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Abstract 

Background: This study examined the strength, shape and direction of associations of accelerometer‑assessed over‑
all, school‑ and non‑school‑based moderate‑to‑vigorous physical activity (MVPA) and sedentary time (ST) with BMI 
among adolescents across the world. Second, we examined whether these associations differed by study site and sex.

Methods: Cross‑sectional data from the IPEN Adolescent study, an observational multi‑country study, were used. 
Participants wore an accelerometer for seven days, reported height and weight, and completed a socio‑demographic 
survey. In total, 4852 adolescents (46.6% boys), aged 11–19 years (mean age = 14.6, SD = 1.7 years) were included in 
the analyses, using generalized additive mixed models.

Results: Adolescents accumulated on average 41.3 (SD = 22.6) min/day of MVPA and 531.8 (SD = 81.1) min/day of 
ST, and the prevalence of overweight and obesity was 17.2% (IOTF), but these mean values differed by country. Linear 
negative associations of accelerometer‑based MVPA and ST with standardized BMI scores and the likelihood of being 
overweight/obese were found. School‑based ST and non‑school‑based MVPA were more strongly negatively associ‑
ated to the outcomes than non‑school based ST and school‑based MVPA. Study site moderated the associations; 
adolescent sex did not. No curvilinear associations were found.

Conclusions: This multi‑country study confirmed the importance of MVPA as a potential protective factor against 
overweight/obesity in adolescents. Non‑school‑based MVPA seemed to be the main driver of these associations. 
Unexpected results were found for ST, calling for further examination in methodologically sound international studies 
but using inclinometers or pressure sensors to provide more precise ST measures.
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Background
Worldwide, levels of overweight and obesity in adoles-
cents are alarmingly high. Since 2000, the increasing 
trends in mean body mass index (BMI) in adolescents 
have plateaued in high-income countries, but this plateau 
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occurred at high prevalence. However, in East-, South- 
and Southeast Asia, mean BMI levels are still rapidly 
increasing [1]. Overweight or obesity in adolescence is 
associated with many negative physical, psychosocial and 
mental health consequences throughout the life-course 
[2–5]. Consequently, variables associated with a healthy 
weight in adolescents should be identified to inform pre-
vention strategies.

Increased physical activity (PA) and reduced seden-
tary time (ST) are important cornerstones in the preven-
tion and management of overweight and obesity [6]. A 
large-scale observational study using International Chil-
dren physical Activity Database (ICAD) accelerometer 
data showed greater duration and intensity of PA were 
consistently associated with lower BMI in children and 
adolescents [7]. Crowe et  al. [8] found higher PA may 
be more critical than lower screen time in the associa-
tion with overweight and obesity in adolescents. Recently 
published results from the UK ALSPAC study showed 
that total accelerometer-assessed sedentary time was not, 
but higher TV viewing time was prospectively associated 
with a higher fat mass index in both active and inactive 
adolescents [9]. A recent meta-analysis concluded the 
majority of evidence supports the hypothesis that ST has 
no prospective association with adiposity in youth, while 
prospective associations between MVPA and adipos-
ity were inconsistent [10]. Overall, current data suggest 
MVPA may be more important than ST in relation to 
weight-related outcomes in youth.

Although previous observational single- and multi-
country studies examined how total levels of PA and ST 
relate to BMI in adolescents, some gaps remain. First, 
the shape of associations is unclear. All previous studies 
only examined linear associations, but some associations 
might be curvilinear, meaning relations may attenu-
ate or strengthen at higher or lower levels of PA/ST. In 
a multi-country adults study, a curvilinear relation of 
accelerometer-based MVPA with BMI has been reported: 
associations were negative, but weakened at higher lev-
els of MVPA [11]. Such a potential curvilinearity has not 
been examined yet in adolescents [12]. Second, avail-
able international databases (e.g. ICAD) mainly include 
accelerometer data from European, Australian and North 
American adolescents [7, 10]. Data from other continents 
(e.g., Asia and Africa) are lacking, and associations might 
differ there. Third, although studies examining patterns 
of accumulation (e.g. prolonged bouts and breaks) are 
emerging [7], the predominant focus of the existing stud-
ies has been on the total volume of MVPA or ST. Instead 
of only examining associations of total MVPA or ST with 
BMI, examining associations of MVPA and ST accu-
mulated in different settings (e.g. at school or outside of 
school) with BMI may help to inform the development of 

setting-specific interventions to address overweight and 
obesity.

Based on these gaps in literature, our first aim was to 
examine the strength, shape, and direction of the associa-
tions of accelerometer-assessed overall, school- and non-
school-based MVPA and ST with standardized BMI and 
overweight/obesity status in 15 countries. The second 
aim was to establish whether these associations differed 
according to study site and sex.

Methods
Study design
The IPEN Adolescent study was an observational, multi-
country, cross-sectional study with purposive sampling, 
including 18 cities/regions (hereafter, sites) in 15 geo-
graphically, economically and culturally diverse coun-
tries across six continents: Australia (AUS; Melbourne), 
Bangladesh (BGD; Dhaka), Belgium (BEL; Ghent), Brazil 
(BRA; Curitiba), Czech Republic (CZE; Olomouc, Hra-
dec Králové), Denmark (DNK; Odense), Hong Kong SAR 
(CHN; Hong Kong), India (IND; Chennai), Israel (ISR; 
Haifa), Malaysia (MYS; Kuala Lumpur), New Zealand 
(NZL; Auckland, Wellington), Nigeria (NGA; Gombe), 
Portugal (PRT; Porto region), Spain (ESP; Valencia) and 
USA (Baltimore and Seattle regions). Data were collected 
between 2009 and 2016. Detailed information regard-
ing sites, protocol, design, and measures is presented in 
a protocol paper [13]. In short, recruited adolescent par-
ticipants were between 11 and 19 years, along with one 
parent or legal guardian (exception New Zealand: only 
adolescents), who were living in neighbourhoods (i.e., 
compilation of administrative units) chosen to maximize 
variance in neighbourhood income and walkability. For 
categorisation on walkability, a Geographic Information 
Systems (GIS)-based walkability index was used that was 
a composite of residential density, intersection density 
and land use mix [14, 15]. Malaysia, Nigeria, and India 
relied on local knowledge to identify diverse neighbour-
hoods. In most countries, the socio-economic status 
(SES) of neighbourhoods was classified as low or high 
based on city/region-specific demographic data. Neigh-
bourhoods were stratified into high walkability-high SES, 
high walkability-low SES, low walkability-high SES and 
low walkability-low SES quadrants for balancing rep-
resentation of neighbourhood types during participant 
recruitment.

Participant recruitment
Two strategies were used: (1) systematic selection of 
potential participants living at an address within the pre-
selected neighbourhoods (Brazil, Israel, USA), and (2) 
recruiting participants from preselected schools located 
within the four quadrants (10 countries). Belgium and 
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India combined both strategies. Recruitment within 
schools was conducted using random sampling, class-
room or year-level recruitment. After recruitment, the 
adolescents’ residential address was assigned to the 
appropriate quadrant code of the neighbourhood where 
they lived. All countries conducted recruitment in per-
son, except in the USA telephone and mail methods 
were used. In total, 6950 adolescents participated in the 
study. Mean participation rate, based on the countries 
that provided this information, was 48.4% (SD 23.6%). 
The lowest participation rate was reported in India (11%) 
and New Zealand (12.8%); participation was highest in 
Czech Republic (89.7%). Additional information like 
recruitment dates, site-specific participation rates, school 
schedules, contact mode and incentives in each country 
are reported elsewhere [13]. All studies in each coun-
try were approved by their Institution’s Ethics Commit-
tees, and participants and their legal guardian provided 
informed assent/consent.

Measures
BMI
Weight and height were self-reported in eight countries, 
and measured by research assistants in seven countries 
[13]. Sex was self-reported and decimal age in years 
calculated from birth date to date of measurement. To 
have wider international representation of sex- and 
age-adjusted BMI standards, the LMS Growth software 
program was used [16], applying the 2007 WHO Child 
Growth Reference [17] and the International Obesity 
Task Force (IOTF) cut points [18, 19]. The program con-
verts physical assessments to age- and sex-adjusted BMI 
standard deviation (SD) scores (based on the 2007 WHO 
Child Growth reference) and IOTF grades. The IOTF 
cut-offs classify BMI in children aged 2–18 years as thin 
(3 grades), normal weight, overweight, or obese. The six 
possible IOTF grades reflect the adjusted BMI values 
projected to adult BMI cut-offs at age 18: thinness grade 
-3 (BMI < 16), thinness grade -2 (BMI 16 to < 17), thinness 
grade -1 (BMI 17 to < 18.5), normal weight grade 0 (BMI 
18.5 to < 25), overweight grade + 1 (BMI 25 to < 30) or 
obese grade + 2 (BMI 30 +). For this study, IOTF grades 
were reclassified into thin/normal versus overweight/
obese. Finally, the Centers for Disease Control (CDC) 
BMI-SD scores [20] were also considered in sensitivity 
analyses to examine whether using WHO BMI-SD scores 
versus CDC BMI-SD scores produced different results 
(see Appendices 1, 2, 3 and 4).

Accelerometer‑assessed MVPA and ST
Adolescents (all or a subsample, depending on study site; 
n = 5215) were asked to wear an ActiGraph accelerom-
eter on the right hip for at least seven days during waking 

hours when not swimming or bathing. Due to varying 
availability across study sites, four ActiGraph models 
were used (7164, GT1M, GT3X and GT3X +). To stand-
ardize screening and scoring procedures, accelerometer 
data from all countries were sent to the study’s Coordi-
nating Center site. Trained researchers at the coordi-
nating center screened all data using MeterPlus v.5.0 to 
ensure comparable data processing and scoring meth-
ods across all sites. Screening procedures were checked 
for devices that had malfunctioned, flagged non-wearing 
time for exclusion, and marked valid wearing days for 
scoring. More details about IPEN Adolescent accelerom-
eter scoring protocols can be found on the IPEN website 
at http:// ipenp roject. org/ metho ds_ accel erome ters. html.

All accelerometer vertical axis data were collected with 
(or converted to) a 30-s epoch, which was the short-
est length that could be standardized across all study 
sites. While a 60-s epoch has often been used in both 
adult and youth studies, shorter epochs appear to record 
more accurately the intermittent, short bursts of physi-
cal activity common in young people [21]. Non-wear 
time was defined as 60 + minutes of consecutive zero 
counts, which is an interval that very accurately differen-
tiates sedentary behavior from non-wear time in adoles-
cents [22]. A valid wearing day consisted of at least 8 h of 
wear time during waking hours from 6AM to midnight. 
Only participants with at least 4 valid wearing days were 
included in the analyses (n = 4852). The wearing criteria 
of at least 8 h per day to define a valid day and at least 
4 valid wearing days for inclusion in analyses are com-
monly used in adolescent accelerometer studies [21].

Evenson cut-points for MVPA and ST (≤ 100 counts 
per minute) were applied to compute average duration 
per day (minutes/day) across all valid wearing days [23]. 
In addition, MVPA and ST durations ‘during school’ 
on school days and during all ‘non-school’ periods (i.e., 
before and after school on school days plus all valid 
wearing hours on non-school days) were extracted. Self-
reported school start and end times were used in most 
countries to determine school days and in-school times. 
These data were not available in the USA and 08:15 AM 
to 02:15 PM was used as an estimate of the school day on 
weekdays for the USA [13].

Fourteen countries used an Actigraph GT model 
(GT1M, GT3X, or GT3X +), and one country (USA) pri-
marily used the older generation 7164 model. For sites 
using GT models, protocols specified that the Low Fre-
quency Extension (LFE) be enabled because it produces 
comparability between data collected with the older 7164 
model and the newer generation GT models [24]. Twelve 
countries using the GT models always had the LFE ena-
bled when collecting accelerometer data (total of 4482 
cases). However, two countries had some wearings that 

http://ipenproject.org/methods_accelerometers.html
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used a GT model with the normal filter enabled, which 
made it less sensitive to lower-intensity activity (90 cases 
in the USA and 154 cases in India). One country (Den-
mark) used the normal filter for all accelerometer wear-
ings (126 cases). To account for potential effects of using 
less sensitive GT models with the normal filter enabled 
[23], a variable denoting comparability of accelerometer 
models was created (0 = non-comparable; 1 = compara-
ble) and used in sensitivity analyses. The 7164 and GT 
models with LFE were considered comparable (n = 4482 
cases); GT models with the normal filter used (n = 370) 
were considered non-comparable to the 7164 and GT 
models with LFE enabled [24].

Socio‑demographic covariates and study design measures
Sex, age and highest educational attainment in the house-
hold were included as covariates in all statistical models. 
Study design variables adjusted for included site (city/
region) and the dichotomous (low versus high) indicators 
of within-site administrative-unit walkability and SES. To 
adjust for accelerometer-related differences across partic-
ipants, number of valid days of accelerometer wear time, 
average accelerometer wear time/day, and accelerom-
eter comparability (yes vs. no) were included in analyses. 
Recruitment-related clustering within residential census 
units and school attended was adjusted for by including 
administrative codes for neighbourhoods and schools as 
random effects in analyses.

Data Analyses
Descriptive statistics were computed for all relevant vari-
ables, by site and for the whole sample. Missing data for 
at least one variable occurred in 9% of participants, with 
a minimum of 0% in Hong Kong (CHN) and maximum 
of 56.7% in Melbourne (AUS). The presence of missing 
data on specific variables was related to other study vari-
ables, i.e., data were at least missing at random (MAR) 
rather than completely missing at random [25]. Specifi-
cally, in the analytical sample (n = 4852; adolescents with 
valid accelerometer data), six variables were associated 
with having missing values on one or more variables 
examined in this study. Older adolescents (OR = 1.167; 
95%CI: 1.012, 1.236; p < 0.001), females (OR = 1.258; 
95%CI: 1.037, 1.526; p = 0.020) and those with more 
MVPA minutes per valid day (OR = 1.011; 95%CI: 1.007, 
1.015; p < 0.001) were more likely to have missing values. 
Adolescents with more valid days of accelerometer wear 
(OR = 0.827; 95%CI: 0.768, 0.892; p < 0.001), more total 
wear time per valid day (OR = 0.997; 95%CI: 0.996, 0.998; 
p < 0.001) and more ST per day (OR = 0.998 95%CI: 
0.996, 0.999; p = 0.001) were less likely to have missing 
values. As analyses based on complete data only when 
missing data are MAR can yield biased results, while 

analyses based on properly-conducted multiple imputa-
tions do not [25], ten imputed datasets were created for 
the main regression analyses [26]. We also conducted the 
same analyses on cases with complete data (n = 4384) for 
sensitivity analysis purposes. Multiple imputations were 
performed using chained equations (MICE) accounting 
for within-city administrative-unit- and school-level clus-
tering effects arising from the two-stage stratified sam-
pling strategy employed in each study site [26]. The ten 
imputed datasets were created in R (R Development Core 
Team, 2020) using the package ‘mice’ and following pro-
cedures outlined by van Buuren [26].

For the first aim, we used generalized additive mixed 
models (GAMMs) with random intercepts at the within-
city administrative-unit and school level [11, 27]. As BMI 
variables were continuous and approximately normally 
distributed, they were modelled using GAMMs with 
Gaussian variance and identity link functions. As BMI 
status (dichotomized IOTF grades) was a binary variable 
it was modelled using GAMMs with binomial variance 
and logit link functions. The reported antilogarithms 
of the regression coefficient estimates of the binomial 
GAMMs represent odds ratios of inclusion in the over-
weight/obese IOTF category.

Main-effect sets of GAMMs estimated relationships 
of total MVPA and ST (Model 1), as well as school-
based MVPA and ST and non-school-based MVPA and 
ST (Model 2), with the outcome variables, adjusting for 
adolescent sex, age, site, highest education level, within-
city/region administrative-unit-level walkability and 
SES, accelerometer comparability, number of valid days 
of accelerometer wear time and average accelerometer 
wear time per day. There was no collinearity between the 
explanatory variables included in the GAMMs (maxi-
mum absolute correlation = 0.30). Curvilinear relation-
ships of MVPA and ST variables with BMI outcomes 
were estimated using non-parametric smooth terms in 
GAMMs, which were modelled using thin-plate splines 
[27]. Smooth terms failing to provide evidence of a cur-
vilinear relationship (an Akaike’s Information Criterion 
[AIC] value 10 + units smaller than the linear model) 
were replaced by simpler linear terms.

Separate GAMMs were run to estimate MVPA and 
ST variables by sex, site (second study aim) and acceler-
ometer comparability (sensitivity analyses) interaction 
effects on BMI outcomes. The significance of interaction 
effects of site (each consisting of 17 PA or ST variable-by-
site interaction terms) was evaluated by comparing AIC 
values of models with and without interaction effects, 
whereby the model with a ≥ 10-unit smaller AIC was pre-
ferred [28]. The significance of the interaction effects of 
sex and accelerometer comparability (defined by a single 
interaction term) were determined using the Wald test. 
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Significant interaction effects were probed by comput-
ing the associations of MVPA and ST variables with BMI 
outcomes at different values of the moderator. Sensitiv-
ity analyses for the WHO BMI-SD score as outcome were 
undertaken by running the same GAMMs with the CDC 
BMI-SD scores as outcome (Appendices 1,  2,  3  and  4). 
All analyses were conducted on the imputed data sets 
(primary analyses reported in the manuscript) and cases 
with complete data (sensitivity analyses, Appendices 
1, 2, 3 and 4). All analyses were conducted in R (R Devel-
opment Core Team, 2020) using the packages ‘car’ [29], 
‘mgcv’ [27], ‘gmodels’ [30], and ‘mice’ [31].

Results
Descriptive characteristics
On average, adolescents accumulated 41.3 (SD = 22.6) 
min/day of MVPA and 531.8 (SD = 81.1) min/day of ST. 
Average total MVPA (mins/day) was higher in the Czech, 
New Zealand and Portuguese study sites and in Gombe 
(NGA), and lower in Chennai (IND) and Kuala Lumpur 
(MYS). Average total ST was substantially lower in Olo-
mouc (CZE) and higher in Valencia (ESP). Approximately 
15% of the sample was classified as being overweight and 
5.0% as being obese. The prevalence of overweight and 
obesity ranged from 7.5% in Gombe (NGA) and 7.9% in 
Odense (DNK) to 31.9% in Curitiba (BRA) and 32.2% in 
the Porto region (PRT) (Table 1).

Socio‑demographic correlates of weight status
Study site was a significant correlate of WHO BMI-SD 
scores and BMI categories (Table 2). For example, when 
compared to adolescents in Seattle (USA), adolescents in 
Gombe (NGA), Ghent (BEL), Olomouc (CZE), Odense 
(DNK), Hong Kong (CHN) and Haifa (ISR) had lower 
BMI-SD scores and lower odds of being overweight/
obese. In contrast, adolescents from Portuguese sites 
and Curitiba (BRA) were more likely to be overweight/
obese than adolescents from Seattle (USA). Other socio-
demographic predictors were adolescent sex, educational 
attainment and area-level SES: Females, adolescents from 
a household with a college degree, and higher SES area 
adolescents were less likely to be overweight/obese.

Main associations of accelerometer‑based MVPA and ST 
with BMI and weight status (study aim 1)
Total MVPA and ST were both negatively related to ado-
lescent BMI-SD scores and the likelihood of being over-
weight/obese (Table  3). For every 10  min/day increase 
in total MVPA, BMI-SD decreased by 0.04 SD units. 
Similarly, for every 10  min/day increase in total ST, 
BMI-SD decreased by 0.01 SD units. When examining 
the context-specific effects of MVPA and ST (Model 2 
in Table 3), ST during school periods and MVPA during 

non-school periods were more strongly negatively related 
to BMI-SD scores and the odds of being overweight/
obese than their counterpart measures.

Moderating effects of study site, sex (study aim 2) 
and accelerometer comparability (sensitivity analyses)
Some associations of MVPA and ST measures with ado-
lescents’ BMI outcomes were moderated by study site or 
accelerometer comparability, while adolescent sex was 
not a significant moderator (all p values > 0.450) (Table 4). 
Site moderated the association of total MVPA with BMI-
SD score, with adolescents in Baltimore (USA), Seattle 
(USA), Ghent (BEL), Gombe (NGA), Chennai (IND), 
Wellington (NZL), Curitiba (BRA), Melbourne (AUS), 
and Olomouc (CZE) tending to show a negative associa-
tion; adolescents in Kuala Lumpur (MYS) and Valencia 
(ESP) tending to show a positive association; and those in 
other study sites close to null association. Study site also 
moderated the relation of MVPA during non-school peri-
ods to BMI-SD scores. The pattern was similar to that of 
total MVPA with BMI-SD scores.

Associations between total ST and BMI-SD score were 
moderated by accelerometer comparability, with nega-
tive associations observed only in adolescents wearing 
comparable accelerometers. The full model of context-
specific MVPA and ST including significant moderat-
ing effects indicated that ST during school periods was 
similarly negatively related to BMI-SD score across sexes, 
study sites and accelerometer models. In contrast, the 
associations of ST during non-school periods with BMI-
SD scores were moderated by accelerometer comparabil-
ity, whereby non-comparable accelerometers tended to 
yield positive, and comparable accelerometers negative, 
associations (Table 4).

Accelerometer comparability also moderated the asso-
ciations of total ST and ST during non-school periods 
with the likelihood of being overweight/obese, whereby 
only comparable accelerometers tended to show a nega-
tive association (Table  5). The remaining MVPA and 
ST measures were negatively related with the odds of 
being overweight/obese, although the association with 
MVPA during school periods was weak. These effects 
were not moderated by study site, sex or accelerometer 
comparability.

Similar findings were observed when analyses were 
conducted on cases with complete data and when using 
CDC BMI-SD scores as outcome variables (sensitivity 
analyses; Supplementary material: Appendices 1,2,3,4).

Discussion
The most notable finding was that associations between 
MVPA and sex- and age-adjusted weight status out-
comes were stronger and more robust than associations 
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found for ST. This is in line with previous research in 
adolescents [7, 8, 32, 33]. Remarkably and unexpectedly, 
most associations between ST variables and weight out-
comes were negative, implying that more ST was associ-
ated with lower BMI-SD scores and lower odds of being 
overweight/obese. To our knowledge, almost no previ-
ous studies reported such negative associations. A sci-
entific statement of the American Heart Association 
concluded that, based on cross-sectional and longitu-
dinal data, little to no association between objectively-
measured sedentary time and markers of adiposity (e.g., 
BMI) in adolescents is present [34]. A recently published 
scoping review focusing exclusively on ActiGraph stud-
ies that examined associations of PA and ST with body 

composition in children and adolescents concluded that 
ST was positively associated with BMI and percent-
age fat, and negatively with lean mass [33]. However, in 
that scoping review, data from children and adolescents 
were combined, and all included studies were conducted 
in Western Europe, North America, Brazil or Africa. No 
data were included of Asian adolescents who usually have 
a lower muscle mass than their Caucasian counterparts 
[35]. None of these studies, including ours, examined 
sleep time, a known modulator of obesity [36].

Our findings indicated the negative associations of 
overall and non-school-based ST with adjusted weight 
outcomes were present in adolescents wearing compara-
ble accelerometers (92.4% of the sample). These negative 

Table 2 Associations of socio‑demographic variables, study site, and neighbourhood characteristics with WHO BMI‑SD and BMI 
categories (IOTF)

Abbreviations: AUS Australia, BGD Bangladesh, BEL Belgium, BRA Brazil, CZE Czech Republic, DNK Denmark, CHN China, IND India, ISR Israel, MYS Malaysia, NZL New 
Zealand, NGA Nigeria, PRT Portugal, ESP Spain, USA United States of America, SES area-level socio-economic status, IOTF International Obesity Task Force, BMI Body 
Mass Index, WHO World Health Organization, OR Odds ratio, CI Confidence interval. Estimates from generalized additive mixed models with random intercepts at the 
administrative-unit and school levels (pooled estimates from 10 imputed datasets)

Socio‑demographic variable, study site & 
neighbourhood characteristics

WHO BMI‑SD BMI categories (IOTF)
(thin/normal vs. overweight/obese)

b (95% CIs) p‑value OR (95% CIs) p‑value

Sex (ref: male)

Female ‑0.072 (‑0.144, 0.0003) .051 0.747 (0.644, 0.867)  < .001

Age, years ‑0.014 ( ‑0.038, 0.011) .278 1.015 (0.964, 1.069) .561

City (ref: Seattle)

  Baltimore, USA ‑0.036 (‑0.203, 0.131) .673 1.234 (0.894, 1.702) .201

  Gombe, NGA ‑1.640 (‑1.840, ‑1.438)  < .001 0.242 (0.140, 0.417)  < .001

  Ghent, BEL ‑0.691 (‑0.897, ‑0.485)  < .001 0.430 (0.255, 0.726) .002

  Valencia, ESP ‑0.253 (‑0.440, ‑0.065) .008 0.804 (0.549, 1.177) .261

  Porto region, PRT 0.098 (‑0.150, 0.346) .440 1.633 (1.036, 2.572) .035

  Olomouc, CZE ‑0.598 (‑0.947, ‑0.248)  < .001 0.403 (0.163, 0.997) .049

  Hradec Králové, CZE ‑0.373 (‑0.749, 0.003) .052 0.723 (0.319, 1.638) .437

  Odense, DNK ‑0.563 (‑0.819, ‑0.306)  < .001 0.327 (0.162, 0.657) .002

  Curitiba, BRA 0.090 (‑0.082, 0.262) .304 1.426 (1.029, 1.977) .033

  Kuala Lumpur, MYS ‑0.423 (‑0.626, ‑0.221)  < .001 0.943 (0.603, 1.475) .798

  Melbourne, AUS ‑0.175 (‑0.358, 0.007) .059 0.972 (0.670, 1.410) .881

  Auckland, NZL ‑0.120 (‑0.301, 0.061) .195 0.980 (0.686, 1.401) .913

  Wellington, NZL ‑0.075 (‑0.305, 0.155) .522 0.783 (0.493, 1.244) .300

  Hong Kong, CHN ‑0.588 (‑0.754, ‑0.422)  < .001 0.355 (0.240, 0.526)  < .001

  Dhaka, BGD ‑0.465 (‑0.766, ‑0.163) .003 0.773 (0.399, 1.496) .444

  Chennai, IND ‑0.658 (‑0.841, ‑0.474)  < .001 1.020 (0.713, 1.457) .915

  Haifa, ISR ‑0.317 (‑0.525, ‑0.108) .003 0.559 (0.352, 0.887) .014

Education (ref: < college)

  College or higher ‑0.028 (‑0.108, 0.051) .485 0.826 (0.702, 0.970) .020

Walkability (ref: low)

  High ‑0.049 (‑0.122, 0.025) .193 0.948 (0.812, 1.105) .492

SES (ref: low)

  High ‑0.105 (‑0.179 ‑0.031) .005 0.846 (0.722, 0.990) .037
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Table 3 Associations of time spent in MVPA and ST with WHO BMI‑SD and BMI categories (IOTF): main effect models

Abbreviations: MVPA Moderate-to-vigorous physical activity, ST Sedentary time, IOTF International Obesity Task Force, BMI Body Mass Index, WHO World Health 
Organization, OR Odds ratio, CI Confidence interval. Estimates from generalized additive mixed models with random intercepts at the administrative-unit and school 
levels (pooled estimates from 10 imputed datasets). Models were adjusted for adolescent sex, age, city, area-level walkability and SES, valid days of accelerometer 
wear, average wear time per day and accelerometer comparability

MVPA / ST variables WHO BMI‑SD BMI categories (IOTF) (thin/normal vs. 
overweight/obese)

b (95% CIs) p‑value OR (95% CIs) p‑value

Model 1: total MVPA/ST

  Total MVPA (min/day) ‑0.004 (‑0.006, ‑0.002)  < .001 0.989 (0.985, 0.994)  < .001

  Total ST (min/day) ‑0.001 (‑0.002 ‑0.0006)  < .001 0.997 (0.995, 0.998)  < .001

Model 2: School and non-school MVPA/ST

  School MVPA (min/day) ‑0.004 (‑0.009, 0.001) .120 0.990 (0.980, 1.000) .062

  School ST (min/day) ‑0.002 (‑.003, ‑0.0003) .016 0.996 (0.993, 0.999) .004

  Non‑School MVPA (min/day) ‑0.003 (‑0.006, ‑0.001) .017 0.991 (0.985, 0.997) .003

  Non‑School ST (min/day) ‑0.0008 (‑.0021, 0.0003) .131 0.999 (0.996, 1.000) .093

Table 4 Associations of MVPA and ST with WHO BMI‑SD: full models including moderating effects

Abbreviations: AUS Australia, BGD Bangladesh, BEL Belgium, BRA Brazil, CZE Czechia, DNK Denmark, CHN China, IND India, ISR Israel, MYS Malaysia, NZL New 
Zealand, NGA Nigeria, PRT Portugal, ESP Spain, USA United States of America, MVPA Moderate-to-vigorous physical activity, ST Sedentary time, BMI Body Mass 
Index, WHO World Health Organization, OR Odds ratio, CI Confidence interval. Estimates from generalized additive mixed models with random intercepts at the 
administrative-unit and school levels (pooled estimates from 10 imputed datasets). Models were adjusted for adolescent sex, age, city, area-level walkability and SES, 
valid days of accelerometer wear, average wear time per day and accelerometer comparability

Model 1: Total MVPA/ST Model 2: School and non‑school MVPA/ST

Regression term b (95% CIs) p‑value Regression term b (95% CIs) p‑value

MVPA during school (main effect) ‑0.004 (‑0.008, 0.001) .154

ST during school (main effect) ‑0.002 (‑0.003, ‑0.0004) .010

City-specific effects of total MVPA City-specific effects of non-school MVPA

 Seattle, USA ‑0.006 (‑0.012, 0.001) .091  Seattle, USA ‑0.006 (‑0.014, 0.002) .139

Baltimore, USA ‑0.009 (‑0.015, ‑0.003) .003 Baltimore, USA ‑0.010 (‑0.017, ‑0.002) .009

Gombe, NGA ‑0.015 (‑0.021, ‑0.010)  < .001 Gombe, NGA ‑0.017 (‑0.024, ‑0.010)  < .001

Ghent, BEL ‑0.006 (‑0.017, 0.004) .242 Ghent, BEL ‑0.0002, (‑0.014, 0.014) .975

Valencia, ESP 0.004 (‑0.002, 0.011) .170 Valencia, ESP 0.006 (‑0.001, 0.013) .105

Porto region, PRT 0.002 (‑0.008, 0.012) .704 Porto region, PRT 0.003 (‑0.009, 0.016) .605

Olomouc, CZE ‑0.008 (‑0.021, 0.004) .199 Olomouc, CZE ‑0.009 (‑0.023, 0.005) .219

Hradec Králové, CZE 0.002 (‑0.015, 0.020) .786 Hradec Králové, CZE 0.004 (‑0.016, 0.025) .681

Odense, DNK ‑0.003 (‑0.015, 0.009) .621 Odense, DNK ‑0.002 (‑0.018, 0.014 .804

Curitiba, BRA ‑0.004 (‑0.010, 0.001) .106 Curitiba, BRA ‑0.003 (‑0.009, 0.004) .430

Kuala Lumpur, MYS 0.010 (0.002, 0.019) .016 Kuala Lumpur, MYS 0.015 (0.003, 0.026) .014

Melbourne, AUS ‑0.004 (‑0.010, 0.003) .247 Melbourne, AUS ‑0.004 (‑0.013, 0.005) .394

Auckland, NZL ‑0.001 (‑0.007, 0.005) .701 Auckland, NZL ‑0.001 (‑0.008, 0.006) .815

Wellington, NZL ‑0.006 (‑0.014, 0.002) .158 Wellington, NZL ‑0.008 (‑0.018, 0.002) .100

Hong Kong, CHN 0.002 (‑0.004, 0.008) .532 Hong Kong, CHN 0.003 (‑0.004, 0.011) .400

Dhaka, BGD ‑0.001 (‑0.011, 0.010) .886 Dhaka, BGD ‑0.001 (‑0.014, 0.012) .879

Chennai, IND ‑0.012 (‑0.020, ‑0.003) .007 Chennai, IND ‑0.015 (‑0.026, ‑0.004) .009

Haifa, ISR ‑0.001 (‑0.010, 0.008) .806 Haifa, ISR 0.001 (‑0.010, 0.011) .860

Accelerometer-comparability-
specific effects of total ST

Accelerometer-comparability-specific 
effects of non-school ST

Not comparable accelerometers 0.001 (‑0.001, 0.003) .208 Not comparable accelerometers 0.002 (‑0.0002, 0.004) .087

Comparable accelerometers ‑0.001 (‑0.002, ‑0.001)  < .001 Comparable accelerometers ‑0.001 (‑0.002, 0.0003) .140
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associations might be partially explained by a compensa-
tion mechanism. Adolescents engaging in vigorous PA 
(and thus having a lower BMI) might be more sedentary 
during the rest of the day. Although our analyses mutu-
ally adjusted for MVPA and ST there might have been 
residual confounding of vigorous PA. The correlations 
between ST and vigorous PA support this hypothesis. 
In several study sites using comparable accelerometers, 
there were positive associations between ST and vigorous 
PA, mainly in male participants (e.g., r = 0.30 in India, 
r = 0.35 in Bangladesh, r = 0.57 in Olomouc). Positive 
associations between non-school-based ST and BMI-SD 
score were found in adolescents wearing non-comparable 
accelerometers, but this subsample only consisted of 370 
adolescents from Denmark, India and USA.

Accelerometer-based methodological issues clearly 
play an important role in data analyses and results inter-
pretation. While our study took extra steps to harmonize 
study procedures and measures across countries (e.g., 
scoring accelerometer data at one coordinating cen-
tre; fewer than 8% of participants wore non-comparable 
accelerometers), the importance of procedural uniform-
ity should be underscored for future studies. Multi-
country studies involving accelerometer data pooling 
should emphasize the importance of using identical data 
collection procedures (e.g. use of LFE and comparable 
ActiGraph models), using uniform scoring procedures, 
and being transparent in reporting data collection and 
processing procedures in manuscripts. These practices 
should enhance the possibility of comparing findings 
across sites and avoiding methodological biases.

A second key finding was the country-specificity of 
associations between MVPA and adjusted weight out-
comes. In most sites, negative associations were found, 
but in some (Porto region (PRT), Dhaka (BGD), Haifa 
(ISR)) no associations or even a tendency towards 

positive associations (Valencia (ESP), Kuala Lumpur 
(MYS)) were identified. These cross-site differences sup-
port the importance of conducting multi-country stud-
ies. Differences in associations between MVPA and 
weight outcomes between countries could depend on 
interactions between cultural and biological factors, like 
differences in body composition across ethnic groups, 
differences in types of activities adolescents engage in 
across countries (e.g. cycling or water-based activities 
that are not captured by accelerometers), or differences 
in diet.

A novel aspect was the examination of school-based 
and non-school-based MVPA and ST separately as cor-
relates of weight status outcomes. Non-school-based 
MVPA and school-based ST were more strongly nega-
tively related to BMI-SD scores and BMI categories than 
school-based MVPA and non-school-based ST. Almost 
no previous studies examined these context-specific asso-
ciations. One study using a compositional isotemporal 
substitution model found that replacing 30  min of out-
of-school ST with 30  min out-of-school light-intensity 
PA was associated with a decrease in adiposity, while no 
such associations were found for school-based ST [37]. A 
systematic review concluded there was insufficient evi-
dence to suggest health benefits may differ depending on 
PA context (e.g. recreation versus active transportation 
versus school-based) [38]. They emphasized the need to 
address this knowledge gap in future research, to be able 
to provide more specificity in PA guidelines. A potential 
explanation for our findings might be the higher variabil-
ity in the amount of non-school-based PA compared with 
school-based PA, which is also reflected in the descrip-
tive statistics.

None of the detected associations of MVPA and ST 
with weight outcomes were curvilinear. This is not in line 
with findings of the IPEN Adult study, a multi-country 

Table 5 Associations of MVPA and ST with BMI categories (IOTF) (thin/normal vs. overweight/obese): full models including 
moderating effects

Abbreviations: ITOF International Obesity Task Force, MVPA Moderate-to-vigorous physical activity, ST Sedentary time, OR Odds ratio, CI Confidence interval. 
Estimates from generalized additive mixed models with random intercepts at the administrative-unit and school levels (pooled estimates from 10 imputed datasets). 
Models were adjusted for adolescent sex, age, city, area-level walkability and SES, valid days of accelerometer wear, average wear time per day and accelerometer 
comparability

Model 1: Total MVPA/ST Model 2: School and non‑school MVPA/ST

Regression term OR (95% CIs) p‑value Regression term OR (95% CIs) p‑value

Total MVPA (min/day; main effect) 0.990 (0.985, 0.994)  < .001 MVPA during school (min/day; main effect) 0.990 (0.980, 1.001) .066

Non‑school MVPA (min/day; main effect) 0.996 (0.993, 0.999) .004

ST during school (min/day; main effect) 0.991 (0.985, 0.997) .003

Accelerometer-comparability-specific 
effects of total ST (min/day)

Accelerometer-comparability-specific effects of 
non-school ST (min/day)

Not comparable accelerometers 1.001 (0.997, 1.005) .696 Not comparable accelerometers 1.002 (0.998, 1.006) .330

Comparable accelerometers 0.997 (0.995, 0.998)  < .001 Comparable accelerometers 0.998 (0.996, 1.000) .055
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study with similar methods and analyses [11]. In adults 
from 10 countries, curvilinear associations between 
MVPA and weight outcomes were found, with an attenu-
ation of the beneficial effect of MVPA on BMI at higher 
levels of MVPA [11]. However, in adolescents, it seems 
like higher levels of MVPA are more beneficial for weight 
outcomes, without evidence of a ‘levelling-off’ effect. This 
finding supports the recently updated WHO guidelines 
on PA for children and adolescents, stating that children 
and adolescents should do at least an average of 60 min 
per day of MVPA across the week [39]. In a review to 
inform the updated WHO guidelines, it was reported 
that more PA beyond a daily 60 min of MVPA appears to 
be better for several health outcomes [38].

Overall, this paper adds novelty to the current evidence 
base by examining potential curvilinearity in the associa-
tions, including data from Asian and African countries 
and focusing on school- and non-school-based PA and 
ST, in addition to total volumes of PA and ST. Our results 
indicate that behavior-specific and site-specific recom-
mendations and interventions may be more promising 
than broad recommendations to reduce ST and increase 
MVPA. Furthermore, as no moderating effects of adoles-
cent sex were found, interventions could be expected to 
be similarly effective for girls and boys.

The primary study strength is the comparable data 
collection protocols in 15 diverse countries across six 
continents, including regions that are currently under-
represented in PA research (e.g., Malaysia, Bangladesh, 
India, Nigeria). Other strengths are the large overall sam-
ple size, application of GAMMs that allowed modelling 
of curvilinear associations, and use of accelerometers. 
Several limitations need acknowledgement. First, the 
cross-sectional design precluded inferences about cau-
sality. Second, estimates of MVPA and ST are probably 
not representative of the total adolescent population in 
participating countries, as participants were purposively 
recruited from specific neighbourhoods. Third, Acti-
Graph models used varied, as did response rates across 
sites, implying sampling biases or other methodological 
biases. Fourth, waist-worn accelerometers do not specifi-
cally measure sedentary time or changes in posture; they 
measure lack of movement. Consequently, time spent 
standing can be incorrectly classified as sedentary time 
when using waist-worn accelerometers. Fifth, a combina-
tion of self-report and objective measures of weight and 
height was used across countries. Objectively-assessed 
BMI has superior accuracy to classify adolescent par-
ticipants as overweight or obese [40]. Sixth, ideally, diet-
related measures and information on sleep duration/
quality would have been included as well. Furthermore, 
stage of maturity plays an important role in the develop-
ment of BMI, so it would have been useful if we could 

have controlled for this in the analyses. However, no such 
information was collected. Finally, there were large differ-
ences in sample sizes across countries, limiting the power 
in country-specific analyses.

Conclusions
In conclusion, this international study confirmed prior 
research that MVPA may be a stronger correlate of 
weight status than ST. More specifically, non-school-
based MVPA was more strongly related to weight status 
than school-based MVPA, but this should be examined 
further in future studies. Surprisingly, more ST was 
related to lower BMI and lower odds of being over-
weight/obese, although this result was not consistent 
across study sites. This finding should be further explored 
in other methodologically sound international studies 
to determine if present results can be replicated. Finally, 
we encourage the use of inclinometers or pressure sen-
sors (e.g. in socks or shoes) [41] to provide more precise 
measures of ST.
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