Development of Ocular Refraction:
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e There is overwhelming evidence in both
animal models and humans that refractive
development and axial eye growth are
under visual control

¢ The retina can analyze the sign and amount

of defocus over time and control the

growth of the underlying sclera

Myopia is generally increasing in the

industrialized world, in particular in the

Far East

Although genetic factors modulate the

predisposition to become myopic, the high

incidence of myopia in the industrialized
world is likely to be due to environmental
factors

There are two major strategies to interfere

with myopia development: (1) reducing

“critical visual experience” (which is about

to be defined). More individually adapted

spectacle corrections may be a way since
they can reduce progression of myopia by
up to 50% in selected children. (2) inhibit-
ing axial eye growth pharmacologically.

Atropine is effective, but the mechanism

of its action is not understood and its side

effects preclude prolonged application

1.1
Introduction

The size of the organs in the body is continu-
ously regulated to match their functional capac-
ity as required (review: Wallman and Winawer
[79]). There is, however, probably no other or-
gan so precisely controlled in size as the eye: to

achieve full visual acuity, its length must be
matched to the optical focal length of cornea
and lens with a tolerance of about a tenth of a
millimeter (equivalent to 0.25 D). A normal-
sighted (emmetropic) eye that increases in
length by more than this amount will be slight-
ly myopic and experience a detectable loss of
visual acuity at far distances.

Until about 1975, it was thought that this
match was achieved by tight genetic control of
growth, even though this appeared an improba-
ble (or improbably impressive) achievement.
About this time, it was discovered that, in mon-
keys whose lids were monocularly fused to
study the development of binocular neurons in
the visual cortex, the deprived eyes became
longer and myopic [84]. This observation stim-
ulated research into myopia in animal models.
The idea was that eye growth, and therefore also
refractive development, might be under visual
control which is accessible to experimental
studies in which the visual experience is inten-
tionally altered. It also revived an older discus-
sion as to whether myopia is environmental or
genetic.

Today, despite the results from animal mod-
els that demonstrate visually controlled eye
growth, this discussion has not come to an end
(e.g., [42]). Major studies in the United States
concluded that “heritability was the most im-
portant factor” in myopia development and that
only less than 20 % can be modulated by visual
experience (Orinda study [43]; twin studies,
e.g., [18]). In contrast, a recent major review of
the literature reaches the conclusion that the
significant increase in the incidence of myopia
in the last 40 years must be due to environmen-
tal factors [39].
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CHAPTER 1

Development of Ocular Refraction: Lessons from Animal Experiments

By using animal models, a lot has been
learned about the mechanisms of visual control
of eye growth. However, the definition of the
visual cues that make the eye grow longer in
children is more difficult than expected. Never-
theless, the observations in animal models were
often unexpected and gave rise to new theories
and ideas about human myopia development. At
least, a number of suggestions can be derived
from the experimental results in animals. They
will be described in this chapter but, first, the
basic features of the mechanisms of visual con-
trol of eye growth in animal models will be
summarized.

1.2
Overview on the Experimental Results
in Animal Models

1.2.1

What Is the Evidence for Visual Control
of Refractive Development

and Axial Eye Growth?

It was first demonstrated in young chickens that
fitting the animals with spectacle lenses that im-
pose a defined amount of defocus on the retina
made the eyes grow so that the imposed defocus
was compensated [23,56].

In the case of a negative lens, the plane of fo-
cus of the projected image is shifted, on average,
behind the retina. It was found that axial length
grew faster than normal, apparently to “catch
the new focal plane” Cornea and lens did not
show biometric or optical changes. The longer
eye was then myopic without the negative lens
in place but was about in focus with the lens.
The compensation of a negative lens of 4 D took
3-4days. In the case of a positive lens, axial eye
growth was inhibited until the focal length of
cornea and lens had sufficiently increased to
produce hyperopia of the magnitude that was
necessary to compensate for the lens power.

Developmental adaptation of refractive state
by visual cues was first assumed to be a special
feature of the bird eye. It was subsequently
shown that young monkey eyes could also com-
pensate for imposed defocus (Fig.1.1) [21, 66].
Given that chicks and monkey are phylogeneti-

cally not closely related, and that monkeys are
much closer to humans than to chicks, it seems
very likely that also the growing human eye can
compensate for imposed defocus.

1.2.2
Which Kind of Visual Stimulation Induces
Refractive Errors in Animal Models?

There are two different visual stimulations that
interfere with axial eye growth: either globally
degrading the retinal image sharpness and con-
trast, or imposing defined amounts of defocus.

1.2.2.1
Stimulation of Axial Eye Growth
by Retinal Image Degradation

Lid fusion, as performed in the initial experi-
ments [84], is an experimental manipulation
with several effects: the retina no longer has
access to spatial information (although it is not
completely light-deprived), the mechanical
pressure on the cornea is changed, and the
metabolic conditions and temperature in the
eye may be different. Although each of these
factors could interfere with eye growth, it was
found that the most important component was
the deprivation of the retina of sharp vision and
contrast. Accordingly, this type of myopia has
been called form deprivation myopia (FDM) be-
cause form vision is no longer possible. In the
meantime, it became clear that even a minor re-
duction of image sharpness and contrast may
already stimulate axial eye growth: “deprivation
myopia is a graded phenomenon” [67] and this
has been shown in both chickens [3],and rhesus
monkeys [67]. Therefore, the term “form depri-
vation myopia” may be an exaggerated descrip-
tion of the visual condition and could be re-
placed by “deprivation myopia” since this term
makes no assumptions about the exact nature of
the deprivation.

Deprivation myopia has been observed in
almost all vertebrates that have been studied
[79]. It is commonly induced by placing a frost-
ed occluder in front of an eye for a period of sev-
eral days or weeks. The speed by which depriva-
tion myopia develops depends on the species
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Fig.1.1. If an emmetropic eye is wearing a negative
lenses, the focal plane is displaced behind the retina.
Several animal models, including marmosets and
rhesus monkeys, have shown that the eye develops

and the age of the animal [58]. In 1-day-old
chickens, up to 20 D can be induced over 1 week
of deprivation [77], but only 1D at the age of
1year [48]. Rhesus monkeys develop about 5D
on average during an 8-week deprivation period
at the age of 30 weeks, but only 1D at adoles-
cence [68]. Deprivation myopia is strikingly
variable among different individuals (range
0-11D in rhesus monkeys, standard deviations
about 5D [67] (a similar standard deviation is
typical also in the other animal models). Al-
though the variability cannot be explained by
differences in individual treatment of the ani-
mals, it is unclear whether the variability is due
to genetic factors. Epigenetic variance could
also account for it (R.W. Williams, personal
communication, 2003) although it is striking
that both eyes respond very similarly despite
the lack of visual feedback [57].

compensatory axial elongation and myopia. With a
positive lens, axial eye growth is inhibited, and a com-
pensatory hyperopia develops (redrawn after [83],
marmosets, left; [66], rhesus monkeys, right)

Deprivation myopia can be induced in chick-
ens after the optic nerve has been cut [76] and
in local fundal areas if only part of the visual
field is deprived [78]. Local degradation of
the retinal image also produces local refractive
error in tree shrews [63]. There are data in both
chickens [35] and tree shrews [46] showing
that deprivation myopia also can be induced
after the ganglion cell action potentials are
blocked by intravitreal application of tetro-
dotoxin, a natural sodium channel blocker.
Taken together, the results show that image
processing in the retina, excluding its spiking
neurons, is sufficient to stimulate axial elonga-
tion.
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1.2.2.2
Control of Eye Growth by Imposed Defocus

One of the most unexpected results of the chick-
en studies was that imposed defocus was com-
pensated even if the connection of the eye to the
brain was disrupted by cutting the optic nerve.
Even though the baseline refraction of the eye
without optic nerve moved to more hyperopia,
suggesting general growth inhibition, negative
lenses still caused axial elongation, and positive
lenses growth inhibition on top of the new base-
line refraction [86, 85]. These results suggest
that the retina releases factors to control the
growth of the underlying sclera. Furthermore,
they show that the retina can make a distinction
between positive and negative defocus. A retinal
control of eye growth is further suggested by the
observation that image defocus [6] is compen-
sated in local fundal areas. Since accommoda-
tion requires an optic nerve and since accom-
modation shifts the focal plane, at least in
humans and chickens, equally across the visual
field, local compensation of refractive errors
cannot be explained by a feedback loop that in-
volves accommodation. Any potential effect of
accommodation on axial eye growth must be
indirect, by changing the focus of the retinal
image.

Experiments with lenses after optic nerve
section have not yet been conducted with mon-
keys. Therefore, it cannot be safely concluded
that monkey eyes compensate imposed defocus
based on a purely retinal mechanism. At least, it
has already been shown [90] that the transcrip-
tion factor Egr-1in the monkey retina is regulat-
ed by the sign of imposed defocus, similar to the
chicken [4, 12, 65].

1.23
What Is Known About the Retinal Image
Processing That Leads to Refractive Errors?

Ignoring accommodation (which is, at least, ap-
parently not necessary), to determine the sign
of the refractive error of the eye, the retina could
compare the focus for different viewing dis-
tances. However, additional information must
be available on the dioptric distance of the view-

ing target. The other option is that the retina has
a mechanism to measure the vergence of in-
coming rays instantaneously. Even though this
idea seems hard to accept, experimental evi-
dence is clearly in favor of this hypothesis.

Chickens that are individually kept in the
center of alarge drum so that they have only one
viewing distance can compensate the power of
lenses of either sign. In this case, lens powers
were chosen so that the far point of the eyes was
either behind or in front of the walls of the
drum by the same dioptric amount of 12 D. In
addition, accommodation was suppressed by
cycloplegic agents. If the retina would only
measure image sharpness and contract, all these
treatments should have led to deprivation my-
opia. That hyperopia was induced despite mas-
sive image degradation, can only be explained
by postulating that the retina can determine the
sign of defocus [55]. It is quite impressive that
the growth inhibition signal overwrites the
deprivation-related signal for enhanced eye
growth. Similar experiments have not yet been
conducted with monkeys but, given the similar-
ities among the results from different animal
models, it is possible that also the mammalian
retina can measure the sign of defocus.

Which image processing algorithms or which
optical tricks the retina uses to measure ver-
gence of rays is not clear. The most likely mech-
anisms are not used or, at least, not required
(chromatic aberration, spherical aberration,
astigmatism): Chickens compensate spectacle
lenses equally well in white or monochromatic
light [57]. They also compensate lenses at differ-
ent illuminances and, hence, different pupil
sizes and amounts of spherical aberration [38].
They compensate the spherical refractive errors
even in the presence of extreme astigmatism
[36]. Recent observations in chickens suggest
that the sign of defocus detection is no longer
possible if the chicks were exposed to the
same visual experience under anesthetized con-
ditions (M. Bitzer, personal communication,
2004).

Both chickens [7] and humans (e.g.,[81]) can
rapidly adapt to low image contrast. Since this
adaptation is spatial frequency-specific, con-
trast adaptation can also partially compensate
for the visual effects of defocus [37]. As a result,
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visual acuity can increase over time when defo-
cus is maintained - a well-known experience of
myopic subjects who take off their glasses. The
increase in acuity is not based on refractive
changes and there are no biometric changes in
the eye [26]. It has also been shown that contrast
adaptation is possible both at the retinal and
cortical level [19]. A comparison of contrast
adaptation levels at different spatial frequencies
could be used as a measure of the amount of
defocus over time [20]. Therefore, it has been
speculated that more contrast adaptation at
high spatial frequencies may indicate the pres-
ence of defocus, and that this could be a signal
that could trigger axial eye growth [7].Itis clear,
however, that contrast adaptation does not
carry any information on the sign of defocus.
Rather, it should be related to the retinal mech-
anisms that cause deprivation myopia.

1.2.4
How Long Must Defocus Persist
to Induce Changes in Eye Growth?

The kinetics have been extensively studied by
Winawer and Wallman [87] in chickens. Their
finding that the temporal summation of defocus
is highly nonlinear was not totally unexpected,
as this was indicated by the experiments of
Schmid and Wildsoet [64], who showed that the
response of refraction to brief periods of nor-
mal vision in lens-reared chicks varied greatly
with the sign of the lens. Winawer and Wallman
found that multiple daily periods of defocus
produce much larger changes in eye growth
than one single period of the same total dura-
tion. If the single periods of lens treatment were
shorter than 20 s, the lenses had no effect on eye
growth. The most compelling result was, how-
ever, that the effects of positive and negative
lenses did not cancel each other out: if negative
lenses were worn all day, but were replaced with
positive lenses for only 2 min, four times a day,
the refractive state shifted still in the hyperopic
direction [91]. Similarly, if monkeys wore nega-
tive lenses all day except for 1h, the refraction
remained in the range of normal animals [25].
These results suggest that the eye normally has
a built-in protection against myopia develop-

ment. It is also striking that the time constants
for inhibition of deprivation or negative lens-
induced myopia by interruption of treatment
are very similar among different animal models
[70]. A difference between chicks and monkeys
was that interruption of negative lens wearing
with positive lens wearing did not inhibit my-
opia more than interruption without lenses.
However, the positive lenses used in the rhesus
monkeys were +4.5D and may have been too
strong, given that the linear range of compen-
sation is narrower in monkeys, compared to
chickens.

1.2.5

What Is Known About the Tissue Responses
and the Signaling Cascade from the Retina
to the Sclera?

Once the retina has detected a consistent de-
focus, the release of yet unknown signaling
molecules is altered, which changes the growth
rate of the underlying sclera. The cellular candi-
dates for the release of growth-controlling mes-
sengers are the amacrine cells, although this is
not proven [12]. The signaling molecules reach
the retinal pigment epithelium (RPE), where
they bind to receptors to trigger the release of
secondary messengers at the choroidal side of
the RPE. It is less likely that they are transport-
ed through the tight junctions of the RPE to dif-
fuse toward the sclera. Wallman et al. [80] were
the first to observe in chickens that the choroid
rapidly changes its thickness in such a way that
the retina is moved closer to the focal plane
(thinning when the image plane is behind the
photoreceptor layer and thickening when it is in
front). In chickens, this mechanism can effec-
tively compensate for considerable amounts of
refractive errors (up to 7 D), but in monkeys,
where it has also been observed (marmoset:
[44, 45]; rhesus monkey: [22]), it has only a mi-
nor effect in the range of a fraction of a diopter.
Interestingly, the molecular signals for changes
in choroidal thickness are different from those
that regulate the growth of the sclera (summa-
rized by Wallman and Winawer [79], p 455).

The biochemical nature of “the” retinal
growth signal is not yet resolved. Several trans-
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atropine is potent in suppressing myopia

increase in myopia [D]

12 15
months

18 21 24 27

L children from Taiwan, age 6-13 years, "eye drops every evening"

0.5% atropine: n = 41
0.25% atropine: n = 47
0.1% atropine: n = 49
tropicamide (control); n = 49

Fig. 1.2. Inhibition of myopia development in three
groups of children in Taiwan, who received eye drops
every evening with different concentrations of at-
ropine. Note that all concentrations used inhibited

mitters seem to play a role. The major candi-
dates are glucagon (which responds in correla-
tion with the sign of defocus in chickens [11,
12]), dopamine (which responds only to image
degradation but not the sign of defocus [47, 71]),
potentially acetylcholine (because cholinergic
receptor antagonists inhibit deprivation and
lens-induced myopia [72]), but several other
transmitters, neuromodulators, and growth fac-
tors have also been shown to play a role. In par-
ticular, the potential role of acetylcholine has
been extensively studied. Although most mus-
carinic [31] and nicotinic [73] antagonists have
an inhibitory effect on myopia development,
there are many arguments that the inhibition is
not based on specific binding of the antagonist
to the respective receptors. The burning ques-

no side effects reported

myopia. In the case of 0.5% solution (green crosses),
there was even an initial regression of myopia (re-
drawn after Shih et al. 1999 [62])

tion of how cholinergic antagonists can inhibit
axial eye growth in a variety of vertebrates
(chick: [34,72]; rhesus monkey: [74]; human: for
example [62]; Fig. 1.2) remains unanswered.

In the case of atropine, currently still the
most effective drug against myopia, at least five
different target tissues have been identified
(summarized by Wallman and Winawer [79]).

The sclera defines the shape and size of the
globe and was therefore always at the center of
interest in myopia research. In an attempt to
identify targets for pharmacological interven-
tion of myopia, its metabolism has been exten-
sively studied in the recent years (summarized
by Wallman and Winawer [79] and [33]). At-
ropine appears to have a direct inhibitory effect
on scleral metabolism [30].
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Can Animal Models Help to Improve
the Management of Myopia in Children?

Several questions regarding the management of
myopia in children and adolescents cannot be
answered from available epidemiological stud-
ies. In these cases, the results from animal mod-
els may provide helpful suggestions. It should
be kept in mind, however, that some children
develop myopia even though they had the same
visual environment as others, who do not devel-
op myopia. Furthermore, children develop
myopia without any treatment with lenses or
deprivation, which is definitely a difference to
experimental animals.

1.3.1
Undercorrection, Overcorrection,
and Full Correction of Myopia

This question is closely related to the question
whether the primate retina evaluates only glob-
al image sharpness or also the sign of imposed
defocus, as previously observed in chickens (see
Sect.1.2.3). If the retina would only respond to
the visual deprivation associated with defocus,
undercorrection should induce deprivation my-
opia, with more eye growth (although a myopic
or undercorrected eye is still in focus for close
viewing distances). It is known that the mecha-
nism for deprivation myopia is actually active in
a human eye since ocular diseases that interfere
with retinal image sharpness or contrast during
childhood cause axial elongation and myopia
(i.e., early unoperated cataracts, ptosis, and
keratitis). It has not yet been proven that the pri-
mate retina can make the sign of defocus dis-
tinction to control eye growth in a bi-direction-
al way although, at least, the transcription factor
egr-11in the primate retina has been found to re-
spond to the sign of defocus, just as in chickens
(see Sect.1.2.2.2). If “sign of defocus sensitivity”
is present, undercorrection should be beneficial.

Myopia has traditionally been slightly un-
dercorrected with the weakest negative lens that
permitted good acuity. However, there are al-
most no data in the literature to suggest that un-

dercorrection may be beneficial, other than
Tokoro and Kabe [75]. This study was not very
well designed since treatments were mixed (at-
ropine treatment and undercorrection by 1D in
ten children, compared to 13 fully corrected chil-
dren). Nevertheless, it was confirmed by Goss
[14] that the undercorrected group progressed
more slowly (-0.54D per year) compared to the
fully corrected group (-0.75 D per year; p<o0.001).
More recently, a better designed study was con-
ducted in Malaysia [5]. Full correction was given
to 47 children (aged 9-13) and 47 children were
intentionally undercorrected by o.75D. In this
study, the fully corrected group progressed more
slowly (-0.77 D per year) than the undercorrect-
ed group (-1.01D per year; difference about 20 %,
p<o.01). In both groups, the average progression
of myopia was strikingly high. Although the sec-
ond study should be more trustworthy, three ad-
ditional points have to be kept in mind: (1) even
with full correction at the time the glasses were
prescribed, all children were undercorrected al-
ready after a few weeks due to the generally high
myopia progression, (2) most myopic subjects
have observed that their progression is restarted
once new spectacles were prescribed, (3) that un-
dercorrected eyes have a faster progression does
not fit with what has been learned from animal
models. Undercorrection should have a similar
optical effect as wearing a positive lens and, ac-
cordingly, should generate a strong inhibitory
signal for axial eye growth (see Sect.1.2.3).

On the other hand, overcorrection would be
comparable to wearing an additional negative
lens and should stimulate myopia progres-
sion. Overcorrection by 1-2 D has been used in
4-year-old children as a potential therapy for in-
termittent exotropia [28]. However, myopia pro-
gression was not enhanced in the overcorrected
group (on average about 2.5 D progression over
the following 6 years).

Summary for the Clinician

e Insummary,at present, the results from
animal models and the human studies are
not complementary. It may be necessary
to wait for the results of another study on
the effects of undercorrection in children,
preferably with another racial group, before
the correction strategies are adopted
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1.3.2
Reading Glasses

The link between “near work” (such as reading
and writing) and myopia has been extensively
studied in the recent years ([54]; short summa-
ry in [39]), and there is little doubt that the cor-
relation is, on average, highly significant. Al-
though it is not clear what exactly the critical
visual experience is, a current hypothesis is that
reading imposes a slight defocus to the retina
because subjects accommodate too little.In fact,
most studies have found a “lag of accommoda-
tion” of around half a diopter at a 3-D reading
distance [60]. The lag of accommodation places
the focal plane behind the retina and could have
a similar effect on eye growth as wearing a neg-
ative lens. Inspired by this idea, a number of
studies have been conducted with reading glass-
es in children since they should reduce the lag.
The first major study from Hong Kong [29]
showed a clear beneficial effect of progressive
addition lenses with +1.5 or +2.0D addition,
which reduced progression to about half of the
progression with single vision lenses (-1.2D in
ayears). The idea was also tested in a larger
multicentric study in the United States, the Cor-
rection Of Myopia Evaluation Trial (COMET).
This study also showed some beneficial effect of
progressive addition lenses (on average, 14 % in-
hibition of the progression with single vision
lenses of about 1D in 2years [16]. The authors
considered the inhibitory effect as “clinically
not significant”. However, if the children were
clustered according to their lag of accommoda-
tion and phorias, the inhibition could rise to
almost 60% in those children who were
esophoric, had a large lag of accommodation
(>0.43 D) and had less myopia at the beginning
of the treatment (>-2.25D) [17]. It is important
also to recognize that the effects of the progres-
sive addition lenses were generally more ex-
pressed when myopia was still low. A third ma-
jor study from Hong Kong (the Hong Kong Lens
Myopia Control Study [9]) found only a trend of
a beneficial effect of progressive addition lens-
es, but the effect appeared significant when only
children with low myopia were considered.

Summary for the Clinician

e Insummary, these studies demonstrate
convincingly that refractive development
is also controlled by visual experience in
humans (not a trivial statement, after all).
They further show that the treatment with
reading glasses is worthwhile, at least in a
subgroup of children

1.3.3
Contact Lenses Versus Spectacle Lenses

There is some evidence in the literature that
rigid gas permeable (RGP) contact lenses have a
beneficial effect on myopia development [50].
A more recent study could not find a difference
between contact lens wearers and spectacle
wearers (-1.33 vs —-1.28 D progression in 2 years
[24]). In this study, 105 children aged 6-12 years
wearing contact lenses were compared with 192
children wearing spectacles. Because this is a
potentially important issue, another major
study is underway (the CLAMP study, Contact
Lens and Myopia Progression study). Why
myopia should be inhibited with hard contact
lenses, but not with soft ones is also an interest-
ing question [13]. It is clear that hard contact
lenses flatten the cornea for several days, and
that this mimics a reduction of myopia. There-
fore, vitreous chamber depth measurements are
necessary to confirm that there was really
growth inhibition.

The observation from animal models that
refractive state is locally controlled, also in the
peripheral retina (see Sects.1.2.2.1 and 1.2.2.2),
suggests another possible explanation: specta-
cle lenses could produce more hyperopic refrac-
tions in the peripheral retina than hard contact
lenses and this could stimulate more eye
growth. Until now, only very limited data have
been published on the peripheral refraction of
human eyes with hard contact lenses compared
to spectacle lenses [61]. This study found that,
on average, there was 0.43 D more hyperopia at
22° off-axis with spectacle lenses, compared to
hard contact lenses (p=0.026). The question
merits further studies in a larger sample.
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Fig. 1.3. Lowering the retinal image brightness in the
chick eye by light neutral density filters has no effect on
refractive development as long as the filters are weak (1
no attenuation, 2 0.5log units, 3 1.0log units). If the fil-
ters are more dense (4 2.0log units attenuation) some
myopia develops, similar to when the filters are com-
pletely black (5). However, frosted diffusers that atten-

Summary for the Clinician

e The evidence for an inhibitory effect of
hard contact lenses on myopia development
is mixed. It is advisable to wait for the
results of the CLAMP study

134
lllumination, Reading Distance, Computer
Work Versus Reading Text in a Book

It is surprising that there are only studies from
chickens to determine whether ambient illumi-
nance has an effect on myopia development. It
was found that refractive errors imposed by spec-
tacle lenses are similarly compensated over a wide
range of illuminances (see Sect.1.2.3). Therefore,
these experiments provide no evidence that read-
ing at low light may represent a risk factor. Only
Feldkaemper et al. [10] have studied whether re-
duction of retinal image brightness by covering
the eyes with neutral density filters can induce
deprivation myopia. Refractive development was

uate the light only a little (0.38log units) cause much
more myopia (6). This result suggests that low retinal
image brightness interferes with eye growth. Further-
more, if the chicks are kept in low light (2.0log units
less than controls), even clear occluders cause some
myopia, suggesting that eye growth becomes more sen-
sitive to minor image degradation. Redrawn after [10]

not altered if the filters attenuated the ambient
light (illuminance 400 lux) by less than 2 log units.
With darker filters, however, the refractions be-
came more myopic, although not as myopic as
with frosted eye occluders that degraded the reti-
nal image, but attenuated light only by 0.381og
units. Furthermore, when the animals were
placed in dim light (2.0 log units lower than con-
trols) they did not become myopic without eye
occluders but, even “clear” filters (denoted as “1”in
Fig.1.3), caused some myopia. These results sug-
gest that eye growth becomes more sensitive to
minor image degradation when the retinal image
brightness is reduced (Fig. 1.3).

A possible reason why this could happen is
that both retinal image brightness and retinal
image contrast and sharpness reduce the release
of dopamine in the retina [10],and dopamine re-
lease has been shown to have an inhibitory effect
on eye growth [47]. Even though these ob-
servations are from chickens, they suggest that
reading (which also represents a minor image
degradation due to the lag of accommodation)
might be more myopigenic at poor illumination.
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One would expect that reading distance is
also important because the lag of accommoda-
tion increases with decreasing target distance.
Péarssinnen and Lyrra [49] studied 238 Finish
school children at 10 years of age and found that
myopia progression was higher in those chil-
dren who read at 20 cm distance than in those
reading at 30 cm distance. However, it should be
kept in mind that this relationship need not be
causal - it could be that children with higher
myopia progression also have the habit of read-
ing with shorter target distances.

There is no evidence that a computer screen
has a different effect on myopia progression as a
text printed on paper. It is likely, however, that
extended work on the computer causes myopia
due to the constantly short viewing distances.
Several studies have come to this conclusion
[41]. Given the extreme growth rates of the com-
puter market in the Far East, it appears likely
that the rapid increase in myopia in school-
children is, in fact, related to computers. Every-
body who has children realizes how fascinating
computer games are for them, compared to
books. There is no doubt the “dose” of near work
is greatly increased with computers.

Summary for the Clinician

e That reading at poor illumination increases
the risk of myopia development is only
suggested by experiments in chickens.
Despite the lack of other evidence, it is still
advisable to use appropriate illumination.
Reading distance is a critical factor and
reading should occur at sensible distances
(i.e., 30 cm). There is no evidence that com-
puter work is more myopigenic than read-
ing a book at the same distance, but the
computer is more attractive, increasing
the “dose” of near work

1.3.5
How Long Must the Near Work Be
Performed to Induce Myopia?

Initially, the amount of near work was quanti-
fied in “diopter hours” (amount of accommoda-
tion X duration in hours). However, there was an
inherently low correlation between myopia

progression and the amount of near work, as
measured in diopter hours [43], although sig-
nificant correlations were achieved because of
the large numbers of samples already in the
early studies (i.e., 793 children [88]). A large
study on the relationship of near work and
myopia in 1,005 school children in Singapore,
7-9 years old [54], showed that axial eye length
was correlated to the myopia of the parents
but also to the numbers of books that were
read per week. There was a significant increase
in myopia when two books were read vs when
one book was read, but only in those children
whose two parents were myopic. One possible
explanation for the relatively low correla-
tion between near work and myopia is that
the exact behavioral pattern during reading
may be important. It was already suggested by
Winawer and Wallman [87] that diopter hour
may not the best unit to predict myopia from
near work.

Summary for the Clinician

o If the observations in animal models (see
Sect. 1.2.4) are applicable to human myopia,
interruption of reading for only short peri-
ods, and looking at a distance, should effec-
tively inhibit the growth signal for the eye.
More research is necessary in the monkey
model and in children to find out whether
temporary wearing of positive lenses could
further strengthen this inhibitory signal for
axial eye growth

1.3.6
Night Light, Blue Light

Based on the observation that the ocular growth
rhythms are disturbed during development of
deprivation myopia in chickens [82, 44], whether
diurnal light rhythms might interfere with
myopia development in children was tested. In
the initial study [52], a high correlation between
exposure to light during the night and myopia
development was found. Later studies [15, 89]
could not confirm this relationship and one
possible explanation was that myopic parents
had the lights on at night more frequently. The
higher incidence of myopia in their children
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Fig. 1.4. Emmetropization responds to the chromatic
shift in focus at different wavelengths. The chickens
were raised first in quasi-monochromatic blue light,
then refracted and then placed in quasi-monochro-
matic red light for 2 days. A shift in the myopic direc-
tion of about 1.1D was observed, in line with the ex-

could then be explained by inheritance. Also, in
monkeys, no effect of continuous light on em-
metropization could be found [69]. Although
chromatic aberration is not necessary for em-
metropization (see Sect.1.2.3), each of the three
classes of cones can control accommodation in-
dependently (humans: [53, 27]; chickens: [59]).
Because short wavelength light is focused closer
to the cornea and lens, less accommodation
is necessary to focus a near object onto the reti-
na. Using this argument, Kroger and Binder
[27] proposed that children should become less
myopic if they read in blue light or from paper
that reflects preferentially at short wavelengths.
However, if accommodation already adjusts

individual
refractions

average
refractions

second group
after 2days in
615 nm and in 430 nm

pected chromatic shift. A second group was first
placed in the red and then in the blue, and the shift in
refraction was in the other direction. All chickens were
refracted in complete darkness and under cycloplegia,
to avoid potentially confounding effects of a possible
shift in tonic accommodation. Replotted after [59]

for the chromatic shift in focus, it is not clear
how the retina can detect a different focus
error signal, which would make the eye grow
less in the blue. This question could only be
resolved by an experiment: chickens were
kept in red and in blue light for 2 days. To ex-
clude that only the tonic accommodation level
had shifted, they were refracted both in the
dark or in white light under cycloplegia. There
was a significant shift to more hyperopia (1.1 D)
in the group that was raised in blue light
(Fig. 1.4).In conclusion, the basic idea of Kroger
and Binder [27] seemed to work in chickens, but
it has not yet been tested in monkeys or hu-
mans.
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Fig. 1.5. Illustration of the effect of spatial frequen-
cy selective contrast adaptation on the impression of
focus. First fixate the red spot in the upper picture for
about 20 s. Then rapidly move your fixation to the red
spot in the lower picture. For a short period of time,

Summary for the Clinician

¢ Night light does not seem to be a risk factor
as initially assumed. Reading in light of
shorter wavelengths (i.e., around 430 nm)
or from paper that reflects preferentially
at short wavelengths could have a small
inhibitory effect on myopia, although these
conditions are difficult to create

1.3.7
How Could Visual Acuity Improve
Without Glasses?

Although for many years it has been known that
contrast adaptation occurs in the visual system,
it was discovered only recently that contrast
adaptation can partially compensate for poor
focus. This mechanism can also increase visual
acuity without there being any optical changes

the picture on the right appears sharper and has more
contrast, even though the left and right picture are
identical (demonstration replotted with new sample
pictures after Webster et al. [81])

in the eye. A compelling demonstration was
published by Webster et al. [81]. If the subject
views an image that has been low pass filtered or
defocussed and has, accordingly,low contrast or
complete absence of high spatial frequency
components, the visual system increases its sen-
sitivity at the respective spatial frequencies. As a
result, the image appears sharper (Fig. 1.5).

On the other hand, if an image is viewed that
has high contrast and high spatial frequency
content, the visual system reduces its contrast
sensitivity at the respective spatial frequencies.
Since contrast adaptation has a fast and a
slow component, extended exposure to defocus
makes the image appear sharper [37]. Contrast
adaptation has to be taken into account when an
increase of visual acuity is claimed following
eye training procedures. No biometrical and op-
tical changes have been found in the eye, follow-
ing vision training [26].
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Summary for the Clinician

e Visual acuity can somewhat be improved
under prolonged defocus as a result of
contrast adaptation. In contrast to occa-
sional claims, there are no solid data show-
ing a regression of myopia and a reduction
of eye growth as a result of vision training

1.3.8
Age Window for Intervention

Experiments in animal models have shown
that myopia can be experimentally induced both
in young and adolescent animals in which axial
eye growth has already leveled off (Sect. 1.2.2.1).
The older the animal, the less myopia develops
and the longer treatment periods are necessary.

It has never been shown that an eye can be
made shorter by treatment with positive lenses,
once the final length had been reached (a minor
decline in axial length was found, however, with
high doses atropine, which was also accompa-
nied by a shift in the hyperopic direction [8, 62].
Because the eye apparently cannot effectively be
made shorter by visual feedback, there is also no
recovery from induced myopia, once the animal
has grown up (i.e., rhesus monkey: [51]).

In extrapolation to humans, one would expect
that myopia can always be induced by changes in
visual experience (i.e.,a change in profession that
includes a heavy load of near work), although
with lower gain. This “adult onset myopia” has
been described in the literature before [1, 32].

Summary for the Clinician

e The older the eye, the less important the
input of visual experience is. The most
sensitive period is the phase with the fastest
growth. However, myopia can still be
induced in adult animals and humans

1.3.9
Pharmacological Intervention for Myopia

Given that the effects of different optical correc-
tions on myopia development are relatively
small, except perhaps for a subgroup of children

(see Sect.1.3.2),and given that the visual experi-
ence in the industrialized world cannot be
changed much, other treatment regimens are of
interest. A drug such as atropine would be very
attractive if it did not include the side effects of
cycloplegia, photophobia, and if it did not lose
its effects over a time period of 2-3 years. This
could perhaps be prevented by less frequent
application. However, there are no controlled
studies yet to explore how often atropine must
be applied to exert an inhibitory effect on axial
eye growth. It is possible that application as eye
drops every evening at high doses may be exag-
gerated. Nevertheless, atropine could be used as
a model drug: once the mechanism by which it
suppresses axial eye growth has been under-
stood, a more specific target could be defined
and a more selective drug developed. It is ob-
vious that this area of research is particularly
exciting.

Summary for the Clinician

e Atropine applied as eye drops is the most
potent inhibitor of axial eye elongation.
However, the underlying mechanisms are
not yet understood. Its side effects preclude
extended application in children. Atropine
could be used as a model to discover target
tissues and mechanisms to develop more
specific drugs. Other similar drugs are also
effective, but less so

1.3.10
Emmetropization in Hyperopia
with and Without Optical Correction

Since emmetropization appears to be guided by
the focus of the retinal image, the question aris-
es whether optical correction of hyperopia in
children could delay or exclude emmetropiza-
tion to normal refractions. There are a number
of studies on this topic: Mulvihill et al. [40] have
shown that children with high hyperopia (ap-
proximately 6 D) are surprisingly stable in their
refractions, whether they have been optically
corrected or not. Apparently, the visual feed-
back to eye growth is inactive in high hyperopia.
In line with this observation, another major
study [2] has shown that there is little effect of
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Fig. 1.6. Comparison of the effects of different treat-
ment protocols on myopia progression in children. By
far the most effective treatment was atropine, applied
every evening by eye drops (complete inhibition of fur-
ther progression). Pirenzepine was effective in the
1styear (about 50 % suppression). The different optical
treatments reduced progression between 20% and
40%. Overcorrection had no significant effect. Under-

optical correction on the development of hyper-
opia in those children who were more than 3D
hyperopic. Children who were less hyperopic
showed clear emmetropization, with the refrac-
tive changes per year negatively correlated with

05 1 1.5 2
more myopia progression
[diopters per year]

correction had a weak stimulatory effect. Data from
hard contact lenses are variable and require further
studies (CLAMP study underway). Note that the base-
line progression may have varied in the different
groups. Note further that atropine and pirenzepine
treatment lost its effect in the 3rd year (data not shown,
see text). (replotted after a slide shown by W.-H. Chua
at the ARVO meeting, Ft. Lauderdale, 2004)

the amount of hyperopia in the beginning. In
this group, refractive correction should have an
effect, but it was not found in this study [2]. In
conclusion, it seems as if the mechanism of em-
metropization is ineffective or lacking in highly
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hyperopic children, and that full correction is
probably the best treatment. In those children
who are less than 3D hyperopic, emmetropiza-
tion could be slowed down by full correction
although larger studies may be necessary to
prove this assumption.

Summary for the Clinician

e Hyperopia seems to represent a failure
of the emmetropization process since eye
growth no longer responds to visual experi-
ence. Possibly for this reason, highly hyper-
opic children show no developmental
change in refraction, neither with nor
without spectacle correction. Children
who are less than about 3 D hyperopic show
emmetropization and may lose their hyper-
opia more slowly when fully corrected

14
Summary of Effects of Different
Intervention Regimens on Myopia

There is little doubt that the pattern of focus on
the retina determines the growth rate of the eye
but it is difficult to control this variable precise-
ly, due to effects of binocular input, uncon-
trolled fluctuations of accommodation, habits
of preferred reading distance, contrast adapta-
tion and blur sensitivity, and near work inter-
ruption patterns. It should be possible to devel-
op individual optical corrections that are most
appropriate to reduce myopia progression in a
given individual that take these variables into
account. Pharmacological intervention appears
to be another promising means of treatment,
although the best targets have not yet been de-
fined. A summary of the effects of the different
treatment attempts is shown in Fig. 1.6.

Summary for the Clinician

e Atropine treatment is the most powerful
way to inhibit myopia. There is even a
regression of myopia during the first
months. Unfortunately, the system adapts to
the treatment and atropine loses its effect
in the 2nd or 3rd year. The other treatments
described can only inhibit myopia develop-
ment, by up the 50 %, but cannot stop it
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