Eye (2014) 28, 180-188

@‘ © 2014 Macmillan Publishers Limited All rights reserved 0950-222X/14

0
>
=
w
=
o
()
m
o
<
I
|
XL
>
=
=
o
-
o
D
0
>
-
7))
<
=
=
o
g0
c
=

'College of Optometry,
University of Houston,
Houston, TX, USA

2Vision Cooperative
Research Centre, Sydney,
Australia

Correspondence:

EL Smith Ill, University of
Houston, College of
Optometry, 505 J Davis
Armistead Building, 4901
Calhoun Blvd, Houston, TX
77204-2020, USA

Tel: +1 713 743 1946;
Fax: +1 713 743 9065.
E-mail: esmith@uh.edu

Received: 20 September
2013

Accepted: 5 November
2013

Published online: 13
December 2013

www.nhature. com/eye

Visual regulation

of refractive
development:
insights from animal
studies

Abstract

Investigations employing animal models
have demonstrated that ocular growth and
refractive development are regulated by
visual feedback. In particular, lens
compensation experiments in which
treatment lenses are used to manipulate the
eye’s effective refractive state have shown
that emmetropization is actively regulated by
signals produced by optical defocus. These
observations in animals are significant
because they indicate that it should be
possible to use optical treatment strategies to
influence refractive development in children,
specifically to slow the rate of myopia
progression. This review highlights some of
the optical performance properties of the
vision-dependent mechanisms that regulate
refractive error development, especially those
that are likely to influence the efficacy of
optical treatment strategies for myopia.

In this respect, the results from animal
studies have been very consistent across
species; however, to facilitate extrapolation
to clinical settings, results are presented
primarily for nonhuman primates.

In agreement with preliminary clinical trials,
the experimental data show that imposed
myopic defocus can slow ocular growth and
that treatment strategies that influence visual
signals over a large area of the retina are
likely to be most effective.
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Curtin! credits Kepler with being one of the first
vision scientists to recognize the association

EL Smith llI'2, L-F Hung'? and B Arumugam’-?

between near work and myopia and for
hypothesizing that myopia was an adaptation to
near work. Although these seminal observations
(circa 1610) have been replicated numerous
times and much has been learnt about potential
risk factors for the development of common
forms of myopia, centuries of research on
myopia in humans have failed to provide a clear
indication of what it is about near work that
promotes the development of myopia or to
identify the physiological mechanisms that
promote myopia in children as a result of
chronic near work. However, beginning in the
1960s, research employing animal models was
greatly expanded and began to provide new
insights into the effects of visual experience on
ocular growth and refractive development.

The nature of the visual manipulations that
have been employed to characterize refractive
development in animals fall into three broad
categories. The first category involved either
natural or imposed restrictions in viewing
distance and was largely motivated by the near
work hypothesis. For example, comparisons of
refractive errors between feral and
domesticated or laboratory-reared animals
supported the idea that environments that
restrict viewing distance are myopiagenic.>3
However, these studies suffered from many of
the same confounding issues associated with
human studies.* A more controlled line of
research was begun by Levinsohn® and
continued most notably by Young,® who
demonstrated that monkeys reared in
environments with a maximum viewing
distance of about 20 inches developed myopia.
These experiments avoided many of the
confounding factors in human studies, in
particular self-selection, and demonstrated that
restricted viewing conditions promoted the
development of myopia, but, like many human
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studies, failed to provide significant insights into the
mechanisms responsible for the resulting myopia.

The second major category of manipulations involves
alterations in ambient lighting. The three primary
alterations that have been investigated include variations
in the diurnal light-dark cycle and the intensity and
spectral composition of ambient lighting. These studies
have shown that disturbances in the circadian rhythms of
ocular mechanisms can interfere with refractive
development,w‘12 and that both luminance!® 15 and

1617 are involved in the visual

chromatic mechanisms
regulation of ocular growth. In addition, it has been
shown that in comparison with ordinary indoor lighting
levels, elevated lighting promotes low degrees of
hyperopia, whereas dim lighting levels that are sufficient
to maintain normal circadian rhythms promote ocular
enlargement and myopia.'® Many recent investigations
of the effects of elevated ambient lighting!®->> were
motivated by epidemiologic observations in children that
indicate that time spent outdoors is protective against the
onset of myopia in children?*2¢ and suggest that the
antimyopia effects of outdoor environments are in part
due to the fact that outdoor lighting levels are typically
about 100 times higher than ordinary indoor lighting.
This line of investigations has also strongly implicated
retinal dopaminergic mechanisms in the visual
regulation of ocular growth.?”

The third category of experimental manipulations
involves induced alterations in retinal image contrast
(eg, form deprivation) and/or focus (eg, lens
compensation experiments). These experiments are
probably most relevant for understanding the role of
vision in common forms of myopia. Moreover, the
functional operating characteristics of the vision-
dependent mechanisms that regulate refractive
development, which are described below, provide the
foundation for optical treatment strategies for myopia.

Refractive development is regulated by optical Defocus

As illustrated in Figure 1, which shows the interocular
differences in refractive error plotted as a function of age
for monkeys reared with either — 3D (left panel) or +3D
lenses in front of one eye (middle panel), experimentally
imposed changes in the eye’s effective refractive state
predictably alter refractive development in a manner that
reduces the optically imposed error.27-33 In particular, the
negative-powered lenses imposed relative hyperopia on
the treated eyes, which in response became more myopic
than their fellow control eyes. In contrast, the positive-
powered lenses imposed relative myopia, which initiated
relative hyperopic shifts in the treated eye refractive
errors. These refractive changes were axial in nature.
Specifically, the myopia was caused by an increase in the
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vitreous chamber elongation rate.?’ The hyperopic
changes were due to a reduction in vitreous chamber
elongation rate coupled with the normal reduction in
corneal and crystalline lens power.’ Monocular
experiments like those illustrated in Figure 1 provide
in-animal controls for many factors that could influence
ocular growth (eg, genetic factors) and demonstrate that
refractive development is largely independent in the
two eyes.

Optical rearing experiments like those shown in
Figure 1 are most frequently conducted using very young
animals because the resulting changes in refractive error
are large and occur quickly. Similar experiments
conducted in mature animals demonstrate that the
vision-dependent mechanisms that regulate refractive
development are operational well into adult life.3+3"
However, the type and degree of refractive changes that
can be induced in adult animals is reduced in
comparison with those observed in neonates. For
example, form deprivation and hyperopic defocus can
produce axial myopia in adolescent monkeys, but the
induced myopic errors are smaller than those observed
in neonates and take longer to develop.3#3 In contrast,
given the manner in which positive lens defocus
produces hyperopia in neonates, it is unlikely that
myopic defocus would produce significant hyperopic
shifts in mature animals. The hyperopic shifts come
about in young animals because reductions in axial
growth occur in concert with the normal maturational
decreases in corneal and lens power.29 However, corneal
power reaches adult levels very early in life and lens
power decreases very slowly in adolescents, normally
reaching adult values relatively early in life.®3° As a
consequence, even viewing conditions that reduce or
stop axial elongation rates will not produce hyperopic
shifts because the total refracting power of the eye is
stable and other mechanisms such as changes in
choroidal thickness are small in primates.*04!

It is significant that the results from ‘lens
compensation” experiments, which were pioneered by
Schaeffel et al,?® have been qualitatively similar in every
species that has been studied in a systematic manner.*?
It has been consistently found that for a moderate range
of treatment lens powers the eye can detect the presence
of the imposed refractive error and alter its growth rate,
specifically its vitreous chamber elongation rate, to
eliminate the optical error. The similarities observed in
different animals indicate that the mechanisms that
regulate eye growth have been conserved across species.
In this respect, it is notable that when humans encounter
comparable viewing situations, their eyes exhibit
qualitatively similar changes in refractive error.

For example, the right panel in Figure 1 shows
longitudinal interocular differences in refractive error for
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Figure 1 Interocular differences in refractive error (treated eye correction — fellow eye correction) plotted as a function of age for
individual monkeys reared with — 3D (left panel) or 4 3D lenses over one eye (middle panel).?24¢ The fellow eyes viewed through
zero-powered lenses. The first symbol represents the start of the lens-rearing period. The shaded regions indicate 2 SD around the
mean anisometropia for untreated control monkeys. The right panel illustrates the interocular difference in refractive error (distance
corrected eye — near corrected eye) as a function of time for children corrected using a monovision strategy that imposed up to 2.0 DD of

relative hyperopia on the near corrected eye.*3

10- to 13-year-old children who were treated using a
monovision correction strategy in which one eye was
corrected for distance vision and the fellow eye’s
correction was up to 2D more positive in power and
corrected for near vision.*3 In essence the treatment
strategy imposed an anisometropia. In response the
children developed an anisometropia that was axial in
nature and in the appropriate direction to compensate for
the imbalance imposed by the monovision correction
strategy. The pattern of results in both laboratory animals
and humans show that emmetropization is actively
regulated by visual feedback associated with the eye’s
effective refractive state. These results are clinically
significant because they indicate that optically imposed
defocus could be used to effectively manage refractive
development and, specifically, that imposed myopic
defocus could be used to reduce the progression of
myopia in children.

Refractive development is regulated in a locus-specific
manner

As shown first in chickens by Wallman et al * when
visual manipulations that influence eye growth (eg, form
deprivation,**5 myopic defocus*®*” or hyperopic
defocus”#8) are imposed across only half the visual field,
the resulting alterations in refractive error and vitreous
chamber growth are restricted to the treated hemi retina.
For example, when form deprivation, a strong stimulus
for axial growth, is imposed across the entire visual field,
the eye becomes more prolate in shape with the greatest
increase in vitreous chamber depth found in the central
retina with smaller symmetrical increases in the nasal
and temporal retina (Figure 2 left).*> The resulting
myopic changes in refractive error are also relatively
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symmetric across the horizontal meridian. However,
when form deprivation is restricted to the nasal visual
field, the greatest increases in vitreous chamber depth are
found in the temporal retina and the concomitant myopic
refractive errors are restricted to the nasal visual field
(Figure 2 right).®>

These results indicate that the vision-dependent
mechanisms that regulate refractive development
operate in a local, regionally selective manner. In essence,
visual signals from a given retinal location are integrated
in a spatially restricted manner and exert their influence
selectively on the subjacent sclera. Thus, during
emmetropization, these mechanisms probably regulate
the shape of the eye to optimize refractive error across
the retina. The predominance of local acting mechanisms
in regulating refractive development has a number of
implications. First, it reduces the likelihood that more
global mechanisms have a major role in refractive
development. For example, it is difficult to imagine how
the act of accommodation or increases in intraocular
pressure, both of which have often been hypothesized to
have a role in the genesis of myopia, could produce
regionally selective changes in refractive error.*? The
presence of local mechanisms also has important
implications for optical treatment strategies for myopia.
For instance, because the refractive state at the fovea is
dependent on ocular changes at the posterior pole and in
the periphery (ie, an expansion of the sclera in the
periphery would displace the central retina in a posterior
direction along the visual axis),’® peripheral visual
signals can influence central refractive development in a
manner that is independent of the nature of central
vision. Moreover, optical manipulations of peripheral
vision, which do not alter central vision, may be effective
in controlling central refractive development.>'=>3
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Figure 2 Top: outlines of horizontal magnetic resonance images for the treated (red) and fellow eyes (blue) of representative monkeys
reared with monocular diffuser lenses that produced form deprivation over the entire visual field (left) or only over the nasal visual
field (right). T, temporal; N, nasal. Bottom: mean (  SE) spherical-equivalent refractive corrections plotted as a function of eccentricity
for the treated (filled circles) and fellow eyes (open circles) of monkeys reared monocular full-field (left) and nasal-field (right) form
deprivation. The shade area represents +2 SD from the mean for normal monkeys. Replotted from Smith et al.*5

Foveal visual signals are not essential for the regulation
of eye growth.

Because (1) visual acuity is highest at the fovea and
decreases rapidly with eccentricity, (2) foveal vision is
very sensitive to optical defocus, (3) visual signals from
the fovea control accommodation, and (4) foveal vision
dominates our perception of the world, it has frequently
been assumed that signals from the fovea dominate
refractive development.>* Although this is a very logical
assumption, several observations contradict this widely
held belief. For instance, if this assumption is correct then
eliminating visual signals from the fovea should alter
vision-dependent refractive development. However, as
shown in Figure 3, foveal signals are not required for
normal emmetropization.”® Laser foveal ablation does
not alter the end point for emmetropization or the
normal interocular balance in refractive errors. The time
course and efficiency of emmetropization is also not
altered by foveal ablation. In addition, laser ablation of
the fovea does not prevent the eye from becoming
myopic in response to either optically induced hyperopic
defocus (left)®® or form deprivation (right).>® Nor does

foveal laser ablation interfere with the ability of the eye to
recover from either induced myopia or hyperopia.>®
Overall, these results indicate that signals from the fovea
are not required to detect the presence of a refractive
error or to alter axial growth to eliminate an existing or
an imposed optical error. In contrast, the peripheral
retina (loosely meaning the area outside the central 12
degrees of the retina) in isolation can detect a refractive
error and regulate emmetropization to eliminate natural
or imposed errors.

From an evolutionary perspective, these results are not
surprising because the vision-dependent mechanisms that
regulate ocular growth evolved in species without foveas
and the emmetropization process operates very efficiently
in animals with comparatively low visual acuities.*>>*
With respect to optical treatment strategies for myopia,
these findings are important because historically efforts to
identify risk factors for myopia have concentrated on
central vision, potentially missing critical factors
associated with peripheral vision, and optical treatment
strategies have been specifically designed to manipulate
foveal vision while ignoring the potential impact of
peripheral vision.
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Figure 3 Left: spherical-equivalent refractive corrections
obtained at ages corresponding to the end of the lens-rearing
period for the right or treated eyes of individual animals reared
with unrestricted vision (controls), laser ablation of the treated
eye fovea (laser only),% foveal ablation and —3D lenses, or
intact retinas and —3D treatment lenses.® Right: interocular
differences in refractive error (right or treated eye — left or fellow
eye) for individual controls and animals reared with laser
ablation of the fovea and unrestricted vision, foveal ablation and
monocular form deprivation, or only monocular form
deprivation.”

Peripheral visual signals can dominate central
refractive development

Dioptric demands can change significantly with
position in the field, particularly for indoor scenes. As a
consequence, the effective focus of the retinal image can
vary substantially across the retina.’”%® The impact of
visual growth signals from a given retinal location on
central refractive development probably depends on
several factors, in particular, the sensitivity of local
neurons to defocus, their absolute number and density,
and the manner in which growth signals are integrated
across the posterior globe. Although there is still much
to learn about these factors, when there are conflicting
visual signals between the central retina and the
periphery, the peripheral signals can dominate central
refractive development. For example, as illustrated in
the left and middle panels of Figure 4, infant monkeys,
which are reared with treatment lenses with central
apertures that provide unrestricted central vision and
produce either form deprivation®® or hyperopic
defocus®3 in the periphery, develop central myopia,
although the central retina received visual signals that
should have supported normal emmetropization.
Similarly, the right panel in Figure 4 shows that myopic
defocus imposed in the periphery is very effective in
slowing axial growth and in producing central
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hyperopia in chickens,®"5 which specifically provides

support for peripheral optical treatment strategies for
myopia.

With respect to designing the optimal optical treatment
strategy, it will be important to understand how
peripheral signals impact central refractive development.
By influencing the ability of the sclera to expand in a
tangential manner, peripheral mechanisms acting locally
could affect the axial position of the posterior retina and
central refractive error.>’ For example, tangential
stretching of the sclera near the eye’s equator would
increase central axial length without necessarily
changing the shape of the posterior globe. It is also likely
that the dominate role of the periphery reflects spatial
summation of growth signals across the posterior globe.
Although the density of many retinal neurons is the
highest in the fovea (eg, cone photoreceptors), the fovea
is a very small part of the total retina. Areas outside the
fovea may dominate central refractive development
because the absolute numbers of neurons, particularly
neurons that are part of the signal cascade that regulates
emmetropization (eg, dopaminergic amacrine cells), is
higher in the periphery as a result of areal summation.>*
Regardless, the pattern of results indicate that optical
treatment strategies that take into account the optical
state of the periphery are likely to be more successful
than those that do not.>

Relative myopic defocus can dominate refractive
development

When viewing a three dimensional world, particularly
indoors, the eye often experiences myopic defocus,
hyperopic defocus, and in-focus retinal images
interleaved over time. Moreover, in the presence of
astigmatism or when wearing multifocal contact lenses,
the eye can experience different types of defocus
simultaneously. The manner in which these competing
defocus signals are integrated by the vision-dependent
mechanisms that regulate refractive development
determines the overall direction of ocular growth.
Figure 5 shows longitudinal refractive errors for
individual monkeys reared with dual-focus Fresnel
lenses that had refracting powers of +3D and plano,
which established two distinct image planes across the
entire visual field (Arumugam et al, IOVS 2013, E abstract
5172). All of the treated monkeys exhibited hyperopic
shifts in refractive error. Similarly, the majority of infant
monkeys reared with cylinder lenses that had refracting
powers of +1.5 D and — 1.5 D exhibited relative
hyperopic refractive errors.?’ In contrast, most monkeys
that were treated with dual-focus lenses with powers of
— 3D and plano exhibited near normal emmetropization
(i.e., emmetropization was controlled by the
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Figure 4 Left: spherical-equivalent refractive corrections plotted as a function of age for monkeys reared with diffusers that had
either 4 or 8 mm apertures centered over the pupils of both eyes.” The treatment lenses provided unrestricted vision for the central 24
or 37 degrees of the retina; the rest of the retina experienced severe form deprivation. The shaded area represents the 10th to 90th
percentile range of ametropias for control monkeys. Middle: ametropias measured at ages corresponding to the end of the lens-rearing
period for the right eye of individual control monkeys (open symbols) and monkeys that were rearing with either peripheral form
deprivation or peripheral hyperopic defocus.>® Right: changes in refractive error produced in chickens by treatment lenses with zero-
powered central zones and + 5D peripheral zones (filled circles) plotted as a function of the diameter of the central zone.>! The open
diamond represents the changes in refraction produced by a + 5D single-vision lens.
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Figure 5 Spherical-equivalent refractive corrections plotted as
a function of age for individual monkeys reared with dual-focus
Fresnel lenses that had alternating refracting powers of 0D and
+3D. The shaded area represents the 10th to 90th percentile
range of ametropias for control monkeys.

zero-powered portion of the treatment lenses). Overall,
these results, which are a similar in nature to those
obtained when myopic and hyperopic defocus are
interleaved sequentially,él'62 demonstrate that, when
competing defocus signals occur simultaneously,
refractive development is dominated by the least
hyperopic/more myopic focal plane. These observations
support the idea that imposing relative myopic defocus
would be an effective means for slowing ocular growth
and myopia progression.

The effects of imposed defocus depend on the extent of
the visual field affected

Although local mechanisms regulate refractive
development, summation factors are likely to impact the
overall effects of imposed defocus on refractive
development. To investigate how the extend of the retinal
treatment zone influences the efficacy of imposed
defocus, Tse and To® reared chickens wearing cone-like
goggles that established two distinct image planes (+ 10 D)
and that could vary the portion of the visual field
dedicated to each image plane in a controlled manner.
Figure 6 summarizes their results. When 100% of the
field of view was devoted to either hyperopic or myopic
defocus, the animals developed myopia and hyperopic
errors, respectively, which completely compensated for
the imposed errors. When equal portions of the field of
view were devoted to hyperopic and myopic defocus, the
animals developed significant degrees of hyperopia,
confirming that myopic defocus has a stronger impact on
refractive development than hyperopic defocus. The key
point is that there was a systematic reduction in
hyperopia/increase in myopia as the proportion of the
field that received myopic defocus was reduced from 50
to 0%. In other words, the overall impact of a given type
of defocus was dependent on the amount of the field of
view that was affected.

Conclusions

With respect to optical treatment strategies for common
forms of myopia, animal studies indicate that optically
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Figure 6 Mean interocular differences in spherical-equivalent
refractive corrections for lens-reared chickens plotted as a
function of the proportion of the visual field that experienced
hyperopic versus myopic defocus.®®

imposed myopic defocus should be effective in slowing
myopia progression. In this respect, the optical
treatment lenses should ensure that relative myopic
defocus is imposed on the retina and that the relative
positive-powered portions of the treatment lenses

are not simply used by the patient to reduce
accommodative demands. To increase the likelihood
that a strategy will be successful, the imposed myopic
defocus should affect a large proportion of the
peripheral retina. In fact, it is not necessary to include
the fovea in the effective treatment zone. The emerging
data from recent clinical trials show that optical
strategies that take into account the peripheral retina
and influence imagery over large part of the retina
appear to produce larger reductions in myopia
progression than those that do not.>® More importantly
these novel lens designs are producing clinically
significant reductions in the progression of myopia in
children.
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