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Could Greater Physical Activity Reduce Population
Prevalence and Socioeconomic Inequalities in Children’s
Mental Health Problems? A Policy Simulation

Sungano Chigogora,® Anna Pearce,® Catherine Law,® Russell Viner,* Catherine Chittleborough,®
Lucy J. Griffiths,* and Steven Hope*

Background: One in four children 5-16 years (y) of age shows signs
of mental health problems in the United Kingdom; risk is higher in
economically disadvantaged groups. Greater physical activity is as-
sociated with lower risk of internalizing problems such as depression
and anxiety. We simulated the potential impact of population-wide
physical activity interventions on overall prevalence of internalizing
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problems, and by family income. Interventions were based on the
World Health Organization (WHO) children’s target of 60 minutes
(min) of moderate-to-vigorous physical activity per day and trial ev-
idence.

Methods: Data were from the UK Millennium Cohort Study, a
population-representative cohort of children born in 2000-2002.
Household income (5 y) was the exposure; internalizing problems
(outcome) were measured using the Strengths and Difficulties Ques-
tionnaire (11 y). Of 18,296 singletons, 6,497 had accelerometer phys-
ical activity data (mediator, manipulated to simulate interventions) at
7 y. We predicted probabilities of outcome according to exposure in
marginal structural models, weighted for attrition and confounding,
and adjusted for observed mediator. We then re-estimated probabili-
ties in different physical activity intervention scenarios, assessing in-
come inequalities in internalizing problems with risk ratios (RRs)
and differences (RDs) according to income quintile.

Results: Simulating universal achievement of the WHO target led to
little change in prevalence (10% [95% CI = 8%, 12%]) and socioeco-
nomic inequalities in internalizing problems; RR: 2.2 (1.1, 3.4); RD:
8% [5%,13%]). More modest increases in physical activity achieved
weaker results.

Conclusions: Our simulations suggest that large increases in mod-
erate-to-vigorous physical activity in the United Kingdom would
have little effect on prevalence and inequalities in child mental health
problems.

Keywords: Anxiety; Child; Depression; Health inequalities; Mental
health; Physical activity

(Epidemiology 2020;31: 115-125)

One in four children 5-16 years (y) of age shows signs
of mental health problems in the United Kingdom, with
4% clinically diagnosed with an internalizing disorder such as
anxiety or depression.! Children from poorer socioeconomic
backgrounds are at greater risk of mental health problems.?
Internalizing disorders can disrupt learning and behavior, and
can cause biologic changes (such as prolonged elevation of
stress hormones and abnormal brain development), leading
to unhealthy lifestyles, chronic diseases, and widening ine-
quality.® Identifying measures that may support reduction in
prevalence and socioeconomic inequalities in internalizing
child mental health problems is a policy priority.*
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Regular exercise is associated with better mental health
in children.>® In observational studies, young people (3-21 y
of age) who engage in greater levels of physical activity often
report fewer signs of anxiety or depression (such as emotional
and peer problems).’ Furthermore, randomized trial findings
show that increased moderate (e.g., brisk walking) to vigorous
(e.g., running) physical activity” can result in reductions in
reported internalizing problems.® However, higher levels of
physical activity are also associated with more externalizing
mental health problems, where children with externalizing
problems are more physically active.’ The contradictory asso-
ciations observed between physical activity and child mental
health problems may be due to the overlap between physical
activity and measures of externalizing disorders (hyperac-
tivity and conduct problems).®

Guidance from the UK Chief Medical Officer, follow-
ing World Health Organization (WHO) recommendations,
suggests that children 5-18 y of age should undertake at least
60 minutes (min) of moderate-to-vigorous physical activity
per day to optimize muscular, cardiorespiratory, bone, and
functional development.®!® Although physical activity levels
are generally low in the United Kingdom (with about half of
7-year-olds achieving the 60 min/day target),'' there is con-
tradictory evidence on its social patterning.!? Children from
less affluent backgrounds are more likely to engage in active
commuting to school, largely due to lower levels of car own-
ership among poorer families, and are more likely to engage
in unstructured outdoor play.!? In contrast, children in more
affluent families are more likely to have access to organized
sporting activities, clubs, and recreational facilities.'3

Although interventions to increase physical activity can
reduce internalizing problems, a review concluded that the ev-
idence base for physical activity and child mental health prob-
lems is limited and often of poor quality.’ Despite the lack of
good evidence, physical activity is promoted as having ben-
efits for mental health at all ages.'* It is not possible to deter-
mine the potential impact of increasing moderate-to-vigorous
physical activity on population prevalence and inequalities in
internalizing mental health problems from trials, due to limita-
tions of small sample size, and heterogeneous design and eval-
uation. Population roll-out of physical activity interventions
would require consideration of several factors. First, criteria
for eligibility should maximize the number of children who
would benefit from the intervention in light of constrained re-
sources, while promoting equity. Proportionate universalism,
where all children receive some level of intervention but some
children are offered more intensive intervention based on cer-
tain characteristics, may reduce inequality.'> In addition, it is
important to consider the proportion of eligible children who
may engage with the intervention (uptake) and by how much
the intervention would actually increase physical activity in
those children (effectiveness). Large-scale population data
allow for exploration of the potential impact of moderate-
to-vigorous physical activity interventions on internalizing
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mental health problems, informed by existing intervention ev-
idence and actual or hypothetical policy guidance.'®

The aim of our study was to examine how population-
level interventions to increase moderate-to-vigorous physical
activity in childhood might reduce prevalence and inequalities
in internalizing mental health problems in the United Kingdom,
using nationally representative data from the Millennium Co-
hort Study. We simulated a number of scenarios where an inter-
vention would be available to everyone (universal), to children
at increased risk of mental health problems (targeted), or to
those already affected by mental health problems (indicated).!”
We simulated the effectiveness of each intervention according
to physical activity increases needed for universal achieve-
ment of the WHO 60 min/day moderate-to-vigorous physical
activity target, and according to actual increases in physical
activity shown in trials. Modeling of uptake was informed by
the proportion of children or families who enrolled in previous
physical activity intervention trials, accounting for variation
between socioeconomic groups (differential uptake).

METHODS

Study Characteristics

The Millennium Cohort Study (MCS) is a prospective
cohort study of children born in the United Kingdom in 2000—
2002, which was constructed to be representative of the total
UK population at baseline.'® Data on a range of demographic,
behavioral, developmental, health, and parental socioeconomic
characteristics were recorded for the first time when the child
was approximately 9 months old.!” Interviews were carried out
by trained interviewers, with information provided by a main
caregiver (usually the mother). Information was collected on
18,818 infants; our analyses were limited to 18,296 singletons.?
We use data collected at ages 5 (n = 15,041), 7 (n = 13,681),
and 11 (n = 13,475) years. Ethical approval for data collection
at each sweep of MCS and accelerometer studies was granted
through the National Health Service, and Northern and York-
shire Research Ethics Committee systems,?! and approval for
seasonal accelerometer and calibration studies was granted by
the University College London Research Ethics Committee.?

Measures
Exposure: Household Income

We used equivalized household income (quintiles), re-
ported at 5y, as an indicator of socioeconomic circumstances.?
We adopted highest level of maternal academic attainment as
an alternative indicator of socioeconomic circumstances in a
sensitivity analysis.

Mediator: Physical Activity

Physical activity was recorded at 7 y using Actigraph
GTIM accelerometers, demonstrated to measure activity
reliably in children.?* Data were processed to eliminate
nonwear time and extreme readings, resulting in a phys-
ical activity study sample with valid data of >10 hours (h)
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on at least 2 days.”® Missing physical activity data were not
imputed. Moderate-to-vigorous physical activity was defined
as >2,241 accelerometer counts of activity per minute,'!?
and was reported in terms of number of minutes of activity
per day. Moderate physical activities are typically those that
cause the child’s pulse, body temperature, and respiratory rate
to increase, while still being able to carry on a conversation
(e.g., bike-riding and playground activities); vigorous activ-
ities cause the respiratory rate to increase to a point where
they find it difficult to carry on conversation (e.g., fast running
and swimming).'? Further details on the exact levels of these
activities used to classify children in the MCS are provided
elsewhere.!" A Box—Cox transformed measure of moderate-
to-vigorous physical activity (A = 0.34) was used in regres-
sion models as the variable was not normally distributed.?
There was no evidence that the effect of moderate-to-vigorous
physical activity on internalizing problems varied by income
quintiles (P value for effect modification = 0.668).

Outcome: Internalizing Child Mental Health Problems

Child mental health problems were assessed at 11 y
using the Strengths and Difficulties Questionnaire (SDQ), a
widely used measure of child behavior completed by the par-
ent/main caregiver. The SDQ comprises 25 items measuring
five scales: emotional symptoms, conduct problems, hyper-
activity, peer relationship problems, and prosocial behavior.?’

We examined internalizing mental health problems, com-
bining emotional and peer problems scales; scores ranged
from 0 to 20, which we dichotomized using a cut-off (10%
highest scores; range 8—19) to indicate internalizing mental
health problems.?® As sensitivity analyses, we used teacher-
reported internalizing scores,?® and an alternative measure of
internalizing mental health problems, derived by combining
all children who had abnormal or high scores on either the
peer (score >3) or emotional (score >4) subscales, based on
SDQ recommended subscale cut-offs.?

Confounding

We adjusted for the following factors which were iden-
tified as potential confounders, guided by a directed acyclic
graph (Figure 1). At baseline, we accounted for maternal
age at first live birth and ethnicity. Time-varying covariates
were measured at 7 y, the sweep when physical activity was
recorded: perceived neighborhood safety, maternal psycho-
logical distress (Kessler-6),3° child overweight/obese status,
and child longstanding illness. To reduce potential for reverse
causation by externalizing behavior on physical activity, we
accounted for conduct and hyperactivity problems (measured
using the SDQ) at 7 y. There was no evidence that inequalities
in internalizing mental health problems varied by sex (P value
for effect modification = 0.754); results are presented for boys
and girls combined.

/

M: Moderate-to-vigorous
physical activity

:

C _, X:Income » Y: Internalizing mental
quintile health problems
L
Birth 5 years 7 Years 11 years

X, exposure: Household income at 5 years
M, mediator: Moderate-to-vigorous physical activity at 7 years
Y, outcome: Internalizing mental health problems at 11 years

externalizing problems

C, baseline confounders: Maternal age at first live birth; child’s ethnicity
L, time-varying confounders: Maternal distress; perceived neighbourhood safety; child longstanding illness; child overweight/obese; child

FIGURE 1. Directed acyclic graph illustrating the relationship between household income (exposure), physical activity (medi-

ator), and internalizing child mental health problems (outcome).

© 2019 Wolters Kluwer Health, Inc. All rights reserved.
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Intervention Scenarios

We modeled a series of scenarios reflecting varying lev-
els of effectiveness, eligibility, and uptake used in previous
simulations of physical activity interventions and childhood
overweight. '® Scenarios were guided by the WHO 60 min/
day target for moderate-to-vigorous physical activity!® and
reviews of physical activity interventions.3'=3

Effectiveness

To simulate effectiveness, we modified the physical ac-
tivity variable by increasing number of minutes of activity per
day by given amounts, ranging from an average 2.3 min/day
(scenario 2) to 30 min/day (scenario 1).
Eligibility

Each intervention scenario had different eligibility cri-
teria. For example, children were eligible for an active trans-
port intervention dependent on whether their usual mode of
travel to and/or from school at 7 y involved walking or cy-
cling, according to maternal report.>> 34 Children were eligible
for a targeted, after-school intervention if they lived in de-
prived areas,?>** or an indicated family-based intervention’® if
they had a borderline/abnormal score for internalizing mental
health problems at 5 y.

Uptake

Uptake levels varied for each scenario, from 100% in a
hypothetical intervention where children would increase their
physical activity in accordance with the WHO target of 60 min/
day, to 64% in the indicated family-based intervention.3¢-4
Table 1 contains a detailed description of each scenario.

Statistical Analysis

We used descriptive statistics (proportions, means, and
medians with 95% confidence intervals [Cls], weighted for
attrition) to illustrate associations between household income,
moderate-to-vigorous physical activity, internalizing mental
health problems, and covariates.

Prevalence of Internalizing Problems and
Measures of Inequality

We estimated the association between income and inter-
nalizing problems using logistic regression, weighted for attri-
tion to the MCS physical activity study and survey design,??
with internalizing scores up to the 90th percentile as referent,
versus the highest 10%. We used predicted probabilities (and
95% confidence intervals) obtained from this regression
model to estimate the prevalence of internalizing problems,
overall and in each income quintile. We estimated summary

TABLE 1. Rationale for Previously Defined Intervention Scenarios and Simulated Effect Sizes?

Effectiveness (Average Increase in Minutes Spent on
Scenario Moderate-to-vigorous Physical Activity/Day) and Eligibility Uptake
1. Universal achievement 30min [SD, 5 min] 100%

of WHO 60 min physical
activity target

»

Universal school break- 2.3 min [SD, Imin]
time intervention
interventions?!

4min [SD, 2min]/2 min [SD, 1min]

(95)

. Universal active transport
intervention

Based on reported increases in physical activity from school break-time

An average 4 min increase in moderate-to-vigorous physical activity for

Applied to all children (shifting the proportion of children achieving
60 min of moderate-to-vigorous physical activity from 51% to 96%)

85% (reflects uptake in school-based universal
scheme)?’

77% (reflects uptake in physical activity
interventions in children)?®®

all children who did not walk or cycle to school; 2 min if they walked

or cycled in one direction only (i.e., to or from school). Evidence

from school transportation®® and school-based intervention trials®*

4. Targeted after-school
intervention

W

. Indicated, family-based
intervention

6. Proportionate universal
intervention

77% overall uptake®®

74% in families below the poverty line (<60%
median income),*” as harder-to-reach groups
experience barriers to area-level services. 80%
uptake for remainder*’

2.6min [SD, 1.3 min]

Applied to children who lived in the most deprived areas in the United
Kingdom according to the indices of multiple deprivation. Evidence
from school-based after-school intervention®?

6.7 min [SD, 3 min]
Applied to children with symptoms of internalizing mental health

64% overall uptake

Modeled 77% uptake (as above), combined with
problems at 5 y. Evidence from family-based physical activity
interventions®® is high for family-based interventions®
Package of scenarios 2—5 combined. That is, all children were eligible As above, depending on eligibility
to receive the universal break-time intervention and were also

eligible for additional intervention if they were not active for one

or both legs of their commute, lived in deprived areas and/or had

internalizing mental health problems at 5 y

“Rationale developed from policy guidelines and trial evidence, and previously used by Pearce et al.'® in simulations of physical activity interventions in relation to childhood

overweight.
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average 35% drop-out after enrolment, as attrition
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measures of relative and absolute inequalities by repeating the
regression with income quintile as a continuous linear term.
Relative inequalities were calculated as the ratio of fitted
probabilities of internalizing problems between the highest
and lowest income quintiles (risk ratio [RR]; 95% confidence
interval [CI]), and absolute inequalities as the difference be-
tween fitted probabilities for the highest and lowest income
quintiles (risk difference [RD] and 95% CI).

Adjusting for Baseline Confounding Between
Household Income and Internalizing Problems

We accounted for baseline confounding in a marginal
structural model (MSM) using inverse probability of treat-
ment weights (IPTWs, eAppendix1; http:/links.lww.com/
EDE/B596).*! This provided an estimate of the total direct
effect (TDE) of income on internalizing problems. To remove
the excessive influence of extreme values, all IPTWs were
trimmed at the 1st and 99th percentiles*? and multiplied these
by the MCS physical activity study weight.??

Adjusting for Baseline and Time-varying
Confounding, and the Mediating Role of
Moderate-to-vigorous Physical Activity

We entered observed moderate-to-vigorous physical ac-
tivity in minutes into the MSM, with both baseline and interme-
diate confounders accounted for using IPTWs. This provided
the “observed” controlled direct effect (CDE) of income on
internalizing problems, an estimate of the effect of household
income on child internalizing mental health problems, adjusted
for observed level of physical activity and confounding.

Simulation of Intervention Scenarios

We simulated the effect of each intervention scenario
according to effectiveness, eligibility criteria, and uptake as
described above and in Table 1. This was achieved by re-esti-
mating the predicted probabilities of internalizing problems
from the observed controlled direct effect model after increas-
ing the physical activity (mediator) value by an amount (in
minutes), as set out in the scenario. For example, in scenario 3,
a universal transport intervention was simulated. This resulted
in increases of physical activity by an average of 4 min (with
a standard deviation [SD] of 2min) in children whose com-
mutes were not active to and from school (involving car, taxi,
or bus ride), and by an average 2min (SD 1min) in children
who were not active in one of the two commutes. This inter-
vention was modeled for 77% uptake according to trial evi-
dence. 7 The process we followed to manipulate the physical
activity variable (as if changed by intervention) has been
applied elsewhere,'®* and is described in detail in eAppendix
2; http://links.Iww.com/EDE/B596.

All analyses were performed in Stata SE 15.1.

Working Sample

Of 18,296 singletons recruited to the Millennium Cohort
Study, 13,681 of participants at 7 y were invited to take part in
the accelerometer study. Parental consent was given for 12,872

© 2019 Wolters Kluwer Health, Inc. All rights reserved.

children, and 9,722 returned the accelerometers at the end of
the study. Valid readings were recorded for 6,497 children. In
total, 1,467 children had missing outcome or covariate data;
these data were imputed under a missing at random assump-
tion for 1,464 children (three had insufficient auxiliary infor-
mation) (Figure 2). This was done through multiple imputation
by chained equations in 20 datasets using auxiliary information,
combined using Rubin’s rules.* The augment function was used
to ensure that previously empty unrelated cells were unaffected.

Sensitivity Analyses

We carried out four sensitivity analyses. In the first, we
replaced parental reports of internalizing mental health prob-
lems (outcome) with those provided by a teacher (eTable 1;
http://links.lww.com/EDE/B596), which comprised a much
smaller subsample of children who took part in the MCS
physical activity study. In the second, we replaced the distribu-
tion-based outcome with clinical cut-offs of the two subscales
that comprise internalizing mental health problems (eTable
2; http://links.lww.com/EDE/B596).® This is a less stringent
cut-off, which includes children who scored high on either the
emotional and peer subscale. In the third, we used highest ma-
ternal educational attainment as an alternative indicator of so-
cioeconomic circumstances (exposure, eTable 3; http://links.
lww.com/EDE/B596). In the fourth, we repeated analyses in
children who had values for all covariates (complete cases,
eTable 4; http://links.lww.com/EDE/B596).

RESULTS

Sample Characteristics

Table 2 shows characteristics of the original MCS
sample, the multiply imputed analytic sample, and a com-
plete-case sample. In general, the distribution of variables was
consistent across all three samples.

Descriptive Findings

In the main (imputed) analytic sample, 11% of children
had internalizing mental health problems, median moderate-
to-vigorous physical activity was 61 min, and 51% of chil-
dren met the WHO physical activity target of 60 min per day.
A weak reverse gradient in physical activity was observed,
where children from the lowest household income quintile had
greater activity (median 62min) compared with those in the
highest quintile (median 59 min). Median time spent in mod-
erate-to-vigorous physical activity at 7 y was slightly lower in
children with internalizing mental health problems (59 min),
compared with those without (61 min). The weak reverse gra-
dient in physical activity according to income suggests that
increasing physical activity levels may not reduce inequality
in internalizing problems.

Observed Controlled Direct Effect of Household
Income on Internalizing Problems

Accounting for attrition to the physical activity study
(model A), population prevalence of internalizing mental
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Baseline cohort member of MCS,
aged 9 months in 2001/02
(n=18,296)

Present at 7 year survey, and invited
to take part in physical activity
study (13,681)

Did not consent to study (n=809)

Returned accelerometers (n=9,772)

Consented, but did not return
accelerometers (n=3,100)

.

Invalid physical activity

A

Valid physical activity reading at 7
years (n=6,497)

(mediator) reading (n=3,275)

Insufficient data for multiple

A\ 4

imputation (n=3)

Missing data - imputed

A4

Complete data (n=5,467)

Analytical sample following

SDQ score (outcome) at 11 years
(n=573)

Mother’s age (n=241)

Ethnicity (n=0)

Child health problems (n=0)
Maternal distress (n=1)

Child overweight/ obese (n=20)
Perceived neighbourhood safety
(n=149)

Externalizing behavior at 7 years

multiple imputations (n=6,493)

(n=50)

FIGURE 2. Selection of cohort members for investigation of the role of physical activity in the association between socioeconomic

circumstances and mental health, Millennium Cohort Study.

health problems was 11% (95% CI = 10%, 12%; Table 3).
Compared with children in the highest quintile, those from
families in the lowest quintile of household income were more
likely to have internalizing problems, according to meas-
ures of both relative and absolute inequality (RR: 3.3 [2.3,
4.4]; RD: 12% [8.6, 15.4]). Prevalence and inequalities were
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attenuated after adjustment for baseline confounding (the total
direct effect/TDE of income on internalizing problems, model
B). Additional adjustment for confounding and observed
physical activity (the observed controlled direct effect/CDE,
model C) resulted in little change from the TDE (overall prev-
alence 10% [9, 12]; RR: 2.2 [1.1, 3.4]; RD: 8% [3, 13]).
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TABLE 2. Characteristics of Millennium Cohort Study Members in Original and Analytic Samples

‘Weighted® Proportion (Observed n) Unless Indicated Otherwise

Original Complete Analytic Sample,
MCS Sample Case Imputed with M20
(n =18,296) (n =5,467) (n=6,493)
Household income quintile at 5 years, n (%)
Wealthiest (1) 2,909 (20) 1,316 (21) 19
2 3,172 (20) 1,278 (20) 19
3 3,450 (20) 1,191 (20) 21
4 4,103 (20) 958 (19) 20
Poorest (5) 4,580 (19) 620 (19) 21
Item missing 82 n/a n/a
Sex, n (%)
Female 8,879 (49) 2,829 (50) 49
Item missing [0] n/a n/a

Baseline confounders at 5 years
Maternal age first live birth, mean (CI)
Item missing
Ethnicity non-white, n (%)
Item missing
Mediator, moderate-to-vigorous physical activity at 7 years
Overall minutes of activity per day median (CI)*
Item missing
Achieving WHO target of 60 min per day, n (%)
Minutes per day in lowest income group/quintile, median (CI)
Minutes per day in highest income group/quintile, median (CI)
Minutes per day in children without internalizing problems, median (CI)
Minutes per day in children with internalizing problems, median (CI)
Intermediate confounders at 7 years, n (%)
Child has longstanding illness
Item missing
Maternal distress (K6)
Item missing
Child overweight/ obese
Item missing
Lives in unsafe neighborhood
Item missing
Externalizing symptoms at 7 years
Item missing
Internalizing mental health problems at 11 years, n (%)
Internalizing mental health problems

Item missing

25.5 (25.4, 25.6)
[674]
14 (3,321)
[0]

61.0 (62.55, 63.98)
[11,987]
3,182 (51)
61.4(59.3, 63.6)
60.0 (57.5, 60.5)
60.3 (59.5, 61.2)
58.2(54.6, 61.8)

25.6 (25.4,25.8)
n/a
11 (556)
n/a

61.0 (62.10, 63.62)
n/a
2,646 (50)
60.8 (58.3, 63.3)
59.0 (57.3, 60.6)
60.1 (59.2, 61.0)
58.2 (55.0, 61.6)

25.2(24.9,25.5)
n/a
15
n/a

60.6 (59.8, 64.42)
n/a
51
62.2 (60.0, 64.35)
58.9 (57.4, 60.4)
60.8 (60.0, 61.6)
58.8 (55.8, 61.9)

2,449 (19) 939 (18) 18
[5,104] n/a n/a
3,166 (24) 1,263 (25) 24
[5,104] n/a n/a
2,570 (20) 932 (20) 20
[5,314] n/a n/a
1,214 (10) 536 (11) 11
[6,158] n/a n/a
1,380 (11) 436 (10) 11
[5,520] n/a n/a
1,218 (10) 461 (10) 11
[6,112] n/a n/a

0riginal sample was weighted for selection to the Millennium Cohort Study. Complete-case and imputed samples were weighted for attrition to the physical activity study.
Weighted median moderate-to-vigorous physical activity was estimated in a quantile regression, with 95% CI.

Intervention Scenarios

A universal increase in moderate-to-vigorous physical
activity by an average of 30 min for each child in the MCS
physical activity study (scenario 1) resulted in 95.6% attain-
ment of the WHO recommended 60 min per day (Table 3).
Increasing physical activity by this amount slightly reduced
overall prevalence of internalizing mental health problems
to 10% [8, 12], compared with the observed CDE. Absolute

© 2019 Wolters Kluwer Health, Inc. All rights reserved.

inequality was also lower compared with the observed CDE
(RD 8% [2, 13]), but relative inequality remained unchanged.

More realistic increases in physical activity (scenarios
2-5) did not reduce prevalence or inequalities in internaliz-
ing problems. The effect of increasing moderate-to-vigorous
physical activity was the same whether it was done universally
during break time (scenario 2),’! on the school-commute (sce-
nario 3), targeted to children living in deprived areas (scenario
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TABLE 3. Prevalence and Risk of Parent-reported Internalizing Child Mental Health Problems at 11 Years According to
Household Income at 5 Years: Millennium Cohort Study
Prevalence (%, 95% CI) of Internalizing Inequalities in Internalizing Problems
Problems According to (Least Deprived Ref Versus Most
Quintiles of Household Income Deprived)*

Overall Risk Risk Difference,
1/Lowest 2 3 4 5/Highest Prevalence Ratio (CI) % (CI)
Model A: unadjusted®
17 (13.7,20.7) 13 (10, 16) 9(7,11) 8 (6, 10) 5(4,6) 11 (10, 12) 3.3(104, 16.1) 12 (9, 15)
Model B: adjusted for baseline confounding/TDE*®
15 (11, 20) 119, 14) 9(7,11) 8(6,11) 7@, 11) 10 (9, 12) 22(1.1,3.4) 8(3,13)
Model C: observed CDE/CDE!

15 (11, 20) 119, 14) 9(7,11) 96, 11) 7(3,10) 10 (9, 12) 2.2(1.0,3.4) 8(3,13)

Moderate-to-vigorous physical activity interventions simulations
Scenario 1: universal achievement of WHO target (60 min moderate-to-vigorous physical activity per day)

15 (9, 20) 11(8, 14) 8(6,11) 8(5,11) 6 (3, 10) 10 (8, 12) 22(1.1,3.4) 8(2,13)
Scenario 2: universal school break time (model C, plus average 2.3 min increase, 85% uptake)

15 (11, 20) 119, 14) 9(7,11) 8(6,11) 7 (3, 10) 10 (9, 12) 22(1.1,3.4) 8(3,13)
Scenario 3: universal active transport (model C, plus average 4 min increase for nonactive and 2 min for active in one direction, 77% uptake)

15 (11, 20) 119, 14) 9(7,11) 8(6,11) 7(3,10) 10 (9, 12) 2.2(1.1,3.4) 8 (3, 13)
Scenario 4: targeted, after-school intervention (model C, plus 2.6 min increase in lowest quintile of material deprivation, differential uptake)®

15 (11, 20) 119, 14) 9(7,11) 9(6,11) 7 (3, 10) 10 (9, 12) 22(1.1,3.4) 8(3,13)
Scenario 5: indicated (model C, plus 6.7 min increase for children with high SDQ at 5 years, 64% uptake

15 (11, 20) 119, 14) 9(7,11) 9(6,11) 73, 10) 10 (9, 12) 22(1.1,3.4) 8(3,13)
Scenario 6: proportionate universal intervention (scenarios 2—5)

15 (11, 20) 119, 14) 9(7,11) 8(6,11) 7(3,10) 10 (9, 12) 2.2(1.1,3.4) 83, 13)

“Relative and absolute inequalities were modeled using a continuous linear term for income, explaining discordance from prevalence estimates.

"Weighted for attrition to the physical activity study.

°TDE of income on internalizing mental health problems adjusted for attrition to physical activity study and baseline confounders.
dObserved CDE of income on internalizing mental health problems, adjusted for attrition to physical activity study, baseline confounders, observed moderate-to-vigorous physical

activity and time-varying confounders at 7 years.
¢74% uptake below poverty line, 80% uptake for the rest—overall uptake 77%.

4), or applied to children with prior internalizing problems
(scenario 5). The combination of universal, targeted, and in-
dicated interventions (scenarios 2—5) within a single package
of interventions resulted in only slightly lower prevalence and
absolute inequalities than shown for the constituent scenarios
in isolation.

Sensitivity Analyses

We conducted sensitivity analyses using alternative
measures of the outcome (eTable 1; http://links.lww.com/
EDE/B596 and eTable 2; http://links.lww.com/EDE/B596),
and these showed that increasing moderate-to-vigorous phys-
ical activity at 7 y would make little difference to later reports
of internalizing mental health problems regardless of the rater,
and whether less stringent or clinical cut-offs of internaliz-
ing problems were applied. Sensitivity analyses with maternal
education (eTable 3; http://links.lww.com/EDE/B596) as
an alternative measure of the socioeconomic status (the ex-
posure) showed similar results to those found using income
as a measure of socioeconomic circumstances. We also con-
ducted analyses in a complete cases sample, with nonmissing
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covariate data (eTable 4; http://links.lww.com/EDE/B596),
which showed that our findings were substantially the same as
in the multiply imputed analytic sample.

DISCUSSION
Main Findings

A simulation of the impact of increasing moderate-to-
vigorous physical activity in children 7 years of age according
to the WHO target of 60 min/day resulted in a small reduction
in population prevalence of internalizing mental health prob-
lems at 11 y. More realistic simulations, informed by physical
activity increases and uptake achieved in trials, showed only a
small reduction when interventions were used in combination.

Marmot et al.'® advocate a proportionate universal
approach for improving population health and reducing
inequalities. Results from our simulation of proportionate
universal interventions, where intensive physical activity
interventions were applied to targeted groups in addition to
universal implementation, resulted in slightly lower preva-
lence and absolute inequality in internalizing mental health
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problems than for individual interventions. However, the re-
duction observed was so small that it would not justify the
extra resources required to implement such a combined
approach.

Comparison with Other Studies

Our results support findings from other studies showing
that children from less advantaged backgrounds are at greater
risk of child mental health problems.? Studies examining phys-
ical activity by socioeconomic circumstances have produced
contradictory results.!” Our finding of a weak reverse gradient
between physical activity and household income corroborate
previous findings from the Millennium Cohort Study, which
demonstrated that disadvantaged children were more likely to
be physically active.'#

Observational studies and randomized trials have
shown beneficial effects of physical activity on child mental
health problems, where greater physical activity was asso-
ciated with lower levels of internalizing problems.’> How-
ever, it has been difficult to synthesize evidence from
physical activity trials to inform interventions at the popu-
lation level, due to variation in methodologic characteristics
such as sampling and measurement. Using an alternative
approach, we have combined physical activity interventions
shown to be effective in children and estimated their po-
tential impact on internalizing mental health problems in
a population-representative sample. Our findings indicate
that increasing the physical activity of children through a
proportionate universal approach, consisting of several evi-
denced interventions, would have little effect on prevalence
and inequality in internalizing mental health problems in
the United Kingdom.

Strengths and Limitations

This is the first study to use intervention simulations
to examine how increasing moderate-to-vigorous physical
activity in the general population could affect child mental
health problems. We analyzed data from a large, nation-
ally representative cohort of UK children with an objective
measure of physical activity and rich socioeconomic, health,
and demographic data, which we used to operationalize tar-
geting mechanisms and account for potential confounders.
The availability of longitudinal data allowed for temporal
ordering of household income and internalizing mental health
problems. We used subscales of the Strengths and Difficulties
Questionnaire, a comprehensive, validated, and widely used
measure of child mental health problems, using both distribu-
tion and clinical cut-offs.

Findings from our study were largely the same in sen-
sitivity analyses according to different raters of internalizing
problems, alternative measures of socioeconomic circum-
stances, and restriction to a complete-case sample.

We were able to examine a number of population in-
tervention scenarios. The eligibility, uptake, and effectiveness
of the policy scenarios were carried out in earlier work and
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guided by the WHO physical activity target, evidence from
physical activity trials, systematic reviews of physical activity
studies, and consultation with experts and parents.!® How-
ever, trial evidence of the relationship between physical ac-
tivity and internalizing mental health problems was scarce,
so intervention scenarios were informed by physical activity
interventions designed to improve other outcomes (such as
overweight)!; nevertheless, this still provides an informative
picture of increases in physical activity that might realistically
be achieved through intervention. Additional details about the
effectiveness of physical activity interventions according to
the socioeconomic circumstances of recruited children would
have helped to more accurately model increases in physical
activity. With more nuanced trial evidence, we could also have
modeled alternative intervention scenarios showing how up-
take of physical activity interventions may differ across socio-
economic groups. Trials where physical activity interventions
were combined with other lifestyle characteristics, such as
diet, could have been used to inform scenarios reflecting the
complex environment where multiple risk factors co-exist.
While we were able to examine a hypothetical proportionate
universal intervention, where we combined a number of inter-
ventions (scenarios 2—5), such a physical activity intervention
may not be practical in real life, where families and children
may be too busy to engage with every intervention on offer
to them. Thus, it is possible that the small effects we modeled
would not be observed in the general population.

Our analyses were somewhat limited by data avail-
ability. First, we did not have information about distance
between homes and schools and any barriers to active com-
muting (e.g., busy roads or lack of sidewalks), which we
could have used to inform our active transport intervention
scenario. Second, although physical activity was objectively
measured in our study, some measurements were removed due
to extreme values and time not wearing accelerometers, thus
excluding some children from our investigation.?? Third, al-
though we adjusted for a number of baseline and intermediate
confounding factors, there may be residual confounding that
was not measured.

Implications and Future Research

Following WHO recommendations that all children
should achieve 60min of moderate-to-vigorous physical ac-
tivity per day,'’ a national target has been set to reach this
goal in the United Kingdom.® Our analysis indicates that if
this target were to be achieved, the impact on prevalence and
inequalities in child mental health problems would be small.
Efforts to increase moderate-to-vigorous physical activity be-
yond this may be unrealistic in light of evidence that at least
half of children 7 y of age were not achieving that target in
the MCS.!!

Our analyses demonstrate a method for simulating
population interventions according to universal or targeted
eligibility criteria, with differing levels of effectiveness and
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uptake. The simulations allowed us to ask questions rele-
vant to policy on child physical activity and mental health,
addressing knowledge gaps that cannot be addressed through
trial evidence. A similar approach could be adopted to eval-
uate potential impacts of the WHO 60 min/day moderate-to-
vigorous physical activity target for other outcomes, and in
other nations. This approach could also help anticipate the
consequences of other policies or targets being considered by
policy-makers before they are implemented, and to address
other relevant questions about the potential real-world impact
of policy interventions.

Although promotion of physical activity may benefit
child mental health, the effects of the interventions we mod-
eled were small. One plausible explanation for the small
effects of moderate-to-vigorous physical activity on internal-
izing mental health problems may be the prolonged interval
between physical activity measurement at 7 y and internal-
izing mental health problems at 11 y. Trial evidence has gen-
erally reported short follow-up periods, within a few weeks
of intervention,® and our findings may possibly reflect the
reduced impact of physical activity interventions over a longer
duration. The lack of evidence of notable long-term effects of
moderate-to-vigorous physical activity on internalizing child
mental health problems suggests the need for trials with longer
follow-up to assess lasting effects of physical activity on child
mental health problems. In addition, researchers investigat-
ing the association between physical activity and child mental
health problems should consider the impact of measurement
of mental health problems, specifically the potential complex
interrelationships between moderate-to-vigorous physical ac-
tivity and externalizing behaviors, which are commonly incor-
porated in measures of child mental health.

Our study suggests that increasing physical activity in
children in the United Kingdom according to WHO policy
guidance may have little effect on prevalence and inequality in
internalizing mental health problems. Future research should
examine how physical activity interventions could benefit
inequalities in other childhood outcomes known to be asso-
ciated with physical activity, such as muscular, cardiorespira-
tory, bone and functional development.’
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