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ABSTRACT

Objectives To determine if subpopulations of students benefit equally from school-based physical
activity interventions in terms of cardiorespiratory fitness and physical activity. To examine if

physical activity intensity mediates improvements in cardiorespiratory fitness.

Design Pooled analysis of individual participant data from controlled trials that assessed the impact
of school-based physical activity interventions on cardiorespiratory fitness and device-measured

physical activity.

Participants Data for 6621 children and adolescents aged 4-18 years from 20 trials were included.

Main outcome measures Peak oxygen consumption (VO... mL/kg/min) and minutes of moderate

and vigorous physical activity.

Results Interventions modestly improved students’ cardiorespiratory fitness by 0.47 mL/kg/min
(95% confidence interval 0.33 to 0.61), but the effects were not distributed equally across
subpopulations. Girls and older students benefited less than boys and younger students, respectively.
Students with lower levels of initial fitness, and those with higher levels of baseline physical activity
benefitted more than those who were initially fitter and less active, respectively. Interventions had a
modest positive effect on physical activity with approximately one additional minute per day of both
moderate and vigorous physical activity. Changes in vigorous, but not moderate intensity, physical

activity explained a small amount (~5%) of the intervention effect on cardiorespiratory fitness.

Conclusions Future interventions should include targeted strategies to address the needs of girls and
older students. Interventions may also be improved by promoting more vigorous intensity physical
activity. Interventions could mitigate declining youth cardiorespiratory fitness, increase physical
activity, and promote cardiovascular health if they can be delivered equitably and their effects

sustained at the population level.



SUMMARY BOX

What is already known

- School-based physical activity interventions can reduce risk of cardiovascular diseases and all-
cause mortality by improving children’s and adolescents’ cardiorespiratory fitness. Intervention
effects on children’s and adolescents’ physical activity are unclear.

- Previous studies have been underpowered to determine if interventions differentially benefit
subpopulations of students.

- Higher intensity physical activity may be more impactful in youth than lower intensity physical

activity but the role of intensity in interventions for improving cardiorespiratory fitness is unclear.

What are the new findings

- Interventions modestly improved cardiorespiratory fitness and physical activity, but benefits were
not equally distributed among subpopulations of students. Even in the school-setting, equity in
intervention effectiveness is not guaranteed and inequalities in subpopulations of youth persist.

- Intervention designers and policymakers should ensure future interventions include targeted
strategies to address the needs of girls and older students. Future interventions may also benefit from

focusing on ways to promote vigorous intensity physical activity.



INTRODUCTION

Low cardiorespiratory fitness (CRF) is an independent modifiable risk factor for cardiovascular
diseases and all-cause mortality.[2-4] Greater CRF is associated with better health outcomes in
people of all ages, including children and adolescents.[5] Poor CRF when a person is young is also
linked with all-cause mortality in adulthood.[6-9] Physical activity levels are also associated with all-
cause mortality.[10] Worryingly, youth CRF has declined over the last three decades[11] and
children’s physical activity declines from as young as age seven years.[12] Schools are ideally
positioned for health promoting interventions that aim to increase physical activity and CRF.[13]
Meta-analyses show that school-based physical activity interventions can improve children’s and
adolescents’ CRF[14-16] Paradoxically, recent meta-analyses of school-based physical activity
interventions have found minimal intervention effects on device-measured moderate to vigorous
physical activity.[17,18]

In addition to equivocal findings for the effectiveness of school-based interventions to improve CRF
and physical activity, it is not known if interventions benefit subpopulations equally. Youth from
lower socioeconomic backgrounds, those with overweight or obesity, and girls typically have poorer
CRF and are less physically active than their peers who are from higher socioeconomic backgrounds,
normal weight, and boys.[19-22] Without knowledge of intervention effects on subpopulations,
policymakers cannot determine if disseminating school-based programs is likely to improve health
among those who need it most or if they will disproportionately benefit the most advantaged
students.[23] Evidence regarding the role of physical activity of varying intensities in improving
CRF in school-based physical activity interventions has also not previously been synthesised. Higher
intensity activity likely confers physical and mental health benefits for youth over and above those
related to moderate-intensity physical activity.[24-26] If physical activity intensity mediates
intervention effects on CRF, such a finding could be instructive for future interventions and policies.
Individual studies are typically underpowered to determine if interventions differentially benefit
subpopulations.[27] Meta-analyses of study-level results are limited because they cannot fully assess
important moderators e.g., age, gender, baseline fitness levels, body mass index (BMI), without
access to individual or subpopulation level data (i.e., where investigators have not themselves
conducted and reported subgroup analysis).[28] Individual studies and meta-analyses might also be
underpowered to effectively examine mediating pathways to understand causal mechanisms such as
the role of physical activity intensity in improving CRF in school-based physical activity
interventions.[29] We aimed to harmonise and pool all available individual participant data (IPD)
from controlled trials of school-based physical activity interventions that assessed CRF and device-

measured physical activity. We sought to determine the effect of interventions on CRF and physical



activity for subpopulations of students and whether changes in physical activity of differing intensity
(i.e., moderate versus vigorous) explain the effects of interventions on CRF.

METHOD

Study population

Eligible interventions targeted school-aged youth (4-18 years), or school staff who delivered the
intervention. The interventions’ major focus needed to be the promotion of moderate physical
activity (MPA) or vigorous physical activity (VPA) or health-related fitness components (i.e., CRF,
muscular fitness and body composition). Interventions needed to be at least 8 weeks in duration and
primarily implemented in the school setting. Appendix Table 1 and Table 2 in the supplementary
file provide intervention design details.

To be included in the pooled IPD analysis, studies needed to use a randomised or quasi-randomised
controlled trial design. Studies needed baseline and follow-up or post-intervention assessments of
CRF and accelerometer-derived physical activity from which MPA and VVPA and daily wear time
data could be derived.[30-32] Two authors independently assessed risk of bias in the studies included
in the analyses and resolved disagreements by consensus.

We identified eligible trials from 5 systematic reviews on school-based interventions.[14-17,33] We
then combined the search terms used by these systematic reviews to create a new search strategy, and
repeated searches to identify studies published subsequent to these reviews and up until April 2019
when our search was completed. We also sent emails or electronic posts to members of three relevant
organisations and searched three trial registries for unpublished trials. The full details of the search
strategy are available in the supplementary file.

Two authors independently screened titles and abstracts and read full-text versions of potentially
relevant articles. We invited lead investigators of eligible studies to contribute raw IPD for the
purposes of data harmonising for pooled analyses. Contributing investigators signed a data transfer
agreement. The lead university’s Research Ethics Committee granted permission for each study’s
data to be obtained and investigators transferred their de-identified data via a secure file-sharing

system.

Outcomes

School-based interventions used a variety of field-based tests of physical performance to measure
CRF.[34] Individual studies reported researchers collected these data using standardised testing
procedures. To harmonise these data, we converted all students’ scores to an estimate of peak oxygen
consumption (VO....) using established equations.[35-38] Appendix Table 3 in the supplementary
file provides VO..... estimation details.



We determined physical activity from accelerometer data. There were no exclusion criteria for
accelerometer device type, wear location, or epoch length. We harmonised these data by
reprocessing raw accelerometer files with a standardised protocol, with wear time criteria of 600
minutes per day on at least 3 weekdays and 1 weekend day.[39-41] Hip-worn accelerometers were
reprocessed to the lowest common resolution using a 60s epoch (i.e., the period of time over which
accelerations are aggregated) with Evenson cut-points.[39] Wrist-worn accelerometers were
reprocessed using 10s epochs with Chandler cut-points applied to the vector magnitude,[40] or
reprocessed in R to calculate the average magnitude of dynamic acceleration using the Euclidean
norm minus one method.[41]

Socio-economic status (SES) was measured using a variety of instruments and included student-
reported parental income, parental education, parental occupation, family wealth, access to literature,
or indices based on zip/postcode. Some authors reported SES dichotomously while others used an
ordinal scale. To harmonise these data to allow for SES to be assessed across studies with differences

in scales, we converted all measures to a dichotomous outcome of ‘low’ or ‘high’ SES. Appendix

Table 4 in the supplementary file provides these details. All included studies were able to provide
individual participant height and weight measured by researchers and we used these to calculate BMI
and BMI z-scores.

Statistical analysis

From the initial pooled dataset, we excluded participants who did not provide accelerometer and
CRF data at baseline. In all analyses, we used full information maximum likelihood estimation to
account for missing data. This method ensured that we used all available information from
participants who met the inclusion criteria.[42] For all analyses, we examined 95% confidence
intervals and set our P-value at 0.05. We used R and Mplus for data cleaning and analysis.[43,44]
To examine intervention effects on students’ physical activity and CRF we used structural equation
modelling. As suggested by Curran et al.,[45] we used study fixed-effects to account for the
clustering of participants in studies. Dependent variables for CRF and physical activity are the
outcomes at follow-up adjusted for baseline. Intervention effects were estimated by the total effect in
a mediation model that included VPA and MPA as mediators. We examined both main effects and
student-level subpopulation effects, including the following pre-specified student-level moderators:
age (chronological), BMI, and baseline CRF as continuous variables and gender as categorical. For
moderator analyses, continuous variables were stratified into bottom, middle, and upper tertiles. At
the suggestion of investigators who contributed datasets, we also explored possible moderating
effects of baseline MPA, VPA, and SES. We then tested pre-specified study-level moderators,



including type of CRF test and accelerometer wear location. A post-hoc study-level moderation
analysis for length of intervention was also included. We used fixed-effects models for student-level
moderators and random-effects models for study-level moderators.

To test the possible mediating effect of intervention-related changes in physical activity intensity on
CRF improvements, we conducted mediation analysis in a structural equation framework using study
fixed-effects models and the lavaan package.[46,47] We included multiple mediators (i.e., follow-up
MPA and VPA adjusted for baseline separately) in all mediation models.

For physical activity data we used the proportion of accelerometer wear time spent in MPA and
VPA, rather than minutes of physical activity (which is influenced by daily wear time). To aid the
interpretation of these data, we reported changes in proportion of MPA and VPA in minutes. We
included accelerometer-derived variables even if the raw data could not be harmonised into 60s
epochs and differed by wear location.

Studies included in our IPD pooled analysis differed in accelerometer wear location (wrist and hip).
To harmonise these data we used cut-points derived from proprietary count measures and raw
accelerations depending on what raw data was provided. To test the potential impact of harmonising
physical activity data from different accelerometer wear locations we conducted additional analyses.
We used a between-study level moderator analysis and a multigroup analysis to test whether
treatment effects were different across studies using wrist or hip wear locations. For the multigroup
analysis, we first ran our main treatment effects models separately for each group (i.e., for studies
using hip and wrist location, respectively) in which estimates for MPA and VPA were freely
estimated. Second, we ran the same models but with the estimates constrained to be equal. We then

compared the model fit using Anova.

Deviations from protocol

Our pre-registered protocol[1] stated we would use regression models with cluster robust standard
errors for study clustering. This was driven by a belief that study intraclass correlations (ICCs) would
be small. However, ICCs from a random-effects model for treatment effects were substantial for
some outcomes: 0.06 for CRF, 0.26 for VPA, and 0.49 for MPA. A cluster robust model would
provide poor control for latent study-to-study variation. We chose not to use a random-effects
approach to account for study clustering because participants in studies were not random draws from
a single homogenous population. Hence, we used a study-fixed effects approach[45] except when
testing study-level moderators, where we used random-effects models because fixed-effects are not

appropriate for study-level data.[45]



Patient and public involvement

Patients and members of the public were not involved in the design, analysis or interpretation of this
pooled IPD study. The results of this research are of broad public health interest, particularly for
students and parents or anyone involved with school aged children and adolescents. The results of
this study will be disseminated through institutional websites, press releases, and tailored messages

to schools, educational organisations and governing bodies.

RESULTS

Study and participant characteristics

The flow of studies and participants is available in the hybrid PRISMA and CONSORT diagram
(Figure 1). Of the 33 eligible studies, investigators provided data from 24 studies,[48-70] with the
remaining 9 investigators unable or unwilling to provide data. Appendix Table 5 in the
supplementary file provides these details. The initial sample included 13,155 students, of which we
excluded 6,534 due to missing baseline physical activity or CRF data, or insufficient accelerometer
wear time. Four studies had no remaining participants after these exclusions, meaning we included
20 of the 24 studies with a total of 6,621 students included. Excluded students did not appear to be
systematically different from those included. Appendix Table 6 in the supplementary file provides
these details. Table 1 summarises participant characteristics. Study sample sizes after exclusion
ranged from N = 16 to 1,297. Interventions’ lengths varied from 2 to 28 months (mean (SD) = 8.3
(5.2) months).

Table 1. Included Sample Characteristics

Total Sample Control Group Treatment Group
Variable Mean SD Missing % Mean SD Missing % Mean SD Missing %
Percentage Girls 60.90 0.00 61.90 0.00 60.00 0.00
Age (in years) 10.06 229 0.27 10.20 2.26 0.36 994 231 0.20
BMI 18.78 436 0.33 18.96 446 042 18.62 426 0.26
CRFT1 46.84 8.96 0.00 46.70 9.18 0.00 46.97 8.77 0.00
CRF T2 4794 938 11.31 4741 9.59  10.67 4841 9.16 11.88
MPA Min T1 45.06 30.08 0.00 42.94 29.07 0.00 46.93 30.82 0.00
MPA Min T2 47.09 32.18 37.61 4293 29.31 38.99 50.61 34.03 36.39
MPA Proportion T1 454 252  0.00 440 248 0.00 467 254 0.00

MPA Proportion T2 4.64 264 37.61 432 250 38.99 491 273 36.39



VPA Min T1 1429 20.08 0.00 14.18 19.24 0.00 14.38 20.80 0.00
VPA Min T2 13.81 1799 37.61 12.67 16.08 38.99 1478 19.40 36.39
VPA Proportion T1 151 196 0.00 151 187 0.00 151 204 0.00
VPA Proportion T2 145 175 3761 134 154 38.99 154 191 36.39
Wear Time Min T1 964.28 251.03 0.00 952.84 251.01 0.00 974.36 250.66 0.00

Wear Time Min T2 985.73 253.93 37.61 971.08 253.83 38.99 998.11 253.41 36.39

T1 = baseline, T2 = follow-up, CRF = Cardiorespiratory fitness (VO...mL/kg/min), Wear time = average daily wear
time, VPA = Vigorous physical activity, MPA = Moderate physical activity, Min = Mins per day, Proportion =

proportion of daily wear time. Missing data on CRF, VPA, and MPA is zero due to inclusion criteria.

Risk of bias assessment

Appendix Table 7 in the supplementary file provides risk of bias assessment. Of the 20 studies
included in the main analysis, 9 studies rated as low risk for sequence generation, 10 studies for
allocation concealment, 2 studies for blinding of participants and assessors for all outcomes, 13
studies for incomplete outcome, and 8 studies for other biases. All studies rated low risk for selective

reporting and no studies blinded all personnel for all outcomes.

Intervention effectiveness

The overall effect of interventions on CRF was 0.47 mL/kg/min (95% confidence interval 0.33 to
0.61) (Table 2). There were also small but significant effects on physical activity. Compared with
controls, interventions led to a 0.15 (95% confidence interval 0.08 to 0.22) percentage point increase
in time spent in VPA, and a 0.13 (95% confidence interval 0.03 to 0.24) percentage point increase in
time spent in MPA. Using mean baseline wear time (964.28 min), these translate to 1.45 and 1.25

min/day of additional VPA and MPA, respectively.

Effect of accelerometer wear location

A between-study level moderator analysis showed that accelerometer wear location did not moderate
treatment effects on VPA (estimated difference = 0.209 min, S.E. = 0.49 [P = 0.673]) or MPA
(Estimated difference= 0.551 min, S.E. = 0.803 [P = 0.492]). Multi-group analyses showed there
were no differences in physical activity intervention effects by wear location, which supports the
observation at between-study level. Appendix Table 8 and Table 9 in the supplementary file

provides accelerometer wear location multigroup sensitivity analysis results.



Table 2. Mediation Model for CRF

95% Cl 95% Cl

Estimate Effect Lower Upper P

Direct Effect 0.44 0.30 0.58 0.00
Indirect via VPA 0.02 0.01 0.04 0.01
Indirect via MPA 0.00 0.00 0.01 0.26
Total Effect 0.47 0.33 0.61 0.00
Difference between Indirect Effects 0.02 0.00 0.04 0.06
Proportion of Treatment Effect mediated by VPA 0.05 0.01 0.10 0.01
Proportion of Treatment Effect mediated by MPA 0.01 -0.01 0.03 0.27

CRF = Cardiorespiratory fitness (VO...mL/kg/min), VPA = Vigorous physical activity (per day percentage units),

MPA = Moderate physical activity (per day percentage units), Cl = confidence interval.

Student-level moderators of intervention effectiveness

Effects on cardiorespiratory fitness

Several factors moderated intervention effects on CRF (Figure 2). Younger students (bottom tertile:
mean age = 7.77) received approximately twice the intervention effect of older students (upper
tertile: mean age = 12.35). Gender was also a significant moderator; boys received a much larger
effect than girls. Students” SES was not associated with intervention effectiveness for CRF.

We also examined baseline fitness, physical activity, and BMI as moderators. Baseline CRF was
negatively associated with intervention effectiveness. A student with low baseline CRF (bottom
tertile: mean baseline VO..... = 37.98 mL/kg/min) typically received greater benefit than a student
with high baseline CRF (upper tertile: mean baseline VO.... = 55.90 mL/kg/min. Baseline physical
activity levels were positively associated with intervention effectiveness. Students with low levels of
baseline VPA (bottom tertile: mean = 0.49% of wear time or 4.7 min) had a smaller increase in CRF
compared to those with high baseline VPA (upper tertile: mean = 1.78% of wear time or 17.2 min).

Finally, BMI-z score did not moderate the effect of the interventions on CRF.

Effects on physical activity

Compared with results related to CRF, there were fewer significant moderators for the effect of
interventions on students’ physical activity intensity. Students’ age increased the intervention effect
on both MPA and VVPA. Older students showed a larger intervention effect on VPA and MPA while

younger students’ effect sizes were not significantly different from zero. Gender also moderated the
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intervention effect on VPA, but not MPA. Students’ SES was not associated with intervention
effectiveness for MPA or VPA.

Baseline CRF was not associated with intervention effects on students’ MPA or VPA (Figure 2).
Students with high levels of baseline VPA showed a larger intervention effect on their physical
activity (VPA and MPA), compared to those with low levels of baseline VPA (both non-significant).
Results were similar for baseline MPA where high active students at baseline showed beneficial
effects (VPA and MPA), while intervention effects for students with low baseline MPA were not

different from zero.

Study-level moderators of intervention effectiveness

Regarding study-level moderators, CRF test type varied between studies and we tested whether CRF
test type moderated treatment effects. CRF test type did not moderate the effect of interventions on
CRF (CRF: -0.36 [P = 0.54]) or physical activity (VPA: 0.40 [P = 0.07]; MPA: 0.67 [P = 0.48]). A
post-hoc moderation analysis also showed no moderation effects for intervention duration (time to
follow-up) for CRF (-0.014 S.E. 0.018 [P = 0.446]) or VPA (-0.016 S.E. 0.011 [P = 0.149]) but
intervention length did appear to influence intervention effects on MPA (-0.072 S.E. 0.034 [P =
0.033]) with shorter interventions having a greater impact on MPA.

Mediators of intervention effects

We examined mediation pathways through MPA and VPA (Figure 3). Vigorous, but not moderate,
intensity physical activity significantly mediated the intervention effect on CRF; however, these
mediation effects were small. Changes in VPA explained 0.02 mL/kg/min (or 5%) of the 0.47
mL/kg/min total effect (Table 2).

DISCUSSION

Principal findings

Our pooled IPD analysis found that school-based physical activity interventions produced small
improvements in students” CRF by 0.47 mL/kg/min and modestly increased physical activity with
approximately one additional minute per day of both MPA and VPA. Only VPA mediated the effects
of interventions on CRF but these mediation effects were small. We also found that not all students
benefited equally. Boys accumulated more VPA and had approximately double the increase in CRF
compared with girls. Barriers and facilitators of physical activity are different for boys and girls[71],
it is possible that interventions were better suited to boys than girls or failed to meet the specific
needs of girls.[72] Adiposity and lean mass also differentially affect fitness test performance and

estimates of CRF expressed as a ratio scaled to body weight (i.e., VO...mL/kg/min), and gender
11



differences in growth and pubertal status may have exacerbated this effect. Despite older students
accumulating more VPA from interventions, younger students’ CRF benefited more than older
students. Physical activity in children declines with age[12] and, while the ability of interventions to
increase VPA in older students is encouraging, it is worrying that interventions were less effective at
improving CRF in older students. As expected[73], low baseline CRF was associated with greater
intervention effects on CRF. It is reassuring that students with the lowest CRF were most likely to
benefit from interventions. Paradoxically, high baseline VPA was associated with greater
intervention effects on CRF and VPA and MPA. If we assume that students with higher baseline
VPA are distinct, for example in motivation, school-based interventions may provide opportunities
for behaviour change in this subpopulation of students, whereas students with lower motivation may
not take advantage of these same opportunities.[74,75] It is also plausible that students with high
levels of VPA at baseline lived in an environment conducive for physical activity, and benefited
more from interventions than students with limited support and resources in their schools and
communities.[76] In sum, it seems that even in the school-setting, equity in intervention
effectiveness is not guaranteed and inequalities in subpopulations of youth persist despite the efforts
of interventions to date.[77]

Previous studies support that school-based physical activity interventions can, at least on the whole,
improve children’s and adolescents’ CRF[14-16] but have shown minimal intervention effects on
device-measured physical activity.[17,18] Trials included in our study differ from previous meta-
analyses of physical activity in school-based interventions by our additional requirement of data on
CRF which could partly explain why our IPD analysis showed a moderate increase in physical
activity. Modulating physical activity and understanding determinants has proven difficult[78] and
doubts remain regarding the ability of school-based interventions to meaningfully increase youth
physical activity. However, even modest increases in physical activity, especially vigorous activity,
could have important health impacts if achieved at the population level and maintained throughout
childhood. For example, independent associations between vigorous intensity physical activity and
cardiometabolic risk factors that included lower levels of waist circumference, BMI z-score, systolic
blood pressure, and increased CRF in children and adolescents have been shown across a narrow
range of VPA (approximately 7 minutes of VPA per day).[79]

In our analysis, only VPA mediated the effects of interventions on CRF. VPA, however, explained
only about 5% of the change in CRF. Physical activity is the principal pathway through which CRF
can be increased.[80] We expected a strong mediating effect through physical activity and it was
surprising that only limited mediation through VPA was shown in a large pooled sample. It is worth
noting that the accelerometer-measured physical activity included in our pooled IPD study provided
an estimate of absolute intensity. It was thus not possible to explore whether intensity relative to

12



individuals’ maximum aerobic capacity also contributed to intervention effects on CRF and
influenced the mediation results. It is plausible that individuals with a low aerobic capacity, those
with a higher BMI, and those who were younger could have experienced relatively high intensities of
physical activity even if absolute measures appeared to be low. This might also partly explain why
older students accumulated more VPA from interventions but attained a lower intervention effect
than younger students for CRF. It is unclear what other factors could explain the changes in CRF but
limitations in the measurement of physical activity in the studies included in our analysis might also
have contributed to this finding. Specifically, although accelerometers provide an optimal balance
between validity and feasibility in field-based physical activity assessment,[81] they are not accurate
measures of some types of physical activity (e.g., cycling) and are typically not worn during water-
based activities or contact sports (e.g., football, basketball). Since children frequently participate in
organised sport (e.g., ~50% of children and adolescents globally),[82] these limitations in
measurement, which appear to be greater when a 24 hour accelerometer wear protocol is not used,

could obfuscate the relationship between physical activity and CRF in our study.

Study strengths and limitations

Strengths of this pooled IPD analysis include the large sample of participants with student-level
confounders and covariates and the ability to harmonise device-measured physical activity and CRF
measures. This meant we were uniquely positioned to explore moderating and mediating effects on
CRF and physical activity within interventions. Limitations include that we delimited our sample to
trials that included measures of CRF and device-measured physical activity. Excluding trials that
measured CRF or physical activity but not both, reduced the number of studies eligible to provide
data for analysis. We also excluded trials that only measured physical activity during school hours
because interventions can affect physical activity behaviours across the whole day. We used a
systematic approach to identify eligible studies and a large proportion of invited studies contributed
individual data, but our study inclusion criteria might have increased the risk of selection bias.

Some factors varied across interventions included in our analysis, including intervention design,
doses in intensity, length of each session, and duration of the study and these could influence the
effectiveness of individual interventions and thus impact the overall findings of the pooled IPD
analysis. We also did not exclude studies at high risk of biases. Many school-based interventions are
at high risk for bias because implementing controlled trials in a school setting poses unique
challenges. For example, it is not feasible to blind school students and assessors to all outcomes. The
studies we included objectively measured the primary outcomes which can limit the impact of some
types of bias, but we cannot rule out that risk of bias could affect our conclusions. We also did not
assess the fidelity of individual interventions included in our study. We included data from trials that

13



were not randomised which could increase the risk of bias and confounding. However, most included
data (>70%) came from randomised controlled study designs. An additional limitation is the strict
wear time inclusion criteria we applied which may have biased the sample towards more
conscientious, more active, or fitter youth. This bias is unlikely to have impacted internal validity but
may limit the extent to which we can generalise findings to all youth.

We harmonised physical activity data from hip and wrist wear locations and used cut-points derived
from proprietary count measures and raw accelerations depending on what raw data was provided for
the pooled IPD analysis. This was a pragmatic approach to harmonising accelerometer data. In some
respects, excluding data from studies that used wrist wear location would have improved our data
harmonisation but removing about 25% of the overall sample would have reduced the overall
generalisability of our results.[83] Further, because additional analyses showed that wear location did
not appear to meaningfully impact main outcomes in the present study, we chose to pool all valid
data from both hip and wrist wear locations. This, however, may have affected the magnitude of the
point estimates for MPA and VPA and our physical activity results should be interpreted cautiously.
Regarding our analysis, we were unable to account for school or class clustering due to the diversity
of designs and the relative lack of clear information on clustering across studies. It was not possible
to provide a clear data structure that could be applied consistently across the studies that adequately
accounted for the variety of research designs. Clustering in school-based interventions is typically
low and unlikely to have a large effect on our results. For example, in one study dataset included in
our pooled sample for which school-level data were available ICCs ranged from 0.03-0.07. In the
mediation analysis, confounding can bias the mediation effect because only the exposure and not the
mediator is being randomised.[84] This can lead to the extent of mediation being overestimated.
Trials included in our pooled sample originated from 11 different countries, but these were largely
middle to high-income countries, which could also affect generalisability. Further, the finding of no
moderation by SES could be the result of large heterogeneity in the different measures of SES which
we were also only able to harmonise to a dichotomous outcome. Available data also could not
account for differences in maturational status which could be an important moderator. Finally, we
relied on field-based measures of CRF and regression equations to estimate peak oxygen uptake.
These equations are less accurate at the individual level and have not been formally validated in
children younger than 8 years old. These tests are however, widely used and show reasonable
validity compared with lab-based measures of peak oxygen uptake .[85] Field-based tests can be
influenced by motivation to exercise at, or near, a maximum level of exertion and can penalise
heavier students who perform more work to complete the test and change direction with greater
difficulty as a result of their extra weight. If school-based interventions increased student motivation
to excel in these tests, trial results may be biased toward the intervention condition.

14



Implications and future directions

There is no established criterion for determining a clinically meaningful change in children’s
cardiorespiratory fitness or physical activity levels. Interventions included in our study, on average,
produced only small changes in physical activity and CRF. Indeed, the intervention effect for CRF
was smaller than the standard error of estimate of the peak oxygen consumption prediction equations
used to derive the VO....[35-37] Effects were larger for some subpopulations of students, but the
meaningfulness of these changes may need to be determined in the context of their potential impact
over time. For example, if improvements in CRF and physical activity can accumulate over many
years of schooling or at a population level, the impacts on cardiovascular health may be substantial.
Variance in CRF is largely heritable,[86] but children's and adolescent’s CRF can improve or worsen
through changes in physical activity.[87] A recent pooled analysis showed that youth (9-17 year)
fitness levels appear to have declined over a 33-year period with a reduction in peak oxygen uptake
of 3.3 mL/kg/min (95% confidence interval -3.5 to -3.1).[11] Even though interventions produced
only small improvements in CRF, our results suggest that relatively brief school-based interventions
(mean duration = 8.3 months) can reduce this decline by about 15% (i.e., 0.47 mL/kg/min).
Cardiovascular risk factors are already present in a high proportion of children and adolescents.[88]
Low and declining CRF is thus a significant public health issue. School-based physical activity
interventions can be wide-reaching and there may be a role for interventions to help mitigate
declining youth CRF and increase physical activity. Small improvements in CRF and physical
activity could help promote cardiovascular health but intervention designers and policymakers need
to ensure future interventions are delivered equitably, and their effects sustained at the population
level. It is also worth considering what future interventions must do differently to potentially increase
their effects on CRF and physical activity.

Finally, pooling individual participant data offers important advantages over study-level meta-
analyses but requires more effort to obtain, harmonise and analyse raw data[27, 83]. There may also
be additional obstacles. In our study, we encountered different principles and practices regarding the
sharing of raw deidentified data. These varied by country and data sharing laws were not always
clear or accessible to researchers. This might contribute to some data custodians declining to share
their raw data. Nevertheless, researchers considering undertaking IPD studies should be encouraged
by the progress being made to facilitate data sharing practices.[89, 90] Future IPD studies, especially
those using accelerometer data, should consider providing data processing scripts so that data
custodians can reprocess their data. This could streamline data harmonization and reduce the

challenges of transferring large quantities of raw unprocessed data.
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Conclusions

Benefits of school-based physical activity interventions were not equally distributed among
subpopulations of students. Future school-based interventions should include targeted strategies to
address the needs of girls and older students. Interventions may also be improved by focusing on

ways to promote more vigorous intensity physical activity.
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FIGURE LEGENDS

Figure 1. Hybrid PRISMA and CONSORT diagram, showing the flow of studies and data through
the pooled analysis process.

Figure 2 Title. Treatment Effects by Student-level Moderator

Figure 2 Legend. The effect of interventions on CRF, VPA, and MPA by student-level moderators.
CRF = Cardiorespiratory fitness (VO...mL/kg/min), VPA = Vigorous physical activity (per day
percentage units), MPA = Moderate physical activity (per day percentage units). CRF, VPA, MPA,
and age are continuous variables stratified into bottom, middle, and upper tertiles for moderator
analysis. Gender (Boy / Girl) is categorical. Effects are unstandardized beta-coefficients.

Figure 3 Title. Structural equation model from primary pooled analysis.

Figure 3 Legend. All coefficients are unstandardised. Estimates drawn from within-study variance-
variance explained once the effects of different interventions/studies have been accounted for.
Outcomes for CRF and physical activity are follow-up. For all outcomes, age, BMI, and baseline
scores for that outcome were included as control variables. Indirect effect of intervention on VO
via MPA is Path AB. Indirect effect of intervention on VO.... via VPA is Path CD. Total effect of
intervention on VO.... = Path AB + Path CD + Path E.

Note. CRF = Cardiorespiratory fitness (VOx..), VPA = Vigorous physical activity, MPA = Moderate
physical activity.
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Figure 2 Treatment effects by student-level moderator. The effect of interventions on CRF, VPA and MPA by student-level moderators. CRE, VPA, MPA
and age are continuous variables stratified into bottom, middle and upper tertiles for moderator analysis. Gender (boy f girl) is categorical. Effects are
unstandardised beta-coefficients. CRF, cardiorespiratory fitness (VO,,_, mL/kg/min); MPA, moderate physical activity (per day percentage units); VPA,
vigorous physical activity (per day percentage units).
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Figure 3 Structural equation model from primary pooled analysis. All coefficients are unstandardised. Estimates drawn from within-study variance—
variance explained once the effects of different interventions/studies have been accounted for. Outcomes for CRF and physical activity are follow-up.
For all outcomes, age, BMI and baseline scores for that outcome were included as control variables. Indirect effect of intervention onVO,,_, via MPA is
path AB. Indirect effect of intervention on VO,,_, via VPA is path CD. Total effect of intervention on VO, =path AB+path CD+path E. BMI, body mass

index; CRF, cardiorespiratory fitness (VO,,_); MPA, moderate physical activity; VPA, vigorous physical activity.
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