The Association between Time Spent
Outdoors and Myopia in Children and

Adolescents

A Systematic Review and Meta-analysis

Justin C. Sherwin, MBBS, MPhil,"*? Mark H. Reacher, MD,! Ruth H. Keogh, DPhil,?
Anthony P. Khawaja, MBBS, MPhil,' David A. Mackey, MD,?*> Paul J. Foster, PhD®”

Objective: To summarize relevant evidence investigating the association between time spent outdoors and

myopia in children and adolescents (up to 20 years).
Design: Systematic review and meta-analysis.
Participants:

Results from 7 cross-sectional studies were pooled in a meta-analysis. A further 16 studies (8

cross-sectional not meeting criteria for meta-analysis; 7 prospective cohort studies; 1 randomized, controlled

trial [RCT]) were reported in the systematic review.
Methods:

The literature search included 4 databases (Medline, Embase, Web of Science, and Cochrane

Central Register of Controlled Trials [CENTRAL]), and reference lists of retrieved studies. Estimates of association
were pooled using random effects meta-analysis. We summarized data examining the association between time
spent outdoors and prevalent myopia, incident myopia, and myopic progression.

Main Outcome Measures:

Pooled odds ratios (ORs) and 95% confidence intervals (Cls) for myopia for each

additional hour spent outdoors per week from a meta-analysis.

Results:

The pooled OR for myopia indicated a 2% reduced odds of myopia per additional hour of time

spent outdoors per week, after adjustment for covariates (OR, 0.981; 95% Cl, 0.973-0.990; P<0.001; /?, 44.3%)).
This is equivalent to an OR of 0.87 for an additional hour of time spent outdoors each day. Three prospective
cohort studies provided estimates of risk of incident myopia according to time spent outdoors, adjusted for
possible confounders, although estimates could not be pooled, and the quality of studies and length of follow-up
times varied. Three studies (2 prospective cohort and 1 RCT) investigated time spent outdoors and myopic
progression and found increasing time spent outdoors significantly reduced myopic progression.

Conclusions: The overall findings indicate that increasing time spent outdoors may be a simple strategy by
which to reduce the risk of developing myopia and its progression in children and adolescents. Therefore, further
RCTs are warranted to investigate the efficacy of increasing time outdoors as a possible intervention to prevent
myopia and its progression.
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discussed in this article. Ophthalmology 2012;xx:xxx © 2012 by the American Academy of Ophthalmology.
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There is a wide variation in the prevalence of myopia
worldwide. The prevalence exceeds 80% in some popula-
tions of East Asia, but is much lower in populations in
Africa, Europe, Australia, and North America.' Myopia
carries major social, educational, and economic conse-
quences and adversely impacts quality of life.> Although the
blurred vision associated with myopia is easily managed
with corrective lenses or refractive surgery, currently there
is no widely used intervention to retard the development or
progression of myopia. High (or pathologic) myopia is
associated with an increased risk of degenerative retinal
conditions and retinal detachment, primary open-angle
glaucoma, and early-onset cataracts, all of which pose a
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substantial lifetime risk for severe visual impairment and
blindness.®> Because the prevalence of high myopia attrib-
uted to “school myopia” is increasing, especially in East
Asia, this form of high myopia may be more susceptible
to environmental pressures than predominantly inherited
forms.!

For several decades, environmental factors have been
believed to play an important role in the determination of
refractive error.*~° Even though a substantial proportion of
myopia cases can be explained by inheritance,’ this does not
exclude strong environmental influences being the driving
force behind the rapid increases in the prevalence of myopia
over time, especially in East Asia.® Such changes are con-
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sistent with an intrinsic plasticity in refractive error medi-
ated by the refractive power of the cornea and lens, which
could be influenced by environmental factors.! This raises
the possibility of public health strategies to reduce the
prevalence and possibly the severity of myopia.

Few consistently protective environmental factors for
myopia have yet been identified, but the past decade has
seen a large increase in the number of observational
studies investigating the hypothesis that time spent out-
doors protects against myopia. To our best knowledge, no
systematic review or meta-analysis on the association
between time spent outdoors and myopia has been pub-
lished, or registered, to date. We have therefore under-
taken a systematic review and meta-analysis to summa-
rize and quantitatively combine all relevant evidence for
an association between time spent outdoors and myopia
and its progression.

Methods

Search Strategy and Inclusion Criteria

Our research question was, “What is the association between
duration of time spent outdoors and myopia or myopic progression
in children and adolescents aged up to 20 years?” Time spent
outdoors was defined as the sum of general activities, leisure
activities, and sports performed outdoors. Children and adoles-
cents without myopia were defined as the sum of emmetropes and
hypermetropes.

One author (J.C.S.) systematically conducted a search of 4 databases
(Medline [1950—September 2011], Web of Science [1899—September
2011], Embase [1974—September 2011], and the Cochrane Central Reg-
ister of Controlled Clinical Trials [CENTRAL; up to September
2011]). The following search strategy was performed in Medline
and CENTRAL: myopi* OR “myopia”’[MeSH Terms] OR “short-
sight” OR “short-sighted” OR “short-sightedness” OR “‘short
sight” OR “short sighted” OR “short sightedness” OR “near-sight”
OR “near-sighted” OR “near-sightedness” OR “near sight” OR
“near sighted” OR “near sightedness” OR “refractive errors-
”[MeSH Terms] OR refract*) AND (outdoor* OR outside OR
“Leisure Activities”[MeSH Terms] OR sport* OR “physical ac-
tivity” OR “Motor Activity”[MeSH Terms] OR hobb*). The same
search was performed in Web of Science, but MeSH terms were
not used. The following search strategy was used for Embase (exp
degenerative myopia/ or exp myopia/ or exp high myopia/ OR exp
refraction error/ OR myopi*.mp. OR short-sight*.mp. OR near-
sight*.mp. OR refracti*.mp.) AND (physical activity.mp. or exp
physical activity/or exp exercise/OR outdoor*.mp. OR outside.mp.
OR hobb*.mp. OR exp leisure/).

Assessment of retrieved titles and abstracts involved a compar-
ison against our research question. If considered potentially suit-
able, or if uncertainty regarding suitability remained after reading
the title and abstract, full-text articles were subsequently retrieved.
Two authors independently performed this assessment (J.C.S. and
A.P.K.), and any inconsistencies were resolved by consensus.
Reference lists from all identified studies were also examined.
From the full-length articles, the studies were required to meet the
following inclusion and exclusion criteria for the purposes of the
meta-analysis. Inclusion criteria were (1) reported time spent out-
doors in keeping with our exposure definition, (2) reported myopia
(prevalent or incident) or myopic progression as the outcome
measure, (3) reported a measure of the association either as an
effect estimate with 95% confidence interval (CI) or standard error
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(SE) or allowed for the calculation of it from raw data contained in
the article, and (4) were limited to children and adolescents (aged
up to 20 years). We excluded studies without a precise definition
of myopia, animal studies, and conference abstracts. When multi-
ple publications from the same study population were available for
the same study design (e.g., cross-sectional), we included the
publication that best addressed our research question. We did not
limit studies according to study design, thus potentially including
interventional as well as observational studies.

Studies that were appropriate to our research question but did
not meet the criteria for the meta-analysis are reported in our
systematic review, with reasons for exclusion outlined, and
sources of bias and study limitations recorded. Additional studies
were grouped according to the outcome(s) that were presented in
the results: association between time spent outdoors and (1) inci-
dence of myopia or (2) myopic progression. If studies addressed
both of these outcomes, their results are presented separately. We
did not produce a tally of “positive” and “negative” studie, because
this can miss important sources of heterogeneity and obscure the
role of bias.”

Data Extraction and Assessment of Study Quality

To appropriately report the systematic review and meta-analysis
we were guided by the MOOSE checklist.'® For each study, the
following characteristics were extracted: (1) last name of first
author, (2) year of publication, (3) study design, (4) area of the
study population (East Asian vs not East Asian), (5) number of
subjects in the study, (6) participation rates, (7) age range of study
subjects, (8) definition of time spent outdoors, (9) definition of
myopia, (10) effect estimate plus 95% CI or SE, (11) which
confounding factors were adjusted for, and (12) the latitude of the
study location. If not presented in the original report, information
on latitude was retrieved using an online resource.

Study quality was assessed with a tool outlined in a system-
atic review investigating the assessment of quality and bias in
observational studies.!! Variables assessed for quality included
the methods for selecting study participants, methods for mea-
suring exposure (time spent outdoors) and outcome (myopia),
design-specific sources of bias (including but not limited to
recall bias, interviewer bias, loss to follow-up, and masking),
methods for controlling confounding, statistical methods (ap-
propriate use of statistics for primary analysis of effect), and
conflict of interest.

Statistical Methods for the Meta-analysis

All studies included in the meta-analysis reported odds ratios
(ORs) and 95% Cls for myopia per increase of 1 hour per week or
1 hour per day in outdoors exposure. We estimated the SE of log
OR estimates by the width of the confidence interval on the log
scale divided by 2X1.96.'% For each study, we standardized results
by obtaining the OR estimate on the hours per week scale. If the
exposure variable was defined as hours per day, the log OR and its
SE were divided by 7 to derive the corresponding hours per week
estimate. For the purposes of the analysis, time spent outdoors
(hours per week) was considered equal to time spent outdoors
(hours per day) multiplied by 7.

We chose to use a random effects meta-analysis because of the
expected heterogeneity in the included studies in terms of study
population, definition of exposure and outcome, and degree of
adjustment for confounders.'® DerSimonian and Laird'* pooled
ORs that were obtained from random effects meta-analysis. Sen-
sitivity analyses were also performed to assess the robustness of
pooled estimates, including a prespecified subgroup analysis in-
vestigating the effect of geographic region (East Asia vs other).
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We also performed post hoc subgroup analyses investigating the
effect of age group, measurement of refractive error, and definition
of time spent outdoors.

Tests for heterogeneity of effect estimates across studies were
performed using the Q statistic, and the effect of study heteroge-
neity on the variation in the estimated pooled treatment effect was
estimated using the I? statistic, which indicates the proportion of
total variation due to heterogeneity.'> Meta-analyses were per-
formed in Stata version 10.1 (StataCorp, LP, College Station, TX)
using the metan program. Publication bias was assessed with the
metabias program of Stata, by means of the adjusted rank corre-
lation test of Begg,'® and the regression-based test of Egger et al.!”
Extent of publication bias was also displayed graphically using a
funnel plot.

Results

Identification and Selection of Reports for the
Systematic Review and Meta-analysis

We identified 2912 articles from the database (55 from CENTRAL,
898 from Medline, 511 from Embase, and 1448 from Web of
Science). After removal of 1289 duplicate publications, there were
1623 studies (Fig 1). In total, 46 articles were retrieved for full-text
review, and 23 independent reports contained results pertinent to
our research question. The 23 reports included 15 cross-sectional
studies, 7 prospective cohort studies, and 1 randomized, controlled
trial (RCT). Seven of the cross-sectional studies met the criteria for
meta-analysis, and the remaining cross-sectional studies were
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2912 articles identified in database search
55  articles from CENTRAL
898 articles from Medline
1448 articles from Web of Science
articles from Embase

A 4

> 1289 duplicates excluded

1623 potential eligible
reports included

\ 4

> 1577 reports excluded on
title and abstract review

46 reports retrieved
for full-text review

A 4

N 23 reports excluded: Didn’t
address research question
or addressed question in

20 studies containing
data relevant to our
research question

other study report

3 additional studies
identified from
reference lists

\ 4

23 studies in systematic review:
15 cross-sectional studies
7 prospective cohort studies
1 randomized-controlled trial

7 prospective cohort/ 1 RCT:
Myopic progression: (N=3) A 4

8 cross-sectional studies excluded:
Incorrect outcome measurement (N=2)

Incident myopia: (N=5)

7 cross-sectional studies
for meta-analysis

Incorrect exposure measurement (N=2)
No multivariate effect estimate (N=3)
Provided rate ratio only (N=1)

Figure 1. Flow diagram outlining the selection process for inclusion of studies in the systematic review and meta-analysis. CENTRAL = Cochrane

Central Register of Controlled Trials; RCT = randomized, controlled trial.
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summarized and are reported separately. We were unable to per-
form a meta-analysis of studies investigating the incidence of
myopia or myopic progression as endpoints (7 prospective cohort
studies; 1 RCT), because most failed to provide a multivariate
measure of association or did not measure time spent outdoors as
a continuous variable that would have allowed us to pool estimates
together. There were 2 studies investigating incident myopia that
could be pooled together statistically, and 2 studies investigating
myopic progression as well, but we decided against performing
this analysis because of the small numbers. We did not consider it
appropriate to combine estimates of risk from prospective studies
with ORs from cross-sectional studies.

Characteristics of Studies Included in the
Meta-analysis of Cross-sectional Studies

Characteristics of the 7 cross-sectional studies included in the
meta-analysis, including participation rates, age, and number of
participants and definitions of exposure and outcome, are summa-
rized in Table 1. The 7 studies comprised a total of 9885 individ-
uals and comprised 6 studies of school-age children and 1 of
children aged 672 months.'®

Ascertainment and definition of exposure varied across studies.
Five studies used self-reported time spent outdoors,'”=2* and 2
used parental reporting using questionnaires.'®?* Three studies
included sports in their definition of time spent outdoors,'?>!-23 2
included outdoor sports,'®??> and 2 studies used only outdoor
sports as a measure of time spent outdoors,>%>* which is likely to
have underestimated total outdoor exposure.

Three studies'®2%?! reported effect estimates as hours of time
spent outdoors per day, with the remaining 4 studies reporting
hours per week. Some studies provided extra details about their

exposure methods. For example, the study by Dirani et al®! re-
corded time spent outdoors separately on weekdays and weekends,
the sum of which was then divided by 7 to obtain the daily
estimate. However, other studies failed to differentiate between
time spent outdoors on weekends and weekdays. Deng et al*?
recorded time spent outdoors during the school year and in the
summer break separately.

Refractive error was assessed objectively using cycloplegic
autorefraction in 5 studies, with 1 study using noncycloplegic
retinoscopy by an experienced optometrist.”* Khader et al*° used
self-reported myopia, but this was confirmed with health records.
Prevalence estimates of myopia from cross-sectional studies were
broad, ranging from 11.4%'8 to 83.1%.>*

All 7 studies gave response rates and described sampling methods,
albeit in varying degrees. However, only 2 studies outlined specific
exclusion criteria and provided information on nonresponders. '8!
More comprehensive methodologies pertaining to some stud-
ies!?21723 have been published elsewhere. Quality assessment of the
7 cross-sectional studies has been conducted (Table 2, available at
http://aaojournal.org). Although individual study quality was variable,
we did not considerate it appropriate to weight studies based on a
“quality score” because it brings a rather arbitrary and subjective
component to the meta-analysis.”

Pooled Estimates of the Association between
Outdoor Activity and Prevalent Myopia

Table 3 shows the OR estimates (95% Cls) obtained from each
study before converting into a standardized effect estimate for the
meta-analysis, as well as covariates that were adjusted for in the
individual multivariate analyses. Random effects meta-analysis
yielded a pooled OR for myopia of 0.981 (95% CI, 0.973-0.990;
Por<0.001; I = 44.3%; Pieterogeneiy = 0-092) per additional

Table 1. Characteristics of the 7 Cross-sectional Studies Included in the Meta-analysis of Time Spent Outdoors and Myopia

n Participation Definition of Time Definition of
Study Location (Name of Study) Latitude (Participants)  Rates (%) Age Outdoors Myopia (D)
Deng et New England, USA 46°32’N 147 NS 6-18 years Hours per week in time SER = —0.5
al?’ outdoors or in sports
Dirani Singapore Singapore Cohort 1° 14N 1249 79.6 11-20 years Hours per day spent on SER = —0.5
et al?! (Study of Risk Factors of total outdoor
Myopia [SCORM]) activity, defined as
sum of outdoor
leisure and outdoor
sporting activities
Ip et Sydney, Australia (Sydney  34° 0’S 2339 75.0 12-13 years Hours per week on SER = —-0.5
all? Myopia Study) general activities,
leisure activities, and
outdoor sport
Khader =~ Amman, Jordan 31°57N 1777 92.0 12-17 years Hours per day playing ~ SER = —0.5.
et al?® sports
Low et Singapore (Strabismus, 1° 14N 3009 72.3 6-72 months Hours per day in total SER = —0.5
al'® Amblyopia and Refractive outdoor activity per
Error in Singaporean day
Children [STARS])
Lu et Quangdong Province, China 20°13’-25°31’N 998 81.0 13-15 years Hours per week of SER = —-0.5
al*? (Xichang Pediatric outdoor activity of
Refractive Error Study) all kinds
Mutti et USA (Orinda Longitudinal ~ 37°52’N 366 84.0 13-14 years Hours per week of SER = —0.75 in
al?* Study of Myopia) sports activities both vertical

NS = not specified; SER = spherical equivalent refraction.

and horizontal
meridians
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Table 3. Individual Study Estimates of the Association between Time Spent Outdoors and Myopia in 7 Cross-sectional Studies

Meeting Inclusion Criteria in the Meta-analysis

Units of Adjusted Effect Estimate
Author OR (95% CI) Exposure OR (95% CI) Covariates Adjusted for in Model
Deng et al?>  0.915 (0.843-0.994); a second  Hours per week N/A Age and number of myopic parents

Dirani et al’!

Ip et al'?

Khader et

3120

Low et al'®

Lu et al??

Mutti et al?*

effect estimate was

calculated for summer

months: 1.000
(0.969-1.033)

0.90 (0.84-0.96)

0.97 (0.95-0.995)

0.89 (0.86-0.93)

0.95 (0.85-1.07)

1.14 (0.69-1.89)

0.936 (0.892-0.974)

Hours per day

Hours per week

Hours per day

Hours per day

Hours per week

Hours per week

0.985 (0.975-0.994)

N/A

0.983 (0.979-0.986)

0.993 (0.977-1.010)

N/A

N/A

Age, gender, ethnicity, school, books read per week,
height, parental myopia, father’s education level,
intelligence quotient

Age, gender, height, ethnicity, school type, parental
myopia, highest parental education, continuous
reading =30 minutes, close reading distance
(<30 cm)

NS; Other variables in the analysis (and hence likely
covariates) were age, family history of myopia,
reading and writing

Familial clusters, age, gender, height, presence of
myopic parents, reading stage

NS; Other variables in the analysis (and hence likely
covariates) were age, gender, parental education,
homework, personal reading, watching television,
and playing video games/computer use

Myopic parents, diopter-hours per week, sports,
academic scores

CI = confidence interval; N/A = if units of exposure presenting as hours per week, the corresponding effect estimate was entered into the meta-analysis
unchanged; NS = not specified; OR = odds ratio.

hour of time spent outdoors per week. The intrastudy effect esti-
mates and overall pooled estimates are shown in Fig 2. Assuming
that a 1-hour increase in time spent outdoors per day was equiv-

Study

Deng et al. 2010
Dirani et al. 2009
Ip et al. 2008
Khader et al. 2006
Low et al. 2010
Lu et al. 2009
Mutti et al. 2002

alent to 7 hours of increased time spent outdoors per week, the
equivalent OR per 1 hour per day increase in time spent outdoors
is 0.867 (95% CI, 0.811-0.930).

%
OR(95%Cl)  Weight
0.92(0.84,0.99) 1.19
0.99 (0.98,0.99) 28.94
0.97 (0.95,1.00) 11.37
0.98 (0.98, 0.99) 36.92
0.99 (0.98,1.01) 17.66

Overall (I-squared = 44.8%, p = 0.092)

NOTE: Weights are from random effects analysis

--)-.on BN -0 [

%«

>1.14 (0.69, 1.89) 0.03
0.94 (0.89,0.97) 3.89
0.98 (0.97,0.99) 100.00

0.5

T
09 1 1.5

Figure 2. Random effects meta-analysis investigating the effect of time spent outdoors (hours per week) on prevalence of myopia. CI = confidence
interval; OR = odds ratio.
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Subgroup and Sensitivity Analyses

We performed a prespecified subgroup analysis on geographic
location and a post hoc subgroup analysis on age.

Geographic Location. Three studies were performed in East
Asia.'®?122 In these studies, the pooled OR was 0.987 (95% CI,
0.979-0.995; Por = 0.002). A more protective association was
found in the non-East Asian studies, where the pooled OR
was 0.966 (95% CI, 0.944-0.989; P, = 0.003). However, there
was greater heterogeneity among the non—East Asian studies (I* =
64.9% [P = 0.036] vs P = 0.0% [Pheterogencity =
0.608]).

Age Group. Excluding the study involving younger children
(aged 6-72 months)'® resulted in a slightly stronger protective
association, giving a pooled OR of 0.978 (95% CI, 0.968-0.989;
Por<0.001; I* = 46.4%) per increase of 1 hour of exposure per
week.

We also performed post hoc sensitivity analyses investigating
the effect of differences in exposure and outcome measurement.

Measurement of Refractive Error. Excluding the study in
which myopia was self-reported,”® the pooled OR was slightly
reduced: pooled OR was 0.976 (95% CI, 0.961-0.992; Por =
0.004; > = 54.0%) per additional hour of exposure per week.

Definition of Time Spent Outdoors. When the 2 studies®->*
that considered time spent outdoors as synonymous with sports
were omitted, the pooled effect size for an additional hour of time
spent outdoors per week was very similar but the heterogeneity
was lower: OR, 0.983 (95% CI, 0.971-0.995; P, = 0.007; P =
33.1%). We also used the second effect estimate reported by Deng
et al.?* In the primary analysis, we used the OR from the school
year, but here we present the pooled analysis when using the effect
estimate that corresponds to time spent outdoors in summer
months: OR, 0.983 (95% CI, 0.976-0.991; P<0.001; I* =
34.9%).

heterogeneity

Assessment of Publication Bias

We assessed for possible publication bias in the 7 cross-sec-
tional studies with a funnel plot. Aside from the study by Lu et
al,?? most studies were found near the apex of the funnel plot
because of the much smaller SEs for effect estimates. There is
some suggestion of asymmetry in the plot, with estimates from
more studies appearing to the left of the pooled estimate. Any
asymmetry in the spread of studies included in a funnel plot
may occur because of publication bias, heterogeneity in the
effect size across studies, or may be by chance. However, with
only 7 studies neither Begg’s test (P = 0.652) nor Egger’s test
(P = 0.293) suggest publication bias.

Estimates of Association in Cross-sectional Studies
Excluded from Meta-analysis

Eight cross-sectional studies were obtained whose data could not
be pooled for meta-analysis (Table 4, available at http://aaojournal.
org). These studies involved >9000 children, although some of the
subjects were participants in >1 publication. Three of the studies
had <500 participants,>>~27 with the 2 largest studies exceeding
2000 participants, each with complete refractive and questionnaire
data.”®2° Excluding the study performed in Sydney (15.0% of
participants had East Asian ethnicity), all of the remaining studies
involved participants from East Asia.*® Aside from the study by
Tan et al,”’ all of the studies investigated children of school age.
Tan et al investigated 414 children of kindergarten age in Singa-
pore using noncycloplegic autorefraction and parents completed
activity questionnaires.?” Time spent outdoors (=7 vs <7 hours
per week) was associated with a reduced prevalence of myopia,
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although it was not significant (multivariate rate ratio, 0.81; 95%
CI, 0.50-1.32). Some of the studies involved 2 different popula-
tions, for example, the Singapore-Xiamen study,>° and comparison
of children from Sydney and Singapore.*! These studies allowed
for the investigation of risk factors that may explain the differences
in myopia prevalence between the 2 sites/populations. It was found
that differences in time spent outdoors was the most significant
factor explaining differences in myopia prevalence between Sin-
gapore (prevalence of myopia, 29.1%) and Sydney (prevalence of
myopia, 3.3%).3!

Ma et al,*? using noncycloplegic autorefraction, found that time
spent outdoors during weekdays is associated with emmetropia
(compared with myopia; OR, 1.145; 95% CI, 1.047-1.252; P =
0.003). Rose et al*® investigated 3132 children from 2 school-year
groups in Sydney. They found that, after adjustment for gender,
ethnicity, parental myopia, near work, maternal and parental edu-
cation, and maternal employment, a greater number of hours spent
outdoors was associated with a more hyperopic mean spherical
equivalent refraction (SER) in students in both years 1 (P = 0.009)
and 7 (P = 0.003). Rose et al also addressed the interplay between
near work and outdoor time, finding that the highest odds of
myopia was found in students with high levels of near work and
low levels of time spent outdoors, whereas the most hyperopic
refraction was found with high levels of time spent outdoors and
low levels of near work.?® In a small study in Taiwan, Wu et al*
found a highly protective association between outdoor activity
(often vs seldom/none) and myopia. After adjustment for school
year, gender, parental myopia, reading/writing, computer use,
and other near-work activities, the adjusted OR for often spend-
ing outdoors was 0.3 (95% CI, 0.1-0.9; P<<0.001). In a separate
study, Saw et al*° found that although children with myopia
spent less time outdoors, the association was not statistically
significant after taking into account other factors. Zhang et al*° did
not find that time spent outdoors was associated with myopic
refraction (increasingly negative SER) in either univariate or mul-
tivariate analysis.

Estimates of Association in Prospective Studies

Five prospective cohort studies investigated the relationship be-
tween time spent outdoors and incident myopia (Table 5). The 5
studies involved nearly 4000 subjects aged =6 years, with the
oldest participants being medical students in Turkey. Three of the
5 studies presented multivariate analyses with incident myopia as
an outcome variable. Jones et al** followed >1000 children with-
out myopia aged 8 to 9 years for 5 years, during which 21.6%
developed myopia (=-0.75 diopters [D] of myopia in both the
horizontal and vertical meridians on cycloplegic autorefraction).
After adjustment for the number of myopic parents and reading,
the OR of developing myopia for every 1 hour of sport/outdoor
activity per week was 0.91 (95% CI, 0.87-0.95). There was a
difference in the time spent outdoors per week (11.65 vs 7.98
hrs/wk; P<<0.001) between nonmyopes and future myopes, re-
spectively. Receiver operating curve analysis demonstrated that
the predictive ability of time spent outdoors was better than
chance, although there was a significant interaction between
time spent outdoors and the number of myopic parents. Jones et
al®? also found that higher risk of developing myopia in chil-
dren with 1 or 2 myopic parents could be partially attenuated by
increased participation in sports and outdoor activities, support-
ing a gene-environment interaction. Onal et al** followed 207
Turkish medical students for 1 year, finding a highly protective
relationship between time spent outdoors conducted before and
at age 7 (mostly outdoor vs mostly indoor activity) and incident
myopia (SER between =-0.75 D on autorefraction). After
adjustment for age, gender, parental myopia, studying habits,
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Table 5. Cohort Studies Investigating the Relationship between Time Spent Outdoors and Incidence of Myopia

Reason for Exclusion

Author Summary of Study from Meta-analysis

Results

Biases and Study Limitations

Prospective cohort study of 1038
children with no myopia in the
third grade of school (age 8-9
years), with 5 years of follow-up.

Jones et al*?

No multivariate OR or
RR was presented
with myopia as an
outcome

Prospective cohort study comparing
731 incident myopes with 587
emmetropes in the United
States. Subjects were 6- to 14-
year-old participants in the
Collaborative Longitudinal
Evaluation of Ethnicity and
Refractive Error (CLEERE)
Study.

Prospective cohort study of 207
Turkish medical students with
1-year follow-up.

Jones-Jordan
et al>?

Onal et al’* Outdoor activity was
measured as a
categorical variable

only

Peckham et  Birth cohort study of 383 children ~ No multivariate OR or
al’* aged 7-11 living in England, RR was presented
Scotland, and Wales (1958 birth
cohort).
Saw et al*®>  Prospective cohort study (3 years’  Meets inclusion criteria;

however, it is not
appropriate to
combine RRs with
ORs.

follow-up) of 994 Singaporean
school children aged 7-9 years.

CI = confidence interval; OR = odds ratio; RR = rate ratio/relative risk.

Meets inclusion criteria

After adjustment for number of myopic

parents and reading, the odds ratio
of developing myopia for every 1
hour of sport/outdoor activity per
week (OR, 0.91; 95% CI,
0.87-0.95).

Hours per week spent in outdoor/sports
activities were significantly less for
children who became myopic 3 years
before onset through 4 years after
onset by 1.1-1.8 hours per week.

Highly protective relationship between
outdoor activity conducted before
and at age 7 (mostly outdoor vs
mostly indoor activity) and incident
myopia (multivariate OR, 0.44; 95%
CI, 0.23-0.82; P = 0.001).

Only 1 exposure assessment

performed; reliability of
questionnaire not well
established; there was a
significant difference in
exposure between those with
and without complete
follow-up.

No multivariate analysis; broad

age range; questionnaire
responses from parents; only
brief questionnaire used;
possibility for recall bias;
follow-up of our emmetropes
with necessary data was
shorter than that of myopes.

Small sample size; subjects

were medical students; short
follow-up (1 year); loss to
follow-up of a large
percentage of phase [V
students; recall bias, as

exposure preceded outcome
by many years.

No multivariate analysis; lack
of comprehensive
exploration of
exposure/outcome.

Potential misclassification of
exposure from parental
questionnaires.

Did not find any differences in outdoor
activity between those with myopia
and those without.

Multivariate RR of outdoor activity
(hours per week) on incident
myopia: RR, 1.01 (95% 0.98-1.04).

and parental myopia*activity before 7 years interaction, the OR
for outdoor activity (mostly outdoor before age 7) was 0.44
(95% CI, 0.23-0.82; P = 0.001).>* Saw et al*> followed 994
children aged 7 to 9 years in Singapore, finding a multivariable
risk ratio of 1.01 for time spent outdoors (95% CI, 0.98-1.04)
for incident myopia after 3 years of follow-up (SER =-0.75 D
based on cycloplegic autorefraction).

There were 3 studies involving 463 children =6 years old (2
prospective cohort; 1 RCT) that investigated the relationship
between time spent outdoors and myopic progression (Table 6).
Yi and Lee*® performed an RCT in China in which 80 children
with myopia aged 7 to 11 years were randomized to either an
intervention or control group and followed for 2 years. Children
in the intervention group, who completed >14 hours of outdoor
activities per week and reduced near and middle-distance work
activities, had less myopic progression compared with control
(mean annual progression 0.38 vs 0.52 D; P<0.01). In the
intervention group, increased time outdoors reduced myopic
progression (P<0.05). Parssinen and Lyyra®’ followed 240
children (mean age, 10.9 years) with myopia for 3 years,
discovering that increasing time spent outdoors was signifi-
cantly associated with reduced myopic progression and reduced
final spherical equivalent in males, but not females, after ad-
justment for age, initial refraction, and near work. Boys and
girls in the slowest progressing quartile spent more time out-
doors than the fastest progressing quartile (mean difference, 0.7

hrs/d). In another prospective cohort study with 3 years of
follow-up, Saw et al*® found no relationship between increasing
time spent outdoors and myopic progression.

Discussion

The purpose of this systematic review and meta-analysis
was to summarize all of the available relevant evidence
with reference to the relationship between time spent
outdoors, a potentially modifiable lifestyle exposure, and
myopia and its progression. Because we excluded more
cross-sectional studies in the meta-analysis than we were
able to include, this decreases the validity of our overall
pooled estimate, but an interpretation of excluded cross-
sectional studies is consistent with the findings of our
meta-analysis. Additional evidence for a link between
increasing time outdoors and myopia and myopic pro-
gression is seen in the interpretation of the results from
cohort studies and 1 RCT. However, the numbers of
prospective studies available were considerably fewer
than cross-sectional studies. Taken together, we consider
it possible that increasing time spent outdoors could
confer a modest, but significant, reduced risk against
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Table 6. Studies Investigating the Relationship between Time Spent Outdoors and Myopic Progression

Author Summary of Study

Results Biases/Limitations

Prospective cohort study
(nested in RCT) with 2
years’ (apostrophe) follow-
up of 238 myopes (mean
age, 10.9 years)

Parssinen and
Lyrra’?

The amount of time spent outdoors was associated with reduced
myopic progression (regression coefficient, 0.23; P<<0.01) and
reduced final spherical equivalent (regression coefficient,
0.17; P<0.05) in boys, after adjustment for age, initial SER,
and close work. Time spent outdoors was not significantly

Possible selection bias

associated with myopic progression and final SER in girls in a
multivariate model. There was a significant difference
between groups time spent outdoors and the rate of myopic
progression (ANOVA; P = 0.009) in girls, but not boys

(P = 0.326). Boys and gitls in the slowest progressing
quartile spent more time outdoors than the fastest progressing
quartile (mean, 3.2+1.4 vs 2.5%1.1 hours outdoors per day;

P = 0.003).

Yi and Lee’® RCT investigating 80 children
with myopia aged 7-11
years in China with 2 years’
follow-up. Children were
randomly assigned to either
an intervention group or
control group. Intervention
group did near- and middle-
vision activities <30 hr/wk
and >14-15 hrs outdoor
activities week.

Prospective cohort study
(nested in RCT) of 143
students with myopia aged
6-12 years in Singapore
with 2 years’ follow-up.

Saw et al*®

The annual mean myopia progression (0.38+0.15 D) in the
intervention group was significantly lower than that in the
control group (0.5220.19 D; P<0.01). More time outdoors
was inversely correlated with myopia progression (P<<0.05).

There was no relationship between outdoor activity (hrs/wk)
and myopic progression after adjusting for age, gender, and
parental myopia: regression coefficient, 0.013 D per outdoor

activity (hrs/wk; 95% CI, —0.013 to 0.04; P = 0.33).

Small sample size

Small sample size. The length
of follow-up varied for each
child (boys more likely to
remain for longer period).
Participants are volunteers
in an zed, controlled trial
with different
socioeconomic backgrounds
compared with the
Singapore population

ANOVA = analysis of variance; CI = confidence interval; D = diopter; RCT = randomized, controlled trial; SER = spherical equivalent refraction.

development of myopia and its progression. Although
causality cannot easily be determined from observational
epidemiologic studies, the finding that increasing time
outdoors reduced myopic progression in a small RCT
supports a possible causal protective effect of being
outdoors.

We found a significant protective association between
increasing time spent outdoors and prevalent myopia in
nearly 10 000 children and adolescents aged =20 years.
Each increase in hours per week of time spent outdoors
was associated with a 2% reduced odds of myopia, after
adjustment for potential confounders (OR, 0.98;
P<0.001). Caution must be undertaken in the interpreta-
tion of this pooled effect estimate. Although the pooled
effect size represents only a weak protective association,
its interpretation depends on the unit of measurement. An
increase in 7 hours of time spent outdoors per week (1
hr/d) equates to a much stronger protective association
(OR, 0.87). There was a wide variation between studies
regarding the levels of adjustment of potential confound-
ers, and residual confounding may have affected individ-
ual effect estimates and the pooled OR. In addition, the
pooled OR does not take into account the quality of the
included studies that contributes to the overall estimate.
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Studies included in the meta-analysis exhibited wide
differences in their individual exposure definitions. Re-
sults of our sensitivity analyses suggest our findings were
robust with regards to differences in classification of
exposure and outcome. Conversion of effect estimates
originally using hours of exposure per day to estimates
referring to hours of exposure per week may have re-
sulted in bias since it required the assumption that mean
daily time spent outdoors multiplied by 7 was equal to the
duration of weekly time spent outdoors.

Moderate heterogeneity between effect size estimates
may reflect different study populations and geographic con-
texts, different eligibility criteria, the broad range of partic-
ipation rates, and different definitions of exposure and out-
come, as well as different levels of adjustment for potential
confounders. A high percentage of all of the studies in this
analysis were performed in East Asia, in keeping with the
high prevalence of myopia in this region and associated
research efforts. Although time spent outdoors seems to be
protectively associated with myopia in East Asian popula-
tions, the strength of the association seems to be less marked
than for the non—East Asian populations. This could reflect
the narrower range of time spent outdoors by children living
in East Asia,>® rather than intrinsic ethnic differences. One
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must be wary of generalizing results from this subgroup
analysis, especially with the relatively few studies involved.

A fundamental drawback of cross-sectional studies is the
inability to determine temporality of exposure and outcome,
and reverse causality cannot be excluded. It remains possi-
ble that children with prevalent myopia are less likely to
spend time outdoors than those without. This has been
supported by studies of personality type between people
with and without myopia,*® plus the finding that myopes
might be more likely to live in urban areas where there is
less open space’ and consequently are less able to partic-
ipate in sports and outdoor activities. Time spent outdoors is
influenced by many factors. To illustrate, time spent out-
doors shows ethnic variation*! and is highly correlated
between siblings.*?> Furthermore, spending time outdoors
may also be influenced by environmental factors such as the
season/climate, levels of visible light, and one’s school or
work schedule.”® Avoiding the problem of reverse causality
can be dealt with using a prospective design of sufficient
follow-up, and several prospective cohort studies have
shown that increasing time spent outdoors is associated with
a reduced risk of developing myopia (Table 4). Increasing
time spent outdoors is also associated with a reduced axial
length,?' an endophenotype of refractive error.

Publication bias is a well-recognized pitfall in the con-
duct of meta-analyses.*’ It refers to the publication (or lack
of publication) of a study, based on the results of the study
(results that are not statistically significant or have been
previously published may be less likely to be published).
Statistical tests for publication bias in the meta-analysis
were not significant; however, such an analysis has a limited
role given that we excluded more studies than we included,
and it is important to appraise the totality of the evidence
available, which transcends the pooled analysis of cross-
sectional studies of individually variable quality. Notably,
most of the studies that were not included in the meta-
analysis were not included because of differences in
measurement of exposure and/or outcome or failure to
perform a multivariate analysis. We do not consider that
the results of such cross-sectional studies differed greatly
from the studies included in the meta-analysis; however,
this may be different from the results of unpublished
studies assessing this relationship.

Our overall findings from observational epidemiologic
studies suggest that increasing time outdoors may be asso-
ciated with a reduced risk of myopia and myopic progres-
sion. Therefore, our evaluation suggests a need for well-
designed RCTs to investigate the effect of increasing time
spent outdoors as a possible intervention to prevent the
development of myopia and myopic progression in children
and adolescents. Because it may not be ethical to conduct
long-term RCTs, prospective cohort studies may also have
an important role. Results of such studies will then allow a
better picture of the possibility and feasibility of increasing
time spent outdoors being used as a potential preventative
strategy. At the time of the final literature search, only 1
RCT had been completed, suggesting that increasing time
outdoors significantly reduced myopic progression.*® How-
ever, the difference between the intervention and control
groups was only modest and may not be clinically signifi-

cant. Our finding that increasing time outdoors is protec-
tively associated with myopia in the meta-analysis, as well
as the results from the other observational studies in the
systematic review, support the results from this RCT.
Upcoming RCTs will afford the opportunity to answer
several important questions. First, does increasing time out-
doors prevent myopia and its progression? If increased time
outdoors is shown to be an efficacious intervention, is the
effect the same or different among children of different
ages, ethnicities/populations, and environments (e.g., rural
vs urban)? Is the effect the same or different according to
family/genetic history of myopia or levels of near work?
Such studies may have different lengths of follow-up and
times at which the effect of the intervention is maximal. As
the increased risk of blindness and visual impairment is
typically, but not universally, limited to those with high
myopia, knowledge of whether increasing time outdoors
would reduce myopic progression even in high myopes (and
incidence of ocular complications) is paramount.
Upcoming studies may wish to include a more objective
definition of time spent outdoors and possibly biomarkers of
outdoor exposure such as vitamin D or conjunctival ultra-
violet autofluorescence.***> Alternatively, the use of sub-
jective methods such as diaries, pager contact, or the
experience sampling method*® are preferred because they
are less susceptible to reporting bias than standard ques-
tionnaires. Two clinical trials (identifiers NCR00848900
and NCTO01388205) investigating physical activity, time
spent outdoors, and myopia are currently registered at
www.clinicaltrials.gov. Results from these studies, and
others planned, will provide further answers about the
relationship between time spent outdoors and myopia.
There are a myriad of possible mechanisms by which
spending time outdoors may protect against the develop-
ment and progression of myopia. They include increased
release of retinal dopamine in response to sunlight (dopa-
mine inhibits axial elongation in experimental myopia,*’
and the protective effect can be blocked by the dopamine
antagonist spiperone*®), increased light intensity outdoors>®
(leading to pupil constriction, increasing depth of focus,
decreasing blur, and slowing of eye growth), and the low
accommodative demand for distance vision.>> A further, but
less likely, consideration is that increased time spent out-
doors prohibits time spent on near work, resulting in a
substitution effect.?® It may also be the spectral composition
of light, and not its intensity, that may be associated with a
longer axial length and more myopia.*’ Despite a genetic
basis,>® current evidence suggesting a role for vitamin D in
myopia pathogenesis is weak.”! It has also been proposed
that insufficient ultraviolet radiation may be involved,>>
although bright light has been shown to be protective of
myopia in animal experiments using ultraviolet-free light.*®
Because there is no protective association between indoor
sports and myopia,>!*® unlike outdoor sports, it suggests
that physical activity may be a surrogate for outdoor activ-
ity. This is supported by a cohort study with 2 years of
follow-up in 156 university students where physical activity
time was higher in nonmyopes and associated with hyper-
opic refraction (0.175 D per hour of physical activity per
day; P = 0.015) after adjustment for potential confounders,
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although there were no differences in objectively measured
physical fitness levels between myopes and nonmyopes
(P = 0.321).

A precise understanding of the risk factors for myopia
and its progression is required to implement strategies tar-
geting the current and projected rise of myopia in the
ensuing years. Findings from our systematic review and
meta-analysis indicate that increasing time outdoors may be
protective of prevalent and incident myopia and myopic
progression. Consequently, there is a need for further study
of this exposure—disease association in additional RCTs
looking at incidence of myopia and myopic progression as
primary endpoints.
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