movement behaviors (i.e., sleep, SB,
LPA, and MVPA) derived from research-grade accelerom-
eters. Raw accelerometer data with a sampling frequency of
30-100 Hz had to be collected using a 24-h wear time pro-
tocol over at least 4 days, including at least 1 weekend day.
To be included, the study sample size had to be more than
400 participants older than 4 years. All studies included in
the pooled data meta-analysis had to have been approved by
their local institutional ethics committees, and all participants
had to have provided written informed consent.

2.2 Individual Data Processing

After eligible studies were identified, the corresponding
authors were invited to contribute their data to this study.
For experimental studies, only baseline data were requested
to maintain consistency with the observational studies. As
the present study was conducted as a meta-analysis of indi-
vidual participant data, authors who agreed were asked to
provide de-identified individual raw accelerometer 24-h
data and additional individual and study-level data via a
secure file-sharing system. Raw accelerometer data were
reprocessed for harmonization either by researchers at the
lead university or by contributing authors depending on
data sharing agreement requirements for each contributing
research group. After submitting the research protocol [20]
together with letters of agreement from contributing authors,
the Human Research Ethics Committee of the Australian
Catholic University (NSW, Australia) approved the study
under registration number 2020-143N.

The raw data from the wrist-worn accelerometers were
reprocessed using the sleepIPD R package version 0.2.2
[22]. This package ensures standardized processing of

accelerometer files and offers a suite of auxiliary scripts
to streamline metadata generation. The code of sleepIPD
is built upon the GGIR R package, the most widely used
approach for generating 24-h movement behavior outcomes
from raw multi-day accelerometer data [23]. SleepIPD
ensured that the same version of GGIR (version 2.5-1)
was used on all accelerometer data, to minimize the risk
of changes to GGIR impacting the results. This version of
GGIR is capable of processing accelerometer data from a
wide range of formats (e.g.,.csv or.bin), which the various
accelerometer brands use.

GGIR’s algorithms were employed for sleep period detec-
tion [24]. We used Euclidean Norm Minus One thresholds
[25-27] reflecting the age of the participants and the device
brand to estimate the amount of time spent on waking
behaviors (i.e., SB, LPA, and MVPA). The specific age- and
device-specific thresholds are given in the sleepIPD docu-
mentation [22]. To obtain average daily values for the time
spent in each of these behaviors, we used the “waking up to
waking up the next day” approach, which means that a sleep
period is not split by midnight and that the duration of days
vary. Only participants with a minimum of 3 valid week-
days and 1 valid weekend day were included in the analysis.
A day was considered valid if it had an average wear time in
the range of 540-1080 min during wake time, a sleep dura-
tion in the range of 320-900 min, and a combined total of
wake time and sleep of at least 16 h.

2.3 Obesity Indicators

Body mass index was used as a measure of overall obe-
sity and was calculated using height and weight that were
standardized to centimeters and kilograms, respectively. The
World Health Organization body mass index z-score (BMIz)
was calculated for children and adolescents to account for
sex- and age-related differences in height and weight occur-
ring during childhood and adolescence. We used waist cir-
cumference as an indicator of abdominal obesity. This indi-
cator was available for all age groups except adolescents.

2.4 Statistical Analysis

The analysis was conducted using the R software (version
4.3.1) with compositions, nlme, robCompositions, robust-
base, and VIM packages. A p-value of less than 0.05 was
considered statistically significant in all the analyses. To
investigate the effect of time reallocations between move-
ment behaviors on obesity indicators across the lifespan,
the analysis was carried out separately for children (aged
5-12 years), adolescents (aged 13—17 years), adults (aged
18-64 years), and older adults (aged 65 years and older).
Multi-level multivariate regression models were used
to investigate associations between a four-part time-use
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composition (consisting of the time spent in sleep, SB, LPA,
and MVPA) and obesity indicators. All regression models
were mixed models with random intercepts for the study
identification number to account for bias from unmeasured
demographic and methodological deviations between the
included studies. An isometric log-ratio transformation of
a time-use composition was carried out to map the 24-h
movement behavior data into the set of pivot coordinates
(i.e., ilr, ilr,, and ilr;). We built four models, each allow-
ing one movement behavior to be considered relative to the
remaining models with the order of components rearranged
to express each behavior as ilr;. The first coordinate (ilr,)
reflects the dominance of a given behavior over the remain-
ing behaviors within the time-use composition. Therefore,
the final model aggregates the first pivot coordinates from
individual models. The detailed description of this approach
is available elsewhere [19]. Regression models were adjusted
for sex, age, and socioeconomic status for all age groups.
The identification of confounding variables and the descrip-
tion of the sensitivity analysis are detailed in Tables S1 and
S2 of the Electronic Supplementary Material (ESM).

A compositional isotemporal substitution model [19] was
developed to investigate the theoretical changes in obesity
indicators for reallocation of time between sleep, SB, LPA,
and MVPA. To ensure that predicted values were compa-
rable between age groups, the reallocations were based
on the regression models with an identical set of covari-
ates. One-for-one reallocations were used to estimate the
changes in obesity indicators associated with time realloca-
tions between two components of the time-use composition
(e.g., from SB to MVPA and vice versa). This approach ade-
quately reflects the compositional nature of time-use data,
is the most frequently used in previous research [17], and
is the most suitable for public health messaging. The mean
time-use composition (i.e., compositional mean) was used
as the starting point for prediction purposes with 10-min
increments up to 60 min/day. The predicted changes were
considered significant when the 95% confidence interval
(CD did not include zero.

3 Results

Among the studies that consented to contribute individual
participant data for the primary study, 11 studies [28-38]
agreed to share data for this secondary analysis (Table 1).
The included studies were conducted in the European region
(n=5), the Western Pacific region (n=4), and the region
of the Americas (n=2). Most studies were representative
of countries with a very high human development index
(n=10) except for one that represented a country with a high
human development index (Brazil). Data on BMI were avail-
able from all included studies and five studies provided data

on waist circumference. Most studies were cross-sectional
and used GENEActiv accelerometers for analyzing 24-h
movement behaviors over a minimum of 7 days.

The total sample included 12,013 participants from which
2195 were excluded (see Fig. S1 of the ESM for reasons),
mostly because participants did not meet wear time criteria
or had highly suspicious activity data for movement behav-
iors (i.e.,> 3 standard deviations). Thus, the final analytic
sample included 9818 participants of which 21% were
children, 13% were adolescents, 15% were adults, and 51%
were older adults. In the final sample, there were 59,732
valid accelerometer-derived person-days. The mean values
of average acceleration indicated an age-related decline in
the volume of activity, from 79.2 +23.3 mg in children to
30.9 +9.2 mg in older adults (Table 2). Children had higher
BMIz compared with adolescents (0.62+ 1.26 units vs
0.25 + 1.08 units), which corresponded to the higher amount
of overweight and obese participants in this age group (37%
vs 24%). Although the mean BMI and waist circumference
were almost equal in adults and older adults, the prevalence
of overweight and obesity was greater by seven percent
points in older adults (66%). The proportion of underweight
participants was low (<2%) across all age groups. Data on
waist circumference were available for 71% of participants
included in the final analytic sample.

Estimated theoretical changes in BMIz and BMI asso-
ciated with 30-min one-for-one reallocations between the
components of the 24-h time-use composition are pre-
sented in Table 3. Increased obesity indicators were seen
when participants substituted sleeping time for SB. Spe-
cifically, BMIz increased by 0.08 units (95% CI 0.04, 0.12)
and 0.04 units (95% CI 0.001, 0.08) in children and ado-
lescents, respectively, and BMI increased by 0.21 kg/m?
(95% CI 0.09, 0.33) in adults and 0.24 kg/m?* (95% CI
0.18, 0.30) in older adults, respectively. The BMIz also
increased when time from sleep was relocated to LPA in
children and adolescents. Except for adolescents, obesity
indicators increased when participants substituted time
spent in MVPA with any other movement behaviors. The
greatest unfavorable changes were found when 30 min of
MVPA was reallocated to LPA in children (0.26 units,
95% C10.15, 0.37) and to SB in adults (0.72 kg/m?, 95%
CI10.47, 0.96) and older adults (0.73 kg/m2, 95% CI 0.59,
0.87). In contrast, the greatest favorable changes in obesity
indicators occurred when time spent in SB was replaced
with time in MVPA in children (-0.15 units, 95% CI -0.21,
~0.10), adults (—0.56 kg/m?, 95% CI —-0.74, —0.39), and
older adults (-0.52 kg/mz, 95% CI -0.61, —0.43). Several
significant changes were also found for substituting LPA
with other movement behaviors, but without any apparent
pattern.

As shown in Tables S3 and S4 of the ESM, most
changes remained statistically significant even with
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Table 1 Characteristics of studies included in the analysis

Study name? Country Study design ~ Year of No. of partici- Age groups Obesity indica-  Accelerometer type
data col- pants (% female, tors (wear location,
lection % included in the sampling interval,

analytic sample) wear days)

Active-Start study Chile Cross-sectional 2018 149 (39%, 74%)  Children BMI GENEACctiv (NDW,

[28] 87.5Hz, 7)

Active Team Australia RCT 2017-18 371 (73%, 52%)  Adults, older BMI® GENEACctiv (NDW,

study [29] adults 50 Hz, 7)

Burn 2 Learn Australia RCT 2018-19 460 (47%,41%)  Adolescents, BMI ActiGraph GT9X
study [30] adults (NDW, 30 Hz, 7)
iPLAY study [31] Australia RCT 2016-17 1097 (50%, 72%) Children BMI GENEACctiv (NDW,

87.5 Hz, 8)

MOVI-dalO! Spain RCT 2017-18 196 (48%, 78%)  Children BMI, WC GENEACctiv (NDW,

study [32] 30 Hz, 7)
PEDALS study New Zealand Cross-sectional 2015 699 (61%, 81%) Children, adults BMI, WC ActiGraph
5(33] GT3X + (NDW,
30 Hz, 8)
PREVIENE study Spain RCT 2017 361 (47%,90%)  Children BMI, WC ActiGraph wGT3X-
[34] BT + (NDW,
90 Hz, 7)

Seniors- Spain Cohort 2015-17 2452 (53%, 88%) Older adults BMI, WC ActiGraph GT9X

ENRICA-2 (NDW, 100 Hz,
study [35] )

Study 1 [36] Brazil Cross-sectional 2019 795 (50%, 76%) Adolescents, BMI ActiGraph

adults GT3X + (NDW,
30 Hz, 7)
Study 2 [37] Czechia Cross-sectional 2018-22¢ 1231 (52%, 68%) Children, adoles- BMI ActiGraph
cents, Adults GT3X +and
GT9X
(NDW, 100 Hz, 7)
Whitehall 2 study UK Cross-sectional 2012-13 4202 (26%, 93%)°  Adults, older BMI, WC GENEACctiv (NDW,
[38] Adults 87.5 Hz, 9)

BMI body mass index, NDW non-dominant wrist, RCT randomized controlled trial, UK United Kingdom, WC waist circumference

If available a reference to the study design is presented
bSelf-reported data

“Data were collected before (2018-19) and after (2022) the coronavirus disease 2019 pandemic

4National sample

10-min reallocations and became more clinically relevant
when 60 min were reallocated. Furthermore, the gradi-
ent of changes was symmetric as an almost similar mag-
nitude of changes was identified for opposite reallocations
(Figs. S2-S5 of the ESM). For example, an almost iden-
tical magnitude of change in BMIz was found for 10-min
(-0.03 vs +0.03 units), 30-min (+0.08 vs —0.08 units), and
60-min reallocations (-0.15 vs+0.16) between sleep and
SB in children.

Table 4 presents theoretical changes in waist circumfer-
ence associated with reallocation of 30 min of one move-
ment behavior to another. Waist circumference increased
when time spent in MVPA was reallocated to other move-
ment behaviors in adults and older adults. The highest gain
in waist circumference was observed when substituting
MVPA with LPA in adults (2.66 cm, 95% CI 1.42, 3.90) and

with SB in older adults (2.43 cm, 95% CI12.07, 2.79). Substi-
tuting SB with MVPA in adults and with all other movement
behaviors in older adults was associated with a significant
decrease in waist circumference. There were also significant
changes in waist circumference when time spent in sleep and
LPA was reallocated in favor of other movement behaviors,
but no apparent pattern was found. Changes in waist circum-
ference remained significant even with 10-min reallocations
and became more clinically relevant with 60-min realloca-
tions as shown in Tables S5 and S6 of the ESM. The gradi-
ent of changes was asymmetric (Figs. S6-S8 of the ESM).
For example, increasing MVPA at the expense of time spent
in SB was associated with decreasing waist circumference
by — 1.69 cm (95% CI —1.92, —1.46) in older adults, while
gains in waist circumference by 2.43 cm (95% CI12.07, 2.79)
were found for an opposite reallocation.
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Table 2 Characteristics of the
study participants

4 Discussion

Children
n=2103

Adolescents Adults
n=1234 n=1481

Older Adults
n=>5000

Mean SD Mean SD Mean SD Mean SD

Age (years) 94 1.3 16.1 1.3 55.5 13.6  72.0 4.5
Sex (n, % of n)
Male 1027 488 592 48.0 892 60.2 3107 62.1
Female 1076 512 642 52.0 589 39.8 1893 37.9
Adiposity indicators
BMI (kg/m?) 18.1 33 219 3.8 26.8 5.0 27.0 43
BMI z-score 0.62 1.26  0.25 1.08 N/A N/A  N/A N/A
Waist circumference (cm)®  61.5 8.8 N/A N/A 96.1 12.5 96.0 11.8
Movement behaviors (rnin/day)b
Sleep 545.2 353 4397 38.8  474.1 40.4 4682 40.1
Sedentary behavior 591.8 49.7 7519 445 7269 499  758.6 46.4
LPA 229.0 383 2134 353 143.7 40.0 1414 37.3
MVPA 74.0 76.7 350 814 953 69.7 71.8 76.2
Weight status (n, % of n)
Underweight 24 1.1 14 1.1 23 1.6 50 1.0
Normal weight 1300 61.8 927 75.1 585 39.5 1657 33.1
Overweight 446 213 218 17.7 549 37.0 2280 45.6
Obese 333 158 75 6.1 324 21.9 1013 20.3
Socioeconomic status (n, % of n)
Low 336 16.0 139 11.3 53 3.6 1659 33.2
Medium 556 264 581 47.1 731 494 2125 42.5
High 604 28.7 476 38.5 549 37.0 1214 24.3
Missing 607 289 38 3.1 148 100 2 <0.1
Accelerometer characteristics
Wear time (min/day) 1423.8 315 14132 362 14392 213 14404 163
Average acceleration (mg) 79.2 233 454 126 37.1 11.2 309 9.2
Number of valid days® 6 2 6 0 7 1 7 2

BMI body mass index, LPA light-intensity physical activity, MVPA moderate-to-vigorous physical activity,
N/A not applicable, SD standard deviation

“There were missing data for this variable in children (n=1216), adults (n=179), and older adults (n=7).
No data were available for adolescents

Values are presented as robust compositional mean and variance expressing the total variance related to
a given time-use component

“Median and interquartile range

MVPA was reallocated to other movement behaviors. In
contrast, reallocations toward MVPA were associated with

In this meta-analysis of individual participant data, we
estimated theoretical changes in obesity indicators associ-
ated with reallocations of time from one 24-h movement
behavior to another. Our study has revealed that even mod-
est reallocations of time (i.e., 10 min) are associated with
significant changes in obesity indicators across the lifes-
pan. Although most of the reallocation of time changes
were consistent across age groups, some inconsistent
results were identified for adolescents. The highest gain
in obesity indicators was found when time allocated to

a decrease in obesity indicators. The highest magnitude
of decrease in the obesity indicators was apparent when
the time spent in SB was substituted with other movement
behaviors. We found several significant changes for reallo-
cations away from sleep and LPA, but there was no pattern
apparent in all age groups. The magnitude of theoretical
changes in BMI was nearly symmetric when opposite real-
locations were compared, but asymmetric changes were
found for waist circumference.

This study underscores the importance of optimizing
daily movement behaviors to manage obesity effectively. In
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Table 3 Estimated theoretical changes in body mass index associated with 30-min reallocations of time between 24-h movement behaviors

Difference (95% CI)*

| Sleep

| SB

| LPA

| MVPA

Children (n =2103)

1 Sleep —0.08 (—0.11,—0.04)

1 SB 0.08 (0.04, 0.12)

1 LPA 0.12 (0.07, 0.17) 0.04 (—0.002, 0.08)

T MVPA —0.08 (—0.14,—0.01) —0.15(—-0.21,—-0.10)
Adolescents (n =1234)

1 Sleep —0.04 (—0.07,0.001)

1 SB 0.04 (0.001, 0.08)

1 LPA 0.08 (0.03, 0.13) 0.04 (0.001, 0.08)

T MVPA 0.05 (—0.04, 0.14) 0.01 (—0.07, 0.09)
Adults (n =1481)

1 Sleep —-0.21 (—0.33,—0.09)

1 SB 0.21 (0.09, 0.33)

1 LPA —0.05 (—0.27,0.18) —0.26 (—0.48,—0.04)

T MVPA —0.34 (—0.56,—0.13) —0.56 (—0.74,—0.39)
Older adults (r =5000)

1 Sleep —0.24 (—0.29,—0.18)

1 SB 0.24 (0.18, 0.30)

1 LPA 0.01 (—0.09, 0.10) —0.24 (—0.33,—-0.14)

T MVPA —0.28 (—0.38,—0.18) —0.52 (—0.61,—0.43)

—0.13 (—0.18,—0.07)
—0.05 (—0.10,—0.01)

—0.20 (- 0.29,—-0.12)

—0.09 (—0.14,—-0.03)
—0.05 (—0.10,—0.003)

—0.04 (=0.15, 0.07)

0.08 (—0.18, 0.34)
0.29 (0.02, 0.55)

—0.27 (=0.66, 0.11)

0.02 (= 0.09, 0.14)
0.26 (0.14, 0.37)

—0.26 (—0.45,—0.08)

0.14 (0.05, 0.24)
0.22 (0.13, 0.30)
0.26 (0.15, 0.37)

—0.08 (=0.35, 0.19)
—0.04 (=0.30, 0.22)
0.002 (—0.29, 0.29)

0.51 (0.24, 0.78)
0.72 (0.47, 0.96)
0.46 (0.05, 0.86)

0.50 (0.35, 0.65)
0.73 (0.59, 0.87)
0.50 (0.29, 0.71)

Row variables represent behaviors that are being increased, while columns show behaviors being decreased. Cells show the effects and their Cls

of replacing a column behavior by the corresponding row behavior

Bold values denote significant change in the obesity indicator

CI confidence interval, LPA light-intensity physical activity, MVPA moderate-to-vigorous physical activity, SB sedentary behavior, 1 increased, |

decreased

3Change in body mass index z-score for children and adolescents and in body mass index (kg/m?) for adults and older adults

general, our findings are consistent with those of a recent
scoping review analyzing associations between reallocations
of time spent in 24-h movement behaviors and health out-
comes [17]. Aligning with our findings, the review indicated
that the most significant changes in health outcomes, includ-
ing adiposity, occur with reallocations toward (i.e., positive
changes) and away (i.e., negative changes) from MVPA.
These findings strongly suggest that MVPA is a key compo-
nent of 24-h movement behaviors and plays a critical role in
the management of obesity across the lifespan. Interestingly,
the lack of significant changes in adolescents highlights the
complexity of obesity management in this specific stage of
life. Potential reasons for this finding might be intensive hor-
monal changes and the influence of varying behavioral and
environmental factors that are specifically associated with
the development of adipose tissue during adolescence [39].
This emphasizes the need for strategies that account for criti-
cal life stages, ensuring that obesity prevention programs are
effectively tailored for specific age groups.

By examining the role of reallocating time towards
MVPA in the management of obesity, our study revealed an

important finding about the variability in the dose—response
relationship. For example, reallocating 10 min from MVPA
to SB was associated with a 10% increase in BMIz in chil-
dren, while a similar reallocation resulted in an increase in
BMI of approximately 1% in adults and older adults. This
discrepancy may be partly explained by the difference in
physical activity patterns between age groups. Previous
research [40] has shown that children are more likely to
engage in physical activity of higher intensity than older
individuals. The present study also identified differences in
activity patterns by age. Average acceleration was highest
among children and decreased for older participants. Addi-
tionally, intensity gradients were more negative in older
participants (unpublished data), indicating that, with age,
people sustain intense activity for shorter durations. These
findings suggest that interventions targeting MVPA may
need to be tailored to age-specific activity patterns to opti-
mize obesity management across the lifespan.

Our study contributes to the growing body of evidence
that emphasizes the importance of adequate sleep duration
in obesity prevention [12, 13]. Favorable changes associated
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Table 4 Estim;ltedI theoretical Difference (95% CI)

changes in waist circumference

(cm) associated with 30-min | Sleep | SB | LPA | MVPA

reallocations of time between

24-h movement behaviors Children (z =418)"
1 Sleep

1 SB 0.55 (=0.10, 1.20)

TLPA  0.91(0.06, 1.76)

T MVPA -0.10 (—1.03, 0.83)
Adults (n =1055)

1 Sleep

1 SB 0.34 (-0.02,0.71)
T LPA 0.35(-0.33,1.02)
1t MVPA
Older adults (n =4993)

1 Sleep

1 SB 0.55 (0.40, 0.70)

T LPA 0.18 (—0.07,0.43)
1t MVPA

—1.65 (—2.28,— 1.02)

—1.13 (—1.40,-0.86)

—0.54 (-1.18,0.10) —0.96 (—1.87,—-0.06) 0.36 (—0.91, 1.64)
-0.43(-1.14,0.28)  0.90 (-0.16, 1.95)
0.35 (=0.29, 0.99) 1.25 (=0.19, 2.70)
—0.66 (—1.35, 0.03) —1.08 (—2.24, 0.08)
—-0.35(-0.71, 0.01) —0.40 (—1.20, 0.40)

—0.07 (= 0.87, 0.74)

2.31 (1.49, 3.14)
2.65 (1.92, 3.39)
2.66 (1.42, 3.90)
—2.06 (—3.24,—0.88)

—0.01 (—0.67, 0.66)
—2.00 (—2.53,—1.47)
—0.55 (—0.69,—0.40) —0.15 (—0.45,0.15)
0.38 (0.08, 0.69)

1.90 (1.51, 2.29)
2.43 (2.07, 2.79)
2.06 (1.50, 2.62)
—1.30 (—1.78,—0.81)

—0.38 (—0.63,—0.13)
—1.69 (—1.92,—1.46)

Row variables represent behaviors that are being increased, while columns show behaviors being
decreased. Cells show the effects and their CIs of replacing a column behavior by the corresponding row

behavior

Bold values denote significant change in the obesity indicator

CI confidence interval, LPA light-intensity physical activity, MVPA moderate-to-vigorous physical activity,
SB sedentary behavior, 1 increased, | decreased

#The analysis was performed on the dataset that included only participants with available socioeconomic

status

with increased sleep duration at the expense of SB observed
in the present study highlight the potential benefits of main-
taining good sleep habits. Therefore, practices such as
avoiding behaviors that can delay bedtime and disrupt sleep
consistency and quality (e.g., excessive screen time prior to
sleep or consumption of energy drinks) should be considered
when designing intervention strategies. The importance of
sleep timing was emphasized in a study by Skjakgdegard
and colleagues [41] who found that children with severe
obesity tended to have a later mid-sleep time and more sleep
problems compared with individuals with normal weight.
The authors also highlighted that short sleep duration and
later sleep timing is associated with obesogenic behaviors,
characterized by increased screen time and reduced MVPA.
Other studies have investigated this topic further, demon-
strating that individuals with shorter sleep durations tend to
allocate their additional waking hours to prolonged SB [42,
43]. This finding suggests a potential link between sleep
deprivation and increased sedentary lifestyles, which could
potentially contribute to obesity risk because of increased
fatigue and reduced motivation to exercise. Future studies
are warranted to investigate this topic more thoroughly as it
was beyond the scope of the present study.

Evidence from cross-sectional and longitudinal studies
[17, 44, 45] supports replacing sedentary time with physical

activity as an effective approach to prevent obesity, espe-
cially among the adult population. The results of the present
study align with these findings, showing the most signifi-
cant reduction in obesity indicators when SB was replaced
with other movement behaviors. Although the most benefi-
cial changes in obesity indicators were observed for real-
locations between SB and MVPA, reallocations from SB
to low-intensity behaviors also showed favorable changes.
Thus, our findings support a stepwise approach to increasing
physical activity levels, beginning with reducing prolonged
and uninterrupted SB by substituting with LPA [11]. Our
results further suggest that even a modest reduction in SB
can lead to meaningful improvements in both BMI and waist
circumference. This highlights the potential benefits of inter-
rupting prolonged SB with brief bouts of physical activity of
any intensity, a behavioral change that could be particularly
feasible in everyday life, including in various settings, and
across diverse populations.

Beneficial associations of LPA with various health out-
comes and mortality have been identified by a growing body
of evidence [46]. Integrating low-intensity activities into
daily routines can therefore contribute to obesity prevention,
as it provides an opportunity to break up prolonged seden-
tary time and increase total physical activity. This behavioral
change may be a first step toward an active lifestyle and may
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be feasible and sustainable even in people with severe obe-
sity and its comorbidities [11]. However, the present study
did not find a consistent trend in the changes in obesity indi-
cators associated with reallocations of time spent in LPA.
The favorable changes were found only when LPA increased
at the expense of SB in adults and older adults. This result
is in line with previous research showing that low-intensity
daily activities contribute to obesity prevention in the adult
population [47].

We found no favorable changes in obesity indicators when
time was reallocated from other intensities to LPA in chil-
dren and adolescents, suggesting that activities of higher
intensity might be necessary to positively impact adiposity
in the pediatric population. However, an increase in obe-
sity indicators was associated with reallocating sleep time
to LPA in these age groups. This finding questions the util-
ity of incorporating LPA into strategies aimed at preventing
childhood obesity. A meta-analysis by Garcia-Hermoso and
colleagues [45] partly answers this question by showing that
increasing LPA at the expense of sedentary time did not lead
to an improvement in adiposity outcomes. Given the varied
findings in the present and previous studies, more research is
needed to clearly determine how LPA can contribute to the
management of obesity throughout the lifespan and identify
the lowest intensity of activity that would result in beneficial
changes in obesity indicators.

The present study demonstrates that optimizing all move-
ment behaviors is required to achieve beneficial changes
in obesity indicators, highlighting the need for a holistic
approach to the management of obesity [14]. This is cor-
roborated by existing evidence [15, 16], which indicates that
adhering to 24-h movement recommendations is associated
with a lower risk of obesity throughout life. A recent study
[48] has explored this further and proposed a sweet-spot
hypothesis [49] to determine the optimal daily durations of
sleep, SB, LPA, and MVPA for maintaining healthy adipos-
ity. Although no clear conclusion can be drawn from these
studies, they outline a direction for future research and the
development of public guidelines. These guidelines should
consider the interactions between 24-h movement behav-
iors and their collective impact on health, with the aim of
establishing a comprehensive approach to the management
of obesity [14].

To facilitate the integration of our findings into public
health messages, we estimated changes in obesity indica-
tors using one-for-one reallocations as this approach is
used most frequently in previous research [17]. Although
such an approach allows simplification of complex results
for straightforward messaging, it may not fully capture
real-life behaviors. This could be particularly true for
reallocating longer episodes of MVPA, as individuals
are more likely to accumulate physical activity in short
bursts rather than in long uninterrupted sessions [50, 51].

Therefore, employing a “one-for-remaining” realloca-
tion approach (e.g., from sleep to SB, LPA, and MVPA)
could more accurately represent real-life scenarios. This
is because individuals generally distribute time from one
behavior across multiple others, rather than to a single
behavior [43]. However, future research is needed to inves-
tigate how individuals reallocate time in various real-life
scenarios and to better understand how the use of time
is influenced by multiple internal and external factors.
Despite these limitations, we believe that our analysis sup-
ports the potential effectiveness of interventions focusing
on behavioral change and offers a foundation for clear and
understandable public health messages.

A main strength of this study is the use of a large and
diverse sample of harmonized individual raw accelerom-
eter data for a comprehensive pooled data meta-analysis,
providing critical insights into the role of 24-h movement
behaviors in the management of obesity across the lifes-
pan. In addition, the original raw accelerometer data were
auto-calibrated using local gravity as a reference, allowing
accelerometer data from different geographic locations to
be comparable.

The study’s limitations are primarily related to its ini-
tial design, which was not conceived as a multi-center
study, potentially limiting the generalizability of the find-
ings. Despite well-defined inclusion criteria, potential
discrepancies in data collection methodologies, such as
differences in the measurement of obesity indicators and
differing accelerometer initialization rates, may intro-
duce variability in the data, even though robust statistical
adjustments have been employed to mitigate these effects.
The use of age-specific absolute thresholds to determine
the time spent in waking behaviors relies on the premise
that these thresholds are universally applicable to all par-
ticipants within each age group, regardless of sex, arm
length, body composition, fitness level, or other individual
characteristics. Therefore, it is reasonable to assume that
some movement behaviors could potentially be misclas-
sified as shown in previous studies [52, 53]. When inter-
preting our results, it is also important to consider that the
present study does not allow direct comparisons of real-
location effects across age groups. This limitation arises
from differences in the time spent in waking behaviors,
which were derived using age- and device-specific abso-
lute thresholds, as well as differences in the compositional
means used as the starting point for reallocations. Finally,
our analyses did not include a separate category for vig-
orous physical activity or specifically examine vigorous
intermittent lifestyle physical activity, intensity catego-
ries that are associated with substantial health benefits and
improved obesity indicators among various age groups
[17, 54, 55]. Given the multi-dimensional nature of the
24-h movement behavior construct [56], future research
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should also incorporate additional dimensions such as
posture- and domain-specific behaviors, in addition to
intensity-specific behaviors.

5 Conclusions

This comprehensive analysis of pooled individual participant
data highlights the importance of reallocating time between
24-h movement behaviors in the management of obesity
across the lifespan. The findings emphasize the crucial role
of MVPA in reducing the risk of obesity and provide novel
evidence of the importance of substituting SB with low-
intensity movement behaviors, a lifestyle change that can
be feasible and sustainable for a broad range of individuals,
including those with severe obesity, low physical capabili-
ties, and other associated health conditions. The most clini-
cally relevant changes identified in this study were consist-
ent across age groups, but some inconsistent findings were
found for adolescents. These findings emphasize the need
for lifestyle interventions tailored for specific age groups and
illustrate the complexity of obesity management throughout
life, thereby providing valuable guidance for intervention
strategies targeting obesity.
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