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1 | INTRODUCTION

Moderate-to-vigorous intensity physical activity (MVPA) is associated
with significant lifelong health benefits. Among adolescents for
example, longitudinal studies have shown that higher MVPA is

Summary

Moderate-to-vigorous-intensity physical activity (MVPA) is important for childhood
obesity prevention and treatment, yet declines with age. Timing and magnitude of
the decline in MVPA in children and adolescents are unclear but important
for informing effective obesity intervention development. This systematic review
aimed to determine and compare the year-to-year changes in MVPA among
children and adolescents. Longitudinal studies were identified by searching
10 relevant databases up to December 2018. Studies were eligible for inclusion if
they reported accelerometer-assessed MVPA (min day™!) separately for boys and
girls and had follow-up duration of at least 1 year. After screening 9,232 studies,
52 were included representing 22,091 aged 3 to 18 year olds (boys=8,857;
girls=13,234). Pooled-analysis of the relative change in MVPA per year showed a
decline of -3.4% (95% Cl, -5.9 to -0.9) in boys and -5.3% (95% Cl, -7.6 to -3.1)
in girls, across all age groups. There were notable declines in MVPA at age 9 for both
boys (-7.8%, 95% Cl, -11.2 to -4.4) and girls (-10.2%, 95% Cl, -14.2 to -6.3). The
relative decline in MVPA affects both sexes from an early age; however, it is greater
among girls. Interventions to promote MVPA should start before adolescence.
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accelerometer, adolescents, children, moderate-to-vigorous physical activity

positively associated with favourable bone strength,* cardio-respiratory
fitness,?> blood pressure,® lipid profile* and insulin sensitivity.> MVPA
is particularly important in the prevention and treatment of child and
adolescent obesity,%” but levels are particularly low among children
and adolescents with obesity® and MVPA may have greater effects on

Abbreviations: MVPA, moderate-to-vigorous physical activity; ICAD, International Children's Accelerometry Database; RCT, randomized controlled trial; Cl, confidence intervals; SMD,
standardized mean difference; RE, random effects; QE, quality effects; CMA, comprehensive meta-analysis; VPA, vigorous intensity physical activity; WHO, World Health Organization
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body fatness amongst children and adolescents with higher levels of
body fat.® Among 7 year olds, a 10% increase in MVPA? or 20-minute
increase in MVPA?C over 3 to 4 years significantly reduced body mass
index z score. Current guidelines recommend that children engage in
at least 60 minute day™* of MVPA, yet many children and adolescents
do not meet these recommendations globally.*>*2 Furthermore, based
on few longitudinal studies with 5 years or more of follow-up, MVPA
appears to decline with age, ' but it is not clear how early in life this
decline begins, or whether the rate of decline differs by sex. The lowa
Bone Development Study, which had the longest follow-up of 12
years,** found three distinct trajectories of activity from age 5 to age
17. In girls taking part in the lowa Bone Development Study, absolute
MVPA began to fall from age 5 years and had declined by 50 to 65%
by age 17. In boys, absolute MVPA began to fall around age 8 years
and had declined by 26 to 54% by age 17. The 10-year cohort study
(EarlyBird 41) found a linear decline in physical activity between age 9
and 15 in both sexes (total decline over that period compared
with baseline was 20% in boys and 30% in girls).!> Contrary to these
two longitudinal cohorts, the Gateshead Millennium Cohort study
with 8-year follow-up found MVPA declined much earlier, from age 6
to 7 years in both sexes.!® Insights into the timing and magnitude of
declines in MVPA could come from international consortium data such
as the International Children's Accelerometry Database (ICAD), an
important resource for accelerometer-measured MVPA across
childhood and adolescence; however, published analyses of the ICAD
database is mostly cross sectional.**Y” Understanding the timing and
magnitude of MVPA decline among children and adolescents will be
especially important to inform the design of targeted interventions to
prevent MVPA decline and paediatric obesity.

Ideally, answering the questions of when and by how much
MVPA declines with age would

longitudinal observational studies with extended follow-up periods

require large international
and quantitative (objective) measures of time spent engaging in MVPA.
Unfortunately, few such global studies exist due to time and funding
limitations.

Systematic reviews are needed to be confident about changes in
MVPA across childhood and adolescence. The highly cited systematic
review Dumith et al*® included 26 eligible studies, but 24/26
described changes in the total volume of physical activity rather than
MVPA, the studies used subjective measures, were mostly from the
United States and did not include children below 10 years of age.
The use of questionnaires to obtain valid and reliable measures of
MVPA has been generally unsuccessful and not recommended for
younger children.’” With the advent of accelerometers, obtaining
accurate estimates of MVPA?? has improved considerably across all
age groups and especially in younger children. Moreover, in a system-
atic review, only studies that used device-based measures of physical
activity reported significant associations with overweight and obesity
and were more likely to show associations with obesity prevalence.°
There is therefore a need for a new updated review and synthesis of
the evidence in order to understand when and by how much objec-
tively measured MVPA changes during childhood and adolescence.

The aim of the present study was therefore to systematically review

and critically appraise longitudinal studies that quantified year-to-year
changes in accelerometer-assessed MVPA among boys and girls 2 to
18 years of age.

1.1 | METHODS

We used the 27-item Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement as a basis to report
our systematic review. The systematic review protocol was registered
at PROSPERO: CRD42015025036 (available from http://www.crd.
york.ac.uk/PROSPERO/display_record.asp?ID=CRD42015025036).

1.2 | Study eligibility

A study was eligible for inclusion if it met the following criteria: (a) ran-
domized controlled trial (RCT) or longitudinal cohort studies of healthy
children and adolescents 2 to 18 years of age and exposures reported
separately for boys and girls at each age. For RCTs, only data from
control subjects were considered if they did not receive any physical
activity interventions; (b) MVPA was measured in minutes per day
using accelerometers at least twice with at follow-up of 1 year
between measures; (c) the outcome of interest was annual percentage
change in MVPA or absolute annual change in MVPA; and (d) pub-
lished in English, due to resource constraints. These criteria were
selected to minimize any seasonal influences on MVPA and because
previous longitudinal studies have shown that the observed MVPA
change from childhood to adolescence is generally not linear. Data col-
lected at more than two time points were included in the systematic
review and synthesis if the gap between each time point was 1 year.
Studies were excluded if the participants had a disease or disability
expected to impact MVPA. Studies where participants were part of
physical activity interventions were excluded. Studies that used
pedometers or mobile phone devices instead of accelerometers were
not considered, since MVPA cannot be estimated accurately. For the
meta-analysis, in addition to the above criteria, studies with exactly 1
year of follow-up were eligible to be able to quantify the annual MVPA

change at each age.

1.3 | Study selection and search strategy

Up to 31 December 2018, eligible studies were identified in the fol-
lowing databases: MEDLINE, Embase, PsycINFO, Scopus, PsycLit, Sci-
ence Citation Index, SciTech Collection, Biological Sciences, Physical
Education Index, and SPORTDiscus. The search strategy included
medical subject headings and free-text terms for the domains: study
design, measurement tool, population and exposure. No publication
date filters were applied. An example search strategy for the MEDLINE
(OVID) platform is provided (Table S1).

Titles and abstracts were initially screened for eligibility by A. F..
The full-text versions of potentially eligible studies were obtained
and screened independently by two reviewers (A. F. and J. J. R)).

Disagreements regarding study eligibility were resolved through
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discussion and/or additional information obtained from the study
authors. For studies that did not report MVPA by age or for both sexes
separately, corresponding authors were contacted by email to obtain
this information. If no response was received after at least 3 reminders
and 2 months or more, the study was deemed ineligible. Of the
authors contacted, 32 of 42 eligible studies replied and shared the
requested information. The response rate from corresponding authors
was 76.2%. Of those authors who did not respond, 3 had changed
institutions so no longer had access to the data and 7 were unable

to respond due to their busy schedule.

1.4 | Data extraction

An Excel spreadsheet was prepared to facilitate data extraction based
on data items identified (Tables S2A and S2B). To reduce errors, dupli-
cate data extraction was performed, in which AF extracted the data
from all included studies on two occasions separated by ~3 months.
All data extracted were checked and reviewed by two independent
reviewers (A. M. G. and J. J. R.) for consistency and accuracy prior to
data analysis.

From each paper, the following information was extracted and
coded: (1) author and year of publication, (2) site/city/country where
the study was performed, (3) year of baseline data collection, (4) length
of follow-up, (5) year of data collection at each follow-up time point,
(6) number of participants at baseline, (7) mean age of the participants
at baseline, (8) number of participants at follow-up, and (9) MVPA
expressed as mean or median at baseline and at follow-up time points.

In addition, the methods used for physical activity data collection
using accelerometers were collected, based on Tanaka et al?*: (a) brand
of accelerometer used, (b) number of days accelerometer was worn, (c)
minimum duration of wear time per day to be included in study, (d)
minimum number of valid days of accelerometer data to be included
in study, (e) whether accelerometer was worn on weekends, (f) the
length of the recording interval duration used by the accelerometer

to integrate data, and (g) cutoff points used to define MVPA.

1.5 | Extraction of MVPA data

Often MVPA data for boys and girls were expressed as minute day™*
and was directly available from the studies at each age. In other stud-
ies, MVPA data were provided for population subgroups (e.g., by body
mass index categories) or by weekend and weekday. In such cases,
corresponding authors were contacted to provide MVPA data for each
age and by sex. When data were not directly available, it was pooled
using formulae and methods recommended in the Cochrane handbook
for extracting data for continuous outcomes, as long as the sample size
in each group and means were available.?2 When MVPA data were
subdivided into weekday and weekends, a 5:2 ratio weight was used
to compute aggregate MVPA minute day™? for the group. Two of the
52 included studies presented findings as figures with MVPA on the
y-axis. Here data were extracted using Plot digitizer software, which

has a reliability of up to 93% for a precision of 0.1 unit.2®

1.6 | Risk of bias assessment

The Cochrane Collaboration tool for assessing risk of bias in longitudi-
nal observational studies or RCTs was used that includes five domains
of bias (selection, performance, attrition, reporting, and other)?+%4
(Table S3). Author A. F. paired with A. M., A. H., or X. J. to appraise
the included studies for the presence of risk of bias and judged the
level of bias for each of the five domains (high bias, low bias or unclear
bias). Any disagreement in a domain was resolved by discussion to

reach a consensus rating.

1.7 | Summary measures

The primary summary measure for this systematic review was the
annual relative change in participant's accelerometer-assessed MVPA
in minute day 1. Participants' MVPA at baseline and at subsequent
follow-up of one or more years was recorded. A variety of
accelerometry cut-off points have been used to define MVPA?%; we
did not exclude studies based on the particular cut-off point used to
define MVPA. To synthesize data, we calculated relative change in
MVPA as the percentage change from the baseline value (calculated
as [follow-up MVPA minus baseline MVPA]/baseline MVPA x 100).
When there was a follow-up duration of more than 1 year, relative
change was divided by the number of follow-up years, as described

previously.*®

1.8 | Data analysis

Data were presented as frequencies and percentages or means with
95% confidence intervals (Cls) as appropriate. The extracted data on
MVPA (min day™?) from all included studies were plotted against age
on the x-axis to display trajectories separately for boys and girls. To
determine if annual percentage change in MVPA was significantly dif-
ferent from zero, a one-sample paired t test was performed for each
variable category.

To estimate the pooled annual change in MVPA (min day™?), mean
change in MVPA at 1-year follow-up from baseline and standard devi-
ation of the change were combined in a meta-analysis using random
effect (RE) models. Missing standard deviations of the change in
MVPA from baseline were calculated from P-values, Cls or standard
errors, if available.?? Alternatively, the standard deviation of the
change was computed when correlation coefficients between baseline
and follow-up measurements were available and vice-versa.?? Where
it was not possible to calculate the standard deviation for the change
(n=13 studies), hypothesized correlation coefficients of r=0.3, r=0.5
and r=0.7 were used to compute the effect sizes.?? A sensitivity anal-
ysis was conducted to assess the robustness of the pooled effect sizes
for the three hypothesized correlation coefficients (r=0.3, r=0.5 and
r=0.7). Based on available data, the mean correlation coefficient was
r=0.51; therefore, computed effects sizes presented in this paper are
based on a correlation coefficient r=0.5. We conducted a sensitivity

analysis based on recommendations from Doi et al,2® using a quality
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effects (QE) model of meta-analysis that assigns more weight to larger
studies and studies with higher scores on quality assessment.
Certain issues are common in single-group pre-post studies for

meta-analyses222’

such as the baseline characteristics of the study
populations are often not similar across studies; the magnitude of
change in outcome measure (whether a decline or increase) often
depends on the baseline value, and with studies involving longer fol-
low-up durations, the attrition rates may be higher, thereby contribut-
ing to bias in the estimates due to imbalance in cofounding factors. To
address these issues, we controlled for age and sex at baseline across
all studies in the meta-analysis using subgroups and included only
those studies that represent a 1-year change (n=31). To allow
interstudy comparisons, we generated standardized paired mean dif-
ference (SMD) as a measure of effect. The SMD expresses the effect
size relative to the variability observed??; hence, studies will have
same SMD, where the difference in means is the same proportion of
the SD. Effect sizes (SMD) were considered as small, medium, and
large for 0.2, 0.5, and 0.8, respectively.?® Meta-analysis was performed
separately for boys and girls using RE models presented as forest plots.
Heterogeneity across studies was assessed using I? statistics (I* of O-
40% represents low heterogeneity and 75-100% considerable hetero-
geneity).?? Bubble plots were presented to display the association of
MVPA declines with age and sex. Publication bias was estimated using
funnel plots (a scatter plot of effect sizes and standard errors from
each study) and asymmetry was diagnosed based on visual inspection.
Publication bias was considered when P-value was <.05 using Egger's
test.?? Statistical software, STATA ver 15.0 (STATA Corp., Texas,
USA), was used for statistical analysis, while Comprehensive Meta-

Analysis ver 3.3 (Biostat, Englewood, NJ,USA) for running the meta-

analysis.
2 | RESULTS
2.1 | Study selection

The initial search identified 9,232 records. The title and abstract of
unique records (7,125) were screened. Among them, 573 studies were
eligible for an in-depth review of their full text. Based on the review
inclusion criteria and data availability, 521 studies were further
excluded. Thus, 52 studies'®**1%307? met the inclusion criteria and
were included in the quantitative analysis representing a total sample
of 22,091 children and adolescents (Figure 1; PRISMA flow diagram).
A subset of 31 studies with exactly 1 year of follow-up data were
included in the meta-analysis.

2.2 | Study characteristics

Table 1 shows the characteristics of all studies included in the system-
atic review. Studies with girls were overrepresented and a total of
13,234 girls and 8,857 boys provided data for the subsequent analysis.
The data were mostly from children living in high-income regions
(99.1% of the study participants).

In at least half of the eligible studies, participating children and ado-
lescents wore the accelerometer for at least 7 days. Almost all studies
included weekend days. The definition of MVPA thresholds varied
across studies, but the majority of studies used the Actigraph and
Evenson's cut-off of 2,296 counts per minute to define MVPA. In
29.4% of included studies, the Epoch length was 60s. For the acceler-
ometer data to be considered valid, almost all cohorts required 8 hours
or more of data each day and at least 3 days of valid accelerometer
data (Table 2).

2.3 | Risk of bias within studies

In the risk of bias assessment, around one fifth of the included studies
were judged as high risk of bias, because of lack of random selection
and convenient sampling in the population recruited (Table S3). Perfor-
mance bias was rated as unclear (24%) or high (20%) when studies
used 2 days or 1 day of valid wear time (>8 h), respectively, to estimate
MVPA. The highest bias was reported in the attrition domain (55%).
Around 33% confirmed that characteristics of the participants with
missing and without missing MVPA data were similar at baseline.
There were no studies with selective reporting bias or other sources

of bias due to the strict inclusion criteria of our study.

2.4 | Mean MVPA change per year

The data extracted on average time spent in MVPA at baseline and at
each consecutive follow-up measurement is presented in Figure 2.
Mean MVPA is often below the 60 minute day‘1 recommendation,
and it declines across most of the paediatric age range. There was
considerable variation between studies in the magnitude of the
decline, in part related to methodological differences and in part due
to real differences between samples and settings: mean duration of
annual change in daily MVPA ranged from -63.0 to 20.7 minutes
with an average of -3.4 minutes, 95% Cl (-4.6 to -2.2) and a SD
of +8.8 minutes.

2.5 | Mean percentage MVPA change per year

Based on MVPA data from all 52 included studies (Figure 2), the per-
centage MVPA change per year was determined and is presented in
Table 3. Girls showed greater % decline per year in MVPA (-5.3%;
95% Cl, -7.6 to -3.0) than boys (-3.5%, 95% Cl, -6.0 to -0.9).
Although the percentage MVPA change per year was always negative
from age 6 among girls and from age 8 among boys, significant
declines were observed in girls at ages 6 years (-6.4%, 95% Cl,
-10.0 to -2.7), 9 years (-10.2%, 95% Cl, -14.2 to -6.3), 10 years
(=7.9%, 95% Cl, -15.0 to -0.7), and 13 years (-8.5%, 95% Cl, -12.8
to -4.3). As for the boys, percentage MVPA change per year was sta-
tistically significant at age 9 years (-7.8%, 95% Cl, -11.2 to -4.4).
Combining data of boys and girls, the annual declines in MVPA peaked
twice across the entire age range; once at age 9 years (-9.0%, 95% ClI,
-11.5 to -6.6) and then at 13 years (-8.4%, 95% Cl, -13.2 to -3.7).
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Search on MEDLINE, Embase, PsycINFO,
Scopus, PsycLit, Science Citation Index,
SciTech Collection, and Biological Sciences,

hysical Education Index, and SPORTDisc:

Studies
provided by
search

strategy
(n=9232)

creened by title

Exduded and abstract

A 4

Excluded 8659
Conference abstracts (n=193) v
Cross-sectional (n=1052)
Duplicates (n=1534)
Irrelevant (n=1157)
No Actigraphy data (n=402)
No baseline data (n=16)
No control group(n=16)
Studies of adult population (n=736)
Studies of clinical population (n=2066)
Study protocol only (n=194)
Systematic review/meta-analysis (n=429)
Thesis (n=45)
Validation/reliability studies (n=395)
Follow up data <1 year (n=424)

Included studies for
further review
N=573

Included

A J Excluded (n=15)
" Authors had no access
Corresponding

Excluded (n=506) Exduded
Accelerometer was not used (n=103)

Cross-sectional samples (n=8)

Studies included
directly (n=20)

author of 47 studies to data (3), time

were contacted for constraints (n=7) or
B N confirmed study as
more information

ineligible
(n=5)

Data not available at 12 months separation (n=18)
Data not available at each age level (n=58)
Data not classified as MVPA (n=36)
Data present but not shown (n=16)
Duplicate cohort (n=172)

Follow up data <1 year (n=23)
Intervention study (no control group) (n=9)
Full text not found (n=2)

MVPA data measured only once (n=25)
MVPA not measured full day (n=18)
Studies with clinical population (n=18)

21 studies not
included in meta
analysis

Yes
52 studies included v

Y

»  forsystematic Studies included
review (n=32)
Response rate =
32/42 eligible
studies (76.2%)

31 studiesincluded
in meta-analysis

FIGURE 1 Flow chart through different phases of systematic review (identification, screening, eligibility, inclusion)

TABLE 1 Characteristics of the included studies (n=52) in the sys-
tematic review

Overall Cohorts? Sample Size at Baseline
All 52 studies 124 22,091
Sex
Boys 58 8,857
Girls 66 13,234
Region
Australia/New Zealand 27 2,302
Europe 51 4,712
Mexico 2 205
United Kingdom 27 10,261
United States 21 4,611

2Some studies will have more than one cohort representing children at
different age, sex and time points.

The percentage MVPA change per year was higher and statistically
significant on weekends (-5.3%, 95% Cl, -9.5 to -1.0) compared
with weekdays (-3.1%, 95% Cl, -7.5 to 1.3) based on available

weekday-weekend data from 13 of 52 studies.

2.6 | Meta-analysis of annual change in MVPA
minutes (paired mean difference)

A subset of 31 studies with exactly 1 year of follow-up data were
included in the REs meta-analysis to quantify the annual change in
MVPA at each age (Figure 3). The bubbles represent SMD of annual
MVPA change. Larger bubbles show that studies with more power
and bubbles below zero indicate declines. While there was clear evi-
dence of declining MVPA across childhood and adolescence from an
early age, the decline was generally nonlinear in both boys and girls
(Figure 3).

The forest plots of the RE model for boys (Figure 4A) and girls
(Figure 4B) provides both actual changes in minutes of MVPA and
SMD separately (n=31 studies). Combined annual change in MVPA
across all ages, expressed as the paired SMD, was -0.03 (95% ClI,
-0.09 to 0.04) among boys and -0.10 (95% Cl, -0.15 to -0.04) among
girls. Age-specific subgroup analysis indicated a statistically significant
decline in MVPA among boys age 9 (SMD: -0.20, 95% Cl, -0.31 to
-0.09). Among girls, the meta-analysis (Figure 4B) revealed multiple
ages at which MVPA declined significantly starting as early as ages 6,
9, 10 and again at age 13 corresponding to reduction of MVPA SMDs:
-0.21, 95% CI (-0.39 to -0.02); -0.29, 95% CI (-0.41 to -0.18); -0.22,
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TABLE 2 Methods used to assess, validate and define MVPA using
accelerometers in the included studies

Brand of accelerometer

Actical
Actigraph
Actiheart
Sensewear
RT3
GENEActiv

No. of wear days
3
4
5
6
7
8

Not mentioned
Included weekend
Yes

No

Epoch length
<15

30

60

Not mentioned

Wear time for valid day

6-9 h

10 h

12-16.6

Not mentioned

Valid day
1
2
3]
4
5
6

Not mentioned
Definition of MVPA
>4 METS

816 to 1,500 cpm
2,000 cpm

2,296 cpm

>3,000 cpm

Freedson

N

42

BN NN

w 00 N b

25

46

19

15

23
18

~N

26

(o e e

[oe]

Percent

3.9
824
3.9
3.9
3.9
2.0

7.8
137
15.7

59
49.0

59

2.0

90.2
9.8

37:3
15.7
294
17.3

44.2
34.6

9.6
115

7.8
137
51.0
11.8

20

2.0
11.8

15.7
9.8
137
43.1
59
3.9

(Continues)

TABLE 2 (Continued)

N Percent
Other 2 3.9
Not mentioned 2 3.9

Abbreviation: MVPA: moderate-to-vigorous-intensity physical activity.

95% Cl (-0.36 to -0.08), and -0.16, 95% CI (-0.26 to -0.06)
respectively.

In terms of heterogeneity, meta-analysis provided a heterogeneity
statistics I of 86.0% for boys and I? of 84.2% for girls. This indicated
substantial inconsistency across studies and reflective of different dif-
ferences found at each age. Funnel plots in Figure S1 show acceptable
levels of symmetry suggesting the absence of publication bias. This
was confirmed by Egger's tests that provided nonsignificant values
for effect sizes representing studies from boys (P=.921) and girls
(P=.455).

2.7 | Sensitivity analysis

In the sensitivity analysis, pooled effects of annual MVPA change were
similar to effects obtained if the correlation coefficients for imputing
missing SDs were changed to r=0.3 or r=0.7 (Table S4). Decline in
MVPA among boys age 10 years was statistically significant when con-
sidering the QE model that gives more weight to higher quality studies
(Table S5).

3 | DISCUSSION

This review found a large number of studies on objectively measured
longitudinal changes in MVPA across childhood to adolescence. The
key findings are that there is a significant annual decline in MVPA
across all age groups from around age 6 years onwards in girls and
from age 9 among boys. Although statistically significant, these annual
changes were mostly of moderate effect sizes with SMD just above
0.2 in most cases. The notable annual declines in MVPA at age 9,
for boys (-7.8%) and (-10.2%) in girls are roughly equivalent to a 6
minute per day decline in MVPA per year. Annual declines during
adolescence were similar to annual declines during childhood.
Systematic review findings from this study have important
implications, since the amount of time per day spent in MVPA is
important to the prevention and treatment of paediatric obesity®2°
and seems to be particularly important as an influence on body
fatness in those children and adolescents who are living with obesity.
In summary, practitioners, policymakers, and parents should consider
that in the absence of interventions, MVPA will decline year on year
well before adolescence.

Investigators in individual studies have found varying timing and
magnitudes of declines in MVPA and have usually compared their

findings against a small number of other similar studies.”””?°
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FIGURE 2 Trajectories of moderate-to-vigorous-intensity physical activity among boys and girls from age 3 to age 18 years

In general, there has often been a lack of clarity in previous individual
studies regarding the timing and magnitude of age-related changes in
MVPA across childhood and adolescence. The systematic review
process has enabled a more comprehensive assessment of the
available evidence than was possible in individual studies and has
provided some clarity as to when and by how much MVPA changes
with age. The results from this systematic review, however, provide
information about expected average change in a group and do not
reflect individual trajectories. There is an emerging body of evidence
of individual differences in the timing and magnitude of declining
MVPA with age in children and adolescents.**>#* For example, Kwon
et al found four distinct trajectories and showed that active children
who become less active with age are more likely to live with obesity
in young adulthood.®2

Previously, Dumith et al'® described physical activity change
throughout adolescence and observed that the decline in physical
activity was fairly consistent across 10 to 18 years. Since Dumith
et al®® was mostly based on studies of questionnaire-assessed
physical activity, did not focus on MVPA, and did not include
children less than 10 years of age, this older review is not directly
comparable with the present review. The ICAD has pooled
accelerometry data from across childhood and adolescence, mostly
from high-income countries, and has reported cross-sectional
differences (apparent declines) in MVPA across the entire period of
childhood and adolescence from around age 5 years. The findings
of the ICAD data analyses are consistent with the findings of the
present review in that they have reported that MVPA decline begins
in early-mid childhood, occurs in both sexes and is not especially
marked around adolescence.'”

A recent longitudinal study from the United Kingdom across the
age range 6 to 15 years found that objectively measured sedentary
time increased across the age range, displacing both MVPA and
light intensity physical activity over time.®% In the present review, the
percentage MVPA change per year observed at age 9 and age 13 in
boys and girls is consistent with physical activity declines from
the ICAD pooled cross-sectional studies at ages 9 to 10 and ages
12 to 13.%¢

Also, previous studies®® have suggested that the annual decline in
MVPA is greater on weekends compared with weekdays, supported
by our analysis of a subset of 13 studies in which the age-related

decline in MVPA on weekends was higher than on weekdays.

3.1 | Study and evidence-base strengths and
limitations

The main strength of this study is that despite the strict inclusion
criteria to only include accelerometer-measured and longitudinal
MVPA data, a relatively large number of studies were identified and
included. We contacted authors to provide the data in the format that
answered our specific research question with a response rate of
76.2%. This adds credibility to the results. The study also represents
an advance on the previous systematic review of the topic'® by
extending the age range across childhood and adolescence, including
objectively measured change data only, and the focus on MVPA,
the most health enhancing intensity of physical activity, and the
component of physical activity which is of most importance to the

development and maintenance of paediatric obesity.
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TABLE 3 Average annual percentage change in MVPA (%) in boys and girls and by age groups and day of the week (n = 52 studies)

Boys
Annual Percentage 95% Confidence
Change, % Interval
Overall -3.46 -6.02 to -0.90
Age
3 -26.8 -448.9 to 395.4
4 13.3 -1.1to 27.6
5 5.0 -13.6 to 23.6
6 0.3 -54to0 5.9
7 21 -13.2to 17.5
8 -3.8 -15.8 to 8.2
9 -7.8 -11.2 to -44
10 -3.8 -9.8t0 2.2
11 2 -7.2t0 2.8
12 -4.4 -11.0to 2.2
13 -84 -19.1to 2.4
14 -2.3 -45.3 to 40.7
15 -17.1 -75.2 to 41.0
16 =
Day of the week?®
On weekdays -34 -10.8 to 4.1
On weekends -5.3 -14.0 to 3.3

Abbreviation: MVPA: moderate-to-vigorous-intensity physical activity.

?n=13 studies.

The present study however had some limitations. The literature
search was limited to studies written in English and from countries
where accelerometers were readily available. Therefore, the review
primarily represents evidence largely from high-income countries.
Secondly, while accelerometers provide valid and acceptable
measures of MVPA, they can underestimate MVPA in certain
situations e.g. cycling or swimming® A weakness often not
considered was some of the included studies in the present review
represented control group data from RCTs, often with different
research objectives to those of the present study. A subgroup
analysis was performed to compare if the estimates obtained
from RCTs were similar to effects obtained from other study
designs and whether employing a different epoch length during
accelerometer assessment influenced the parameters estimates.
The results across study designs were similar, but epoch length
categories revealed different estimates of the annual MVPA decline.
Shorter epochs (<15s) were used in studies involving younger
children, and this could explain the smaller estimates of change in
MVPA per year when compared with longer epochs (60s) used in
the older age groups. (Table Sé).

There was attrition due to invalid accelerometer data at follow-up
in most studies. Among the eligible studies 55% did not report

whether characteristics of the participants lost to follow-up were

Value

Girls
Annual Percentage 95% Confidence
Change, % Interval P-Value
.008 -5.28 -7.59 to -2.97 <.001
.568 -29.4 -435.5 to 376.7 527
.062 11.8 -5.7 t0 29.3 134
457 5.5 -9.2 to 20.1 .320
.920 -6.4 -10.0 to -2.7 .004
.736 =82 -18.6 to 12.3 .622
479 -6.5 -22.9 t0 9.8 .375
<.001 -10.2 -14.2 to -6.3 <.001
.186 -7.9 -15.0 to -0.7 .035
.349 =iL3 -6.0to 3.3 .540
.168 -3.0 -9.3t0 3.3 314
112 -85 -12.8 to -4.3 .001
623 =515 -11.4 to 0.5 .065
334 -12.7 -47.0 to 21.7 .253
-2.7 -53.1 to 47.7 .619
.346 -3.0 -9.7 to 3.7 -9.7 to 3.7
.203 -4.3 -9.9to 1.3 -9.9to 1.3

similar to those retained. This was not ideal but may have had
relatively little impact on our results because in most cases, the
numbers of individuals lost to follow-up were minimal and much of
the invalid accelerometer data can possibly be assumed as missing at
random. We specifically also asked the corresponding authors to
provide valid MVPA change data at every wave of data collection,
instead of data for the largest sample at each wave. Moreover, by
performing the QE model that gives less weight to studies with
high risk of bias with respect to selection, performance, detection,
and attrition domain (studies with lower overall quality score),
observed effect sizes did not change significantly. (Table S5).
However, as per QE model, age 10 boys also showed significant
annual decline in MVPA.

We also acknowledge the inability to gather data on explanatory
or confounding variables, which may influence changes in MVPA
across childhood and adolescence such as adiposity, pubertal
maturation, socio-economic status and other potential predictors like
season, weekday/weekend. In most cases, the explanatory and
confounding factors were not readily available from the
published studies, and if we had requested this information, the
response rate from the corresponding authors could have been
reduced due to the complexity of the request. By focusing on key

variables associated with change (age, sex and MVPA), we were able
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FIGURE 3 Scatter plot of standardized mean annual difference in moderate-to-vigorous-intensity physical activity against age at baseline in boys

and girls

Legend: The bubbles represent the estimates of effect sizes using random effects derived from meta-analysis with covariates, age at baseline, and
gender. Size of bubbles are proportionate to the level of precision of each effect in the study; the projected 95% Cl shaded region is a loess

function curves for boys and girls respectively

to address their possible influence on age-related declines in MVPA,
but the influence of other variables remains to be investigated in
future research.

Vigorous intensity physical activity (VPA), as distinct from
MVPA, may be particularly important in the development and
maintenance of child and adolescent obesity,”*% and VPA also
seems to decline with age from early-mid childhood.®> However,
most of the studies included in this review did not provide VPA
separately and so age-related declines in VPA could not be
considered. Alternative approaches to understanding age-related
declines in MVPA or VPA after controlling for seasonality,
weekday/weekend, or other factors might be possible utilizing the
data from the ICAD or Biobanks.

Our review includes studies across a wide age range from 2 to 18
years, but there were fewer studies of changes in MVPA from early
childhood than later in childhood, and far fewer studies of changes in
MVPA in late adolescence, above 15 years old (Figure 2). This
observation highlights the need for more longitudinal studies in these
age groups. Relatively low numbers of studies in these age
groups could be due to the common belief among researchers that
MVPA changes occur only around adolescence and the erroneous
belief that MVPA in early childhood and/or late adolescence is
unimportant.8® Research experts in the field of physical activity must
overcome the common challenges of working with younger children
and older adolescents such as recruitment, compliance with
accelerometry and participant retention in order to address these
research gaps.

The accelerometry data reduction decisions made in individual
studies, such as thresholds to define MVPA, varied by study. Our
decision to compute the percentage decline in MVPA per year as done
in a previous review!® allowed for a comparison of change in time

across studies despite these differences in methodology.

3.2 | Study implications

The present review suggests that MVPA decline begins in early to
midchildhood and occurs in both sexes; however, the rate of decline
rate was slightly greater in girls than boys. Future policymaking and
practice in paediatric obesity prevention and treatment might
usefully attempt to promote MVPA during childhood and continue
through adolescence. The absence of statistically significant
annual declines between the ages of 16 to 18 years in this review
does not imply that physical activity interventions are not needed.
A potential reason for nonsignificant findings is that MVPA
levels were already very low in these age categories. In summary,
two lines of evidence emphasize the urgent need for interventions,
which attempts to maintain MVPA/prevent the age related
decline in MVPA8788 First, the widespread evidence globally that
many children and adolescents are not meeting the recommended
60 min day ! MVPA. Second, the clear evidence from the present
study that there is a decline in MVPA each year from early
childhood.
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Annual change in MVPA (Standardised

Age group

03y

Edwards et al., 2013

Taylor et al., 2009

Subgroup (I-squared = 95.9%)

04y

De Craemer et al., 2014
Edwards et al., 2013
Leppanen et al., 2017

Michles et al., 2016a

Taylor et al., 2009

Subgroup (I-squared = 66.7%)

05y

Edwards et al., 2013

Metcalf et al., 2011

Michles et al., 2016a
Subgroup (I-squared = 93.3%)

06y

Edwards et al., 2013

Metcalf et al., 2011

Santos et al., 2018

Vaipuna et al., 2018a
Subgroup (I-squared = 55.6%)

07y

Magnusson et al., 2011
Metcalf et al., 2011

Vaipuna et al., 2018b

Vaipuna et al., 2018e
Subgroup (I-squared = 80.2%)

08y

Butte et al., 2014a

Cohen et al., 2015a
Magnusson et al., 2011
Metcalf et al., 2011

Vaipuna et al., 2018c

Vaipuna et al., 2018f
Subgroup (I-squared = 83.0%)

09y

Butte et al., 2014a

Butte et al., 2014b

Cohen et al., 2015b

Metcalf et al., 2011

Vaipuna et al., 2018d
Vaipuna et al., 2018g

Vann Kann et al., 2016a
Subgroup (l-squared = 0.0%)

10y

Butte et al., 2014b

Butte et al., 2014c
Colabianchi et al., 2016
Corder et al., 2015

Metcalf et al., 2011

Vaipuna et al., 2018h

Vann Kann et al., 2016b
Subgroup (I-squared = 46.2%)

11y

Azevedo et al., 2014

Butte et al., 2014c

Cooper et al., 2012

De Meester et al., 2014
Metcalf et al., 2011

Mitchel et al., 2013

Telford et al., 2013

Subgroup (I-squared = 83.2%)

12y

Jaakkola et al., 2019

Metcalf et al., 2011

Pardo et al., 2014a

Pardo et al., 2014b
Sutherland et al., 2016

Ten Hoor et al., 2018a
Vaitkeviciute etal., 2016
Subgroup (I-squared = 62.4%)

13y

Metcalf et al., 2011

Owen et al., 2018

Pardo et al., 2014a
Sutherland et al., 2016

Ten Hoor et al., 2018b
Vaitkeviciute etal., 2016
Subgroup (l-squared = 93.1%)

14-18y

Metcalf et al., 2011 14y
Stefan et al., 2018 15y
Lipsky et al., 2017 16y
Lipsky et al., 2017 17y
Lipsky et al., 2017

Subgroup (I-squared 78. 5°/)§

Heterogeneity between 8roups p <0.001

Overall (I-squared = 86.
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FIGURE 4 A, Random effects meta-analysis of the annual mean difference in moderate-to-vigorous physical activity (min day™') based on age
level among boys. B, Random effects meta-analysis of the annual mean difference in moderate-to-vigorous physical activity (min day™*) based

on age level among girls
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Annual change in MVPA (Standardised Paired

Age group Mean Difference) (95% Cl) Annual change in MVPA (minutes) (95% Cl)
03y
Edwards et al., 2013 —— 0.07 (-0.12, 0.26) — 2.0(-3.5,7.5)
Taylor et al., 2009 — -0.55 (-0.79, -0.31) —_— -27.0 (-37.8, -16.2)
Subgroup (I-squared = 95.5%) —————————— -0.24 (-0.84, 0.37) -12.1 (-40.5, 16.3)
04y
De Craemer et al., 2014 — 0.05 (-0.17, 0.27) — 1.0(-3.3,5.4)
Edwards et al., 2013 —— 0.07 (-0.12, 0.25) — 2.0(-3.6,7.6)
Leppanen et al., 2017 ——=——0.69 (0.41, 0.97) —a—— 14.7 (9.4, 20.0)
Michles et al., 2016a - 0.21 (-0.03, 0.45) - 1.7 (-0.3, 3.6)
Taylor et al., 2009 e 0.26 (0.04, 0.48) e 6.0 (1.0, 11.0)
Subgroup (I-squared = 82.5%) B 0.24 (0.04, 0.44) E=—— 4.8(0.4,9.3)
05y
Edwards et al., 2013 — -0.10 (-0.29, 0.09) — -3.0(-8.5,2.5)
Metcalf et al., 2011 e 0.23 (0.05, 0.41) . 5.0 (1.1,8.9)
Michles et al., 2016a —=—  0.63(0.44, 0.83) - 5.1(3.7,6.5)
Subgroup (I-squared = 74.2%) ———— 0.25 (-0.15, 0.66) <= 3.1(-0.8,7.1)
06y
Edwards et al.,, 2013 . -0.39 (-0.58, -0.20) - om -11.0 (-16.3,-5.7)
Metcalf et al., 2011 - -0.10 (-0.29, 0.08) — -3.0(-8.5,2.5)
Santos et al., 2018 e -0.34 (-0.68, -0.00) . -4.1(-8.0,-0.2)
Vaipuna et al., 2018a — -0.00 (-0.27, 0.26) — -0.1(-8.0,7.8)
Subgroup (I-squared = 58.0%) - -0.21 (-0.39, -0.02) = -4.9(-9.1,-0.7)
07y
Magnusson et al., 2011 R -0.46 (-0.73, -0.19) . -10.9 (-17.1,-4.7)
Metcalf et al., 2011 ——— 0.07 (-0.13, 0.27) — 2.0 (-4.0,8.0)
Vaipuna et al., 2018b R 0.41 (0.12, 0.70) ——a—> 12.1(3.9,20.3)
Vaipuna et al., 2018e e -0.14 (-0.43, 0.14) e 5.0 (-14.9, 4.8)
Subgroup (I-squared = 85.9%) _ -0.03 (-0.36, 0.30) ——E—— 0.5(-10.3,9.2)
08y
Butte et al., 2014a L -0.34 (-0.64, -0.04) —_— -18.2 (-33.6, -2.8)
Cohen et al., 2015a B -0.80 (-1.37, -0.24) e 1.7 (-18.8, -4.6)
Magnusson et al., 2011 — 0.45 (0.18, 0.73) — 9.5 (4.1, 14.9)
Metcalf et al., 2011 s -0.20 (-0.40, 0.00) e -5.0 (-10.0, -0.0)
Vaipuna et al., 2018¢ R — 0.37 (0.12, 0.62) ——a——  11.3(4.0, 18.6)
Vaipuna et al., 2018f e -0.34 (-0.63, -0.04) B -13.5(-25.1,-1.9)
Subgroup (I-squared = 89.0%) ——— -0.11 (-0.44, 0.22) R -3.6(-12.7,5.6)
09y
Butte et al., 2014a — -0.40 (-0.70, -0.10) — -8.9(-15.3, -2.5)
Butte et al., 2014b —— -0.19 (-0.51, 0.13) —— -4.9(-13.0,3.2)
Cohen et al., 2015b — -0.57 (-1.02, -0.12) - -6.7 (-11.6, -1.8)
Metcalf et al., 2011 . -0.13 (-0.30, 0.04) o 4.0 (-9.4,1.4)
Vaipuna et al., 2018d — -0.36 (-0.74, 0.03) —_— -12.1(-24.6, 0.5)
Vaipuna et al., 2018g —— -0.35 (-0.62, -0.08) —_——— -14.1 (-24.7, -3.5)
Vann Kann et al., 2016a — -0.42 (-0.70, -0.14) - -7.4 (-12.3,-2.6)
Subgroup (I-squared = 0.0%) Eogd -0.29 (-0.41, -0.18) < -7.1(-9.5,-4.7)
10y
Butte et al., 2014b — 0.09 (-0.23, 0.41) e 2.2(-5.4,9.8)
Butte et al., 2014c - -0.35 (-0.74, 0.04) e -8.1(-16.8,0.6)
Colabianchi et al., 2016 . -0.42 (-0.54, -0.30) - -5.5(-7.0, -4.0)
Corder et al., 2015 - -0.12 (-0.21, -0.04) - -2.4(-4.1,-0.8)
Metcalf et al., 2011 —— -0.19 (-0.36, -0.02) - -4.0 (-7.6,-0.4)
Vaipuna et al., 2018h e -0.10 (-0.53, 0.33) 3.3 (-17.6, 11.0)
Vann Kann et al., 2016b —— -0.35 (-0.69, -0.02) —— -8.9(-17.1,-0.7)
Subgroup (I-squared = 49.1%) o -0.22 (-0.36, -0.08) <> -4.1(-6.1,-2.0)
11y
Azevedo et al., 2014 — -0.43 (-0.74, -0.12) — -6.3 (-10.7, -1.9)
Butte et al., 2014c — 0.13 (-0.25, 0.51) —_— 3.4 (-6.2, 13.0)
Cooper et al., 2012 . 0.11 (-0.00, 0.22) - 2.2(-0.0, 4.4)
De Meester et al., 2014 - 0.12 (-0.16, 0.41) - 1.8(-2.3,5.9)
Harrington et al., 2018 . -0.23 (-0.40, -0.06) - 2.2(-3.8,-0.6)
Jago et al., 2015 . 0.19 (0.07, 0.31) - 4.0(1.5,6.6)
Metcalf et al., 2011 - 0.00 (-0.18, 0.18) — 0.0(-3.8,3.8)
Mitchel et al., 2013 . -0.36 (-0.47, -0.24) - 5.2 (-6.9, -3.5)
Telford et al., 2013 —— -0.06 (-0.18, 0.06) -~ -1.0(-2.9,0.9)
Subgroup (I-squared = 85.8%) < -0.06 (-0.21, 0.09) < -0.6(-3.0,1.7)
12y
Harrington et al., 2018 . -0.22 (-0.35, -0.09) - -1.8(-2.9,-0.7)
Jaakkola et al., 2019 e -0.27 (-0.53, -0.01) Com -4.3(-8.3,-0.3)
Metcalf et al., 2011 —. 0.04 (-0.14, 0.22) . 1.0 (-3.4, 5.4)
Pardo et al., 2014a ——&—— (.55 (0.26, 0.85) — 9.5(4.8,14.2)
Pardo et al., 2014b —_— -0.31(-0.69, 0.07) — -6.4 (-14.1,1.3)
Sutherland et al., 2016 —— -0.09 (-0.19, 0.01) - -1.3(-2.7,0.1)
Ten Hoor et al., 2018a — -0.01 (-0.32, 0.29) — -0.2(-5.1,4.6)
Subgroup (I-squared = 76.8%) o -0.05 (-0.21, 0.11) <> -0.5(-2.7,1.8)
13y
Dewar et al., 2014 — - -0.15(-0.32, 0.01) — -2.9(-5.9,0.2)
Harrington et al., 2018 — -0.30 (-0.46, -0.14) - -2.2(-3.4,-1.0)
Metcalf et al., 2011 —— -0.03 (-0.21, 0.14) — -1.0(-6.3,4.3)
Owen et al., 2018 — -0.16 (-0.35, 0.03) —— -2.6 (-5.8,0.5)
Pardo et al., 2014a —— -0.33 (-0.64, -0.01) — -6.5(-10.7,-0.3)
Sutherland et al., 2016 —.— -0.05 (-0.17,0.07) - -0.7 (-2.3,1.0)
Ten Hoor et al., 2018b -0.49 (-0.98, 0.00) —— -6.0 (-11.8,-0.3)
Subgroup (I-squared = 12.2%) <> -0.16 (-0.26, -0.06) @ -2.1(-31,-1.1)
14-18y
Dewar et al., 2014 14y . 0.03 (-0.17, 0.23) R 0.5(-2.6,3.7)
Harrington et al.,, 2018 14y . -0.62 (-0.92, -0.32) - 35(5.1,-1.9)
Metcalf et al., 2011 14y S ow -0.15 (-0.34, 0.03) S om -3.0 (-6.6, 0.6)
Stefan et al., 2018 15y B -0.48 (-0.76, -0.19) e -24.0 (-37.5,-10.5)
Cohenetal., 2014 16y —— -0.10 (-0.22, 0.02) - -1.4(-3.0,0.2)
Lipsky et al., 2017 16y —.— 0.01(-0.10, 0.13) - 0.3(-1.7,22)
Lipsky et al., 2017 17y —— -0.01(-0.12, 0.10) - -0.1(-1.8, 1.6)
Lipsky et al., 2017 18y - -0.06 (-0.17, 0.05) - 1.2(-34,1.1)
Subgroup (I-squared = 71.6%) < -0.12 (-0.23, -0.02) < -1.5(-3.1,0.1)
Heterogeneity between groups: p =<0.001
Overall (I-squared = 84.2%) < -0.10 (-0.15, -0.04) @ 1.7 (-2.7,-0.7)
| | | | | | | | |
-1 -5 0 5 1 -40 -20 0 20

FIGURE 4 Continued.
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4 | CONCLUSIONS

Habitual time spent in MVPA is critical to child and adolescent
obesity prevention and treatment according to evidence based
guidelines. Future research, policy or practice interventions aimed
at preventing age-related declines in MVPA need to begin earlier in
childhood, continue through adolescence and include both boys

and girls.
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