Received: 19 December 2024 Accepted: 5 February 2025

'.) Check for updates

DOI: 10.1111/0po.13464

POINT-COUNTERPOINT

§ THE COLLEGE OF

@!ﬂ: OPTOMETRISTS

OPO

Myopia is predominantly genetic or predominantly

environmental?

Jeremy A. Guggenheim'

'School of Optometry and Vision Sciences, Cardiff University, Cardiff, UK

| Virginie J. M. Verhoeven®?

| lan G. Morgan®*?

Department of Ophthalmology, Erasmus MC, University Medical Center, Rotterdam, the Netherlands

3Department of Clinical Genetics, Erasmus MC, University Medical Center, Rotterdam, the Netherlands

“Research School of Biology, Australian National University, Canberra, Australian Capital Territory, Australia

Zhongshan Ophthalmic Center, Sun Yat-Sen University, Guangzhou, China

Correspondence

Virginie J. M. Verhoeven, Department of Ophthalmology, Erasmus MC, University Medical Center Rotterdam, the Netherlands.

Email: v.verhoeven@erasmusmc.nl

Funding information

UK Research and Innovation (UKRI), Grant/Award Number: EP/Y032292/1; European Union, Grant/Award Number: 101119501 and HORIZON-MSCA-2022-DN-01

INTRODUCTION

Jeremy A. Guggenheim

High-prevalence diseases are generally attributed to
a combination of genetic susceptibility and exposure to
lifestyle-related risk factors. In the case of myopia, at each
end of this multifactorial aetiology spectrum are exam-
ples with a purely genetic or purely environmental origin.
Pedigrees carrying rare, highly penetrant disease-causing
mutations can cause myopia irrespective of lifestyle risk
factor exposure, while deprivation of form vision in early
life leads to myopia across a wide range of genetic back-
grounds. The focus of this Point-Counterpoint article are
children whose refractive error is not caused by these ex-
tremes: Is their myopia predominantly genetic or predom-
inantly environmental?

This question really matters. Public health efforts
need to address the root cause of myopia if they are to
reverse the current epidemic. Should interventions be
targeted at children—for example, in the form of drugs
or optical devices personalised to the individual child?
Or should interventions be targeted at the environment
of all children—for example, by altering education sys-
tems or restricting the use of smartphones? Here, lan
Morgan and Virginie Verhoeven present the evidence
that myopia is predominantly environmental or pre-
dominantly genetic.

POINT

Virginie J. M. Verhoeven

Whether myopia is driven by genetic or environmental
factors is a David versus Goliath discussion in many ways,
with contrasting viewpoints competing to explain this
complex condition. Here, | will outline the key evidence
supporting the genetic basis of myopia, while disclosing
my background in genetics, which may have shaped my
perspective.

The myopia journey begins with genetics—we all carry
a‘backpack’ of genes inherited from our parents, determin-
ing our susceptibility to this condition. While environmen-
tal factors, such as near work or reduced outdoor activity,
can shape the progression of myopia, they do so largely in
the context of an existing genetic predisposition. Without
the right genetic background, there is no foundation for
myopia to develop.

First of all, it is the family tree that gives us the clear-
est glimpse into the likelihood of myopia development.
Heritability is a statistical measure that estimates the
proportion of variation in a trait within a population that
can be attributed to genetic differences, rather than envi-
ronmental factors. Heritability estimates for myopia and
refractive error are striking, ranging from 60% to 90%, indi-
cating that genetic factors account for the majority of vari-
ation, with only 10% to 20% attributable to environmental
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influences."? Family studies provide robust evidence. It is
well-established that if one or both parents are myopic,
then the likelihood of the child developing myopia in-
creases significantly.>™® Twin studies provide compelling
additional evidence: Identical twins, who share 100% of
their genes, show significantly higher concordance rates
for myopia compared with fraternal twins, who share only
50% of their genes.””® As twins inherently grow up in simi-
lar environments, these findings suggest that genetic fac-
tors outweigh shared environmental influences.

We distinguish between common myopia, which re-
sults from a combination of genetic and environmental
factors, and Mendelian (or syndromic) myopia, which is
unequivocally driven by a single genetic mutation. In cases
of Mendelian myopia, such as inherited retinal dystrophies
or connective tissue disorders, environmental factors play
little to no role.'®"" These are by no means rare exceptions
or black swans; recent research indicates that Mendelian
forms of myopia occur far more frequently than previously
thought, underscoring their significant contribution to the
overall burden of myopia.'®"" But also for common myo-
pia, genetic predisposition remains a key determinant,
with environmental factors modulating the expression of
this genetic risk. Genome-wide association studies (GWAS)
in population-based cohorts have demonstrated that ev-
eryone carries a certain level of genetic susceptibility to
myopia, quantified by polygenic risk scores.'” These scores
represent the accumulation of risk or protective factors
across multiple genes, each contributing a small amount
to the overall likelihood of developing myopia. For most
individuals, environmental factors may influence the like-
lihood of developing myopia, but the underlying suscepti-
bility or protection is fundamentally rooted in their genes.
For instance, children with high polygenic risk scores are
significantly more likely to develop myopia, even in envi-
ronments with reduced near-work activity or increased
outdoor time.”® Conversely, Prof Morgan and |, despite
being highly educated and engaging in significant near
work throughout our careers, have not developed myo-
pia. Based on environmental arguments, one might expect
otherwise, but our genetic makeup has likely protected us.
This underscores the critical role of genetics in determining
susceptibility to myopia.

The myopia epidemic observed in East Asia provides a
case study. Although the prevalence of myopia is rapidly
increasing in Asian countries, there remains a small propor-
tion of individuals who do not develop myopia."* It is ar-
gued that the rapid rise in prevalence cannot be attributed
to genetic factors, as gene pools remain stable over short
periods.”” While this argument is valid, the increase in prev-
alence might as well reflect an amplification of genetic risk
in response to changing environmental pressures, rather
than the dismissal of genetic contributions.

The so-called ‘missing heritability’ problem refers to the
gap between heritability estimates from twin studies and
the proportion explained by identified genetic variants.
This gap is not unique to myopia butisacommon challenge

in complex traits.' It reflects limitations in current genetic
methodologies, such as the inability to capture rare vari-
ants, gene—gene and gene-environment interactions and
epigenetic modifications. Advances in whole-genome se-
quencing are expected to address these gaps, uncovering
additional genetic contributors to myopia.

This brings me to the future and how to manage myo-
pia. Genetics hold the key to effective therapies. It can and
should inform personalised approaches to its prevention
and treatment. Medical professionals need to consider fam-
ily history more rigorously and offer genetic testing if con-
sidered appropriate, particularly in cases of high refractive
error, a positive family history, poor response to therapy, or
the presence of additional ocular or systemic features'® .
Naturally, this applies only when genetic testing is avail-
able and accessible. Otherwise, simply asking parents if
they have myopia or quickly drawing a family tree could
serve as a valuable first step in predicting and managing
myopia in their children. Although | believe it is incredibly
important, for many reasons, | doubt that future genera-
tions will spend more time outdoors. With the intensifying
heat in Asia and the growing addiction to screens and so-
cial media platforms, this seems increasingly unrealistic.
However, by identifying children at high genetic risk, we
can take early measures, such as increased outdoor time or
limiting screen time, as well as myopia control, to slow the
progression.10

To conclude, while environmental factors play a role in
the progression of myopia, the evidence overwhelmingly
supports genetics as the primary driver. The rising preva-
lence of myopia reflects an interaction between genetic
predisposition and environmental triggers, not a dismissal
of genetic contributions. As our understanding of myo-
pia's genetic basis continues to grow, it offers a roadmap
for more effective prevention and treatment strategies. It
is the environment that shapes our world, but it is genetics
that truly shape our vision.

COUNTERPOINT

lan G. Morgan

This debate is about the causes of variation in refrac-
tive status between individuals in a given population, at a
given time. At one extreme, the hypothesis is that all vari-
ations are written into the genome. At the other extreme,
the hypothesis is that all variation is driven by environmen-
tal exposures. My task is to put the case for the environ-
mental hypothesis.

It is important to be clear about what the debate is.
Some argue that because all living organisms are made
up of cells that contain and are controlled by genes, living
in an environment that can influence their operation, the
question of genes or environment is absurd because life
obviously depends on both. This argument is irrelevant be-
cause this debate is not about what is required for life. It is
about the causes of variation.
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It has a specific context—the epidemic of myopia that
has emerged over the past 60-70years in most parts of East
Asia and Singapore in Southeast Asia.”>" In this region, de-
fining the causes of variation is a very practical question.
Over the past 60-70years, the prevalence of myopia has
risen from around 20%-30% in young adults to around
80%, and in parallel, 10%-30% of these cohorts have be-
come highly myopic, putting them at high risk of subse-
quent uncorrectable visual impairment and blindness."®
The rise in the prevalence of high myopia has been dis-
proportionately high relative to the rise in the prevalence
of myopia,'*?° so prevention and control have become a
priority. Identifying the causes is important because if my-
opia in most people is written into the genome, it is likely
to be hard to prevent, although the interventions that have
been developed to control myopia progression may also
prove to be useful in prevention.?'*? In contrast, if myopia
is due to causal environmental exposures, we can attempt
to modify or remove those exposures without more inva-
sive interventions.

Over the past 20-30years, there has been a major
change in our understanding of the aetiology of myopia.
Only 20-30years ago, it was widely believed that myopia
in humans was strongly genetically determined and that
environmental exposures had, at most, a very limited role
to play or even none at all.”® As Sorsby put it, ‘there is cu-
mulative, direct and incontrovertible evidence that myopia
is genetically determined’. This hypothesis co-existed with
a large body of experimental evidence that visual experi-
ences could significantly affect refractive development in
animals,®*% but logically this did not require abandoning
the dominant hypothesis about human myopia—it meant
only that environmental effects were possible. But this ev-
idence took on greater significance once the genetic hy-
pothesis was invalidated.

The genetic hypothesis is completely inconsistent with
the rapid emergence of an epidemic of myopia.”**” Gene
pools simply do not change that fast, so the causal factors
are almost certainly environmental. With environmen-
tal factors, change can be very rapid, particularly when
change is induced by human social activity, such as the
rapid development of mass education systems.

While the rapid emergence of an epidemic in itself
rendered the genetic hypothesis unviable, it is also im-
portant to understand how the evidence that led to the
dominance of the genetic hypothesis is not as conclusive
as once thought. The most influential evidence in favour
of genetic determination came from the high heritability
of myopia in several twin studies.”® The logic is very sim-
ple and apparently powerful—monozygotic (MZ) twins
are almost identical genetically, while dizygotic (DZ) twins
share, on average, half their genes. So, if MZ twins are more
concordant than DZ twins in a trait, ideally twice as concor-
dant, this would suggest a genetic contribution to the trait.
Myopia seemed to be a textbook example, with a high MZ
concordance of 70%-90% and roughly twice the DZ con-
cordance of 30%-45%.

However, this logic depends totally on the equal envi-
ronment assumption; that members of MZ twin pairs are
not more similar in their exposure to trait-relevant factors
than members of DZ twin pairs.?® If environmental factors
contribute significantly to the difference in MZ and DZ con-
cordance, the logic falls over. Consequently, a high herita-
bility can sometimes point to a high genetic contribution,
or at the limit, it can mean absolutely nothing. Moreover,
in relation to myopia, it is known that MZ twins are more
concordant in educational outcomes than DZ twins,?
which violates the common environment assumption for
what is now known to be a major causal environmental
influence on myopia.**~3? All this means that a high twin
heritability does not prove or even strongly imply a genetic
contribution.

Ultimately, validation of the heritability estimates can
only come from identifying the associated molecular
variation in the germline that explains the high herita-
bility. In fact, extensive molecular genetic analysis has
failed to find anything like sufficient associated molec-
ular variation, with current estimates accounting for, at
best, a heritability of around 20%,""? with a theoretical
upper limit of around 35%.* This mismatch is in fact very
common with complex human traits—so much so that
the general term ‘missing heritability’ has been coined.'
A few molecular geneticists continue to argue that im-
proved techniques and larger sample sizes will find the
missing heritability, but, in the case of myopia, there
is now such extensive documentation of causal envi-
ronmental exposures for myopia that this hope seems
doomed to be disappointed.

Two other arguments have been used to support signifi-
cant genetic contributions. It has been argued that the fact
that children with myopic parents are more likely to be my-
opic** means that myopia is genetic, although this parental
effect could, at least in principle, be attributed to myopic
parents creating myopiagenic environments. Recent ev-
idence suggests that the parental myopia effect involves
both genetic and environmental factors.® It is worth not-
ing that most of the children who have become myopic
during the development of the myopia epidemic have not
had myopic parents. Arguments based on genetic predis-
position therefore fail. If the parents had the predisposi-
tion, why did they not become myopic? But if the parents
did not have the predisposition to pass on to their children,
why did the children become myopic? It must be environ-
mental factors that are making the difference.

The second argument has been that racial/ethnic differ-
ences in prevalence suggest that there is a genetic basis for
the differences. This is wrong in principle since the genetic
differences between humans are small, and little of this is
associated with racial or ethnic differences.>® In contrast,
environmental differences can be very marked, particularly
differences in the social environment, such as differences
in the level of development of education systems. In ad-
dition to these theoretical arguments, modern molecular
genetic analysis has in practice failed to find significant

85UB017 SUOWIWIOD aA11e81D) 3ol jdde ay) Aq peuenob ase ool VO '8sN JO Son. 1oy Afeld178UIIUQ AB]1AA UO (SUO N IPUOD-PUR-SWISIALIOD™AB | 1M ARe.d 1 |Bul [UO//ScY) SUORPUOD pue sWwie 1 84} 88S *[5202/c0/90] uo Akeiqiauliuo A1Im ' ASBAIUN 1ipeD - Wieyuwehtng Awekr Aq #9v£T 0do/TTTT 0T/I0p/W0o A3 (1M Alelq1jeul|uo//Sdny Wolj papeojumod ‘0 ‘€TETSYT



ﬂ O P O 4 THE COLLEGE OF

m OPTOMETRISTS

MYOPIA IS PREDOMINANTLY GENETIC OR PREDOMINANTLY ENVIRONMENTAL?

differences in the single-nucleotide polymorphisms (SNPs)
associated with myopia between ethnic groups."'? Thus,
the three main pillars of the belief that myopia is largely
genetic do not stand up to rigorous scrutiny.

In contrast to the failure of genetic explanations, there is
a massive body of observational epidemiological evidence
for the role of specific environmental factors. Two key envi-
ronmental exposures have been identified.?” One is mod-
ern mass schooling. It was only after the end of the Second
World War that education systems began to be introduced
systematically in less developed parts of the world, and this
is still a work in progress. The rapid development of mass
highly competitive education systems in the Asian Tigers
(Singapore, Hong Kong, Taiwan and South Korea) and the
later exceptionally rapid development of similar education
systems after the end of the Cultural Revolution in China
have closely paralleled the development of the epidemics
of myopia.”” Specific features of educational exposure in
East Asia and Singapore that have led to the emergence of
an epidemic of myopia, such as intensive education from
an early age, heavy homework loads and high participa-
tion in additional tutorial classes out of school hours, have
been identified.*®

The impact of education also explains one of the most
common observations in myopia research—that children
become more myopic as they pass through higher levels
of schooling. This is such a common observation—that
it is often assumed that myopic shifts in refraction occur
naturally as children get older. However, close examina-
tion of the epidemiological evidence does not support this
assumption. In general, children who do not go to school
rarely become myopic; children who receive little educa-
tion develop little myopia, which associates duration of ed-
ucational exposure with the development of myopia; and
there is a link between years of education and the preva-
lence of myopia. This evidence has been reviewed in detail
elsewhere.”

Recent evidence from Chinese studies also strongly links
educational exposure with myopia.*"**~* The strict enrol-
ment rules that apply in China mean that within one school
grade, there are children differing by up to 12months in
age. The oldest children in one grade may be only a few
days younger than the youngest in a higher grade, but they
are very different in refractive status. Similarly, the younger
children in one grade may be only a few days older than
those in the next lower grade, but they are very different in
refractive status. In general, a child's refraction correlates
with the number of years that they have been at school,
rather than with their age, and within a grade, on average,
there s little difference between the youngest and the old-
est children. These additional results suggest that most, if
not all, of the myopic shift in refraction that occurs with age
in children who attend school is driven by grade-specific
exposures, rather than by age itself.

Another general finding in the epidemiology of my-
opia is that it affects both boys and girls, with girls gen-
erally more myopic than boys. However, in Orthodox and

Ultra-Orthodox Jewish families in Israel, the prevalence of
myopia in boys is as high as it is in both sexes in East Asia,
but very much lower in their sisters.*** This unexpected
observation can be readily explained by the hypothesis
that educational exposures play a major role in the devel-
opment of myopia because boys receive an intensive ed-
ucation from an early age, whereas the education of girls
in these religious families is much less intense. A genetic
explanation cannot be excluded, given that rare sex-linked
forms of myopia are known,*® but the educational hypoth-
esis provides a simple explanation that is consistent with
all of the other data. It is interesting to note that a detailed
examination of data from The Netherlands suggests that
males once tended to be more myopic than girls, but in
recent years, girls have become more myopic than boys,*
arguably because social restrictions on the education
of girls have markedly decreased over the past 50years.
The ability of the hypothesis that education causes myo-
pia to explain these diverse observations strengthens its
credibility.

More direct evidence for causality generally requires
randomisation to exposures, but most of the evidence in
favour of causal impacts of education discussed above
comes from observational studies, where randomisation
does not occur. In relation to myopia and education, ran-
domisation to different amounts of education would be
clearly unethical, making most observations dependent
on natural experiments. However, the causal nature of
the associations has been assessed in a few cases. Using
Mendelian randomisation,®' it has been shown that hav-
ing SNPs associated with more years of schooling leads
to more myopia, whereas having genes associated with
myopia does not lead to more years of schooling. This es-
tablishes a causal link between more years of education to
more myopia. Causality has also been assessed in relation
to years of education and to annual educational expo-
sures using regression discontinuity analysis, with positive
results‘30,32,39—42

Thus, the conclusion that myopia is driven by environ-
mental exposures that involve education is solidly based
on a comprehensive pattern of associations between myo-
pia and a range of aspects of education such as high levels
of school attendance for up to 12 years and engagement in
near-work activities. Where more direct tests of causality
have been possible, they have supported the existence of
causal links from education to myopia.

The second key environmental exposure is the amount
of time that children spend outdoors.*** In this case,
intervention trials have been ethically approved, and a
protective causal link between more time outdoors and
less myopia has been demonstrated in intervention tri-
als.>°2 Furthermore, myopia prevention based on in-
creased time outdoors is being successfully implemented
in practice.se”55

Having a plausible mechanism that could underpin
a causal link provides strong support for a causal hy-
pothesis.”® In relation to education and myopia, a clear

85UB017 SUOWIWIOD aA11e81D) 3ol jdde ay) Aq peuenob ase ool VO '8sN JO Son. 1oy Afeld178UIIUQ AB]1AA UO (SUO N IPUOD-PUR-SWISIALIOD™AB | 1M ARe.d 1 |Bul [UO//ScY) SUORPUOD pue sWwie 1 84} 88S *[5202/c0/90] uo Akeiqiauliuo A1Im ' ASBAIUN 1ipeD - Wieyuwehtng Awekr Aq #9v£T 0do/TTTT 0T/I0p/W0o A3 (1M Alelq1jeul|uo//Sdny Wolj papeojumod ‘0 ‘€TETSYT



GUGGENHEIM et AL.

OPO!

i THE COLLEGE OF 5
% OPTOMETRISTS

mechanism has not been established, despite decades of
speculation and research, although the demands of near
work for reading and writing are commonly invoked. But
how performing near work would lead to myopia is not
clear. In the case of time outdoors, the hypothesis that the
protective effect of time outdoors is due to the higher light
intensities outdoors during daylight hours,*®>” which result
in more release of retinal dopamine and more inhibition of
axial elongation, has received strong support from animal
experimentation.’®>® A recent hypothesis has suggested
that the higher spatial frequency components of outdoor
scenes that are markedly reduced indoors may also play a
role,%° and preliminary reports suggest that a successful
intervention trial has been performed (Weizhong Lan, per-
sonal communication).

In summary, genetic change cannot explain the rapid
increase in prevalence and severity of myopia that has
been seen in East Asia and Singapore. While evidence on
changesin the prevalence of myopia in the rest of the world
is much more limited, there also appears to have been an
increase relative to a time when very few people received
any formal education, and this, too, is unlikely to be ex-
plained by genetic change. Genetic differences do not ex-
plain the localisation of the epidemic of myopia, but they
may contribute to the parental myopia effect. In contrast,
the alternative environmental hypothesis, and specifically,
the link of intensive education from an early age and lim-
ited time outdoors to the development of myopia seems
to be consistent with the available data, explaining many
detailed features of the evidence. Therefore, these environ-
mental hypotheses currently provide the best framework
for explaining the development of the predominant form
of myopia in the world today, namely, axial myopia that
develops in association with schooling, and this should re-
main the case unless future research comes up with solid
contradictory evidence.

SUMMARY

Jeremy A. Guggenheim

Points of agreement

o Intensive education, insufficient time outdoors and,
potentially, high levels of electronic device-based near
viewing play an important role in myopia development.

» Molecular genetic studies have identified rare genetic
variants that cause high myopia in a deterministic man-
ner, as well as hundreds of common genetic variants that
have more subtle, non-deterministic effects on the risk
of myopia.

« Polygenic risk scores can explain only 20% of the varia-
tion in refractive error in the population, which falls far
short of the 70%-90% heritability estimated from twin
studies (this deficit is termed the ‘missing heritability’).

Issues to be resolved

« Is the 70%-90% heritability observed in twin studies ev-
idence of a strong genetic predisposition or an anomaly
caused by a higher concordance of environmental risk
factor exposure in monozygotic twin pairs compared to
dizygotic twin pairs?

o Will larger genome-wide association studies (GWAS),
combined with rare variant analysis, gene-gene inter-
action and gene-environment interaction studies, ex-
plain the missing heritability of refractive error or have
current polygenic risk scores already reached their
limit?

« Are geographic differences in myopia prevalence mostly
driven by lifestyle differences between countries or by
genetic differences between populations?

« Istheincreased risk attributed to parental myopia mostly
due to genetics or to parents creating a myopiagenic en-
vironment for their children?

e How can conflicting findings be reconciled, such as
within-family differences in myopia risk associated with
regular versus Orthodox Jewish schooling, or the ab-
sence of myopia in a proportion of children growing up
in urban East and Southeast Asia despite a highly myo-
piagenic environment?
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