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Key Points

e Myopia commencing school myopia is found mainly is found mainly in
developed societies, with only around 1% of any population affected by
predominantly genetic forms of myopia.

* Exposure to environmental risk factors plays a significant role in the devel-
opment of “school myopia” myopia, both within and between populations.

* Within populations, changes in exposure to environmental risk factors are
primarily responsible for the emergence of an increasing prevalence of
myopia.

* The major environmental risk factors identified are educational pressures,
perhaps best characterized in terms of near work, and limited time out-
doors during daylight hours.

* These risk factors suggest that strategies based on decreases in the amount
of near work and increases in the amount of time spent outdoors during
school hours are likely to be useful in the controlling the epidemic of
myopia.
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It is now generally accepted that there is an environmental epidemic of myopia in
several parts of East and Southeast Asia, namely Singapore, Japan, South Korea,
China, including Hong Kong and Macau, as well as in Taiwan [1-8]. In these
parts of the world, the prevalence of myopia in young adults who have completed
12 years of schooling, as most do, is now 70-90%, up from 20 to 30% two or three
generations ago. In addition, the prevalence of high and potentially pathological
myopia (more than 5 D or 6 D of myopia) is of the order of 10-20% [9-12]. The
simple argument that the speed at which the prevalence of myopia has increased in
these locations is not compatible with a predominant role for genetic determination
of myopia [1, 2] has generally been accepted, even though genetic variation associ-
ated with myopia has been conclusively demonstrated [13]. This emphasizes the
need to define the environmental exposures responsible for the rapid increases in
prevalence, in order to design preventive interventions.

The term “an epidemic of myopia” covers two distinct, but related, issues. The
first is an increase in the prevalence of myopia overall, with a characteristic increase
in onset of myopia in children in the early school years, leading to a need to provide
optical correction for a significant proportion of the population from an early age.
The high prevalence of myopia observed in young adults will gradually become the
norm for the entire adult population, as younger more myopic generations replace
those who are older and less myopic.

The second issue is an increase in the prevalence of high myopia, which is asso-
ciated with a higher prevalence of pathological outcomes. The cutoff values used
to define high myopia are somewhat arbitrary (generally —5 D or —6 D), since
the prevalence of pathological complications rises steeply with severity of myopia.
The best cutoff to define high and potentially pathological myopia is one which
distinguishes, as effectively as possible, between lower and higher risks of pathol-
ogy, but no cutoff will do this perfectly [14]. The increase in more severe levels of
myopia seems to arise from the fact that myopia has appeared at increasingly early
ages as the epidemic has developed [11]. With subsequent progression, the myopic
refractive error will increase toward the cutoff for high myopia, a tendency exacer-
bated by rapid progression in younger children [15]. In these circumstances, slow-
ing the onset of myopia should lead to a disproportionate reduction in high myopia.
An important question in this area is whether the risk factors for increased preva-
lence of myopia are similar to the risk factors for progression, or in practical terms
whether increased time outdoors would help to limit progression directly, as well as
by delaying the onset of myopia. It is certainly possible to slow the development of
high myopia by clinically slowing progression rates, using optical or pharmaceuti-
cal interventions, and many of these interventions are now available [16].

This chapter reviews the scientific evidence on risk factors in all these areas, and
relates this evidence to strategies for slowing the onset and progression of myopia.
We will also mention a number of commonly believed risk factors for myopia that
may not have a substantial scientific basis. Myopia is such a common condition in
societies with well-developed education systems that there are many popular beliefs
about the causes of myopia. These often remain influential, sometimes even when
the scientific evidence is against them.
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6.1 Key Issues When Studying Risk Factors for Myopia

In assessing the literature on risk factors for myopia, it is essential to be clear about
a number of fundamental issues.

6.1.1 Myopia Is Etiologically Heterogeneous

It is now generally accepted that environmental factors have a major role to play in
the development of myopia. Nevertheless, there are 100-200 clearly genetic forms of
myopia documented in the Online Mendelian Inheritance in Man (OMIM) database
(https://www.omim.org/, accessed Jan 30, 2019) that clearly run in families [17].
These are individually quite rare, but account collectively for myopia in around 1%
of any population. In a recent detailed analysis, 119 genes were associated specifi-
cally with myopia, generally in association with other clinical features [17]. Most
of these forms are therefore called syndromic, although in some, myopia seems to
be the major clinical feature. The latter cases are often called nonsyndromic [18].
Environmental factors appear to play a rather limited role in these diseases, but their
existence does not mean that all forms of myopia are similarly genetic—This issue
is further discussed in Chapter 5 etc.

In addition to these genetic forms, in modern societies, myopia generally appears
in association with schooling, as “school myopia.” It is this form that has increased
in the epidemics of myopia. Genetic variation has some role to play in this form of
myopia, with the most recent genetic data identifying variants in over 160 genes
associated with spherical equivalent refraction (SER). Many of these variants are
associated with the genes involved in the more clearly genetic forms, suggesting
that mutations in coding regions of the same genes can lead to highly genetic forms
of myopia, or to more modest effects if the mutations affect regulatory regions [17].

Identified single nucleotide polymorphisms (SNPs) in samples of European
ancestry account for less than 10% of the variance in refraction [13]. Measured as
SNP-heritability, they may account for 20-35% of the phenotypic variance [19].
These values fall well short of the twin study heritability of 80-90% [20-22]—an
example of the missing heritability seen with many complex traits [23]. The esti-
mated SNP-heritability in East Asian samples is much lower at around 5% [13], as
would be expected if the amount of phenotypic variation due to genetic variation
had remained constant, but that induced by environmental factors had increased
substantially in populations severely affected by the environmentally induced epi-
demic of myopia. We have recently reviewed this area, and readers can consult these
reviews for more details [2, 24].

Given this picture, genetic variation may have little, if any, role to play in the
rapid changes that have produced the current epidemic of myopia, but this does
not mean that it has no role to play in the determination of variations in refrac-
tive error within a population. In fact, some myopia geneticists have argued that
environmental factors are important between populations, but within populations,
genetic factors are the primary determinants [5, 6, 8]. However, this argument does
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Fig.6.1 Prevalence of myopia in older and more recent cohorts in older and more recent younger
cohorts. Data taken from cohorts closest in age to 20 from Breslin et al. [66], French et al. [96],
Czepita et al. [71] Wang et al. [58], Attebo et al. [59], Wu et al. [12], Koh et al. [10], Jung et al. [9],
Wong et al. [60]. Xu et al. [198], and He et al. [140]
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not make sense, because between-population differences have largely emerged due
to selective changes within populations of the kind seen in East and Southeast Asia
(Fig. 6.1). The key to understanding lies in the recognition that the balance between
genetic and environmental factors is population-specific. In the case of myopia, the
evidence suggests that there is little difference between ethnic groups in the levels
of SNPs associated with myopia [13], although studies on a wider range of eth-
nic groups are required. However, environmental exposures can differ substantially
between ethnic groups, and can change rapidly. Environmental factors are therefore
far more likely to be involved in rapid intergenerational change, or in the rapid
emergence of differences between societies—both features of the current epidemic.

This has an important implication; key insights into the epidemics are most likely
to come from comparisons of societies with different prevalence of myopia, rather
than from detailed studies within populations. Many epidemiologists are wary of
this ecological approach, because of what is known as the “ecological fallacy”’—the
error that can be made if conclusions are based only upon ecological comparisons.
But in the case of myopia, this is not an issue, because education and time outdoors
clearly play a role both within and between populations.
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6.1.2 Myopia Is a Developmental Condition

Developmental considerations also support the importance of etiological heteroge-
neity. Some forms of myopia appear in children before they start school. These are
often severe forms, with a strong genetic etiology, and are called early onset myo-
pia. In contrast, “school myopia” results from excessive elongation of the eye dur-
ing the school years. Other ocular components, such as corneal and lens power, are
within the normal age-specific range. Myopic refractions are also seen in two other
conditions—keratoconus and cataract-related myopic shifts in older people. These
conditions are etiologically quite distinct from “school myopia”—the first involving
abnormal increases in corneal power, generally during the teen-age years, and the
second involving abnormal increases in lens power in older adults. These forms are
likely to have a different relationship to pathological myopia than “school myopia,”
because they do not involve excessive enlargement of the posterior pole of the eye.

Most children are born hyperopic, although premature children have a tendency
toward more myopic refractions [25]. At birth, the distribution of refractions is close
to Gaussian, and subsequent development involves clustering of refractions to pro-
duce a tighter distribution, combined with reduction in hyperopic refractions [26—
28]. These changes are often called “emmetropisation” because, as a general rule,
refractions move from hyperopic toward emmetropic. However, emmetropia is not
the end point for human refractive development under normal conditions. Rather,
the preferred end point appears to be a moderate level of hyperopia (1.0-1.3 D),
provided that cycloplegic refraction is measured [29]. This mildly hyperopic state
can be maintained even in adults in some environments [30]. However, in popula-
tions where the prevalence of myopia becomes high, the hyperopic clustering of
refractions disappears.

This part of refractive development is consistent with animal studies on experi-
mental myopia that suggest that hyperopic defocus induces faster axial elongation,
thus reducing hyperopic refractive error, while myopic defocus can slow axial elon-
gation, and thus might be expected to affect the progression of myopia [31]. Simple
expectations from the animal models, namely that myopia would be a self-limiting
condition, or that it would be dangerous to correct myopia since it would reduce
the error signal, are not consistent with current evidence [32—-34]. However, there
is some evidence that early myopic errors can be cleared [35], and contact lenses
designed to impose myopic appear to slow the progression of myopia [36]. Thus,
these mechanisms can come into play in particular circumstances, but what these
circumstances are is currently unclear.

6.1.3 Cycloplegia and Definitions of Myopia: Important
Methodological Issues

It is now generally accepted that cycloplegia is the gold standard for studies with
children, with the use of up to three drops of 1% cyclopentolate as a common prac-
tice, with monitoring of pupil diameter and the light reflex to assess adequacy of
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cycloplegia [37]. This issue is particularly important in young children, where the
prevalence of myopia is low, and a small amount of pseudomyopia can significantly
increase prevalence estimates. It is also important when comparing ethnic groups,
because it is harder to achieve cycloplegia in children with darkly pigmented irises.
Without cycloplegia, hyperopia is substantially underestimated, emmetropia may
be overestimated, with a smaller but significant overestimation of the prevalence of
myopia. Suboptimal cycloplegia is likely to lead to errors of lesser magnitude, but
in the same direction.

In contrast to studies on children, cycloplegia has generally not been used in
studies on adults. Adults over the age of 50 show minimal differences between
cycloplegic and noncycloplegic refractions [37, 38], consistent with the evidence
that by this age, accommodative capacity has essentially disappeared, resulting
in the need for some form of correction for reading. However, in younger adults,
cycloplegia is required for accurate refraction, yet it generally has not been used in
the larger studies on adults, even if they included young adults.

This emphasis on cycloplegia poses problems, because gaining informed consent
for cycloplegia appears to be becoming more difficult. It is worth considering alter-
natives, and biometric variables like axial length and the ratio of the axial length to
corneal radius of curvature (AL/CR ratio) could be used [39—41]. Both correlate
highly with myopia [42, 43]. Changes in lens power also play a major role in refrac-
tive development, but they do not correlate highly with refraction and cannot be
measured directly [44]. The advantage of the first two parameters is that they can be
measured noninvasively. Their disadvantage is that measurement requires relatively
expensive modern equipment, and that there is only a very limited set of data for
comparison. But where repeated measures of cycloplegic refraction are envisaged,
the highly correlated biometric variables may provide a useful alternative.

It is also important to note that a range of definitions is used in the literature for
both myopia and high myopia. Cutoff values for myopia range from —0.25 D to
—1.0 D, with some variation in the use of less than, or less than or equal to. Results
are sometimes reported in relation to the better eye, worse eye, either eye, or both
eyes, depending, to some extent, on the aims of the study. The most common standard
for epidemiology is at least —0.5 D in the right eye. Similarly, the prevalence of high
myopia is sometimes reported in relation to a cutoff of —5 D or —6 D. Sometimes
more stringent cutoffs (=8 D, —10 D or —12 D) are used, which is likely to con-
centrate more genetic forms of myopia in the sample. Cumberland et al. [45] have
therefore called for the development of an approach that “serves research, policy and
practice,” but made no specific recommendations. However, standard definitions will
be of little use without standardization of cycloplegia. While awaiting agreement in
both these areas, if it ever comes, we suggest a pragmatic approach is to publish a
distribution of refraction in all studies in sufficient detail that others can apply the
cutoff they think is most relevant. Cumberland et al. [45] also emphasized the sensi-
tivity of risk factor analysis to different definitions of myopia, and where appropriate,
sensitivity analysis should be used to establish that conclusions are robust [46].

These issues are very relevant to several major studies on risk factors for
myopia. Studies on childhood and adolescence, the period during which myopia
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develops, and on young adults, when myopia stabilizes, are particularly impor-
tant, since exposures over this period can be most directly related to the develop-
ment of myopia. In addition, studies on young adults give estimates of prevalence
that can be most directly compared to assess whether and to what extent there
is an epidemic of myopia. Table 6.1 lists some of the most important studies
that used cycloplegia. In general, there is a dearth of systematic evidence on
the prevalence of myopia in most populations, particularly in the critical period

Table 6.1 Major studies on childhood refraction that measured cycloplegic refraction

Detailed studies of risk factors for refractive errors in school-aged children using cycloplegic

refraction

Australia

Study name Sydney Myopia Study (SMS) and Sydney Adolescent Vascular and Eye
Disease Study (SAVES)

Location Sydney, Australia

Design School based, with stratified randomized selection of schools. Large cohorts
at baseline in Year 1 (1765, 67 year olds) and Year 7 (2353, 1213 year
olds), with 4-5 year follow-up

Methodology Cycloplegic refraction (cyclopentolate plus tropicamide). Risk factor
questionnaire, including near work and time outdoors

Europe

Study name Northern Ireland Childhood Errors of Refraction (NICER)

Location Northern Ireland

Design Stratified, random-cluster design with school-based assessment. Cohorts
6-7 years old (392) and 12-13 years old (661) at baseline, with 6 year
follow-up

Methodology Cycloplegic refraction (cyclopentolate). Risk factor questionnaire, not
including near work and time outdoors

Study name Ireland Eye Study

Location Republic of Ireland

Design School based with stratified randomized selection of schools. Cohorts of
6-7 year olds (681) and 12—13 year olds (745) at baseline

Methodology Cycloplegic refraction (cyclopentolate). Lifestyle questionnaire

Study name Generation R Study

Location Rotterdam, The Netherlands

Design Birth Cohort Study, with 4734 children examined at the age of 6 and 9

Methodology Cycloplegic refraction (cyclopentolate) introduced for a large subsample at
age 9. Risk factor questionnaire including near work and time outdoors

United States

Study name Orinda Longitudinal Study of Myopia (OLSM)

Location Orinda, California

Design Volunteer sample of 1246 children from the Orinda Union School District
followed up longitudinally

Methodology Cycloplegic refraction (tropicamide). Annual parent questionnaire on risk
factors including education and time outdoors or on sports

(continued)
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Table 6.1 (continued)

Study name Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error
(CLEERE)

Location Multi-Centre Study, with centers at Orinda (California), Eutaw (Alabama),
Houston (Texas), Irvine (California), and Tucson (Arizona)

Design Volunteer sample of 2583 with selective recruitment of children of different
ethnicities from different centers, followed up longitudinally

Methodology Cycloplegic refraction (tropicamide or cyclopentolate plus tropicamide).
Risk factor questionnaire

Singapore

Study name Singapore Cohort Study of the Risk Factors for Myopia (SCORM)

Location Singapore

Design 1979 children aged 7-9 recruited from three schools in Singapore, with
longitudinal follow-up

Methodology Cycloplegic refraction (cyclopentolate). Risk factor questionnaire, including
near work and time outdoors

China

Study name Anyang Childhood Eye Study

Location Anyang City, Hebei Province

Design At baseline, cohorts recruited from Year 1 (2283) and Year 7 (1453), with
longitudinal follow-up for 5 and 3 years respectively

Methodology Cycloplegic refraction (cyclopentolate). Risk factor questionnaire including
near work and time outdoors

Study name Guangzhou Twin Eye Study

Location Guangzhou City, Guangdong Province

Design Population-based recruitment of over 1000 twin pairs aged from 7 to 15 at
baseline from Guangzhou City, with annual longitudinal follow-up

Methodology Cycloplegic refraction (cyclopentolate). Risk factor questionnaire including
near work and time outdoors

Study name Mojiang Eye Study

Location Mojiang County, Yunnan Province

Design At baseline, cohorts recruited from all students in Year 1 (2432) and Year 7
(1453), with annual follow-up for 5 and 3 years respectively

Methodology Cycloplegic refraction (cyclopentolate). Risk factor questionnaire including
near work and time outdoors

Study name Jiading Eye Study

Location Jiading District, Shanghai

Design Cross-sectional study of 8267 students from randomly selected preschools
and primary schools

Methodology Cycloplegic refraction (cyclopentolate) and risk factor questionnaire

up to the emergence of young adults. Large studies have rarely been designed
to look at refractive errors, and studies reporting on refractive errors from the
1958 British Birth Cohort Study [47], the Avon Longitudinal Study of Parents
and Children (ALSPAC) [48-50], the British Twins Early Development Study
(TEDS) [51], the US-based National Health and Nutrition Evaluation Survey
(NHANES) [52], the Korean NHANES [53], the Gutenberg Health Survey [54],
and the UK Biobank Study [55] measured noncycloplegic refractions. Data from
the European Eye Epidemiology (E3) consortium suffers from the same bias [56,
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57]. Major studies of eye diseases, including refractive errors, such as the Beaver
Dam Eye Study [58], the Blue Mountains Eye Study [59], and the Tanjong Pagar
Eye Study [60] also measured noncycloplegic refractions. However, the Tehran
Eye Study measured both cycloplegic and noncycloplegic refractions over a wide
age range [61].

In general, studies designed to look specifically at refractive errors in school age
children, such as the pioneering studies from Taiwan [11], the RESC (Refractive
Error Study in Children) Studies [62], the Singapore Cohort Study of the Risk
Factors for Myopia (SCORM) Study [63], the Orinda [64] and Collaborative
Longitudinal Evaluation of Ethnicity and Refractive Error (CLEERE) [34]
Studies in the United States, the Sydney Myopia Study and the Sydney Adolescent
Vascular and Eye Study (SMS and SAVES) [65], the Northern Ireland Childhood
Errors of Refraction Study [66], the Ireland Eye Study [67], several studies from
China [12, 58, 68, 69] and Poland [70, 71], have measured cycloplegic refrac-
tions. The Generation R birth cohort study [72] introduced cycloplegic refrac-
tions at an early stage, but after the initial data collection. Studies on pediatric
and preschool samples are more limited, but cycloplegia has generally been used
[27,28, 35,73-77]. Cycloplegia needs to be carefully controlled in these studies,
because when the prevalence of myopia is low, even a small amount of pseudo-
myopia may have a significant effect on the apparent prevalence.

6.1.4 Myopia: The Importance of Causal Pathways

The aim of identifying risk factors is to generate preventive interventions. This
requires identification of modifiable causal risk factors, not just associations.
Observational epidemiological studies can only establish associations, but far too
often, papers on cross-sectional associations conclude with a limitation that con-
clusions about causality cannot be drawn. This seems to imply that longitudinal
data can establish causality, but this is not correct. Parallel longitudinal changes are
equally ambiguous, and this makes understanding the epidemic of myopia difficult
since many parameters, such as industrialization, urbanization, pollution, incomes,
nutrition, and education, have changed over the same period.

Strictly, randomized intervention studies are required to establish causality,
but often studies of this kind would be regarded as unethical. In many cases, we
therefore have to rely on the nonrandomized trials that occur as a part of social
development. For example, it would be unethical to offer differential educational
opportunities to children in a randomly selected fashion, but social differences often
lead to differential educational opportunities, and these can be highly informative,
although they lack randomization. The high prevalence of myopia seen in Jewish
males who received an intensive religious education, compared to their sisters who
received a less intensive religious education, as well as boys and girls who received
a less intensive secular education [78], provides rather compelling evidence of cau-
sality. In some cases, Mendelian randomization analysis can be used. Although
there are strict limitations on its use [79, 80], it has already been usefully applied to
the problem of myopia [81-83].
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While the limitations of cross-sectional or longitudinal data are clear, avoiding
discussing causality misses the point, because whether the association is potentially
causal is crucial. Causality is therefore an important issue to discuss. Unfortunately,
journals often discourage speculation, both explicitly and through tight word and
reference limits. We recognize that wild speculation is not useful—Curtin’s descrip-
tion of the ophthalmologist waking after a sleepless night with “a new and usu-
ally more bizarre” hypothesis often rings true [84]. But evidence-based speculation
should be encouraged, and subjected to critical review.

A related issue is the distinction between proximal and distal risk factors.
Proximal risk factors are those closest to having a direct impact on eye growth,
whereas distal factors will modulate the magnitude of more proximal factors. A
plausible causal chain leads from education (excessive near work and limited
time outdoors) to control of dopamine release and changes in axial elongation.
Parental socioeconomic status, increases in the accessibility to education, and
social attitudes to education may all increase involvement in education and/or
result in reduced time outdoors, changing the prevalence of myopia through a
common pathway that probably involves regulation of dopamine release and cer-
tainly involves regulation of axial elongation.

6.1.5 Statistical Analysis

There are also some associated considerations in relation to statistical analysis. A
very common approach in analysis of risk factors is to identify significant associa-
tions in univariate analysis, then put the significant associations into multivariate
regression analysis, labeling those factors that remain significant as “independent”
risk factors. Often this appears to be done without serious consideration of whether
the risk factors make sense in terms of causal pathways, whether they are modifi-
able, whether they are accurately measureable, whether they are likely to be collin-
ear, whether they could result from reverse causality, and how complete the list of
variables is. All these considerations can affect the validity of regression analysis.
Statistical analysis can be used more scientifically to address specific hypoth-
eses about mediation by associated factors [85]. For example, in considering the
relationship between myopia, education, and socioeconomic status (SES), it is pos-
sible to include SES and then the SES and education to see if there is a reduction
in the strength of the association. This would be a sign that education mediates the
influence of SES. In general, stepwise procedures need to be increasingly used in
analysis. The quality of the variables is also important—whether they are continu-
ous or categorical variables, and whether they can be accurately measured. Even
if one factor is entirely mediated by another, if either variable is poorly measured,
adjustment may only reduce rather than largely eliminate the effect of the other vari-
able. Thus, the concept of independent risk factors is somewhat problematic [86].
Some of the variables are intrinsically complex. Education, for example, can
be assessed in adults as a set of categories (primary school, high school, and uni-
versity completed) or as a continuous variable (years of education). But intensity
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of education is also important, since children who obtain higher academic grades
at a given level of schooling are more likely to be myopic. No variable captures
both duration and intensity effectively. Myopia is associated with both intelligence
quotient (IQ) [87] and school results [88]. Both are sometimes included in analyses
to measure “innate” potential. But this approach is problematic since IQ shows
complex changes over time [89, 90], and like myopia, combines significant twin
heritability, considerable missing heritability, and social malleability [91]. There
are both phenotypic and genetic correlations between myopia and 1Q [92], as well
as strong environmental effects. Inclusion of past performance or IQ in analyses as
indicators of “innate potential,” may, if these measures are influenced by the same
environmental factors that influence myopia, obscure their role.

Regression analyses that combine variables that are more or less proximal also
pose a problem. It is well known that axial elongation is the biological basis of
myopic shifts in refraction, and thus it correlates highly with SER. If axial length is
included in a regression analysis with more distal factors, it will tend to obscure the
associations of these more distal factors with refraction.

In summary, there are a number of conceptual and methodological issues that
need careful consideration in seeking to tease out the risk factors for myopia.
Further progress in the analysis of risk factors for myopia requires more critical
approaches in several areas.

6.2 The Main Risk Factors for “School Myopia”: Education
and Time Outdoors

We have recently reviewed this topic in detail, and these reviews can be consulted
for more detailed references [1, 2, 4, 24]. In one of them, we distinguish between
societies where the provision of education is limited and the prevalence of myopia is
low (operationally, less than 10% myopia in young adults), at an age when 12 years
of schooling would be the norm in the developed world, societies with western style
education where the prevalence is between 10 and 60%, and developed countries in
East and Southeast Asia, where education is intense, time outdoors is low, and the
prevalence of myopia is high at 70-90%, particularly in urban areas.

It seems likely that the gradual transition from a very low prevalence in societies
with little formal education to that typical of modern western societies with widespread
education is predominantly due to the expansion of educational provision to cover all
children, combined with increases in educational standards. Many of the countries
in the first group are currently well short of the UN Sustainable Development Goals
in Education for 2030 (https://sustainabledevelopment.un.org/sdg4, accessed January
30, 2019). The prevalence of myopia is unlikely to increase in these countries until
progress is made in achieving these goals. In contrast, the very high prevalence rates
now typical of developed countries in East and Southeast Asia compared to the much
more moderate prevalence rates observed in western countries cannot be attributed
to more years of education, but are probably related to more intense education, early
onset of high homework loads, and much less time outdoors.
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Because of the common observation in societies with significant educational
provision that the prevalence of myopia increases with age, there is now a wide-
spread assumption that myopia is affected by chronological age. However, the low
prevalence of myopia in societies where educational opportunities are limited, sug-
gests that it is not chronological age, but cumulative experience of schooling that is
important, because without schooling most children do not become myopic. For this
reason, it is often a useful sampling strategy to obtain a large sample of a given age,
rather than smaller age-specific samples over a range of ages.

In adults, years of schooling is often used as a variable to look at associations
with myopia. Consistent with the preceding arguments, those who have completed
university education are more likely to be myopic than those who have completed
secondary education, or primary education [55, 93]. Data from the UK Biobank
dataset was recently used to address the issue of causality in relation to years of
schooling and myopia [83]. The authors used two sets of genetic data—one on
SNPs that associated with years of education, the other on SNPs associated with
myopia. It was found that people with SNPs associated with more years of educa-
tion were more likely to be myopic, whereas those with SNPs associated with more
myopia did not have more years of education. This provides a clear direction of
causation from years of education to myopia. It is important to note that this does
not mean that variables such as years of education or myopia are predominantly
genetically determined. The percentage of variation in the two parameters explained
by identified SNPs was low in both cases.

Rapid historical increases in years of schooling cannot be explained by genetic
change but must depend on more distal social changes that made mass education
more available, and linked employment and salary to increased skill levels, creat-
ing a strong incentive for parents to extend the education of their children. In the
west, the expansion of mass education paralleled industrialization and the rise of
modern capitalism, and later the introduction of new technologies. Data suggesting
that the prevalence of myopia has increased can in fact be traced back to the early
years of last century in the United States [94]. In contrast, the rapid economic devel-
opment of countries in East and Southeast Asia has been based on industrializa-
tion supported by rapid development of a skilled work force. This, combined with
recent experiences of rural poverty and Confucian concepts of familial obligation
and work ethic, appears to have taken educational intensity to a much higher level,
producing the epidemic of myopia.

Intensity of schooling shows up in measures of achievements during schooling.
There is a general association of higher school performance with more myopia,
for a given number of years of schooling [88], with associations of more myo-
pia with involvement in accelerated learning streams within or between schools
[95-97], and use of after-school tutoring [98]. These factors seem to be associated
with the strong international performance of school systems in the countries with
high prevalence of myopia [99], and may point to possible control measures. For
example, if involvement in accelerated learning streams starts early, this provides an
incentive for parents to impose intensive study regimes on children early in life so
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that they get into the higher level streams, leading to early onset myopia and rapid
progression. A possible reform would therefore be to delay the onset of myopia with
policies designed to control the early introduction of accelerated or elite streams
within or between schools, while controlling intensive academic streams in private
schools, private tutorial colleges, or cram schools.

Analysis of the results of the E3 consortium suggested that education was not the
whole story [56]. This is not surprising, since the role of time outdoors, discussed
below, has been demonstrated. But the analysis rests on an implicit assumption that
completion of primary education (defined in this paper as 16 years) posed the same
educational load across the many decades of development of education systems.
Putting to one side the rather unusual definition of primary school education, it is very
unlikely that this is the case. Educational standards at the end of primary school when
most children completed schooling to work as unskilled laborers or homemakers were
almost certainly lower than they are today, when most children complete many further
years of education, and a significant percentage engage in tertiary studies.

Two potentially more proximal factors that may be related to educational inten-
sity have also been considered—reading distance and reading duration without
breaks [100]. The first has a long history, dating back to Cohn, who supported the
use of headrests to maintain head position while reading. These were abandoned,
but it is not clear if that was because they were not effective, or because children
refused to use with them. Some studies report a strong independent association of
reading distance with myopia, but it is not clear whether the relationship is causal,
or whether children decrease their reading distance as they become myopic. The use
of headrests has been reintroduced in some schools in China, and many products
are available online to control head position. Longitudinal studies are required to
establish if close reading positions are adopted prior to, or in parallel with the devel-
opment of myopia, and randomized trials are required to assess whether controlling
reading position does reduce myopia. Reading without breaks has also often been
regarded as a risk factor, and the rule of a 10 min break every 30 min forms part of
myopia prevention in both Taiwan and mainland China. An intervention study is
also important in this area.

6.2.1 The Search for Causal Mechanisms for Education

While there can be no doubt about the causal relationship between education and
myopia, the causal pathways are less clear. Near work was generally considered to
be a likely mediating factor; however, the evidence on near work has been rather
inconsistent, although meta-analyses indicate that there is a relatively small effect
[101]. Part of the problem may be that near work is generally estimated from ques-
tionnaire responses which are intrinsically not particularly reliable. It is also dif-
ficult because the slow development of myopia means that near work estimates
need to cover periods of at least some months if not years to be related to signifi-
cant changes in axial length or refraction. Recent development of instruments for
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objectively measuring near work may provide better estimates, although consider-
able thought will need to be given to the sampling frames, given the marked daily,
weekly, and seasonal variations in near work demands.

Initial thinking about the causal connection invoked accommodation as the
probable driver, but this idea has been increasingly called into question. Some of
the important negative evidence came from animal experimentation, which showed
that refractive development was not drastically affected by cutting the ciliary nerve
[102], and that animals that had no accommodative capacity showed normal pat-
terns of refractive development [103, 104]. The ability of atropine to block axial
elongation was initially interpreted as supporting the hypothesis, but this judg-
ment had to be reevaluated, since atropine was effective, even in animals such as
chickens where control of accommodation involves nicotinic rather than musca-
rinic pathways.

Attention therefore shifted to the possibility of control by defocus on the retina,
given the clear role for defocus signals in controlling axial elongation demonstrated
in animal models [31]. The link to education was provided by the hypothesis that
lags in accommodation would result in residual hyperopia, which could stimulate
axial elongation. Testing this hypothesis has led to inconsistent results, and Mutti
et al. have shown that accommodative lag may be a consequence rather than a cause
[105]. There is thus no clear pattern of support for the hypothesis.

It has also been suggested that peripheral rather than central defocus may play
the dominant role in controlling eye growth [106]. This hypothesis developed from
evidence that trainee pilots with eye shapes that created peripheral hyperopia were
more likely to become myopic [107], leading to the idea that peripheral hyperopia
leads to the development of myopia. Elegant animal experiments then demonstrated
that eyes could normally regulate eye growth, even if the central retina was ablated
[108]. However, this hypothesis has not been supported by several lines of evidence.
The interpretation of the original evidence on development of myopia has been
questioned [109], and while there is a general trend for eyes to develop from more
oblate to more prolate, the relationship between eye shape and refraction has been
quite variable tend to appear [110]. It remains possible that peripheral hyperopic
defocus might drive myopic progression but attempts to control myopic correction
by reducing peripheral hyperopic have not been particularly successful. However,
selective imposition of myopic defocus in the periphery may provide a method for
controlling myopia [111].

A clear causal mechanism linking education to myopia has therefore not been
identified, but the causal relationship nevertheless appears to be solid. A recent
hypothesis is that the problem may be associated with the predominant use of black
text on white background [112]. This hypothesis proposes that the problem lies in
the balance of stimulation of ON and OFF visual pathways, with natural scenes
leading to balanced stimulation, with black text on white heavily overstimulating
OFF pathways. Given that ON-bipolar pathways stimulate release of dopamine
from amacrine cells [113], and dopamine agonists can inhibit axial elongation in
animal models [114, 115], this is a promising link.
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6.2.2 Protection by Time Outdoors

In contrast to the long history of speculation and research about near work, solid
evidence that time outdoors was an important factor only became available about
10 years ago. However, since the first presentation of the evidence at the 2006
ARVO meeting, a large amount of evidence supporting the idea has been accumu-
lated [2, 116], and a recent meta-analysis has confirmed the association [117]. Two
key pieces of evidence are shown in Figs. 6.2 and 6.3 [118, 119]. The first shows
that increased time outdoors can override the impact of increased near work, the
second that increased time outdoors can override the impact of parental myopia.
There are some reports that have failed to find this association, but these have gen-
erally been in situations where the amount of time spent outdoors is low and may
be subthreshold for protection. The evidence now includes successful school-based
intervention trials that have shown that increases in time outdoors of 40-80 min per
day produced significant reductions in incident myopia [46, 120, 121], consistent
with expectations from the epidemiological data.

Rose et al. [118] postulated that the mechanism was probably that the brighter
light outdoors during daylight hours led to more dopamine release, which in turn
inhibited axial elongation. This hypothesis was confirmed by laboratory experiments
that demonstrated the inhibitory effects of bright light on myopia, and the protec-
tive effect was shown to involve D2-dopamine receptors [122—-126]. The plausible
possibility that lower vitamin D levels, observed in children who spend less time
outdoors, played a causal role has not been supported by further analysis [81, 82,
127]. The hypothesis that the protective effects might be due to a different balance
of hyperopic and myopia defocus outdoors as compared to indoors [14], while plau-
sible in terms of the results of animal experimentation, also seems unlikely, given
that increasing light intensity alone blocks experimental myopia.

The question of causality has been settled with the randomized intervention trials
in children. However, some issues are still unclear. The initial studies were based
on distinctions between time spent outdoors and indoors, and were later linked to
an operational definition of outdoors as involving light intensities over 1000 lux.
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Fig. 6.3 Impact of hours playing sport (and outdoor activity) on the risk of myopia against num-
ber of myopic parents. Figure reproduced with permission from Jones et al. [119]

Animal studies suggested that light intensities considerably higher, at least 10,000
lux, might be required to produce significant effects, but there is suggestive evi-
dence that lower light intensities might be effective in humans [120, 128]. One
intervention trial has even suggested that modest increases in classroom lighting
strongly inhibit the development of myopia [129], and this study requires urgent
replication. A school-based intervention trial in Taiwan has reported that more mod-
est outdoor light exposures might also reduce incident myopia and, in fact, some
research using objective measurements of light suggests that effective exposures of
over a few thousand lux are rare outdoors, even though light appears to be regulating
axial elongation. It would not be surprising if animal experimentation overestimated
the light exposures required for protection, given that the stimulus for eye growth
is strong and constant, whereas signals in humans may be more intermittent. It
has also been suggested that the timing of the exposures, or their frequency, and



6 Risk Factors for Myopia: Putting Causal Pathways into a Social Context 149

parameters such as spectral composition may be important. There is limited and so
far inconsistent support for these ideas, but the uncertainty around them does not
matter when the simple intervention, increased time outdoors, is considered. These
factors may become important if increased time outdoors needs to be supplemented
or even replaced by artificial light exposures.

There is also controversy over whether increased time outdoors reduces pro-
gression as well as onset of myopia. The initial work did not support this possi-
bility [118, 119, 130], but even at that time, there was considerable evidence that
there were seasonal differences in progression that suggested that progression rates
were slower in summer than in winter, suggesting regulation of progression consis-
tent with the documented effects of near work and time outdoors [131-135]. More
recent reports have provided evidence that more time outdoors may slow progres-
sion [120, 136], but more definitive work in this area is required.

6.3  Other Possible Risk Factors for Myopia

A range of other “independent” risk factors that are less obviously related to educa-
tion have been documented. As well as summarizing the evidence for them, we will
discuss whether they are likely to be mediated by exposures associated with educa-
tion and time outdoors (Table 6.2).

Table 6.2 Summary of probable mechanisms for risk factors for myopia

Possibly mediated by Independent biological | Genetic
Risk factor environmental exposures pathways basis

Digital screen time
Ethnicity

Sex

Parental myopia

Urban/rural
differences

R R R K

Pollution

Housing
Height
Diet
Sleep

XU R R R X

Smoking X
Birth order

Season of birth
Allergic X X
rhinoconjunctivitis
Childhood febrile X X
diseases

> =

While the evidence is not conclusive, most of the reported independent risk factors for myopia
might be mediated by environmental exposure to educational pressures and limited time outdoors.
Systematic use of mediation analysis is required to test independence
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6.3.1 Use of Computers and Smart Phones

In the last few years, use of computers and smart phones has become a routine
part of daily life, with digital devices integrated into schooling in advanced coun-
tries. Increased digital screen time is often invoked to explain claimed continuing
increases in the prevalence and severity of myopia, or at least as explanations for
the increasingly early onset of myopia. Somewhat in advance of the available evi-
dence, Taiwan has introduced laws controlling the amount of digital screen time that
children of preschool age are allowed, although how regulations of this kind could
be enforced is not clear. Dirani et al. [137] have recently asked whether increased
digital screen time might be “the single modifiable risk factor for myopia,” account-
ing for “increased near-work activity and decreased outdoor activity.”

We suggest that this is unlikely, since the epidemic of myopia appeared well
before the common use of these electronic devices. The prevalence of myopia was
already high in Taiwan and Singapore for children born in the early 1960s, whereas
the internet did not become available to the general public until 1993. Early analysis
in the Sydney Myopia Study found that use of devices such as Nintendos and Game
Boys was associated with less myopia, perhaps because they were predominantly
used by academically underperforming boys. It is certainly possible that digital
devices have now come to constitute a significant form of near work, and will cor-
relate more closely with education and myopia, and some recent studies have docu-
mented significant associations between myopia and digital screen time [51, 138].

However, the historical perspective is important in considering preventive inter-
ventions. If limits are placed on the use of digital devices, children may simply revert
to older forms of near work, such as reading books. And if digital devices encourage
even more time indoors, active steps may need to be taken to get children to break
with established behavior patterns and spend more time outdoors. We believe over-
emphasis on digital screen time may in fact have negative consequences if it leads to
neglect of the other important factors. There is currently no evidence that time using
digital devices is more dangerous than a similar amount of time reading. However,
digital devices may make near work more pervasive and favor indoor lifestyles.

6.3.2 Sex

Many studies have compared the prevalence of myopia in males and females. Older
studies have some tendency to report higher prevalence in males, whereas more
recent studies more commonly report higher prevalence in females. For example,
the Blue Mountains Eye Study reported that older male adults were more myopic
than females [59], but the situation was reversed in the Sydney Myopia Study on
children [42, 43, 96, 139]. Similarly, the Liwan Eye Study reported that sex dif-
ferences in older adults were marginal [140], but in younger cohorts, girls were
more likely to be myopic than boys [141]. The massive difference between the
prevalence of myopia in girls and boys in Orthodox Jewish communities in Israel,
where the boys undergo very intensive education from an early age, provides an
extreme inverted example of this trend [78]. This variability does not suggest a
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direct biological link between sex and myopia, but rather suggests that the links
may be mediated by social factors such as access to education for girls, which have
changed considerably in many places in recent decades.

6.3.3 Ethnicity

Ethnicity or race has often been proposed as a risk factor for myopia, and indeed as
evidence for genetic determination of myopia. It is however important to note that
ethnicity and race covers both genetic differences, which are small in magnitude
compared to the commonalities that make us human, and cultural differences that
are often hard to quantify. Epidemiological evidence clearly shows major differ-
ences between ethnic groups in the prevalence of myopia, but more detailed analysis
shows that these are predominantly due to environmental exposures. For example,
the prevalence of myopia is high in the three major ethnic groups in Singapore,
Chinese, Indian, and Malay, but in India and Malaysia, the prevalence is much lower
[1, 4, 24]. This suggests that it is the environment of Singapore, perhaps most of all
the education system and the limited time spent outdoors, that is crucial.

6.3.4 Parental Myopia

One of the best documented risk factors for myopia that is not directly linked to
education is having myopic parents. Although shared attitudes to education are just
as plausible, it is often assumed that this must be a genetic phenomenon, which is
clearly true for the very genetic, highly familial forms of myopia. But the impact of
parental myopia is also seen for “school myopia.” Consistently, studies covering a
range of different ethnic groups have shown that having one or two myopic parents
increases the risk of myopia [142-147], although the risk is inevitably lower in
populations with a high prevalence of myopia. Wu and Edwards have shown the
impact of parental myopia over three generations in China [148].

The effect of parental myopia is often cited as evidence for a genetic contribution to
myopia, on the grounds that parents and children share genes. But they also share envi-
ronments, and the possibility that myopic parents provide their children with environ-
ments more conducive for developing myopia, perhaps by placing more emphasis on
education, has not been excluded, although early analyses did not support this hypoth-
esis. However, recent studies have shown that children with myopic parents do not
have a significantly greater level of myopia-associated SNPs [149], undermining the
genetic argument. A more detailed analysis of environmental risk factors with objective
measures of near work and time outdoors may be required to explain this association.

6.3.5 Intelligence

Higher intelligence or IQ, and some other cognitive measures, are generally associated
with myopia. However, whether they are factors independent of education and time
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outdoors is not clear. While there are some genetic influences on these factors, as noted
previously, like myopia, they are socially malleable, rather than genetically determined
[89, 90]. In the SCORM Study, both academic grades and IQ scores appear to be inde-
pendently associated with myopia [87, 88], and the same result has been obtained in
a very large study of Israeli conscripts [150]. But the causal chains are very obscure,
with a number of questions to be answered. For example, Are the links explained by the
genetic correlations of the phenotypes? Do people with high IQs do more near work?
Or is part of their high IQ achieved by more time reading and indoors? Do people with
higher 1Qs need less effort to achieve high grades? Whatever the answer to these ques-
tions, reducing intelligence does not provide a route to prevention.

6.3.6 Urban/Rural Differences

Another consistent association of myopia is with urban residence, with children
growing up in more rural areas generally being less myopic. In general, educational
outcomes for children from rural areas are lower, and they often report less near
work and more time outdoors. It is hard to see a direct link between axial elongation
and postcode, and we suggest that urban/rural differences are likely to be based on
differences in near work and time outdoors.

Population density has been invoked as one factor [151], but a major study in
China has found that while there was a positive association of myopia with increased
population density [152], even in the area with the lowest population density studied,
the prevalence of myopia was still very high. This suggests other factors were more
important. Access to green space has also been linked to lower use of spectacles [153].

6.3.7 Pollution

Pollution is one of the factors that has increased markedly since the Second World
War in parts of East and Southeast Asia. There are many forms of pollution.
Speculation about this factor has been fueled by the high levels of air pollution
seem in some parts of China, but in fact, in international terms, Chinese cities rank
well behind many cities in South Asia and the Middle East, where the prevalence
of myopia is much lower than in Chinese cities (https://www.who.int/airpollution/
data/cities/en/, accessed Jan 30, 2019). Increased use of spectacles, presumably for
myopia, has been associated with traffic-related pollution [154], but this may in fact
be related to the association between urban residence and more myopia, as well as
links to socioeconomic status, area of residence, and education [153].

6.3.8 Housing
Nature of housing has also been invoked as a factor. However, the results in this area

are currently quite contradictory. In Singapore, more spacious housing was associ-
ated with more myopia, possibly because of a causal chain involving socioeconomic
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status and its associations with education [60, 95]. In contrast, in both Sydney [151]
and Hong Kong [155], small apartment dwelling has been associated with more
myopia. A causal chain is not as obvious in this case and more complex pathways
may need to be considered.

6.3.9 Height

Height has often been considered as a potential risk factor for myopia, and indeed,
there have been substantial increases in height in populations over the last 150 years.
These increases in height have been generally attributed to more adequate nutri-
tion. It has also been argued that associations between height and myopia might be
expected, given that taller people have longer axial lengths, but this argument does
not take into account the “emmetropisation” mechanisms that produce substantial
convergence of refractive status, despite differences in body stature. While several
papers have reported that height is a risk factor for myopia [9, 156], the evidence
on this is very inconsistent. Rosner et al. [157] reported that Israeli male military
conscripts, who were not myopic, were taller and weighed more than those who
were not myopic—the reverse of expectations. Another inconsistency lies in the
difference in prevalence of myopia between males and females, with a higher preva-
lence of myopia being commonly reported in girls in recent studies. If there were a
tight biological link between height and refraction, a more consistent relationship
would be expected. Social factors affecting nutrition and education may therefore
be important. Given the differences in height between the sexes, studies need to be
carried out with population stratification wherever possible.

Rahi and colleagues reported that maternal height (and age) was associated with
more myopia [47]. In the United Kingdom, height differs by socioeconomic status,
with greater heights (and also maternal age) in higher SES groups [158]. Since chil-
dren from higher SES groups are generally more myopic, these associations need to
be tested for mediation by social factors.

6.3.10 Diet

Diets in East and Southeast Asia have changed significantly since the Second World
War, and Cordain et al. argued that dietary change could have contributed to the
increased prevalence of myopia, backed up by a plausible hypothesis linking insulin
resistance, chronic hyperinsulinemia, increased circulating insulin-like growth fac-
tor (IGF-1), decreased circulating growth hormone, and decreased retinoid receptor
signaling to increases in scleral growth [159]. But in other ways, this hypothesis has
gained little support, and expected associations of height, weight, body mass index
(BMI) and obesity with myopia have not been consistently observed. Improved diet
is associated with greater height and axial length, but it does not appear to have pro-
duced increased refraction, consistent with the powerful eye growth control mecha-
nisms that have been reported. It is also worth noting that international variations in
overweight and obesity do not parallel the international distribution of myopia, with
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none of the countries with a high prevalence of myopia making the list of the top 20
countries ranked by percentage of obesity (https://www.who.int/gho/ncd/risk_fac-
tors/overweight/en/, accessed Jan 30, 2019) and thus there is little support for a tight
biological link between diet and myopia.

6.3.11 Sleep

Associations between sleep and myopia have also been reported, but the evidence
is quite inconsistent [160—162]. It is clear that children who have heavy study loads
after school are likely to get less sleep, both because there is less time available,
but also because mental activity close to bed time can disrupt sleep. Lack of sleep
is more likely to be a problem in the senior years of school, when homework loads
in many parts of East and Southeast Asia are very high. However, sleep deprivation
is likely to be less common in the early primary years, when myopia first appears,
which reduces the likelihood that it is a major risk factor. Kearney et al. [163] have
recently reported that myopes in the Northern Ireland Childhood Errors of Refraction
(NICER) Study have lower levels of serum melatonin, which could be linked to dis-
ruption of circadian rhythms, which have sometimes been linked to myopia [164], or
could be linked to reduced light exposures and dopaminergic function.

6.3.12 Smoking

Maternal smoking was associated with a lower risk of myopia in the SCORM Study
from Singapore, but there was no association with paternal smoking, and the number
of mothers who smoked was small [165]. In the subsequent Strabismus, Amblyopia
and Refractive Error in young Singaporean Children Study (STARS) Study, a stron-
ger negative association with maternal and paternal smoking was reported [166].
A similar protective relationship was reported in a sample from a pediatric oph-
thalmology clinic, which largely persisted after adjustment for a range of factors
including child’s near work activity and parental myopia and education [167]. A
detailed study from South Korea reported consistent results for exposure to passive
smoke estimated from urinary cotinine level [168], supporting the suggestion that
nicotinic pathways are involved in the regulation of eye growth. In contrast, Rahi
et al. reported a positive association between maternal smoking in early pregnancy
and more myopia [47]. Although some of the associations reported are substantial,
given the associations of smoking with SES and education, and lower gestational
weight, these studies need to be carefully controlled for confounding.

6.3.13 Birth Order

Associations between myopia and birth order were reported with first-born chil-
dren tending to be more myopic [49]. However, in educational studies, it is well
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documented that first-born children generally get more education [169]. A subse-
quent study on the UK Biobank dataset, adjusted for education, showed that the
association between myopia and birth order was reduced but not eliminated [170].
In addition, in China, children from one child families are also more myopic than
other children with siblings, and this was attributed to greater parental support for
their child’s education [171]. However, the sociology of these differences is very
complex, and more work needs to be done to establish that birth order is an inde-
pendent risk factor.

6.3.14 Season of Birth

Season of birth has also been associated with myopia in several studies, with chil-
dren born in summer tending to be more myopic [51, 172, 173]. No plausible path-
way has been suggested for a direct link. Instead, it has been suggested that children
born in summer often start school up to a year younger than their peers born in
spring. This could mean first exposure to education and less time outdoors at an age
when myopic shifts in refraction, including myopic progression, are larger, result-
ing in more myopia.

6.3.15 Allergic Conjunctivitis: Hay Fever and Kawasaki Disease

In 2011, Herbort et al. proposed a general association of myopia with inflamma-
tory conditions affecting the choriocapillaris [174]. An association between ocu-
lar inflammatory conditions such as uveitis was subsequently demonstrated [175].
Later, a higher risk of myopia was associated with allergic conjunctivitis, and less
so allergic rhinitis, atopic dermatitis, and asthma [176]. A large population-based
study using the NHANES dataset showed that hay fever was also associated with
a higher prevalence of high myopia [177]. A recent report has also associated
increased myopia with Kawasaki disease [178], which has conjunctivitis as one of
its core diagnostic criteria. This association needs further study.

These studies provide a persuasive case for some link between ocular allergic
responses and the development of myopia, and using an animal model. Wei et al.
have proposed a mechanism involving increased tumor necrosis factor (TNF)-
alpha and interleukins. It does not seem likely that a link between ocular inflam-
mation and myopia can explain the epidemic of myopia in East and Southeast
Asia, since there is no parallel between the international distribution myopia
and that of allergic rhinoconjunctivitis in children [179]. One possibility is that
eye rubbing may lead to myopic refractions through corneal changes, as may be
the case with keratoconus [180], but the US study on hay fever ruled out a role
for them. The possibility that children with these conditions tend to spend less
time outside should be examined. It also seems possible that allergic conditions
might add to the incidence and progression of myopia, without being the primary
determinant.
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6.3.16 Febrile Diseases

Using data from the UK Biobank, Guggenheim et al. reported associations between
several childhood diseases and myopia. From a list including pneumonia, enceph-
alitis, meningitis, rheumatic fever, measles, rubella, mumps, diphtheria, and per-
tussis, rubella, mumps and pertussis were associated with myopia, while measles,
rubella, and pertussis were associated with high myopia [181]. The authors argued
against a link to educational disruption or limited time outdoors, since not all seri-
ous childhood diseases were linked to myopia, but this link, whatever its causes,
cannot explain the emergence of the epidemic of myopia. But these findings may
have clinical implications that need to be explored.

6.3.17 Fertility Treatment

The British TEDS Study has documented a standard range of social variables, with
level of maternal education, summer birth, hours spent playing computer games sur-
viving full multivariate regression analysis, with associations with socioeconomic
status, educational attainment, reading enjoyment, and cognitive variables showing
associations at multiple stages in the life-course analysis. A unique feature of the
analysis was the protective associations of fertility treatment detected in the final
analysis [51]. The authors ruled out associations with parental education, and the
causes are currently obscure.

6.4 Popular Beliefs About the Causes of Myopia

There are many popular beliefs in the causes of myopia around the world, which
have presumably arisen because the development of myopia and its progression is
often observed by parents, who naturally seek explanations. In the western world, a
common belief is that reading in dim light, or under the bed clothes causes vision to
deteriorate, but this outcome, and these behaviors might indeed be common in those
who like reading books, and there is some evidence that reading for pleasure is a
risk factor for myopia. We have not attempted a systematic survey in this area, but in
China, there seem to be many beliefs of this kind, perhaps because the prevalence of
myopia has increased so conspicuously. One commonly encountered belief is that
myopia is associated with reading and writing postures that violate the “foot, fist,
inch” rule, that is the eyes should be one foot from the book, the chest should be one
fist from the desk, and the fingers should be 1 inch from the nib of the pen. This is a
variant on the idea that bad posture while reading leads to the development of myo-
pia, which has widespread currency, but has never been proven. A similar common
belief is that reading while riding on public transport is dangerous, but again this has
never been tested. Other, intuitively unlikely ideas include the development of myo-
pia in children who read on their back, or their front, or who read extracurricular
books with font sizes greater than standard textbooks. These have occasionally been
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looked at in scientific papers, and associations have sometimes been reported. These
proposed factors need to be rigorously tested epidemiologically, and if they survive
that sort of testing, they need to be subjected to standard Randomised Control Trial
(RCT) testing. Unfortunately, without any positive evidence, two of these have been
written into China’s National Myopia Prevention Plan.

6.5 Comparing Genetic and Environmental Effects

Comparing the impact of genetic to environmental effects is difficult, because they
are often quantified in different ways, with genetic effects generally determined in
relation to variation in refraction, while evidence on the impact of environmental
effects is generally related to prevalence of myopia. Genetic studies have identified
myopia-associated SNPs that account for slightly less than 10% of the variance in
refraction, although these factors are very precisely measured [13]. Compared to
the possibly misplaced expectations from twin studies with heritability estimates
in the range of 80-90%, there is obviously a large amount of what has come to be
called missing heritability, although it is actually the identified genetic variation
which is missing. Use of the SNP-heritability approach suggests that Genome-Wide
Association Study (GWAS) has the potential to explain more like 20-35% of the
variance [19]. It is often suggested that improvements in methodology and increases
in sample size may help to close the gap, although there is a law of diminishing
returns with increased sample sizes. There is little evidence that other forms of
genetic variation such as copy number variations or rare genetic effects of large size
have a role to play.

In contrast, the measurement of risk factor exposures is much less precise, largely
involving estimates derived from questionnaires. These questionnaires not only suf-
fer from the general problem of recall bias, but in relation to near work and time
outdoors, they also ask for a very difficult task to be performed, namely estimating
average exposures. Not surprisingly, such questionnaires are more accurate when
estimates of recent exposures over a limited time frame are compared to measure-
ments obtained using objective instruments, but even then, discrepancies are sig-
nificant. We are therefore not yet in a position to calculate individual environmental
risk factor effect sizes. This may explain why attempts to quantify the associations
between estimates of near work and time outdoors on the one hand and myopia on
the other explain only low percentages of the variance [19], despite the evidence
that changes in them appear to be responsible for the major increases in prevalence
of myopia seen recently.

We suggest that while awaiting more quantitative data on environmental risk
exposures, the change in mean SER from the age of 5-6 to the end of school-
ing may be taken to represent the cumulative effect of relevant environmental
exposures over this time. This assumption seems reasonable, given that children
exposed to only limited schooling generally develop little myopia. The only
exception that we have found to this statement is the increase in prevalence of
myopia in Eskimo and Inuit children after exposure to rudimentary schooling in
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extreme northern latitudes [182—184]. This may be an exception due to the limited
light exposures available during winter, combined with reductions in the amount
of time spent outdoors.

The data from the RESC Study in Nepal, where there is little development of
myopia and limited schooling, appears to be an average shift of —0.02 D/year
with minimal schooling [185]. This figure is about —0.16 D/year of schooling in
the Sydney Myopia Study. East Asian studies suggest a total change that is much
greater. In the Guangzhou RESC Study, refraction changed by at least —3.00 D
over 10 years, or a change of —0.3 D/year [141]. In the Shandong Eye Study [12],
the change was closer to —4.00 D over 10 years, or —0.4 D/year. One limitation of
this simple analysis is that it assumes linear changes across the years of schooling,
which may not be the case. These values compare with estimates from the UK
Biobank Study on refractive shifts associated with years of schooling, which sug-
gest shifts from epidemiological analysis of —0.16 D/year, while the Mendelian
randomization analysis gives a change of —0.28 D/year [83]. It is encouraging that
these figures are in the same ballpark when children have been exposed to school-
ing, but it needs to be recognized that these figures are only first approximations.

Accepting these estimates as the best currently available, we can then attempt to
use them to understand the onset of myopia. Age of onset may be a very significant
parameter, since it has decreased markedly during the emergence of the myopia
epidemics [11], appears to have similar genetic associations to the final level of
myopia in adults [13, 186], and appears to be a good predictor of final myopia [187].

In several studies that have used rigorous cycloplegia, refractions at the age of
5-7 are concentrated in the range of 1.0-1.3 D. This range has been documented
for children in East Asia [12, 46, 75, 188] and in western societies [43, 76, 96].
The similarity of the values reported for children of East Asian and European back-
grounds is striking, given the massively different prevalence rates that emerge later.
In other reports, mean SER has been lower, and we suggest that, in many of these
cases, inadequate cycloplegia may be involved. This means that the challenge is to
explain how genetic factors and environmental factors can produce myopic shifts of
1.5 D or more to reach the threshold for myopia of —0.5 D. The steps involved in
moving from this baseline value to the threshold for myopia and onto final SER at
the age of 20 are summarized in Fig. 6.4.

In the ALSPAC Study [149] on average, participants carried around 130 risk
alleles, with most of the distribution fitting within £15 alleles [149]. If the average
number of risk alleles corresponds to a mean SER of +1.0 to 1.3 D, with an average
effect size of —0.1 D/risk allele, few participants would reach the myopia cutoff of
—0.5 D on purely genetic grounds, and several years of schooling would be required
to reach the threshold. Modeling by Ghorbani-Mojarrad et al. [149] also suggests
that additive genetic effects are unlikely to produce “school myopia,” without addi-
tional contributions from environmental factors. In contrast, in East Asian environ-
ments, 2—4 years of schooling would bring many children past the myopia cutoff.
This is likely to happen more rapidly for those who are already at risk genetically.

This picture is based on a number of assumptions and needs extensive fur-
ther development in relation to the size and linearity of effects, but it provides a
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ONSET OF MYOPIA

Environmentally induced myopic shifts in
refraction due to axial elongation take baseline

refraction to threshold

SER at age 5-7

years clusters Threshold for

between 1.0 myopia -0.5D

and 1.3D
Final SER
depends on age

et
of progression
PROGRESSION OF MYOPIA

Myopic shifts in refraction due to axial elongation
increase once children become myopic, but then
progressively slow with age. The increased rate may
start when refractions drop into the lower

hyperopic range

Fig. 6.4 Environmentally driven axial elongation and myopic shifts in refraction lead to final
refraction. Rate of axial elongation and myopia shifts in refraction increase prior to the onset of
myopia, and remain elevated but decline with age [199, 200]. This increase may begin when SER
reaches the low hyperopic range [201]. The earlier the onset, the greater the progression

framework for understanding one of the distinctive characteristics of the current
epidemic of “school myopia,” the importance of environmental exposures and the
modest impact of genetic risk. It also suggests that more work needs to be done on
the determinants of spherical equivalent at the age of 5-7 years, and determinants of
the age of onset of myopia, because the latter is a significant predictor of subsequent
progression and final myopia [187].

Gene—environment interactions also need to be taken into account. It must be
remembered that simple environmental regulation of gene expression is not an
example of gene—environment interactions. Gene—environment interactions are
characterized by situations in which genetic risk and environmental risk com-
bine to produce impacts which are greater or less than expected from their indi-
vidual effects—or in other words that expression of different alleles of a given
gene are differentially affected by different environments. Verhoeven et al. [189]
have examined the specific case of the interaction of genetic risk and educational
risk, reporting major interactions, with the combination of high genetic risk and
high educational risk producing very high risk greater than the arithmetic sum of
the individual risks, using the synergy analyses of Rothman [190-192]. Cortina-
Borjas et al. [193] have argued that this method produces many false cases of
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gene—environment interactions, in part because when using odds ratios, risks are
more likely to be multiplicative. From our analysis of the data in the paper by
Verhoeven et al., the interactions in this paper are close to multiplicative, and
we suggest that a more detailed analysis is required. A search for more specific
cases has produced some more specific examples of gene—environment interac-
tions [194-197], but the cases reported appear to be rare. More work is clearly
needed in this complex area.

6.6 Conclusions

Our overview of risk factors for myopia has identified education and limited time
outdoors as the major risk factors for myopia. We suggest that the evidence on these
two risk factors is now very strong. These two factors both suggest evidence-based
approaches to control of myopia, such as increased time outdoors and decreased
near work time. These two factors then appear to converge to regulate eye growth,
through cellular and biological pathways that require further definition, but appear
to involve regulation of the rate of dopamine release as one component, and axial
elongation as another.

Many other risk factors for myopia have been proposed. Many of them may be
more distal social factors such as parental and social attitudes to education, provi-
sion of educational opportunities, and organization of school systems and schools,
and may be mediated by the educational and time outdoor exposures that children
receive.

We suggest that future studies in this area need to become more rigorous in
several ways. Cycloplegia needs to the required standard in new studies. Mediation
analysis needs to become a standard part of risk factor analysis, used to define
causal pathways. As a minimum, new studies also need to collect data on educa-
tional exposures and time outdoors, increasingly using the new methods for collec-
tion of objective data that are becoming available. These higher standards need to
be enforced by more rigorous review and publication processes.

While there are many aspects of the risk factors for myopia that require fur-
ther analysis, the picture that we currently have provides important insight into the
characteristics of the current epidemics. In particular, we can now see why genetic
effects on “school myopia™ are so slight, despite the evidence for a large number of
SNPs of small effect size associated with myopia.

The evidence for a major role of education and time outdoors has given us insight
into effective means of control, some of which are currently being implemented in myo-
pia control rather than school myopia programs, such as programs aimed to increase
time outdoors. Many other interventions at more distal levels also can be envisaged that
might reduce early competition for privileged places in schools. When these are com-
bined with clinical interventions to control myopia progression, and there are now many
available, in principle, we now understand how to turn back the epidemic of myopia.

But understanding does not automatically lead to success in prevention; after
all we have known how to correct refractive errors for some time, but uncorrected
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refractive error is still a major cause of visual impairment. Research into more effec-
tive means of preventing the onset and progression of myopia needs to, and will
undoubtedly continue. But the next big challenge may already be to identify and
overcome the barriers to implementation, so that we can ensure that we achieve what
increasingly appears to be a realizable goal—the prevention of “school myopia.”
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