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Abstract

Myopia is emerging as a major public health issue due to its increasing prevalence and long-
term pathological outcomes. Prevention must focus on limiting excessive axial elongation which
is the cause of both myopic refractive error and its pathological outcomes. The increasing
prevalence appears to be due to environmental changes involving near work, rather than to a
genetic failure of emmetropisation. Attempts to control the progression of myopia optically have
been unsuccessful; the only available preventive regime involves the use of atropine eye drops.
This regime has short-term side effects, and since the site and mechanism of action of muscarinic
antagonists are unclear, there are concerns about its long-term safety. Recent studies on natural
STOP growth signals suggest that they are evoked by relatively brief periods of imposed myopic
defocus, and can overcome strong pressures towards increased axial elongation. While STOP
signals have only been successfully used in chickens to prevent excessive axial elongation, similar
signals are generated in mammals and non-human primates. Further studies may define the
conditions under which this approach could be used to prevent the development of myopia in

humans.
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Introduction

Myopia in humans results from an imbalance between the
refractive power of the cornea and lens and the axial length of
the eye, such that the image of an object at infinity falls in front
of the retina, with the lens at rest. Accommodation, therefore,
cannotfocusthe blurred images of distant objects. Theoretically,
the problem could lie with excessively power optics, or
excessive axial length, but population studies show that it is
almost always excessive axial length that causes the problem.

The increased axial length of the eye is the underlying cause
of both the refractive error, which needs correction, and
longer-term pathological sequelae, including anincreased risk
of potentially sight-threatening eye diseases such as cataract
and glaucoma.*2High myopiais further associated with retinal
detachment and degeneration, and a complex of other
degenerative signs such as staphyloma, lacquer cracks,
choroidal neo-vascularisation and choroido-retinal
degeneration.3#

While the immediate functional consequences of an

excessively long eye can be corrected optically, this does not
prevent the physiological stresses involved in maintaining a
larger eye and retina, and as a result functional correction does
not prevent the long-term pathological outcomes. Itistherefore
clear that preventive approaches need to concentrate on
measures that prevent or reduce axial elongation, since this
would result in a reduction in both the need for refractive
correction and the long-term pathological outcomes.

Genes and Environment in Myopia

There is considerable debate on the relative roles of genes
and environment in the genesis of myopia.>” The rapid rate of
change in the prevalence of myopia in East Asia, that is
particularly well-documented in Singapore® and Taiwan,**
rules out simple genetic explanations, since human gene pools
do not change that fast.

Itisstill possible that there are racial or ethnic predispositions

towards developing myopiain particular environments. If this
is the case, the effect is relatively small, since the differences
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in prevalence between racial groups are relatively narrow in
the same environment, as is shown by data from Singapore on
people of Chinese, Malay and Indian origin,*2particularly after
adjustment for educational level.®®* Both Indians'?*® and
Malays*?%*1” have developed much higher prevalences of
myopiainthe environmentof Singapore than in other countries.
This suggests that the predominant factors which are leading
to the increased prevalence of myopia are environmental.
Similarly, place of residence (urban or rural) has a major
impact on the prevalence of myopia in closely genetically
related populations in China,'®?? Taiwan®!! and Nepal.®

Overall, the evidence available does not support the idea that
the current increasing prevalences of myopia are due to
genetically determined failures of emmetropisation, or to
genetically determined racial or ethnic predispositions towards
developing myopia in particular environments.

The Excessive Accommodation Theory

The dominant theory on the genesis of myopia is that
excessive accommodationassociated with close work placesa
load on the eye during development. This load can be reduced
by increased growth of the eye. Unfortunately, this results in
myopia.

This theory has received substantial support from
epidemiological studies that show a consistent link between
near work and myopia.”?222428 Although the evidence for a
link is strong, attempts to make the link quantitative have been
less successful, and it would appear that there are some parts
of the picture missing. Possible thresholds and non-linearities
in the link deserve further investigation. As the biological
process of emmetropisation appears to involve adjusting eye
length for viewing objects at a distance, and letting
accommodation do the rest, the role of restricted distance
vision is worth further exploration.

Experiments on animals show that imposing hyperopic
defocus on an emmetropic eye leads to compensatory eye
growth,?-**which isalso consistent with thistheory. However,
several experiments suggest that blocking accommodation by
cutting the optic or ciliary nerves, or blocking transmission in
the optic nerve with tetrodotoxin has little effect on the
compensatory growth,*-4°which indicates thataccommodation
per se is not involved.

This theory also appeared to receive substantial support
from the ability of the muscarinic cholinergic agent atropine,
known to block accommodation inhumans, to block excessive
eye growth and reduce myopic refractive error®! It is also
effective in animal models. However, it is now known that
atropine appears to block eye growth in situations where it
does not affect accommodation,*? suggesting that the drug is
acting at another, as yet unknown, site. There is considerable
debate over the site and mechanism of action of atropine, and
while it is clearly effective in clinical situations, these
uncertainties mean that the use of atropine as a preventive
requires further investigation, particularly inrelation to potential
long-term effects.
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Perhaps the biggest challenge to the excessive
accommodation theory comes from the failure of optical
interventionsaimed at reducing accommodative load to prevent
the development of myopia. Interventions such as the use of
reading glasses, bifocal and progressive lenses have been
largely unsuccessful in preventing myopia.*“

STOP and GO Signals in Eye Growth

Considerable work on animal models has demonstrated the
existence of signals that decrease (STOP) and increase (GO)
the rate of eye growth. These are most clearly seen in the
response of eye growth to lenses, where imposed myopic
defocus slows eye growth while imposed hyperopic defocus
increases the rate of eye growth,?%-%3649-51 and in the response
of eye growth to removal of the diffuser inthe form-deprivation
model.* There is some evidence that signals of this kind also
operate during human emmetropisation.5?

Considerable work has been devoted to elucidating the
molecular, biochemical and cellular pathways which result in
these growth signals (for review, see Morgan®?). Leaving aside
the many questions about how many of these signals there are,
and their molecular, biochemical and cellular basis, these sorts
of signals provide an intuitive understanding of the process of
emmetropisation. Since most animals, including humans, are
born hyperopic, GO signals would be generated, that would
decline in strength as emmetropia was approached. Thus eye
growth would approach emmetropia as an endpoint.
The recognition of the existence of STOP signals adds a
further dimension to this picture, since STOP signals
should be generated if eye growth takes the eye past
emmetropia to myopia, correcting through control of eye
growth any myopic refractive errors that are generated
during development.

This understanding faces us with aconundrum. The process
of emmetropisation appears to be doubly designed to achieve
emmetropia through declining GO signals as emmetropia is
approached, and STOP signals which should block the
development of myopic refractive errors. Yet it is clear that
myopiais becoming more common, notasaresultof genetically
determined failures of emmetropisation, or of the GO and
STOP growthsignals, butasaresult of environmental pressures.

There are several possible explanations of why these signals
may be failing. Since the animal models used involve the
sudden imposition of quite high levels of myopic defocus, one
possibility is that the gradual onset of human myopia means
that there is never a sufficient stimulus to evoke a strong STOP
signal. However, human myopes are exposed to bursts of
myopic defocus whenever they remove their glasses or contact
lenses, which ought to generate a STOP signal, unless these
exposures do not reach a minimum critical time of myopic
defocus required to generate STOP signals.

It is also possible that the ability to generate STOP signals
declines with age. The relatively late onset of human myopia
may mean that the strength of the STOP signals has been
markedly decreased, to a level that even if they are evoked,
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they have little impact on continued eye growth and the
progression of myopia.

A quite different possibility is that early experience of near
work may change the endpoint to which eye growth is
progressing, from emmetropiatoamyopiaendpoint. Thereare
some indications that support this idea. The rate of progression
of refractive error in a myopic direction has been shown to be
higher in myopes than in emmetropes,>* and Thorn (personal
communication, November 2002) has recently shown that the
increased rate of progression appears well before the eye
becomes myopic. Itis not clear how such a change in endpoint
would be specified in biochemical terms. However, if the
degree of myopic defocus required to evoke a STOP signal
was greater than the existing myopicerror, or the new refractive
endpoint, then human myopes would never encounter this
level of myopic defocus naturally.

STOP Signals are Rapidly Generated and Powerful

Recent studies have shown that the GO and STOP signals
have very different properties.®6495:55 The generation of GO
signals appears to require hours of exposure to hyperopic
defocus, and they can be overcome by relatively brief
(<3 hours) of normal vision.36:5

In contrast, STOP signals can be generated by relatively
brief exposures to myopic defocus.*® Winawer and Wallman®5!
have shown that STOP signals can be detected in chickens
after as little as 2 minutes of exposure to myopic defocus,
provided that the animals were kept in the dark for the rest of
thetime. They have also shown that a period of myopic defocus
isable to block the growth promoting effects of up to five times
the period of hyperopic defocus. While keeping animals in the
dark, except for the period of optical manipulation, does not
provide a good paradigm for clinical use, these experiments
show that STOP signals can be used to overcome quite strong
growth promoting signals. Generation of STOP signals under
more normal lighting conditions may require longer exposure,*
but the exposure times are still quite limited.

Using STOP Signals to Block Eye Growth

While the natural STOP signals are clearly not effective
during the development of human myopia, it is clear from the
above analysis that this is unlikely to be due to a genetically
determined failure in the process for generating such signals.
We have, therefore, attempted to design a treatment regime
that could block excessive axial elongation in chicken eyes
which could be used in humans.

Based on the arguments outlined above, we fitted chickens
with-5D contact lenses, which impose hyperopic defocus and
cause compensatory increased eye growth. Removing these
lenses for 1 hour every day for 10 days did not prevent
increased axial elongation. Ina parallel group of chickens, the
—5D lenses were removed for 1 hour every day and replaced
with +10D lenses. In these birds, excessive axial elongation
was completely suppressed, and in fact the experimental eyes
were smaller than the contralateral control eyes, suggesting

that they might have become hyperopic. In accord with the
work of Wallman et al,***® these experiments suggest that, at
least in chickens, plus lenses can be used to block optically
induced drives towards excessive axial elongation.

These experimentsalso indicate the importance of the degree
of myopic defocus imposed on the eyes. The compensatory
growth response to the —5D lenses developed over the course
of the experiment, and eyes with continuous exposure
progressively elongated. In the birds where the -5D lens was
removed, and normal vision was allowed for 1 hour, a similar
developmenttook place. Thus, whenthe lenses were removed,
the animals were exposed to a rapid burst of increasingly
significant myopic defocus, but this failed to prevent continued
excessive axial elongation. This situation is similar to that
experienced by human myopes, as soon as their myopia is
corrected. However, the imposition of additional myopic
defocus to that dictated by the natural optics of the eye
prevented continued axial elongation.

Thelack of effect of normal vision (albeit normal vision with
myopic defocus) for 1 hour is not consistent with the evidence
of the ability of relatively brief periods of normal vision to
block the effects of minus lenses.¢% Further work is required
to resolve this issue.

Options for Controlling Human Myopia

More work is needed on animal models to validate this
approach to preventing the development of myopia. It should
be noted that there is evidence for similar GO and STOP
signalsintree shrewsand in non-human primates, " although
there are differences in the responses of the different animals
to lenses of different powers. The chicken eye appears to be
able to respond accurately to a wider range of imposed lenses
than can tree shrews and non-human primates, and attempts to
use STOP signals to prevent excessive axial elongation in
these animals have not yet been successful.®* However,
further experimentation with lens of different powers may
demonstrate the viability of this approach in mammalian and
primate models.

Some of the issues that need clarification are:

1. the duration of exposure to myopic defocus required to
veto strong growth-promoting pressures,

2. the extent to which the ability of myopic defocus to
generate STOP signals declines with age,

3. the dependence of STOP signals on the degree of myopic
defocusimposed or lens power used, particularly inrelation
to the current refractive status of the eye and the myopic
endpoint to which it is progressing, and

4. the time-course of STOP signals.

In general, non-invasive optical interventions to prevent
myopiaare preferable todrugtherapies, suchasthose involving
atropine and other muscarinic agents. Given the similarity in
responses to minus and plus lenses of chicken, tree shrew and
monkey eyes, there would appear to be a strong likelihood of
finding an appropriate combination of variables such as age,
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lens power and duration of exposure that will prevent the
development of myopia in children.

There is a pleasing aspect to this perspective. Given that
STOP signals are generated by relatively short periods of
imposed myopic defocus, it may be possible to develop
clinical regimes of regular, but brief, use of plus lenses in
spectacle frames. These could be applicable to all children
growing up inmyopigenicenvironments, and could be delivered
as part of the school routine. Early intervention would appear
tobedesirable, aswould regular monitoring of eye development
in all children. The application of plus lenses and myopic
defocus could then be delivered to children in a controlled
regime in order to maintain children close to emmetropia,
despite the environmental pressures. In this way, modern
schooling, which appears to contribute to the development of
myopia, may also provide the organisational basis for its
ultimate prevention.
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