Customary physical activity and odds of depression: a
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ABSTRACT

Objective To explore whether physical activity is
inversely associated with the onset of depression, we
quantified the cumulative association of customary
physical activity with incident depression and with an
increase in subclinical depressive symptoms over time as
reported from prospective observational studies.

Design Systematic review and meta-analysis.

Data sources MEDLINE, PsycINFO, PsycARTICLES and
CINAHL Complete databases, supplemented by Google
Scholar.

Eligibility criteria Prospective cohort studies in adults,
published prior to January 2020, reporting associations
between physical activity and depression.

Study appraisal and synthesis Multilevel random-
effects meta-analysis was performed adjusting for study
and cohort or region. Mixed-model meta-regression of
putative modifiers.

Results Searches yielded 111 reports including

over 3million adults sampled from 11 nations in

five continents. Odds of incident cases of depression

or an increase in subclinical depressive symptoms

were reduced after exposure to physical activity (OR,
95% Cl) in crude (0.69, 0.63 to 0.75; 1>=93.7) and
adjusted (0.79, 0.75 to 0.82; 1°=87.6) analyses. Results
were materially the same for incident depression and
subclinical symptoms. Odds were lower after moderate
or vigorous physical activity that met public health
guidelines than after light physical activity. These odds
were also lower when exposure to physical activity
increased over time during a study period compared with
the odds when physical activity was captured as a single
baseline measure of exposure.

Conclusion Customary and increasing levels of
moderate-to-vigorous physical activity in observational
studies are inversely associated with incident depression
and the onset of subclinical depressive symptoms among
adults regardless of global region, gender, age or follow-
up period.

INTRODUCTION
Depression is the leading cause of disability world-
wide, affecting approximately 322 million people.’
Scaled-up treatment of depression could yield a
net global economic benefit of US$230billion
by 2030.> Major depression is prevalent and is a
leading risk factor for cardiovascular morbidity and
mortality.® * Exercise has been recommended as a
low-risk augmentation therapy for depression.’™
English scholar Robert Burton recognised ‘want
of exercise’ as ‘the bane of body and minde ... and
the sole cause of melancholy’ nearly 400 years ago.’

;> Matthew Payton Herring

In modern days, exercise training trials have shown
reduced depressive symptoms among depressed '’ !>
and chronically ill"® patients, with effect sizes
ranging from moderately large to small depending
on the presumed rigour used to judge method bias
in the studies.'®'*'* More than 40 meta-analyses or
otherwise systematic reviews confirm the benefits
of exercise as therapy for depression.'®

Whether exercise confers protection against the
onset of depression, as Burton surmised, remains a
key question in 2021. Two authoritative reviews'” '®
and two small meta-analyses'®*° of a limited number
of prospective, observational studies concluded
that physical activity might aid primary preven-
tion of depression. However, the reviews did not
reconcile whether the reduced odds of depression
depended on the amount of physical activity expo-
sure or change in exposure, which are important for
clinical practice and for satisfying minimal criteria
(eg, dose-response, temporal sequence, accurate
classification) in observational studies for a possibly
causal association between physical activity expo-
sure and depression.”!

Therefore, we performed a systematic review and
meta-analysis to extend the scope and elevate the
methods of the few prior reviews. We expanded
the focus on physical activity exposure and putative
modifiers of exposure. We hypothesised that odds
of incident depression (defined by clinical diag-
nosis or cut-points on depression screening tests)
or participants having greater number of subclinical
depressive symptoms over time would be inversely
associated with either baseline physical activity dose
or increased physical activity across time. We also
examined a priori whether the expected lower odds
varied according to gender, age, follow-up period,
and the type and timing of measures of physical
activity exposure and depressive outcome.

METHODS

Data sources and searches

A systematic review and meta-regression anal-
ysis was conducted in accordance with estab-
lished practice for conduct and reporting.”>* The
protocol satisfied contemporary standards.” Arti-
cles published from database inception to January
2020 were located by all authors using MEDLINE,
PsycINFO, PsycARTICLES and CINAHL Complete.
Keywords included combinations of ‘physical
activity’ or ‘leisure time’ or ‘exercise’ or ‘sport*’
and ‘depress*’ or ‘mood’ or ‘dysthymia’ and ‘asso-
ciation’ or ‘“follow-up’ or ‘risk factor’ or ‘protect™’
or ‘causal*’ or ‘onset’ or ‘prospective’ or ‘cohort’ or
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‘longitudinal’. Supplemental searches of articles citing, and cited
by, included studies and relevant review articles were performed
manually in Google Scholar. Inclusion criteria were: (1) a cohort
of adults that was not depressed at baseline, according to criteria
of clinical diagnosis or cut-points on depression screening
test or when change in depressive symptoms was assessed in a
population-based cohort; (2) physical activity exposure assessed
at baseline or at baseline and one or more follow-up assessments;
(3) a defined follow-up assessment when a depression outcome
was assessed; (4) crude or adjusted ORs reported with SEs or Cls,
or frequencies of exposed and non-exposed cases and non-cases,
or test statistics that could be converted to ORs.* In one report,
we received additional data from the corresponding author.”’”

We excluded investigations that (1) sampled patients with pre-
existing clinically diagnosed depression or who were taking anti-
depressants at baseline; (2) assessed peripartum or postpartum
depression; (3) included physical activity as part of a multicom-
ponent exposure; (4) used an adjective checklist rather than
a validated scale of depression symptoms; (5) failed to adjust
symptom outcomes for baseline symptoms; (6) reported associa-
tions that could not be converted to ORs (eg, HR or risk ratio).
Online supplemental figure 1 illustrates a flowchart of study
selection.

Physical activity was the exposure measured by single or
multiple questions assessing participation in exercise, sports
or physical activity (defined as bodily movement produced by
skeletal muscles that requires energy expenditure) specified
as: (1) frequency (typically per week or month), (2) time spent
or distance covered, (3) as meeting public health guidelines
for moderate or vigorous physical activity,’ ?® (4) a validated
measure that estimated total volume (ie, frequency X time Xin-
tensity)'” or metabolic equivalents (METs) expended per unit of
time (eg, MET-hours) (see online supplemental table 1). Phys-
ical activity domains were categorised as leisure time (excluding
chores, occupational work and active transport) and as total
physical activity.

Depression was the outcome assessed as: (1) incident depres-
sion based on a diagnosis using a standardised, structured
diagnostic interview, a self-reported physician diagnosis of
depression, established cut-scores or otherwise elevated scores
on validated screening tests for depression; or (2) increased
subclinical depressive symptoms assessed by a validated ques-
tionnaire (see online supplemental table 1).

Online supplemental table 2 presents study characteristics.
Studies were community-based or population-based, but only 11
studies reported crude? or adjusted®®™’ results separately for
men and women and only 1 study reported results stratified by
age.>* Race and ethnicity were poorly represented (number of
studies, median % of sample): African American or black (18,
16%), Mexican American, Latino, Hispanic (16, 15%), Asian
(19, 5%), Native American (3, 2%) and were not described in
two-thirds of the studies. A single study** compared black and
white Americans. Nineteen studies sampled patients with chronic
conditions other than depression, and 34 studies reported the
proportion of the cohort with a comorbid chronic disease.
Finally, just three studies included participants solely from low-
to-middle income countries (each from Mexico). The baseline
depression rate reported in 26 studies of symptom change was
13% (0%—-209%), consistent with 12-month rates in US adults.® *!

Modifiers identified a priori were global region, gender, age,
exposure dose, follow-up period, timing and measures of expo-
sure and outcome (online supplemental table 1). Study quality
was evaluated according to selection bias, confounding, expo-
sure measures and outcome measures.*” Consistent with the

Grade Working Group (http://www.gradeworkinggroup.org/),*
the quality of the summary evidence was judged as good, accept-
able or poor according to: risk of bias, directness of evidence,
consistency and precision of results, risk of publication bias,
magnitude of the effect, dose-response gradient and influence of
residual confounding (online supplemental table 3).

Data analysis

ORs were retrieved as published values, computed from 2x2
frequency tables of exposure cases and non-cases or converted
from standardised mean differences, Pearson correlation coef-
ficients or standardised linear regression coefficients using
standard conversion procedures.”® *** Reports from the same
cohort were included when they added novel results based on
different putative modifiers of the association between physical
activity exposure and depression. Online supplemental table 4
describes reports from the same cohorts. Redundant or ancillary
reports were excluded.*® ¥

ORs were log transformed, weighted by their inverse variance
prior to random effects aggregation or mixed effects regres-
sion modelling and then back transformed to ORs for summary
reports. Precision is reported consistent with EQUATOR guide-
lines.*® Inter-rater reliability for ORs was examined with intra-
class correlation coefficients (ICCs) for absolute agreement
among three raters. Rater agreement on modifier levels and
study quality was judged with Kappa.*® Initial rater agreements
exceeded 0.95 for ORs and ranged from 90% to 100% for three
rater agreements on modifiers (kappa exceeded 0.75) and study
quality (kappa was 0.64-0.89 for five facets and 0.80-0.95 for
overall quality). Discrepancies were resolved by adjudication by
three raters after recalculation and/or recoding.

A multilevel, random-effects model estimated parameters and
their SEs after adjustment for correlated effects within random
nesting factors of study, cohort or global region. Overall mean
effect size was calculated and mixed-model multiple-linear regres-
sion modifier analysis with restricted information maximum
likelihood estimation®® ! was conducted using Metafor’? ** in
R V.3.5.°* Knapp and Hartung adjustment®® °® provided esti-
mates of summary ORs and their variation that are precise and
robust to bias.”” Results were corroborated by Bayes estimation
in Mplus V.8.2,% using standard procedures.”**! Each modifier
variable was coded according to planned contrasts among its
levels (see tables 1 and 2) and centred for meta-regression. The
reference for each OR for each type of physical activity measure
reported in tables 1 and 2 was the lowest grouping level, not unit
of measurement, for each type of measure (ie, lowest frequency;
lowest time or distance; lowest MET or volume; and not meeting
guidelines). Odds from each study’s most adjusted model were
used for adjusted summary ORs, which were compared according
to the extent of adjustment for confounders (see table 2 and
online supplemental table 1). Tests of the regression model and
its residual error (Q,) are reported. Type I error was constrained
by testing each main effect at p<0.01. Heterogeneity of mean
effects was tested with Q and I? statistics.®” Funnel plots with
Egger’s test® and the rank correlation test®® examined risk of
publication bias. Fail-safe N, estimated the size of a cohort with
null effects that would overturn the observed effects.®’

RESULTS

Sixty-eight of 104 (65%) crude odds and 88 of 179 (49%)
adjusted odds were statistically significant. Sample sizes were
too small to provide good precision of the point estimates in
most other cohorts. The median (IQR) number of people for
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Table 1 Depression symptoms associated with physical activity: crude OR and heterogeneity
Contrast K (N) OR 95% Cl Q 1 (95% CI)

Region

North America 41 (20) 0.72%*** 0.64 to 0.82 469.1%*** 91.7 (90.7 to 92.6)

Europe 30 (18) 0.64**** 0.52100.79 301.5%*** 90.7 (89.4 t0 91.9)

Asia 22 (9) 0.71%*** 0.63t00.78 446.4**** 75.4 (70.5 10 79.5)

Australia 11 (4) 0.64%*** 0.57 t0 0.71 13.5 63.7 (50.5 to 73.4)
Gender

Females only 1 29 (3) 0.73*** 0.62 to 0.86 385.8**** 93.0(92.1 t0 93.8)

Males only -1 13 (6) 0.72** 0.58 t0 0.91 23.4* 53.0 (34.8 t0 66.1)
Mixed (55% female, 8%—94%, IQR=49%—-59%) 0 62 (37) 0.67**** 0.60 to 0.76 931.0%*** 93.6 (93.0 to 94.1)
Age (years)

18-44 1 38 (15) 0.74**** 0.67 t0 0.82 162.3**** 77.8 (74.1 10 81.0)

45-64 2 38(18) 0.66*** 0.53 t0 0.81 791.8%*** 95.5 (95.0 to 95.9)

65+ 3 28 (18) 0.68**** 0.60 t0 0.77 282.1%*** 90.8 (89.4 to 92.0)
Study quality

Low 1 26 (17) 0.71%*** 0.58 t0 0.88 432.4%%** 94.5 (93.7 t0 95.1)

Acceptable 2 41 (22) 0.64**** 0.56 t0 0.73 996.1**** 96.1 (95.7 t0 96.4)

Good 3 37(12) 0.73**** 0.67 to 0.80 125.4%*** 72.1 (67.1.76.4)
Study design

Baseline exposure and incident cases -0.5 73 (31) 0.70**** 0.641t00.74 1170.9**** 93.4 (93.5 t0 94.4)

Baseline exposure and change in symptoms -0.5 9(8) 0.84** 0.76 t0 0.92 27.5%** 74.6 (63.8 to 82.1)

Change in exposure and incident cases 0.5 10 (6) 0.73**** 067 to 0.80 4.0 0.0 (0.0 t0 0.0)

Change in exposure and change in symptoms 0.5 12 (9) 0.56*** 0.37t00.84 381.8%*** 87.1 (85.0 to 88.8)
PA measure

Frequency -0.5 42 (21) 0.65**** 0.57t00.75 623.5%*** 93.6 (92.9t0 94.2)

Time or distance -0.5 10 (8) 0.73** 0.59 to 0.90 41.0%*** 76.1 (70.4 to 80.8)

Meeting guidelines (sufficient) 0.5 18 (5) 0.80**** 0.73 t0 0.87 106.4**** 85.0 (81.5 t0 87.8)

Metabolic equivalent 0.5 34 (19) 0.70*** 0.59 to 0.83 473.2%*** 93.2 (92.4 to 94.0)
PA domain

Leisure time -0.5 89 (40) 0.70**** 0.63t00.78 1531.2%*** 94.3 (93.9 t0 94.7)

Total 0.5 15 (11) 0.65** 0.59 t0 0.73 24.2%%** 46.3 (26.7 t0 60.7)
Depression measure

Symptoms -1 21(14) 0.65*** 0.51t0 0.84 333.9%*** 94.3 (93.4 t0 95.1)

Screening cut-point 0.33 53 (25) 0.70**** 0.63 t0 0.77 495,9%*** 89.7 (88.6 t0 90.7)

Self-reported diagnosis 0.33 8 (4) 0.81**** 0.77 t0 0.86 58.5**** 89.7 (86.2 t0 92.4)

Clinical diagnosis 0.33 22 (8) 0.72*** 0.62 t0 0.84 394 1% *** 94.9 (94.2 t0 95.6)
Exposure dose

Binary or correlation 0 48 (35) 0.68**** 0.60 to 0.77 710.0%*** 93.5(92.8 t0 94.1)

Low -1 20 (16) 0.78**** 0.70 t0 0.87 61.3%*** 71.6 (64.2 t0 77.4)

Moderate 0.5 17 (15) 0.69%*** 0.60 to 0.79 56.6*** 73.5 (66.1 t0 79.3)

High 0.5 19 (7) 0.69*** 0.59t0 0.81 404.7%*** 95.8 (95.2 t0 96.3)
Recommended exposure

Not meeting guidelines -1 15 (9) 0.68** 0.52 t0 0.90 100.0*** 87.0 (83.8 t0 89.6)

Not reported 0 52 (34) 0.67**** 0.591t00.76 1028.9%*** 95.1 (94.7 to 95.5)

Meeting guidelines 1 37 (18) 0.76**** 0.69 t0 0.83 464.1%*** 92.5(91.6 t0 93.3)

K is number of effects and N is number of studies for each category or level of each modifier.

Significant at *p<0.05, **p<0.01, ****p<0.001, ****p<0.0001.
IQR, interquartile range; PA, physical activity.

each comparison was 2247 (810-7558) people for crude odds
and 1404 (597-3308) people for adjusted odds. Figures 1 and 2
illustrate forest plots and the distribution of crude and adjusted
odds is annotated.

Crude odds

Physical activity was associated with 31% lower crude odds
of study participants having incident depression or an increase
in subclinical symptoms (OR=0.69 (95% CI: 0.63 to 0.75);
Q(103)=1605.7, p<0.0001; [2=93.7 (95% CI: 93.2 to 94.0);

k=104, n=51). ORs were correlated within studies (ICC=0.23
(95% CI: —0.025 to 0.49)) and cohorts (ICC=0.25 (95%
CI: —0.015 to 0.52)) but not regions (ICC=0.00). Fail-safe
N, was 135, estimating that a null outcome from a cohort of
7.55 million people would be required to overturn the mean
odds reduction. Odds reduction was similar when the outcome
was incident depression (k=83) (OR=0.69 (95% CI: 0.66
to 0.77)) or an increase in subclinical depressive symptoms
(k=21) (OR=0.65 (95% CI: 0.51 to 0.84)) (F(1,102)=0.73;
p=0.3943).
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Table 2 Depression symptoms associated with physical activity: adjusted OR and heterogeneity

Contrast K (N) OR 95%Cl Q 1 (95% CI)

Region

North America 64 (32) 0.81**** 0.75 t0 0.86 910.6%*** 93.2 (92.6 10 93.7)

Europe 73 (37) 0.78**** 0.73100.83 306.6%*** 88.6 (87.0 t0 90.0)

Asia 29 (16) 0.73**** 0.66 to 0.81 109.9%*** 75.4 (70.5 to 79.5)

Australia 13 (6) 0.83* 0.72 t0 0.96 30.3** 63.7 (50.5 to 73.4)
Gender

Females only 1 50 (23) 0.78%*** 0.71 t0 0.85 309.5%*** 84.5(82.5 to 86.3)

Males only -1 23 (13) 0.80**** 0.70 t0 0.92 352.0%*** 94.0 (93.2 to 94.8)
Mixed (54% female, 8%—94%, IQR=46%—-57%) 0 106 (65) 0.79%*** 0.75t0 0.82 429.1%*** 75.8 (73.4 10 77.9)
Age (years)

18-44 1 58 (20) 0.81**** 0.76 t0 0.87 241.8**** 76.8 (73.8 t0 79.6)

45-64 2 55 (35) 0.77%*** 0.72 10 0.82 624.7%*** 91.5(90.7 t0 92.3)

65+ 3 66 (37) 0.81** 0.70 t0 0.93 328.7%*** 80.5 (78.2.82.6)
Adjustments

Age, sex, demographics 1 20 (13) 0.81%*** 0.75 t0 0.88 672.6%*** 97.3 (97.0 t0 97.6)

Plus modifiable risks 2 42 (22) 0.80%*** 0.73 t0 0.86 128.7%*** 68.9 (63.5 to 73.5)

Plus chronic disease or disability 3 117 (56) 0.77**** 0.73 10 0.82 568.6**** 79.8 (78.0 to 81.4)
Study quality

Low 1 28 (16) 0.80** 0.71 t0 0.91 49.6* 47.6 (34.4 t0 58.1)

Acceptable 2 93 (50) 0.79**** 0.75t0 0.83 1121.0%*** 91.9(91.3 10 92.5)

Good 3 58 (26) 0.77**** 0.72 t0 0.82 216.5%*** 74.1 (70.6.77.3)
Study design

Baseline exposure and incident cases -0.5 74 (36) 0.80**** 0.76 t0 0.85 938.7**** 92.3(91.7 10 92.9)

Baseline exposure and change in symptoms -0.5 55 (34) 0.81**** 0.76 t0 0.86 201.7%*** 73.7 (70.0 to 77.0)

Change in exposure and incident cases 0.5 18 (8) 0.64*** 0.52 t0 0.79 231 30.7 (7.2 to 48.3)

Change in exposure and change in symptoms 0.5 32 (18) 0.71** 0.55 t0 0.91 231.6%*** 87.1 (85.0 to 88.8)
PA measure

Frequency -0.5 66 (35) 0.79%*** 0.73 10 0.84 239.3%*** 73.3(69.8 t0 76.3)

Time or distance -0.5 21 (14) 0.78*** 0.69 to 0.87 79.6%*** 76.1 (70.4 to 80.8)

Meeting guidelines (sufficient) 0.5 20(7) 0.88**** 0.86 to 0.91 82.4%*** 78.2 (72.9 t0 82.4)

Metabolic equivalent 0.5 72 (36) 0.78%*** 0.73t00.83 1013.1%*** 93.1 (92.5 t0 93.6)
PA domain

Leisure time -0.5 145 (71) 0.80**** 0.77 t0 0.83 687.8%*** 79.2 (77.6 to 80.7)

Total 0.5 34 (20) 0.72** 0.65 to 0.80 192.9%*** 30.9 (14.3t0 44.2)
Depression measure

Symptoms -1 51 (27) 0.78**** 0.72 10 0.86 260.5%*** 81.2(78.7 10 83.4)

Screening cut-point 0.33 111 (53) 0.79%*** 0.751t00.83 455.4%*** 76.1 (73.8 t0 78.1)

Self-reported diagnosis 0.33 6 (4) 0.77**** 0.69 t0 0.85 76.2**** 94.8 (92.9 10 96.1)

Clinical diagnosis 0.33 11(7) 0.79%*** 0.73 t0 0.86 9.1 1.1 (00.0 to 8.3)
Exposure dose

Binary or correlation 0 93 (64) 0.80%*** 0.76 to 0.84 459.1%*** 80.2 (78.2 to 82.0)

Low -1 33 (26) 0.84%*** 0.78 t0 0.90 170.1%*** 81.8 (78.7 to 84.4)

Moderate 0.5 31 (24) 0.72%*** 0.67 10 0.78 142.7%*** 79.7 (76.0 to 82.8)

High 0.5 22 (11) 0.76**** 0.69 t0 0.83 67.9%*** 70.5 (63.2 to 76.4)
Recommended exposure

Not meeting guidelines -1 35(21) 0.82%*** 0.73t00.92 129.0%*** 74.4 (69.8 t0 78.4)

Not reported 0 105 (59) 0.78%*** 0.73 10 0.82 499.6**** 79.4 (77.5 10 81.2)

Meeting guidelines 1 39(23) 0.77**** 0.73t0 0.81 179.0%*** 79.3 (76.0 to 82.2)

K is number of effects and N is number of studies for each category or level of each modifier.

Significant at *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
IQR, interquartile range; PA, physical activity.

The meta-regression model (F(9,94)=10.8; p<0.0001,
R*=0.11 (95% CI: 0.09 to 0.13); Q,(94)=1010.6, p<0.0001)
indicated that crude odds of depressive symptoms were nega-
tively related to study design (ie, physical activity exposure only at
baseline vs change in physical activity) (beta=—0.17; p=0.0053),
exposure dose (beta=—0.019; p<0.0001) and physical activity

measure (ie, frequency or time vs volume) (beta=-0.18;
p<0.0001) (see table 3). Specifically, incident depression was
negatively related to exposure dose (beta=—0.018; p<0.0001)
and physical activity measure (beta=—0.17; p=0.0003), and an
increase in subclinical symptoms was negatively related to study
design (beta=—0.22; p=0.0051). The model was materially
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Figure 1  Forest plot of crude effects.

the same when exposure was defined as meeting recommended
guidelines of moderate or vigorous physical activity and when
using Bayes estimation.

The odds of depression were lower when: (1) exposure dose
was moderate or high (OR=0.68 (95% CI: 0.60 to 0.76), k=36)
compared with low (OR=0.76 (95% CI: 0.70 to 0.87), k=20)
or when participants met recommended physical activity expo-
sure (OR=0.76 (95% CI: 0.69 to 0.83), k=37) compared with
not having met the recommendations (OR=0.68 (95% CI: 0.52
to 0.84), k=15); (2) participants had increased their physical
activity exposure during a study (OR=0.63 (95% CI: 0.48 to
0.82), k=20) compared with when participants reported a single
exposure at baseline (OR=0.72 (95% CI: 0.66 to 0.78), k=84).

The funnel plot (online supplemental figure 2) did not indi-
cate marked asymmetry. Egger’s test was significant (p<0.001).
The rank correlation test of bias was not significant (p=0.751).

Adjusted odds
Physical activity was associated with 22% lower adjusted odds
of study participants having incident depression or an increase
in subclinical symptoms (OR=0.79 (95% CI: 0.75 to 0.82);
Q(178)=1424.4, p<0.0001; 2=87.6 (95% CI=86.8 to 88.3);
k=179, n=91). ORs were correlated within studies (ICC=0.27
(95% CI: 0.12 to 0.41)) and cohorts (ICC=0.14 (95% CI:
—0.020 to 0.30)) but not regions (ICC=0.00). Fail-safe N, was
848, estimating that a null outcome from a cohort of 3.99 million
people would be required to overturn the mean odds reduction.
Odds reduction was the same when the outcome was incident
depression (k=128) (OR=0.79 (95% CI: 0.76 to 0.83)) or an
increase in subclinical symptoms (k=51) (OR=0.78 (95% CI:
0.72 to 0.86)) (F(1,177)=0.015; p=0.9021).

The meta-regression model (F(10,168)=14.5; p<0.0001,
R*=0.09 (95% CI: 0.07 to 0.10), Q,(168)=599.9, p<0.0001)
indicated that adjusted odds of depression were negatively

related to physical activity dose (beta=—0.075; p<0.0001) and
study design (beta=—0.16; p=0.0002) (see table 3). Specifically,
incident depression was negatively related to physical activity
dose (beta=—0.072; p<0.0001), and an increase in subclin-
ical symptoms was negatively related to physical activity dose
(beta=—0.18; p=0.0001) and study design (beta=—-0.37;
p<0.0001). The model was materially the same when exposure
was defined as meeting recommended guidelines of moderate or
vigorous physical activity or when Bayes estimation was used.

The odds of depression were lower when: (1) exposure dose
was moderate or high (OR=0.73 (95% CI: 0.68 to 0.78))
compared with low (k=32, OR=0.84 (95% CI: 0.78 to 0.90),
k=54) or when participants met recommended exposure
(OR=0.77 (95% CI: 0.73 to 0.81), k=39) compared with not
having met the recommendation (OR=0.80 (95% CI: 0.74 to
0.87), k=35); and (2) participants had increased their physical
activity exposure in a study (OR=0.69 (95% CI: 0.61 to 0.79),
k=50) compared with when participants reported a single expo-
sure at baseline (OR=0.81 (95% CI: 0.78 to 0.84), k=129).

Egger’s test was significant (p<0.001), but the funnel plot
(online supplemental figure 3) did not indicate asymmetry,
excepting a few studies that had the smallest sample sizes
(N<1000) and reported mainly reduced odds. The rank correla-
tion test of bias was non-significant (p=0.310).

Sensitivity analysis

Dose—response by measures of depression and physical activity

We applied the meta-regression model (including other
confounders) to each depression measure to clarify that phys-
ical activity exposure was inversely related to adjusted odds
of depression, whether measured by incident depression or by
an increase in subclinical symptoms, and according to physical
activity measure or change. Physical activity was inversely related
to odds of incident depression measured by diagnosed cases
(k=17; beta=—0.081; p<0.0001) or by screening cut-points
(k=111; beta=—0.062; p<0.0001) and to odds of an increase
in subclinical symptoms (k=51; beta=—0.183, p=0.0001). All
results were independent of type of physical activity measure
(p=0.3561). Physical activity measured by frequency or time
was inversely related to odds of incident depression measured
by screening cut-points (k=53; beta=—0.07; p<0.0001) or
an increase in subclinical symptoms (k=25; beta=-0.16,
p=0.0282) but not to diagnosed cases (k=9; beta=0.02,
p=0.8645). Physical activity measured by volume was inversely
related to odds of incident depression measured by diagnosed
cases (k=8; beta=—0.08; p=0.0742), screening cut-points
(k=58; beta=—0.06; p=0.0002) and to odds of an increase
in subclinical symptoms (k=26; beta=—0.18, p=0.0072).
Change in physical activity was inversely related to odds of
incident depression measured be screening cut-points (k=30;
beta=—0.07; p<0.0001) and an increase in subclinical symp-
toms (k=20; beta=—0.16; p<0.0721). No studies of diagnosed
depression reported change in physical activity.

Comparison with prior review

We restricted analysis to 35 studies of adults and odds of
incident depression after physical activity exposure that were
also included in the meta-analysis by Schuch et al.*° We found
similar average adjusted (OR=0.78 (95% CI: 0.73 to 0.83);
k=69, n=31; Q(68)=200.8, p<0.0001, I’=66.6 (95% CI:
62.1 to 70.6)) and crude odds (OR=0.65 (95% CI: 0.57
to 0.74); k=39, n=18; Q(38)=172.5, p<0.0001, I°=78.6
(95% CI: 75.1 to 81.6)), but our results properly weighted
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Figure 2 Forest plot of adjusted effects.

here by the inverse variance were heterogeneous not homo-
geneous. Results of the meta-regression model were similar
to the analysis of all studies reported here but not tested in
that review.?’ The meta-regression model (F(9,59)=2.53;
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Tsaiotal, 2013 ——— 0.07 [-0.38, 0.51)
Wiso et al,, 2006.8 - 0.08 [-0.01, 0.17)
Wiso ot al., 2006.9 - 0.09 [-0.06, 0.23)
Mobily ot al, 1996 e 0.10(-0.26, 0.47)
Espana-Romero et al., 2013 e 0.11 [-0.16, 0.39)
Chang ot al., 2017.4 o 0.13 [-0.09, 0.35)
Kanamori et al., 2018 ——— 0.14 [-0.34, 0.62)
Yang ot al., 2014 . Sp— 0.27 -0.14, 0.67)

Woyorer, 10922 0.36 [-0.48, 1.20)

r T T T T T T 1
-2 -1 0 05 1 15
Observed Outcome

p=0.0158, R*=0.08 (95% CI: 0.05 to 0.12), Q,(59)=159.1,
p<0.0001) indicated that adjusted odds of depressive
symptoms were negatively related to physical activity dose
(p=0.0002), whether exposure met guidelines for sufficient
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activity (p<0.0001) and study design (p=0.0393). Results
were materially the same using Bayes estimation.

Cohort bias

Fifty-nine adjusted ORs were retrieved from 27 studies reported
from 12 cohorts. Cohort accounted for 5% of variation in
adjusted effects (ICC=0.05 (95% CI: —0.09 to 0.19)) while study
accounted for 33% of variation in adjusted effects (ICC=0.33
(95% CI: 0.12 to 0.53)). Results were similar to those obtained
for all studies (OR=0.79 (95% CI: 0.76 to 0.82)). Odds were
equally low when the outcome was incident depression (k=40)
(OR=0.79 (95% CI: 0.76 to 0.83)) or an increase in subclinical
depressive symptoms (k=19) (OR=0.82 (95% CI: 0.71 to 0.95)
(F(1,57)=1.3; p=0.2526). The meta-regression model indicated
that adjusted odds of depression were negatively related to phys-
ical activity dose (p=0.0009), whether exposure met guidelines
for sufficient activity (p=0.0350), and increased physical activity
exposure (p=0.0017). Results were similar to those for 151
effects from 74 studies representing a single cohort (OR=0.78
(95% CI: 0.74 to 0.81)). Similarly, the meta-regression model
indicated that odds of depression were negatively related to phys-
ical activity dose, whether exposure met guidelines for sufficient
activity, and increased physical activity exposure (p<0.0003).

DISCUSSION

This systematic review of 111 studies of more than three million
people found that lower odds of depression outcomes were asso-
ciated with: (1) moderate-to-high exposure doses or exposure
that met public health guidelines for physical activity; and (2)
increases in physical activity exposure across time. These find-
ings are novel and strengthen the case that there is a temporal
association of physical activity with primary prevention of
depression.

The association between physical activity and lower odds
of depression was seen for incident cases and also for lowered
subclinical symptoms of depression—the latter is a new finding
because that outcome was not considered in prior reviews."” 2
Because depression is a continuum from normal to patholog-
ical function,®® a favourable association of physical activity with
change in subclinical depressive symptoms might provide clinical
protection in people at risk for incident depression.

Exposure dose

Our data suggest that any level of physical activity mitigates
depression risk, but relatively moderate and higher physical
activity levels are more strongly associated with lower risk.
Only 10 studies included three physical activity levels needed to
directly test whether depression odds differed between high and
moderate physical activity. We highlight that various measures
and criteria were used to classify people into activity exposure
groups—these were not identical across studies. It was not
possible to convert the findings to a standard estimate of physical
activity volume at each level (eg, MET-hours), as has been done
in hazard studies not included here.”’ ¢’ ® Among the nearly
40% of studies that provided enough information to determine
whether active people were meeting existing WHO and US
Federal public health recommendations for sufficient physical
activity,”® *® odds of depression were lower when people met or
exceeded the recommended exposure. Randomised trials have
provided limited evidence of dose-dependent effects of exercise
among depressed patients,®” 7 and trials showing no effect of
exercise training may have had an inadequate exposure dose.”’
Taken together, we conclude that there is a dose response, but
studies comparing three or more standardised amounts of phys-
ical activity are needed to clarify a more precise dose-response
association.

Table 3 Meta-regression of effect modifiers

Estimate (LOR) SE t value P value 95%Cl
Crude model 51 studies (k=104)
Main effects
Intercept -0.35 0.05 -6.8 <0.0001 —0.46 to —0.25
Female (%) 0.06 0.18 0.34 0.7335 —0.30t0 0.43
Age -0.06 0.07 -0.89 0.3733 -0.19 t0 0.07
Design -0.17 0.06 -2.82 0.0059 —0.28 to —0.05
Follow-up 0.004 0.008 0.53 0.5965 —0.012 t0 0.02
Exposure dose -0.019 0.002 -8.6 <0.0001 —0.02 to -0.14
Depression measure 0.07 0.12 0.57 0.5707 —-0.17 t0 0.31
Physical activity measure -0.18 0.04 -4.2 <0.0001 -0.27 t0 -0.10
Physical activity domain -0.09 0.13 -0.70 0.4876 -0.34t00.16
Study quality 0.006 0.07 0.82 0.9352 —0.14t0 0.15
Adjusted model 91 studies (k=179)
Intercept -0.26 0.022 -11.9 <0.0001 —-0.31 to -0.22
Female (%) -0.011 0.04 -0.26 0.7986 -0.10t0 0.08
Age 0.009 0.026 0.36 0.7212 —0.04 to 0.06
Design -0.17 0.05 -3.8 0.0002 —0.26 to —0.08
Follow-up —0.002 0.004 —-0.60 0.5552 —0.01 to 0.005
Exposure dose -0.08 0.007 -11.2 <0.0001 —0.09 to —0.06
Depression measure —-0.05 0.05 -0.99 0.3250 —0.14 t0 0.05
Physical activity measure 0.017 0.05 0.35 0.7291 —0.08 to 0.11
Physical activity domain -0.09 0.06 -1.57 0.1192 —0.20 to 0.024
Study quality —-0.032 0.036 -0.88 0.3805 —0.10 to 0.040
Adjustments -0.012 0.032 -0.38 0.7062 —0.07 t0 0.05

K, number of effects; LOR, log odds ratio.
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Outcome measures

Our study conclusions—that physical activity/exercise is bene-
ficial—apply whether the depression outcome was incident
depression or an increase in subclinical symptoms. About half
the studies (n=58) defined depression outcomes based on scores
above varying predictive cut-points for probable depression on
validated screening tools such as the Centre for Epidemiological
Studies Depression scale and the Hospital Anxiety and Depres-
sion scale. In another 35 studies, the primary outcomes were an
increase in depressive symptoms of unspecified clinical meaning
that cannot be categorised precisely. Eleven cohorts used a
standardised diagnostic interview and another seven used self-
reported physician diagnosis to measure incident depression.
Despite high-quality outcome measures,”* nine of those studies
used weak measures of physical activity exposure (eg, single
items or estimates other than volume). Importantly, the associa-
tion of physical activity with lower odds of depression was not
limited to self-rated symptoms.

Temporal sequence

Could our results be affected by reverse causality? The prospec-
tive cohorts measured physical activity exposure prior to depres-
sion onset. However, we also scrutinised studies that assessed
change in physical activity exposure over time and prior to
incident cases of depression or a change in subclinical depres-
sive symptoms. On average, those studies of change in physical
activity reported lower odds of depression than studies of a single
physical activity exposure at baseline. While not fully ruling out
reverse causation (ie, elevated depression leads to lower physical
activity), this consolidation of studies that measured increased
physical activity prior to depression outcomes is an advancement
towards characterising the potential bias of reverse causation.
In addition, we excluded from our review results of studies
that defined incident cases by binary screening test cut-points if
baseline depressive symptoms were not controlled or adjusted;
outcome estimates would be biased if physically active people
had lower symptoms than inactive people at baseline.

A 2018 meta-analysis of 35 cohort studies of adults® reported
significant reductions in crude and adjusted rate ratios for inci-
dent depression. Schuch and colleagues concluded that the
results were mainly homogeneous across studies. Hence, the
authors’ attempts to examine modification of the exposure—out-
come association by cohort size or gender composition, length
of follow-up and study quality were unsuccessful. Homogeneity
in that analysis likely resulted from weighting of each OR by
cohort size, which is not the sampling error of an OR.** We also
note that Schuch and colleagues limited their analysis to the
highest physical activity exposure group, which restricts conclu-
sions about whether outcomes depended on physical activity
dose. Their review also was limited to studies of a single, base-
line exposure to physical activity. An earlier systematic review
of physical activity and incident depression risk by Mammen
and Faulkner'® located 10 adult studies of change in physical
activity and 13 of dose response, but meta-analysis was not used
to aggregate and compare the mixed findings of those studies.

Exposure measures

Studies were mainly limited to self-reported physical activity.
Only four studies®* 7° used a device (ie, a pedometer) to
measure physical activity. In addition to devices, cardiorespira-
tory fitness provides an objective, surrogate measure of change
in physical activity exposure that has been underused in studies
of depression risk.”*® In cohorts of men and women assessed

repeatedly at four medical clinic visits across 10-12 years, main-
tenance of fitness compared with lessened fitness reduced odds
of incident depression, even after time-varying adjustments for
relevant covariates.®!

Change in exposure

There is risk of misclassification bias in cohort studies that only
assessed a single physical activity exposure at baseline, and there
are very few population-based studies that track trajectories of
change and periodicity of physical activity across multiple time-
points.?* A quarter of the studies reviewed here (12/51 studies
that reported crude odds; 22/91 studies that reported adjusted
odds) assessed physical activity more than once. They allowed
us to estimate change in exposure across follow-up, which likely
provides a truer estimate of customary physical activity than a
single exposure measured at baseline.

Risk of bias
There currently is no consensus on the best procedure/tool to
assess risk of bias in observational designs.®” ** The method
we used*? focuses on common domains of bias: selection and
attrition, confounding, and exposure and outcome measures,
consistent with criteria endorsed by the GRADE working
group.” Here, it yielded high rater agreement. Although few
studies fully accounted for participants lost to follow-up, we
judged the quality of the studies that most fully adjusted for
putative confounders as moderate-to-high in quality when they
used a valid physical activity measure. Acceptable measures
of physical activity were those based on validated questions
that permit an estimate of the quantity of physical activity
expressed as volume (ie, duration, frequency and intensity),
metabolic equivalence of volume or as meeting a recommended
criterion of volume. Weak measures of physical activity were
limited to single-item indicators of only frequency, distance or
time that are not equivalent to volume of exposure. We have
confidence in the summary evidence from about 40 studies
that adjusted for confounders and used a validated measure
of exposure, although derived from self-reported rather than
device-measured physical activity. Only 10 studies assessed
change in physical activity using a measure of volume and also
adjusted for confounders,3® 37408591

Half the included studies reported odds that were fully
adjusted for many potential confounders common to risks of
physical inactivity and chronic diseases. There was possible
publication bias of the fully adjusted odds. However, funnel
plot asymmetry and Egger’s test can yield false-positive indi-
cation of bias when the true effect is heterogeneous,’® as
observed here. Statistical tests of funnel asymmetry have uncer-
tain validity as an indicator of publication bias when effects
are heterogeneous and are not recommended as a sole indi-
cator.” Although the outcome estimate in each analysis had
sufficient precision and consistency and low publication bias,
heterogeneity of the cumulative evidence, even after adjusting
for variation within studies, suggests residual confounding in
the studies or effect modification not accounted for by the
analysis here. This might be because many cohort studies of
physical activity and depression were not specifically designed
to examine depression; rather a measure of depressive symp-
toms had been included in studies of broader health. Hence,
there likely was residual confounding and selection bias even
in the most fully adjusted studies reviewed here. For example,
no reviewed study used propensity matching of exposure
groups on risk factors, as is common in retrospective or
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case—control designs” and randomised trials when risks of a
medical or health outcome is well established. Although modi-
fiable risk factors of depression are incompletely understood,
future cohort studies should include widowhood, physical
abuse during childhood, obesity, metabolic risk factors, sexual
dysfunction and job strain as confounders or effect modifiers.”®

CONCLUSIONS

The likelihood of residual confounding and selection bias
notwithstanding, studies reporting adjusted odds collectively
were of moderate (ie, acceptable to good) quality. The cumu-
lative evidence supports that moderate-to-vigorous physical
activity is inversely associated with odds both of incident depres-
sion and of increased subclinical depressive symptoms among
adults, regardless of global region, gender, age, follow-up
period, and timing or measures of physical activity and depres-
sion. These observational findings are sufficiently positive to
encourage randomised trials that experimentally test the efficacy
and effectiveness of physical activity intervention in the primary
prevention of depression.

What is already known

» Exercise therapy in the management of depression can
improve symptoms.

» Whether exercise confers protection against the onset of
depression is uncertain.

» Whether odds of depression vary according to physical
activity dose or change in physical activity is not fully
understood.

What are the new findings

» Physical activity is inversely associated with odds of incident
depression.

» Physical activity is associated with lower odds of having more
subclinical depressive symptoms.

» 0dds reduction depended on amount of physical activity.
Moderate-to-vigorous physical activity was associated with
lower odds more than light physical activity.

» Odds of depression were lower in those studies where
researchers reported an increase in physical activity than in
those studies where physical activity was measured only at
baseline.
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