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Background and aims: Sedentary behavior (SB) is a prevalent lifestyle factor and
a risk factor for various health conditions, including depression (encompassing
both clinically diagnosed depressive disorders and depressive symptoms). This
study aimed to summarize the estimated impact of reallocating time spent in SB
to light-intensity physical activity (LPA) or moderate-to-vigorous physical activity
(MVPA) on the risk of depression from observational studies, as well as the impact
of reallocating time spent in MVPA and LPA to SB.

Methods: Four databases [PubMed, Scopus, SPORTdiscus, and PsycINFO (via
EBSCOhost platform)] were searched and analyzed for relevant studies published
up to August 2024. Meta-analyses were performed on the estimated regression
coefficients (b) and 95% confidence intervals (Cls) for depression symptom
scores. All statistical analyses were performed using STATA 16.0.

Results: Twenty-seven studies involving 702,755 participants met the inclusion
criteria. Reallocating SB to LPA and MVPA was significantly associated with
reductions in depression risk (b = —0.04, 95% Cl = —0.06 to —0.03, p < 0.001;
b = -0.11, 95% Cl = —0.19 to —0.03, p = 0.004). Subgroup analyses indicated
that reallocating 30 and 60 min of SB to LPA or MVPA was significantly associated
with reduced depression risk, with significant differences in PA intensity and age,
but not for 10 and 15min groups. Conversely, reallocating LPA and MVPA to
SB was significantly associated with increased depression risk (b = 0.11, 95%
Cl=0.01t00.21,p=0.039; b =0.17,95% Cl =0.08 t0 0.25, p < 0.001). Subgroup
analyses indicated that reallocating 30 min of LPA or MVPA to SB was significantly
associated with increased depression risk, with no difference in PA intensity.

Conclusions: Reallocating SB to PA was beneficial, whereas reallocating PA to
SB was detrimental to the risk of depression. The results highlight the importance
of considering PA intensity and duration in the development of behavioral
guidelines aimed at reducing the risk of depression.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/
display_record.php?RecordlD=546666, identifier: CRD42024546666.
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1 Introduction

Depression is the second leading contributor to the global
disease burden, affecting ~350 million individuals worldwide and
resulting in disability for over 44 million people (Vos et al,
2016). A 2017 World Health Organization (WHO) survey further
revealed that nearly one billion individuals globally are grappling
with various mental health challenges (World Health Organization,
2017). Given the profound societal and economic implications of
depression, identifying effective intervention strategies to mitigate
and prevent depressive disorders has become a critical area of
public health policy.

The 2020 WHO Guidelines emphasize that regular physical
activity (PA) among adults aged 18-64 confers substantial health
benefits, including improvements in mental health such as reduced
symptoms of anxiety and depression, enhanced cognitive function,
and better sleep quality—all of which contribute significantly to
overall wellbeing (World Health Organization, 2020). In recent
years, the relationship between PA and depression risk has garnered
considerable academic attention. However, findings regarding the
antidepressant effects of PA remain inconsistent. On one hand,
a growing body of evidence suggests that PA exerts moderate to
significant antidepressant effects, alleviating depressive symptoms
in clinical populations (Knapen et al., 2015; Rosenbaum et al., 2014)
while also offering protective benefits for non-clinical individuals
(Schuch etal., 2018). Even modest amounts of PA, such as walking
for 150 min per week, have been associated with a preventive role
against depression (Mammen and Faulkner, 2013). These benefits
appear to be universal across diverse populations, including
pregnant women (Poudevigne and O’Connor, 2006), individuals
of different sexes (Chekroud et al., 2018), varying age groups, and
residents of different countries (Schuch et al., 2018).

On the other hand, some studies report no significant
antidepressant effect of PA, and in certain cases, suggest potential
risks to mental health. For instance, a longitudinal study of
adolescents found no significant protective effect of physical
exercise against depression (Toseeb et al, 2014). Similarly,
research on adults has shown no statistically significant association
between PA levels and depressive symptoms after controlling for
socioeconomic status and other confounding factors (Camacho
et al,, 1991), with randomized trials reporting analogous findings
(Larun et al, 2006). These inconsistencies may stem from
selection biases and heterogeneity in the antidepressant effects
of PA. Selection bias arises when unmeasured confounders,
such as socioeconomic or psychological factors, simultaneously
influence both PA engagement and depression risk, potentially
skewing estimates. Heterogeneity, meanwhile, reflects variations
in PAs antidepressant efficacy across populations with differing
demographic and socioeconomic characteristics, underscoring
the need for more nuanced investigations into its mechanisms
and applicability.

The adverse health consequences of sedentary behavior (time
spent sitting) have more recently been identified with the risk of
depression, controlling for the influence of moderate to vigorous
PA (Zhou et al., 2023). Adverse health consequences of sedentary
behavior have been shown for a range of physical and mental health
outcomes (Tremblay et al., 2010). Some countries have expanded
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the scope of their PA guidelines, with joint recommendations on
increasing PA and reducing sedentary time (Brown et al., 2013).
Time spent standing or being physically active is the time that
is not sedentary. Thus, the effect of spending more or less time
being either physically active or sedentary will impact outcomes
directly. However, those outcomes will also depend, at least in
part, on the other activities being displaced. A recent meta-
analysis pointed out that although reducing total sedentary time
is feasible, in most intervention studies, it has not been clear
which time component use the sedentary time has been reallocated
(Shrestha et al., 2019). A recent review of isotemporal substitution
(IS) studies has demonstrated that the majority of evidence
relates to substituting sedentary behaviors (SB) with moderate-to-
vigorous physical activity (MVPA), resulting in potential benefits
to mortality, general health, mental health, adiposity, fitness,
and cardiometabolic biomarkers (Grgic et al, 2018). Although
individual studies have reported benefits of replacing sedentary
time with physical activity (Rong et al, 2024; Hofman et al,
2022), no prior meta-analysis has quantitatively synthesized these
findings to compare the effects of reallocating time to light- versus
moderate-to-vigorous-intensity activities or to assess how these
associations vary by duration or population characteristics. Our
study addresses this gap by integrating evidence across diverse
studies to provide generalized estimates.

The application of isotemporal substitution methodology in
this systematic review and meta-analysis is grounded in its
unique capacity to model the interdependent nature of 24-
h time-use behaviors (Mekary et al, 2009; Dorothea et al,
2017). This analytical framework addresses two fundamental
aspects of behavioral epidemiology: first, it accounts for the
compositional constraints of daily time allocation, recognizing that
increased duration in one activity necessarily requires proportional
displacement of other activities within the finite 24-h cycle.
Second, it provides mathematically robust estimates of health
outcomes when examining theoretical time reallocations while
maintaining temporal consistency—a critical requirement for
developing evidence-based activity guidelines.

Unlike conventional regression approaches, isotemporal
substitution analysis specifically examines the health effects of
reallocating fixed durations between behavioral domains while
holding total time constant. For instance, it can precisely quantify
the change in depression risk when 30 min of sedentary behavior
is replaced with an equivalent duration of physical activity,
controlling for the compositional nature of remaining daily
activities. This methodological approach is particularly valuable
for investigating mental health outcomes, as it acknowledges both
the intensity-dependent effects of substituted activities (Mekary
et al,, 2009) and the biological plausibility of time-use patterns.
Our study employs this framework to elucidate the depressive risk
associated with specific activity interchanges, thereby advancing
understanding of how behavioral reallocations within constrained
temporal resources may influence psychological wellbeing.

The selection of this analytical model was driven by its dual
advantages: (a) appropriate handling of the collinear nature
of time-use variables through compositional data analysis
principles, and (b) generation of clinically interpretable effect
estimates for practical behavioral recommendations. These
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characteristics make isotemporal substitution particularly
suited for synthesizing extant research on activity-depression
associations while avoiding the ecological fallacies inherent in

non-compositional analytical approaches.

2 Methods

The systematic review and meta-analysis undertaken in this
investigation were meticulously executed in compliance with
the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) guidelines (Page et al, 2021). The
study protocol for this systematic review was registered in
the PROSPERO International Prospective Register of Systematic
Reviews (registration number CRD42024546666).

2.1 Data sources

Electronic database searches of PubMed, Scopus, SPORTdiscus,
and PsycINFO (through the search engine EBSCO) were conducted
in August 2024. The last search was performed in August
2024. No limits were imposed on the publication date. The
following search terms and keywords were used: (sedentary
lifestyle or light PA or sedentary behavior or sedentary time) and
(isotemporal substitution or sedentary break or displace sedentary
time or replacing or displacing or reallocating or substituting)
and (Depression” or “Depressive Symptoms” or “Depressive
Symptom” or “Symptom, Depressive” or “Emotional Depression”
or “Depression, Emotional). The complete search strategy is shown
in Supplementary Tables 1-5. In addition, reference lists were
examined to identify studies potentially eligible for inclusion.

2.2 Eligibility criteria

The review encompassed studies that adhered to the following
criteria: (1) they were designed as observational cohort, cross-
sectional, or case-control studies; (2) they provided objective or
self-reported measures of physical activity (PA) and sedentary
behavior (SB); (3) they utilized isotemporal substitution models to
report the impact of substituting SB with light-intensity physical
activity (LIPA) or moderate-to-vigorous physical activity (MVPA)
on depression symptoms or major depressive disorder as the
primary outcomes of interest; (4) they targeted general populations
without focusing on specific disease groups; and (5) they presented
original research findings. The screening of titles, abstracts, and
full texts was independently performed by two reviewers (YW and
JS) using EndNote X9 for reference management and duplicate
removal. Any discrepancies between reviewers were resolved
through discussion or by consulting a third reviewer (SL) when
consensus could not be reached. The study selection process,
including the number of records excluded at each stage, is
summarized in the PRISMA flow diagram (Figure 1). Eligibility for
inclusion was confirmed before proceeding to a full-text review,
after which data extraction was performed.
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2.3 Data collection

the
characteristics, objective or self-report measuring method of

The following information was extracted: sample
physical activity, quantity of inactive or screen or sedentary time
being replaced, outcomes of interest, analytical approach, and main
conclusions from each treatment are discussed. In addition, data
that would assist in findings from the meta-analysis of the different
studies (i.e., regression coefficient and 95% CI representing the
effect of replacing SB with more active behavior on the outcome
of interest) were extracted. To maximize the generalizability
of the findings, the original authors were contacted when data
were unavailable.

2.4 Risk of bias

The quality of each study was assessed using an adjusted
version of Newcastle Ottawa (Wells et al, 2000). This scale
contains eight items categorized into three domains (selection,
comparability, and exposure). A star system is used to enable semi-
quantitative assessment of study quality such that the highest-
quality studies are awarded a maximum of one star per item,
except for the comparability domain, which allows the allocation
of two stars. Thus, the score ranges from zero to nine stars
(minimum scores for cohort and cross-sectional studies were seven
and five, respectively).

2.5 Data synthesis and analytical approach

A one-step, individual participant data meta-analysis was
performed. All analyses were performed using STATA software
(version 16.0). Estimated regression coefficients (b) and 95%
CIs were combined and used in the meta-analysis to assess
the risk of depression. The random effects model (Hunter-
Schmidt approach) was used to summarize the pooled b values
in all cases. In this case, the range of values was reported.
The likelihood approach with random effects was used to
better account for the imprecision in the estimate of between-
study variance (Hardy and Thompson, 1996). When studies
presented several statistical risk-adjustment models, only values
associated with the statistical models containing the fewest
additional covariates were considered to improve comparability
across studies.

The percentage of total variation across the studies due to
heterogeneity (Cochran’s Q-statistic) was estimated using I 2 Values
12 of <25%, 25%, 50%, and >50% were considered small, medium,
and large amounts of heterogeneity, respectively (Higgins and
Thompson, 2002). Small-study effects bias was assessed using
the extended Egger’s test, funnel plots were used to investigate
publication bias among studies graphically (Egger et al., 1997
Higgins et al, 2019), and a sensitivity analysis was conducted
to assess the robustness of the summary estimates to determine
whether a particular study accounted for the heterogeneity.
Therefore, a series of analyses were conducted by sequentially
omitting one study at each turn.
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PubMed (n=186)
Scopus (n=416)
PsycINFO (n=230) > Duplicate records removed (n = 353)
SPORT Discus (n=193)
Total n=1025
~—
y
)
Screened for title and abstract -
(n=672) %] Records excluded (n = 202)
4 Full-text articles excluded with reasons(n=381)
Full-text articles assessed for Patients (n =262)
eligibility »| No assessment of sedentary/PA (n =79)
(n = 470) Review (n =22)
No depression outcome (n =12)
Randomized controlled study (n =6)
Reports assessed for ehgibility |———| Reports excluded
(n=89) not used an isotemporal substitution model (n =62)
—
£
Reports of included studies
% (n=27)
—
FIGURE 1
PRISMA diagram.

3 Results
3.1 Study selection

The search strategy initially identified 1,025 articles (Figure 1).
Eighty-nine articles were retrieved after the initial screening. Of
these, 62 were rejected (they did not use an isotemporal substitution
model and had no study outcomes). Finally, 27 studies were
included in this systematic review and meta-analysis. Exclusion
criteria were: (a) clinical populations, (b) non-observational
designs, (c) absence of isotemporal substitution analysis, and (d)
no depression outcomes.

3.2 Study characteristics

Twenty-seven studies included a total of 702,755 participants.
The sample size ranged from 139 individuals to 360,047 individuals.
Sex was evenly distributed (women, 56.95%), and the mean age was
50.46 years. Eleven of the studies were cohort studies (Chiba et al.,
2022; Monteagudo et al., 2023; Zhu et al., 2024; Rong et al., 2024;
Hallgren et al., 2020; Hofman et al., 2022; Cao et al., 2022; Cabanas-
Sanchez et al., 2021; Mekary et al., 2013; Sampasa-Kanyinga et al,,
2021; Kandola et al., 2022), observational investigations, and 16 of
the studies were cross-sectional studies (Araki et al., 2022; Curtis
et al., 2023; Park et al., 2024; Nam et al., 2023; Dillon et al., 2018;
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Liu et al, 2023; Yasunaga et al., 2018; Gilchrist et al, 2021;
Sadarangani et al., 2023; Rethorst et al., 2017; Meneguci et al,
2024; Wei et al, 2019; Tully et al., 2020; Zhou et al,, 2024;
de Faria et al, 2022; Tang et al., 2024). The characteristics of
these studies are summarized in Supplementary Table S5. The
methodological quality of the included studies is presented in
Supplementary Table S6. In total, 24 of the 27 studies were
of high quality. Only one study was reported to be of
low quality.

3.3 Effects of reallocating sedentary time to
physical activity

Reallocation of 10, 15, 30, 60 min and all sedentary time to LPA
was predicted to be associated with reductions in depression (b =
—0.05, 95% CI = —0.09, —0.02, p = 0.001; b = —0.14, 95% CI =
—0.41, 0.14, p = 0.325; b = —0.04, 95% CI = —0.08, —0.01, p =
0.008; b = —0.04, 95% CI = —0.07, 0.02, p = 0.001; b = —0.04, 95%
CI = —0.06, —0.03, p = 0.000; see Figure 2). One study (Cabanas-
Sanchez et al,, 2021) was excluded from the sensitivity analysis.
There was a statistically significant publication bias in the funnel
plot (see Supplementary Figure 1) and Egger’s test (P = 0.002).

Reallocation of 10, 15, 30, 60 min and all sedentary time to
MVPA was predicted to be associated with reductions in depression
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%
Furst author, year and b (95% Cl) Weight
10 min .
Tang et al, 2024 001(-0.06,008) 3940
de Fana et al 2022 . -0.06 (-0 10, -0.01) 48 51
Monteagudo et al , 2023 026(-031,100) 115
Monteagudo et al , 2023 e 011(012,027) 1094
Subtotal (l-squared = 49.6%, p = 0.114) <> ' -0.01 (-0.08, 0.06) 100.00
o )
15 min
Curtis et al., 2023 5E 0.30(0.13,0.48) 100.00
Subtotal (I-squared= %, p=.) e 0.30(0.13,0.48) 100.00
30 min |
1
de Fana et al , 2022 - -0.17 (0.30, -0.03) 9.78
Hallgren et al, 2019 ' —— 087(0.76,1.00) 992
Zhou et al,. 2024 'Li 020(0.15,1.37) 420
Rong et al., 2024 $ 0.09(0.00,0.18) 10.19
Tully et al., 2020 - 0.58(0.51,065) 10.29
Park etal, 2024 -> 0.03(-0.02,0.09) 1035
Wei etal , 2019 * 004(002,006) 1048
Liu et al , 2023 0.19 (-0.26, -0.13) 10.31
Cabanas-Sanchez et al , 2021 i— 015(001,035) 942
Yasunaga etal, 2018 0.13(000,026) 984
Hofman et al, 2022 —-—— -0.11(-0.62,0.39) 520
Subtotal (l-squared = 97.8%, p = 0.000) o 0.16(-0.01,0.32) 100.00
o ’
min !
de Faria et al , 2022 : -0.32 (-0.57, -0.06) 42.37
Rethorst et al , 2017 000(-001,011) 5763
Subtotal (I-squared = 82 8%, p = 0016) -0.13 (-0 45, 0.18) 10000
'
Overall (l-squared = 96.6%, p = 0.000) ¢ 0.11(0.01,0.21)
NOTE. Weights are from random effects analysis :
1 1
-1.37 0 1.37
FIGURE 2
Pooled effect size of substituting SB by LPA on the risk of depression.

(b =—0.08,95% CI = —0.19, 0.02, p = 0.118; b = —0.03, 95% CI
= —0.20, 0.13, p = 0.692; b = —0.13, 95% CI = —0.22, —0.05, p =
0.003; b= —0.17,95% CI = —0.31, 0.03, p = 0.021; b = —0.11, 95%
CI = —0.19, —0.03, p = 0.004; see Figure 3). Two studies (Gilchrist
etal, 2021; Liu et al, 2023) were excluded from sensitivity analysis.
We found no statistically significant publication bias using a funnel
plot (see Supplementary Figure 2) and Egger’s test (P = 0.91).

3.4 Effects of reallocating physical activity
to sedentary time

Reallocation of 10, 15, 30, 60 min and all LPA time to sedentary
time was predicted to be associated with reductions or increases in
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risk of depression (b = —0.01, 95% CI = —0.08, 0.06, p = 0.787; b
=0.30, 95% CI = 0.13, 0.48, p = 0.001; b = 0.16, 95% CI = —0.01,
0.32, p = 0.058; b = —0.13, 95% CI = —0.45, 0.18, p = 0.402; b
= 0.11, 95% CI = 0.01, 0.21, p = 0.039; see Figure 4). We found
no statistically significant publication bias using funnel plot (see
Supplementary Figure 3) and Egger’s test (P = 0.38).

Reallocation of 10, 15, 30, 60 min and all MVPA time to
sedentary time was predicted to be associated with increases in risk
of depression (b = 0.08, 95% CI = —0.01, 0.17, p = 0.098; b =
0.01, 95% CI = —0.09, 0.12, p = 0.809; b = 0.28, 95% CI = 0.09,
0.47, p = 0.002; b = 0.06, 95% CI = —0.12, 0.24, p = 0.499; b
= 0.17, 95% CI = 0.08, 0.25, p = 0.000; see Figure 5). One study
(Hallgren et al., 2020) was excluded from sensitivity analysis. We
found no statistically significant publication bias using a funnel plot
(see Supplementary Figure 4) and Egger’s test (P = 0.38).
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%

First author; year and b (95% Cl) Weight

10 min :

Monteagudo et al , 2023 -4 019(-043,091) 173

Monteagudo et al., 2023 -0.59(-0.81,0.06) 3.89

Meneguci et al., 2024 006(001,010) 3683

Sadarangani et al , 2023 009(0.03,0.15) 3499

Tang et al., 2024 019(006,032) 2256

Subtotal (I-squared =69.1%,p=0.012) 008(-0.01,017) 10000

15 min

Curtis et al , 2023 018(-077,113) 125

Meneguci et al., 2024 008(001,017) 4314

Gilchrist et al , 2021 -0.04 (-0.05,-0.03) 5561

Subtotal (I-squared = 77.0%, p = 0.013) 0.01(-0.09,0.12) 100.00
)

30 min :

Zhou et al,. 2024 031(007,097) 516

Rong et al 2024 0.15(0.01, 0.35) 10.09

Tully et al., 2020 0.38 (0.30, 0.47) 11.44

Meneguci et al., 2024 0.17(0.01,032) 10.36

Meneguci et al., 2024 020(0.01,037) 985

Park et al, 2024 020(001,040) 954

Wei etal, 2019 0.10 (0.06, 0.14) 11.86

Liu et al., 2023 - | -0.14(-0.21,-0.07) 11.62

Sanchez et al , 2021 - 049(036,062) 1078

Yasunaga et al,, 2018 e 0.12(-024,048) 647

Hofman et al., 2022 v - » 085(015,155) 284

Subtotal (I-squared = 92.3%, p = 0.000) b 0.21 (0.08, 0.35) 100.00
)

60 min

Kanyinga et al., 2021 0.03(-0.00,0.06) 58.16

Meneguci et al., 2024 034(002,065 2110

Rethorst et al, 2017 -028(-083,026) 918

Mekary et al, 2013 0.02(-0.43,053) 1156

Subtotal (I-squared = 39.3%, p=0.176) 006(-0.12,024) 10000
'

Overall (l-squared = 92.5%, p = 0.000) o] 0.12 (0.06, 0.18)

NOTE: Weights are from random effects analysis .

I I 1
-1.55 0 1.55
FIGURE 3
Pooled effect size of substituting SB by MVPA on risk of depression.

3.5 Subgroup analysis

Table 1 shows the results of the subgroup analyses that
examined the pooled results’ stability and explored the potential
sources of heterogeneity. Regarding the source of heterogeneity
in reallocating Sedentary Time to LPA, significant between-group
heterogeneity was found for study design, age, and duration of
sedentary time, indicating that these factors may affect the pooled
ORs. Significant within-subgroup heterogeneity in the studies on
MVPA was found in subgroups such as Cohort, Cross-sectional,
Adult, and Instrumental measures of PA, 15, 60, indicating that the
pooled ORs in these groups may influence overall heterogeneity.
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Regarding reallocating Sedentary Time to MVPA, significant
between-group heterogeneity was found for age, depression scales,
and PA measurements, indicating that these factors may affect the
pooled ORs. Significant within-group heterogeneity was also found
in most subgroups except for adolescents and adults, with 10 min
and 15 min durations. Additionally, subgroup analyses of different
intensities revealed significant differences in the effect sizes between
replacing SB with LPA and MVPA at 15 min, 30 min, 60 min, and all
times, but not for 10 min.

As for the source of heterogeneity in reallocating Sedentary
to LPA, Table2 between-group
heterogeneity for age and duration of sedentary time, indicating

Time shows significant
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Subtotal (I-squared = 99.1%, p » 0.000)

Overall (I-squared = 98 6%, p = 0.000)
NOTE: Weights are from random effects analysis M

%
First author, year and b (95% CI) Weight
10 min
Tang et al, 2024 -0.19 (-0.32, -0.06) 2580
Monteagudo et al , 2023 008(-091,043) 225
Monteagudo et al , 2023 0.22(-0.06,081) 497
Meneguci et al. 2024 0.06(-0.12,.001) 3816
Araki etal., 2022 0.40 (-0.07,087) 434
Chiba et al., 2022 -0.14(-0.28,-0.01) 2448
Subtotal (I-squared = 51.0%, p = 0.070) -0.08 (-0.19,0.02) 100.00
15 min
Curtis et al, 2023 0.13(-062,0.35) 750
Gichnist et al., 2021 0.16(0.15,0.18) 2362
Sadarangani et al , 2023 -0.09 (-0.15, -0.03) 2296
Meneguci et al., 2024 -0.08 (-0.17,-0.01) 24
Zhu et al, 2024 -0.09 (-0.12, -0.06) 2351
Subtotal (I-squared = 98.7%, p = 0.000) 003(020,0.13) 100.00
30 min
Dilon et 3. 2018 025(-1.09,059) 098
Haligren et al, 2019 -0.21(-0.31,.0.10) 1022
Yasunaga et al, 2018 -0.11(-0.47,0.25) 39
Zhu et al, 2024 -0.19(-0.24,-0.13) 1.49
Zhou et al.. 2024 -0.31(-0.97,-0.07) 2385
Rong et al , 2024 -0.15(-0.34,0.05) 735
Tully et 2l 2020 0.06 (-0.04,0.16) 1037
Meneguci et 3l 2024 0.16(-033,.001) 855
Park et al 2024 020 (-0.40,-0.01) 7.39
Wei etal 2019 0.10 (-0.14, -0.06) 1”2
Liu et 3., 2023 0.13(0.07, 0.20) 124
Sénchez et al, 2021 -0.25(-0.31,-0.18) 1nas
Hofman et al , 2022 059(-1.06,-012) 265
Subtotal (1-squared = 87.7%, p = 0.000) 013(-022,-005) 10000
60 min
Kandola et al 2021 029 (-0.30,-027) 1978
Kanyinga et al., 2021 -0.04 (-0.05,-0.02) 1976
Meneguci et al., 2024 -0.34 (-0.52,-0.02) 1243
Caoetal, 2022 -0.02(-0.04,001) 1969
Rethorst et al | 2017 028(-026,083) 513
Mekary et al , 2013 0.14(-067,039) 538
Zhu et al 2024 -0.37 (-0.48, .0 26) 1782

<0.17 (-0.31,-0.03) 100.00

-0.11(-0.19, -0.03)

FIGURE 4
Pooled effect size of substituting LPA by SB on the risk of depression.

that these factors may affect the pooled ORs. Significant within-
subgroup heterogeneity in the studies on MVPA was found
in subgroups such as Cross-sectional, Adolescent, Adult, CES,
Self-report, instrumental, 30 min, and 60 min, indicating that the
pooled ORs in these groups may influence overall heterogeneity.
Regarding the reallocation of Sedentary Time to MVPA, significant
between-group heterogeneity was found for all subgroups,
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indicating that these factors may affect the pooled ORs. Significant
within-group heterogeneity was also found in most subgroups,
except for age, PHQ, and 60min. In general, the pooled ORs
for reallocating Sedentary Time and MVPA to each other were
inconsistent in most analyses. The high heterogeneity among
the included studies may be attributed to the large number of
included studies and disparities in the study design, depression
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10 min

Tang et al., 2024

Monteagudo et al., 2023

de Faria et al, 2022

Monteagudo et al., 2023

Araki et al, 2022

Chiba et al , 2022

Subtotal (I-squared = 0.0%, p = 0.647)

15 min

Curtis et al, 2023

Zhu et al., 2024

Subtotal (I-squared = 91.0%, p = 0.001)

30 min
Yasunaga et al, 2018
Dilion et al., 2018

Cabanas-Sanchez et al., 2021
de Faria et al, 2022

Zhou et al,. 2024

Rong et al ., 2024

Park et al,. 2024

Wel et al, 2019

Liu et al, 2023

Haligren et al, 2019

Zhu et al., 2024

Hofman et al, 2022

Subtotal (I-squared = 61.1%, p = 0.003)

60 min

de Faria et al, 2022

Kandola et al,. 2021

Cao et al, 2022

Rethorst et al, 2017

Zhu et al, 2024

Subtotal (I-squared = 78.0%, p = 0.001)

Overall (I-squared = 78.9%, p = 0.000)

b (95% CI) Weight

-0.01 (-0.08, 0.06)
-0.08 (-0.27, 0.12)
-0.06 (-0.11, -0.01)
-0.12 (-1.00, 0.31)
-0.09 (-0.16, -0.03)
-0.02 (-0.14, 0.09)
-0.05 (-0.09, -0.02)

23.39
275
4138
024
2448
175
100.00

-0.29 (-0.46, -0.13)
-0.01 (-0.02, -0.01)
0.14 (-0.41,0.14)

45.49
54.51
10000

-0.13 (-0.26, -0.00)
-0.63 (-1.51, 0.26)
0.06 (0.01, 0.12)

-0.17 (-0.30, -0.03)
-0.20 (-1.37, -0.15)
-0.09 (-0.18, -0.00)
-0.03 (-0.09, 0.03)
-0.04 (-0.06, -0.02)
0.19(-0.26,018) 204
-0.14 (-0.28,000) 457
-0.03 (-0.05, -0.01)
0.08 (-0.33, 0.50)

-0.04 (-0.08, -0.01)

-0.32 (-0.57, -0.06) 1.01
-0.05 (-0.06, -0.04) 36.21
-0.02 (-0.04, -0.01)
-0.00 (-0.11, 0.11)

-0.06 (-0.09, -0.03)
-0.04 (-0.07, -0.02)

487
24.14
100.00

-0.04 (-0.06, -0.03)

NOTE_ Weights are from random effects analysis
|

-1.51

FIGURE 5
Pooled effect size of substituting MVPA by SB on the risk of depression.

1.51

ascertainment, and duration of ST. Additionally, subgroup
analyses of different intensities revealed significant differences in
the effect sizes between replacing LPA and MVPA with SB only at
15 min.

4 Discussion
4.1 Main finding

To the best of our knowledge, this is the first meta-analysis
to quantitatively examine the association between substitutions
of PA and SB with each other and depression risk. This
meta-analysis included 27 observational studies with 702,755
participants and found that equal time exchange of SB with
PA may lead to additional reductions in the risk of depression.
In contrast, equal time exchange of PA with SB may lead
to additional increases in the risk of depression. However,
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some results were inconsistent when a subgroup analysis was
conducted. Meanwhile, we also found some sources of the
overall heterogeneity through subgroup analysis and excluded
four studies’ data through sensitivity analysis. Funnel plot analysis
also confirmed that some research results may be subject to
publication bias.

The main findings of this meta-analysis showed that
reallocating sedentary time and PA to each other may result
in reductions or increases in the risk of depression. These findings
suggest the potential benefits of replacing SB with PA. This might
provide alternative intervention strategies, as it may be more
feasible and less challenging than more strenuous activity (which is
also more difficult than lighter activity to fit into daily life routines,
especially in particular domains, such as work or education, where
SB is particularly prevalent), to enhance mental health among the
general population (Shrestha et al, 2019). In addition, LPA and
MVPA could be feasible strategies to increase the total volume of
PA among those considered already active and, therefore, could
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TABLE 1 Results of the subgroup analysis by meta-regression for replacing sedentary time with LPA, MVPA.

Subgroup Replacing sedentary time with LPA Replacing sedentary time with MVPA
OR(95%CI)  1>(%) p* PP OR (95% Cl) P (%) p* PP
All reports 24 | —0.04(—0.06,—0.03) = 67.44 | 0.00 - 29 | —0.14(—0.19, —0.08) ** 9534 | 0.00 -

Studydesign Cohort 11 | —0.03 (—0.05, —0.02) 7428 | 000 | 002 | 13 —0.15 (—0.23, —0.06) 97.58 | 0.00 | 0.63
Cross-sectional | 13 | —0.07 (—0.11, —0.04) 3813 | 0.01 16 —0.12 (~0.17, —0.08) 63.77 | 0.00

Age Adolescent 6 | —0.07(—0.12, —0.02) 2473 | 012 | 001 | 4 —0.05 (—0.08, —0.01) 3.77 0.07 | 0.00
Adult 7 | —0.05(—0.07, —0.03) 6.73 0.07 7 ~0.29 (—0.31, —0.26) 2.06 0.15
Older 4 —0.05 (—0.06, 0.03) 0 0.27 10 —0.11 (=0.17, —0.05) 7215 | 0.00
Mixed 7 | —0.02(—0.03, —0.01) 3947 | 0.00 8 —0.11 (~0.17, —0.06) 7893 | 0.00

Depression scales | CES 6 —0.02 (—0.08, 0.03) 0 045 | 021 | 6 —0.06 (=0.11, —0.02) 621 002 | 0.02
GDS 3 —0.08 (—0.13,0.03) 0 0.42 8 —0.14 (—0.21, —0.06) 67.41 0.00
PHQ 3 —0.05(—0.06, —0.04) 0 0.55 3 —0.20 (—0.28, —0.12) 87.51 0.00
Others 12 | —0.04(—0.05—-0.02) | 6813 | 0.00 12 —0.12 (~0.17, —0.06) 81.37 | 0.00

PA measures Self-report 6 —0.03 (—0.05, —0.02) 25.05 0.10 0.24 12 —0.08 (—0.11, —0.05) 61.09 0.00 0.01
Instrumental 18 | —0.05(—0.07,—0.03) | 69.85 | 0.00 17 —0.17 (—0.23, —0.11) 8540 | 0.00

TIME 10 6 | —0.05(—0.09, —0.02) 0 065 | 003 | 6 —0.09 (—0.17, —0.01) 2668 | 007 | 014
15 2 —0.01 (—0.03, 0.00) 1.97 0.00 4 —0.09 (—0.12 0.07) ** 0.00 0.99
30 11 | —0.05(—0.06, —0.03) 1403 | 019 12 | —0.16(—0.21 —0.10) ** 6433 | 0.00
60 5 | —0.04(—006,-0.02) = 6116 | 0.00 7 | —0.17(=0.29 —0.06) ** 98.54 | 0.00

CS, Cross-sectional study; SES, socioeconomic status; P* and PP, heterogeneity within and between subgroups, respectively. **Significant differences in the effect sizes between replacing

sedentary time with LPA and MVPA.

bring additional mental benefits (KKokkinos, 2012). However, the
current evidence is not consistent for reallocating 15 min of SB to
LPA based on a non-significant p-value. Possible reasons include
an insufficient number of studies included in this time group,
and another possible reason is that the protective effect against
depression may be smaller for shorter substitution durations
compared to longer durations. Additionally, this study found
evidence of publication bias in the overall effect estimate when
using LPA to replace SB, and these results should be interpreted
with caution.

4.2 Comparison with existing evidence

The results of our study suggest that LPA and MVPA are both
significantly associated with lower odds of depression. This finding
aligns with previous meta-analyses employing non-isotemporal
substitution models, demonstrating a consistent inverse association
between PA and incident depression risk (Dishman et al., 2021;
Schuch et al., 2018). However, the effect sizes differ significantly
between replacing SB with LPA and MVPA at 15min, 30 min,
60 min, and all times, but not for 10 min (as shown in Table 1).
This dose-response relationship is consistent with previous findings
from non-isotemporal substitution meta-analyses, demonstrating
an inverse association between varying doses of PA and lower risk
of incident depression (Pearce et al., 2022). Another recent dose-
response meta-analysis also confirmed that the risk of incident
depression was reduced by 3% (RR: 0.97, 95% CI: 0.95-0.98)
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for every 5 MET-h/week increase in LTPA < 25 MET-h/week
(LTPA: leisure time PA; Guo et al, 2022). This reinforces the
significance of the intensity and duration of PA, which has also been
demonstrated in previous studies (Singh et al., 2023; Mekary et al.,
2013). Specifically, Mekary et al. (2013) reported that a protective
effect against depression was associated with substituting 60 min of
television viewing with a brisk or very brisk walk, whereas an easy-
paced walk did not exhibit the same association. A recent systematic
review of the literature has further substantiated that MVPA is
linked to more pronounced improvements in depressive symptoms
relative to LPA (Singh et al., 2023). The observed disparity in
association with the intensity of PA may be due to the inadequacy
of LPA in inducing the essential hormonal changes essential for
preventing depression (Goldfarb et al, 1998). In summary, we
may assume that there is a dose-response relationship between
reallocating sedentary time to PA and the risk of depression.
Although some studies have indicated that LPA mitigates
the severity of depression, thereby highlighting its significance
(Yasunaga et al., 2018; Dillon et al., 2018), these studies primarily
focused on middle-aged and elderly populations. A cohort study
encompassing individuals aged 18-74 years, which is analogous
to the demographics of our subjects, did not identify a significant
association between LPA and depressive symptoms (Rethorst et al.,
2017). Cao etal. (2022) also observed that replacing SB or sleep with
walking could lead to a reduction in anxiety symptoms, with the
association potentially moderated by age-related factors. Our meta-
analysis study separated MPA and LPA, finding that reallocating
time from SB to MPA was associated with lower depression
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TABLE 2 Results of the subgroup analysis by meta-regression for replacing LPA, MVPA with sedentary time.

Subgroup Replacing LPA with sedentary time Replacing MVPA with sedentary time
OR(95%Cl)  I>(%) p* PP OR (95% Cl) P(% p* PP
All reports 18 0.11 (0.01,0.21) 75.32 0.00 - 23 0.12 (0.06, 0.18) 83.64 0.00 -

Studydesign Cohort 5 0.04 (—0.01, 0.09) 0.00 040 | 015 | 7 0.03 (—0.05, 0.12) 12.53 001 | 0.05
Cross-sectional | 13 0.12 (0.02,0.23) 96.20 0.00 16 0.13 (0.08,0.18) 84.14 0.00

Age Adolescent 6 | —0.05(—0.12,0.02) 47.67 001 | 000 @ 5 0.00 (—0.04, 0.04) 57.14 0.00 | 0.00
Adult 8 0.12 (—0.06, 0.31) 83.48 0.00 9 0.17 (~0.02, 0.37) 91.14 0.00
Older 3 0.04 (0.02, 0.07) 1.29 0.19 7 0.09 (0.06, 0.12) 0.00 0.34
Mix 1 0.87 (0.75, 0.99) - 2 0.11 (—0.00, 0.21) 3.36 0.03

Depression scales CES 5 | —0.05(—0.15,0.04) 74.77 000 | 003 | 6 —0.01 (—0.05, 0.02) 62.42 0.00 | 0.00
GDS 2 0.14 (0.03, 0.24) 0.00 0.89 8 0.18 (0.08, 0.28) 75.70 0.00
PHQ 2 0.04 (0.02, 0.06) 0.00 0.85 2 0.10 (0.06, 0.14) 0.00 031
Others 9 0.19 (—0.03, 0.41) 97.41 0.00 7 0.12 (—0.03, 0.27) 76.36 0.00

PAmeasures Self-report 5 0.15 (0.02, 0.27) 95.30 0.00 0.50 14 0.05 (0.02, 0.09) 77.86 0.00 0.03
Instrumental 13 0.08 (—0.05, 0.22) 94.51 0.00 9 0.23 (0.08, 0.39) 65.98 0.00

TIME 10 4 | —0.02(—0.07,0.03) 23.52 011 | 001 & 5 0.08 (0.01, 0.15) 52.54 0.01 | 0.00
15 1 0.30 (0.12, 0.47) - - 3| —0.03 (—0.05,0.00) ** 8.37 0.01
30 11 0.16 (~0.01, 0.32) 97.90 0.00 11 0.21(0.09, 0.32) 88.87 0.00
60 2 —0.13(—045,0.18) 28.70 0.02 4 0.03 (~0.01, 0.07) 1.02 0.18

CS, Cross-sectional study; SES, socioeconomic status; P* and P, heterogeneity within and between subgroups, respectively. ** Significant differences in the effect sizes between replacing LPA

and MVPA with sedentary time.

symptoms, while it was also observed with LPA. Based on these
conflicting results, it is imperative to conduct additional research
on various age groups and levels of PA intensity. MVPA has been
shown to confer greater health benefits than LPA when displacing
an equivalent amount of SB, resulting in an estimated 40% and 20%
reduction in the risk of all-cause mortality, respectively—LPA may
still present a more viable and pertinent alternative for physical
engagement in scenarios where MVPA is not feasible. This includes
office settings where MVPA might be impractical, individuals who
are physically limited and unable to partake in MVPA, such as the
elderly or those with frailty, and populations that could experience
health benefits from increased PA, regardless of the intensity level.

4.3 Subgroup analysis

The findings of this study further elucidate the potential
adverse effects associated with reallocating PA to SB. Despite
many studies reporting non-significant outcomes, a general
consensus has emerged regarding the effects of substituting SB
for 30 min with either LPA or MVPA, demonstrating significant
benefits. Subgroup analyses revealed significant heterogeneity
across studies attributable to differences in methodologies, age
groups, measurement techniques, and intervention durations.
Notably, age emerged as a significant factor in all four substitution
models. In addition, no significant differences were observed
between the effects of MVPA and LPA replacement with SB.
Between-group heterogeneity assessments indicated considerable
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variability within most subgroups of the four models examined in
this study, likely because of the large number of literature sources
and the many subgroup classifications applied. Heterogeneity may
also stem from inter-group differences, as discussed in the subgroup
heterogeneity tests, with age differences significantly affecting study
outcomes. In summary, these heterogeneous findings, marked by
considerable variability, require careful interpretation.

However, certain subgroups within this study, characterized
by large sample sizes and low heterogeneity, were identified. For
instance, within the PA substitution for the SB model, subgroups
involving adolescents and adults, the CES Depression Scale,
and the 10-min substitution subgroup showed non-significant
heterogeneity. Similarly, within the SB substitution for the PA
model, subgroups such as cohort studies and elderly populations
exhibited a high number of studies with low heterogeneity. In brief,
Replacing SB with PA has the strongest protective effect against
depression in older adults, while adolescents show no significant
impact, suggesting age-specific intervention strategies. Replacing
MVPA with SB worsens depression risk more than replacing
LPA, emphasizing the importance of preserving higher-intensity
movement. Short sedentary breaks (<30 min) show minimal harm,
but prolonged sitting—especially displacing MVPA—has clearer
negative effects, supporting frequent activity interruptions for
mental health.

Another important finding in our meta-analysis related to
the reallocation of time between SB and LPA is the asymmetry
of the results. Replacing SB with LPA and MVPA significantly
reduced the risk of depression in different time subgroups, with
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significant differences in intensity. However, replacing LPA and
MVPA with SB significantly increased the risk of depression only
in the 30-min alternate time subgroup, and no differences in
intensity were observed. These asymmetry patterns were observed
for all substitution subgroups between SB and LPA, independent of
the time involved. These asymmetric relationships are consistent
with previous studies on compositional isotemporal substitution
(Chastin et al., 2015b; Biddle et al., 2018). de Faria et al. (2022)
considered that the detrimental effects of time reduction in LPA
are greater than the estimated beneficial results that occur from
its increase. Another possible explanation for this fact relies on
the time distribution among the movement behaviors within 24 h
(Chastin et al., 2015a). Therefore, any reallocation from the LPA
constitutes a substantial proportion of its time, which is not true
for SB. Together, these results reinforce the need for interventions
that at least promote the maintenance of LPA levels to reduce
depression. Considering our sample, in addition to the above
factors, the asymmetry may also be due to insufficient literature for
replacing LPA and MVPA with SB-related subgroups.

4.4 Potential mechanisms

Several potential mechanisms may elucidate the beneficial
associations observed through isotemporal substitution analyses,
posing that replacing sedentary time with PA could exert
antidepressant effects. First, the interchangeability of sedentary
time with PA can influence depression through a spectrum of
biological and psychosocial pathways. These include the reduction
of inflammatory markers, modulation of neuroplasticity, and
enhancement of self-esteem, which are known to contribute to
mental wellbeing (Wheeler et al., 2020). Second, contemporary
research has highlighted the advantages of interrupting prolonged
periods of SB with bouts of PA in adults. Such interruptions have
been suggested to confer cognitive benefits, including promoting
brain plasticity, alleviating fatigue, and ameliorating cognitive
performance (Bojsen-Moller et al., 2020; Filiou and Sandi, 2019).
Furthermore, avoiding extended sedentary periods may help
sustain a steady level of mitochondrial activity. This could mitigate
the risk of mitochondrial dysfunction in the brain, a condition
implicated in the pathophysiology of depression (Molendijk et al.,
2018). In summary, the isotemporal substitution of sedentary time
with PA presents a multifaceted approach to potentially reducing
the risk of depression, supported by a convergence of biological,
psychological, and cognitive evidence. These insights underscore
the need for further research to elucidate the intricate relationship
between PA, SB, and mental health.

4.5 Strengths and limitations

The strengths of this study include its longitudinal design
(ten cohort studies), adequate sample size (702,755), and the use
of accelerometry to objectively measure PA and SB (14 studies
with instrumental measures). Therefore, although self-reported
measures provide rich contextual information on activity mode
(i.e., sports practice, transportation, or play) or domain (i.e., family-
based or school-based), they typically overestimate youth PA levels

Frontiersin Psychology

11

10.3389/fpsyg.2025.1505061

compared with objective measures and are generally unable to
accurately classify PA intensity (Fairclough and Noonan, 2020).
A key strength of this study lies in its rigorous application of
isotemporal substitution modeling, which provides a theoretically
grounded framework to quantify the independent health effects
of displacing sedentary time with PA of varying intensities. This
methodology enables precise estimation of depression risk by
accounting for the constrained nature of time allocation while
controlling for total activity volume, thereby offering clinically
meaningful insights for behavioral intervention design.

This meta-analysis had limitations at the level of the individual
studies examined and at the level of the review that was feasible
with the data available. The cross-sectional nature of the pooled
observations does not allow definitive conclusions to be drawn
regarding the causal relationship between the variables of interest.
Second, isotemporal substitution modeling has some limitations.
The principle underpinning isotemporal substitution modeling
and multiple regression analysis brings some issues, such as
not contemplating the codependent nature of PA data, which
may further limit its utility in this field (Batacan et al., 2015).
The isotemporal substitution model provides useful insights into
activity trade-offs but assumes linear, independent effects of
time reallocation, which may oversimplify real-world behavioral
interactions. These limitations could lead to overestimated effect
sizes, particularly for MVPA substitution, since the model doesn’t
fully account for compensatory behaviors or threshold effects
in depression risk. Finally, to increase comparability among
studies, only effect sizes associated with less adjusted models were
combined and analyzed, which could additionally limit the validity
of the reported results. To further increase comparability among
studies, the estimated b and 95% ClIs of studies using 10-min blocks
as units of exchange were scaled up to 30 min, so all included
studies would consistently show the effects of replacing 30 min of
sedentary time with LIPA and MVPA on the selected outcome.
Although these estimations conformed to the linearity properties of
the method used (i.e., linear regression analysis), the results should
be interpreted cautiously.

4.6 Clinical implications and future research

Our study has important implications for public mental health.
Depression is a common and burdensome disorder, with a median
age of onset in the early 20s (Kessler and Bromet, 2013). It is
projected to be a leading cause of disease burden in high-income
countries and the second cause of disease burden worldwide by
2030 (Mathers and Loncar, 2006). Additionally, SB is prevalent
and pervasive in modern society and is a risk factor that can
be avoided by changing one’s personal lifestyle. With the health
benefits of PA, many countries are paying more attention to PA
promotion while ignoring a series of health problems due to SB
(Piercy and Troiano, 2018; Weggemans et al., 2018). Given the
association between sedentary lifestyle and mental health disorders
observed in the present and other studies, public health campaigns
to reduce the risk of mental disorders should advocate regular
PA and reduce SB (Zhou et al., 2024). The findings of this meta-
analysis highlight the importance of considering the combined
effects of movement and non-movement behaviors on the risk of
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depression (i.e., replacing sedentary time with MVPA predicts a
stronger association than LPA). Recently, a 24-h analysis approach
has been suggested to evaluate the codependent nature of the
daily proportion of movement and non-movement behaviors on
health, and a novel analytical approach has been proposed (i.e.,
compositional analysis) to account for it (Batacan et al, 2015).
Therefore, this new approach can be used on epidemiological
observational and experimental data to provide new insights into
the relationship between PA and health and develop a new 24-h PA
guideline based on compositional analysis (Tremblay et al., 2016).

To enhance real-world applicability, public health guidelines
should prioritize integrating objective activity monitoring (e.g.,
wearables) with contextual self-reports to better tailor interventions
for different settings like schools or communities. Future research
should address the model’s inability to capture compensatory
behaviors after activity substitution, while also exploring how
sociocultural factors influence the relationship between SB and
mental health across diverse populations. To address current
methodological gaps for adapting 24-h movement healthy lifestyle,
future studies also should employ hybrid assessment protocols
combining accelerometry with ecological momentary assessment
(EMA) to simultaneously capture objective activity patterns and
real-time contextual factors influencing compensatory behaviors.
Additionally, culturally adapted intervention trials are needed to
examine how socioeconomic status and built environment modify
the SB-mental health relationship across global regions, particularly
in low- and middle-income countries underrepresented in
current evidence.

5 Conclusions

Reallocation of SB to PA may be beneficial, and reallocation of
PA to SB may be detrimental to the risk of depression. However,
when SB was replaced with MVPA, the predicted impacts were
stronger and more apparent. These findings also point to the
potential benefits of replacing SB with LPA, which may benefit those
less able to tolerate or accommodate higher-intensity activities,
including many older adults. Future research should move beyond
observational evidence and identify more robust indications of
depression outcomes by experimentally reallocating time spent in
SB with physical activities of different intensities.
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