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Abstract

We determined effects of hemiretinal form deprivation (i.e., form-depriving half of

the retina) on central refractive development and posterior eye shape in chicks.
Seventy-seven White Leghorn chicks were randomly assigned to receive

superior (SRD, “Superior Retinal Deprivation” or inferior visual field deprivation,

same principle applies for the following abbreviations, n=17), inferior (IRD, n=14),

temporal (TRD, n=23) or nasal hemiretinal (NRD, n=23) form deprivation
monocularly from day 5 to day 26. Central refractive errors, expressed as
interocular difference in spherical equivalent (M), JO and J45 astigmatic
components, were measured using Hartinger refractometer at the beginning and
weekly after treatment for 3 weeks. At the end of the treatment period, eyes of a
subset of birds were enucleated and eye shape profile was photographed along
four different meridians. These digital images were later processed to extract
axial length (AL), equatorial diameter (ED), and AL/ED. For comparison purposes,
the eye shape profile was also acquired from a separate group of birds reared
with monocular full-retinal form deprivation (FRD, n=10). The four hemiretinal
form deprivations altered central ametropia and posterior eye shape to different
degrees. The higgest contrast in M was found between SRD and IRD groups
(mean£SE after 3 weeks: SRD=-4.14+0.71 D vs. IRD=+1.24+0.36 D; p<0.05),
whereas subtle differences in JO and J45 components were found across the four
treatment groups (both p<0.03). SRD group also showed significantly higher
AL/ED ratio compared to IRD and NRD groups (0.76+0.05 vs. 0.74+0.07 and
0.75%0.04; both p<0.03). Furthermore, M was significantly correlated with AL/ED

2



ratio in the treated eyes of hemiretinal treated chicks (r=—0.55, p<0.001). Our
results suggest that mechanism regulating central ametropia can be influenced

by selectively interrupting the visual experience at different parts of visual field.
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1. Introduction
Access to normal visual experience is essential for normal refractive

development during early eye growth. Ever since lid-sutured macaque monkeys
were first reported to develop abnormally long eyeball and axial myopia (Wiesel
& Raviola, 1977), the profound effects of early visual form deprivation on inducing
axial elongation and refractive error development were further confirmed in other
animal species tested (fish: Shen, et al., 2005; tree shrew: Sherman, et al., 1977,
marmoset:Troilo & Judge, 1993; chicks: Wallman, et al., 1978; and guinea
pig:Howlett & McFadden, 2006). More astonishingly, when nasal or temporal
retina was obstructed by translucent occluder in chicks, only the corresponding
part of the posterior globe protruded and became myopic (Wallman, et al., 1987),
regardless of whether the optic nerve was intact or not (Troilo, et al., 1987).
Importantly, this “local mechanism” has also been reported in infant rhesus
monkeys recently; specifically, covering the temporal retina increased vitreous
chamber depth and relative myopia only at the temporal side of the eyeball

(Smith, et al., 2009).

Because the central region of the retina provides the finest visual acuity, it
is important to learn how visual experience across the visual field affects the
central refractive development. In humans, it was reported that pilots who had
relative hyperopic errors in both principal power meridians at the peripheral field
were more prone to myopia development (Hoogerheide, et al., 1971), suggesting

that optical error signals imposed on peripheral retina may act as a cue for
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regulating eye growth. In infant rhesus monkeys, covering the animal’'s peripheral
retina by a diffuser with unobstructed central vision induced axial myopia,;
strikingly, the recovery from this induced myopia with unrestricted vision was
virtually unaffected in the absence of an intact fovea (Smith IlI, et al., 2005). In
chicks, it has been shown that diffusers covering different extents of peripheral
retina could have a significant impact on the magnitude of axial ametropia (Irving,
et al.,, 1995, Stone, et al., 2006). Taken together, both the presence of local
mechanism and the regulating role of peripheral vision on central refractive
development indicate a potential relationship between peripheral eye shape and
axial ametropia. Although the classifications of ametropic groups according to
estimated eye shape is not yet conclusive, it has been suggested that the
incorporation of biometric parameters associated with 3-dimensional eye shape

could be useful in studying refractive error development (Stone & Flitcroft, 2004).

Despite growing evidence of the interaction between eye shape and
central refractive development, very little is known about the relationship between
eye shape and manifest astigmatism. Given the facts that astigmatism is
frequently associated with ametropic eyes (humans:Alward, et al., 1985,
Guggenheim & Farbrother, 2004, Kaye & Patterson, 1997, Parssinen, 1991,
monkeys:Kee, et al., 2005; chicks:Kee & Deng, 2008) and that alterations in
ametropic axial growth are primarily related to structural and molecular changes
that occur at the posterior segment (Rada, et al., 1994, Siegwart Jr. & Norton,

1999), it is possible that astigmatism is a _byproduct of abnormal posterior eye
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growth (Kee & Deng, 2008, Kee et al., 2005). This hypothesis is in line with the
suggestion that axial eye growth may alter anterior ocular structures through
stretching (Mutti, et al., 1998, van Alphen, 1986), and the correlation found
between the changes in axial length and corneal power during early infancy
(Mutti, et al., 2005). This study aimed to determine the effects of hemiretinal form
deprivation on central refractive development and eye shape using chicks as an

animal model.

2. Materials and Methods

2.1 Animal Subjects

White Leghorn chickens (Gallus gallus domesticus, n=87) were used.
They were reared in a temperature controlled (~22°C) animal facility on a 12-hour
light / 12-hour dark lighting cycle, with food and water provided ad libitum. The
average light intensity was approximately 100 lux at chick’s eye level. Care and
use of the animals were in compliance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and the protocol was reviewed and
approved by the Animal Subjects Ethics Sub-committee of The Hong Kong

Polytechnic University.

2.2 Visual Manipulations
All diffusers used in this study were heat-molded using 0.5mm-thick white
polystyrene plastics. A full-retinal diffuser, which had a dome shape with an

internal aperture diameter of 13mm and a sagittal height of 4mm, was cut into
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two equal halves to make the hemiretinal diffuser. These hemiretinal diffusers
were used to cover superior, inferior, temporal or nasal retina by using the chick’s
pupillary center as a reference point (see Figure 1A for an illustration). Each
hemiretinal diffuser, which was first glued to the hook side of a Velcro ring, was
attached to the loop side of a Velcro ring that was glued to feathers around the

animal’s right orbit. All the left eyes were untreated and used as control.

After baseline refractions were carried out at 5 day of age, the animals
were randomly assigned to receive one of the four visual manipulations: superior
(“SRD”, n=17), inferior (“IRD”, n=14), temporal (“TRD”, n=23) or nasal retinal
form deprivation (“NRD”, n=23). The hemiretinal diffusers were removed daily for

cleaning purposes throughout the treatment period.

2.3 Refractometry

Refractive errors were measured on day 5 post-hatching and weekly after
that for 3 weeks by a Hartinger refractometer (Jena Coincidence Refractometer,
Model 110, Carl Zeiss Meditec, Jena, Germany) modified for small pupils (Kee &
Deng, 2008, Wallman & Adams, 1987). During refractions, birds were
anaesthetized with Isoflurane inhalation (1.0% - 1.5% in Oxygen) and the eye

was gently held open with a custom-made speculum. Our previous study has

shown that the speculum has no effect on astigmatism measurement and has

only minimal effect (~0.4D) on spherical-equivalent refractive error measurement

(Kee & Deng, 2008).Three sets of measurements were taken for each eye and
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the average was calculated using an algorithm based on power vectors analysis
(Thibos, et al., 1997). Unless otherwise stated, the data were presented as
interocular differences (treated eye — untreated eye) in spherical equivalent (also

known as mean ocular refraction, M), JO and J45 astigmatic components. All the

measurements were taken at about the same time of the day (10:00a.m. + 1hour)
to minimize the effects of potential diurnal variations on refractive error

measurements as reported by Johnson (IOVS 2004; 45: ARVO E-abstract 4295)

and Campbell (JOV 2008; 8: Fall Vision Meeting E-abstract 48).

2.4 Eye Shape Profile Imaging

Eyeball images were acquired along four different meridians to extract
posterior eye shape profile. After the last refractions were performed on day 26
post-hatching (i.e., 3 weeks of treatment), subsets of chicks from each treatment
group (SRD, n=9; IRD, n=8; TRD, n=10; NRD, n=11) were sactrificed by carbon
dioxide asphyxiation. Each eye was first land-marked with a fine-tip marker on its
sclera at 12 o'clock (superior) position, enucleated, cleared of extraocular tissues
and muscles, and photographed. The setup of imaging device is illustrated in
Figure 1B: the enucleated eyeball was rested on an eye holder with its anterior
part facing down and its pupil center aligned with the optical axis of an alignment
camera (USB camera, Polar Techno-color Ltd., HK). The alignment was judged
by using the corneal reflexes of eight LEDs around the camera. Once the
alignment was fixed, images of the eyeball’s profiles along each of the four

meridians were captured consecutively using a CCD camera (Guppy F-036B,
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Allied Vision Technologies, Staltroda, Germany) by revolving the eyeball around
the pupillary axis through the eye holder (Figure 1C). The acquired image was
later processed using a custom MatLab algorithm (MatLab; The MathWorks,
Natick, MA) to determine the eye shape parameters (Zhang, et al., 2009). In
particular the posterior eye shape profile was represented by extracting ocular
lengths measured from central to peripheral eccentricity up to 50°, in 5° intervals,
using the corneal apex as a reference (Fig.1D). Furthermore, to determine the
effects of hemiretinal form deprivation on posterior eye shape, the ratio of axial
length (AL) to equatorial diameter (ED) along a particular meridian was
calculated for each bird. The AL was derived from the vertical dimension
enclosed by the corneal apex and a point on the posterior scleral surface,
whereas the ED was derived from the widest horizontal dimension in each image
(Fig.1D). For SRD and IRD birds, AL/ED data were calculated from the images
acquired along the superior-inferior (vertical) plane only; for TRD and NRD birds,
the AL/ED values came from the dimensions measured using the images along
the temporal-nasal plane (horizontal) only. For comparison purposes, eye shape
profile was recorded from a separate group of birds reared with similar protocol
except that the right eyes were treated with monocular full-retinal form

deprivation (FRD, n=10).

2.5 Data analysis
Statistical analyses were carried out using SAS Enterprise Guide 4.1 (SAS

Institute Inc., Cary, NC). Because our primary aim was to determine the effects of
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hemiretinal form deprivation on central refractive component and eye shape
parameters, the data of FRD treated birds were therefore not included in the
statistical tests. Repeated measure analyses (via proc mixed) were applied to
test the effects of treatment, treatment duration and their interaction on treated
eyes. If the interaction was statistically significant, the treatment effect was
subsequently tested by one-way ANOVA and the effect of treatment duration was
tested by one-way repeated measures ANOVA. In addition, if ANOVA revealed a
significant difference, Tukey’s post-hoc test was conducted to identify which pairs
of treatment were significantly different and Dunnett's post-hoc test was
conducted to test on which day the change from baseline (day 5) was significant.
Pairwise Spearman correlation coefficients between AL/ED and refractive
components were computed and tested for significance. Significance level was

set at a=0.05.

3. Results

3.1 Effects on inter-ocular difference in M, JO and J45

There were significant interactions between treatment and treatment duration in
M, JO and J45 astigmatic components (all interactions, p<0.05). Overall, both
treatment and treatment duration had significant effects (all p<0.03) on these

three refractive components.

3.1.1 Treatment Effect (by treatment week)

3.11.1M
10
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At baseline, no significant differences were found among the four treatment
groups in M (ANOVA; p=0.17). After one week, significant treatment effects were
found in M (ANOVA; p<0.0001). As illustrated in Figure 2, IRD group had
significantly less myopic/more hyperopic M compared to the other three groups
(Tukey’s adjustment for pairwise comparisons, all p<0.01). In contrast, SRD
group had more myopic M than the other three treatment groups (Tukey’s
adjustment for pairwise comparison, all p<0.01). After two weeks of treatment,
significant treatment effects in M still persisted (ANOVA, p<0.0001), with the SRD
group exhibited more myopic M compared to the other three groups of birds
(Tukey’s adjustment for pairwise comparison, all p<0.0001). At the end of the
three-week treatment period, the treatment effects were still statistically
significant (ANOVA, all p<0.0001): the SRD group had significantly more myopic
M than the other three groups (Tukey’s adjustment for pairwise comparisons, all
p<0.01), whereas the IRD group had low amount of hyperopia (+1.24+0.36D),
which was significantly different from SRD and NRD groups (Tukey’s adjustment
for pairwise comparisons, all p<0.005) but not to the TRD group (Tukey’'s

adjustment for pairwise comparisons, p=0.09).

3.1.1.2 J0 & J45

At baseline, no significant differences in JO and J45 components were found
among the four hemiretinal treated groups (ANOVA, all p>0.39). After one week,
significant treatment effects were found on JO (ANOVA, p=0.001) but not on J45

(ANOVA, p=0.29). In particular, the TRD group had more minus JO component

11
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compared to both NRD and SRD groups (Tukey’s p<0.02) but not to the IRD
group (Tukey’s p=0.32). On week two, significant treatment effects were found on
J45 (ANOVA, both p=0.02) but not on JO (ANOVA, p=0.25). The TRD group had
J45 component significantly more minus compared to those of SRD group
(Tukey’s p=0.04). At the end of the 3-week treatment period, significant treatment
effects were found on both JO and J45 (ANOVA, both p<0.03), the TRD exhibited
more minus JO compared to SRD with borderline significance (Tukey’s, p=0.066)
and the NRD exhibited more minus J45 compared to the SRD group (Tukey’s

p<0.01).

3.1.2 Treatment Duration Effect (by treatment type)

3.1.21M

Treatment duration had significant effect on M for the SRD, NRD, and TRD
groups (all p<0.04) but not for IRD group (p=0.08). For both SRD and NRD
groups, the relative changes from baseline in M at all three time points (i.e., 1%,
2" and 3" weeks) were significant (Dunnett's post-hoc tests, all p<0.04) except
on the 1% week of NRD group (Dunnett’s post-hoc test, p=0.065). For TRD group,

the changes from baseline in M was significant only on the 1% week (p=0.02).

3.1.2.2 J0 & J45
Treatment duration had significant effects on JO component for all (all p<0.03)

except NRD groups (p=0.24), and on J45 component for the NRD group only

12
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(p=0.012). With respect to baseline, significant more minus JO was found on 2"
week for SRD group (Dunnett’s post-hoc test, p=0.02), on 1% and 3" weeks for
TRD group (Dunnett’s post-hoc test, p<0.01), and on 2" and 3™ weeks for IRD
group (Dunnett’s post-hoc test, p<0.007). For the NRD group, significant more

minus J45 was found on 3" week only (Dunnett’s post-hoc test, p=0.03).

3.2 Posterior Eye shape Parameters

Hemiretinal form deprivations produced an enlarged eyeball in general with local
expansion corresponding to the deprived region. Figure 3 illustrates the posterior
eye shape profile (mean length+SE) as a function of eccentricity with reference to
the corneal apex for the four hemiretinal treatment groups (half-filled symbols), a
full-retinal deprived group (filled symbols), and all the fellow untreated eyes as a
control group (open symbols) after the 3 weeks observation period. Eye shape
profiles along the horizontal (left) and vertical (right) meridians were presented
with the corresponding anatomical locations indicated on x-axes. Compared to
the fellow untreated eyes, it is obvious that all hemiretinal form deprivations
resulted in an overall enlargement of eyeball with a protruded area corresponding

to the form-deprived region. It should be noted that this enlarged posterior

segment applied to both covered and uncovered regions,—which-could-parth-be

Furthermore, the differences between hemiretinal and full-retinal form
deprivations were more pronounced near the posterior pole but appeared to

diminish near 50° eccentricities.

13
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To illustrate the ocular expansion due to hemiretinal and full-retinal form
deprivations at all meridians, Figure 4 plots the percentage increase in eye
dimension (treated eye /fellow untreated eye) for five eccentricities (i.e., 10°, 20°,
30°, 40° & 50°) from central. For each eccentricity, percentage increase at the
eight locations (two locations on each meridian) was calculated individually and
averaged for each treatment group. In the polar plot, each datum represents an
average increase in percentage (radius) at a particular retinal location (see
Figure legend) for a treatment group. To visualize the local effects more easily,
the data for the same treatment group are color coded as shown in Figure legend.
Compared to full-retinal form deprivation (black lines), which produced symmetric
eye expansion for virtually all measured meridians in the posterior pole from 10°
to 40° eccentricities (see statistics in the following paragraph), the hemiretinal
treatment groups resulted in asymmetric posterior expansions typically near the
central (axial) regions but these asymmetric local effects appear to diminish
gradually towards 40° eccentricity. For instance, by comparing the SRD (red lines)
and IRD (green lines), one would notice much bigger expansions at, respectively,
superior and inferior regions from 10° to 40° eccentricities; however, these
treatment effects disappeared at 50° eccentricity. At 50° eccentricity, which was
nearby the eye’s equator (see Fig.1D), although both full-retinal and hemiretinal
form deprivations still produced relatively bigger eye sizes compared to their
fellow untreated eyes, all treatment groups exhibited larger expansion only on the

temporal side of the eyeball.

14
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To determine if individual treatments had produced asymmetric eye
growth on individual meridians, for each of the five eccentricities, the differences
in eye expansion between the two opposite locations (i.e., temporal — nasal;
superior — inferior; superior-nasal — inferior-temporal; or superior-temporal —
inferior-nasal) were calculated for each bird and the group’s data were tested to
see if the values were statistically significant from zero. As marked in Fig.4, any
location where a symbol was inserted represented an “asymmetric expansion”
along a particular meridian, e.g., asymmetric eye growths were consistently
found in SRD group at superior position (superior — inferior > 0) from 10-40°
eccentricities. Further analyses showed that the treatment effects of hemiretinal
form deprivation on asymmetric expansion at all four meridians were statistically
significant for all (one-way ANOVAs, all p< 0.01) except the 50° eccentricity (one-

way ANOVAs, all p> 0.19).

Figure 5 shows the effects of hemiretinal form deprivation on M and AL/ED
for the fellow untreated (open) and treated eyes (filled) at the end of the 3-week
treatment period., No significant differences in M or AL/ED were found in the
fellow untreated eyes across the four treatment groups (ANOVA, all p>0.18). In
contrast, significant treatment effects were found on M and AL/ED in the treated
eyes (ANOVA, p<0.006). Similar to the results shown in Fig.2, this SRD subset
also had significantly more myopic M than the other three subsets of treated birds

(Tukey’s adjustment for pairwise comparisons, all p<0.01). More importantly, not

15



only did SRD group show significantly higher AL/ED compared to IRD and NRD
groups (both p<0.03 after Tukey's adjustment), the IRD group also had
significantly smaller AL/ED compared to TRD group (p=0.01 after Tukey’s
adjustment). In addition, correlation analyses of the 38 treated eyes indicated that
M (Spearman’s r=—0.55, p<0.001), but not JO (Spearman’s r=0.17, p=0.30) and

J45 (Spearman’s r=—0.10, p=0.56), was significantly correlated with AL/ED.

16
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4. Discussion

Our key findings were: 1) the effects of hemiretinal form deprivation on
central ametropia and eye shape may vary depending on which hemiretinal was
deprived; 2) the induced astigmatism showed subtle differences in magnitudes
and properties across the four hemiretinal treatment groups; 3) the spherical-
equivalent refractive error in these hemiretinal form deprived chicks was

correlated with AL/ED ratio.

Our results provide further evidence that hemiretinal form deprivation
could also alter central ametropia in chicks. The magnitude of this induced
myopia, however, was much smaller when compared to previous studies which
partially form-deprived retina with diffuser placed 10° beyond the pupillary center
or diffuser with a trapezium opening (Troilo et al., 1987, Wallman et al., 1987; see
also Diether & Schaeffel, 1997), suggesting a more sensitive/plastic region within
the 10° central retina. We believe that this lower magnitude of central ametropia
came about because the translucent occluder we used to bisect the pupil might
have exposed the treated eyes to more than half of the visual field due to eye
movements and/or viewing behavior. As shown in Figs. 3 & 4, the corresponding
treatment-induced changes in eye shape and dimension were more obvious at
20-30° eccentricities, whereas those changes within the 10° eccentricity were

smaller in magnitude. However, it should be noted that the magnitudes of

changes at corresponding areas were quite similar within 30° eccentricities

17
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(Figures 3 & 4), suggesting that the effects of asymmetric eye movement or eye’s

fixating behavior, if there is any, should be minimal. Nevertheless, given the facts

that chicks could exert 10-20° lateral eye movements (Schippert & Schaeffel,
2006), and that only brief periods of unrestricted vision could significantly
attenuate the effects of form-deprivation or defocus-induced myopia (Kee, et al.,
2007, Napper, et al., 1997, Shaikh, et al., 1999, Smith Ill, et al., 2002, Winawer &
Wallman, 2002), it is possible that had we covered more than half of the retina,
like those device used by Wallman and coworkers (Wallman et al., 1987), the
changes in central ametropia and ocular dimensions would have been larger. In
this respect, previous studies using occluders (Stone et al., 2006) or spherical
lenses (Morgan & Ambadeniya, 2006, Schippert & Schaeffel, 2006) with central
aperture (i.e., unrestricted central visual field) have consistently shown that
central ametropia can be induced only if the size of the peripheral visual
deprivations was big enough to cover a critical region around the central retina in
chicks (see also (Irving et al., 1995)), our results provide further evidence that
even if the central retina in the treated chicks might have been partially exposed
to unrestricted vision, covering the four hemi-retinal sectors can still produce

different impacts on central ametropia (Fig.2).

Among the four hemiretinal treated groups, IRD and SRD birds exhibited
the biggest contrast in the magnitudes of central ametropia and AL/ED ratio. The
differential effects of covering inferior and superior retina were also reported in

previous studies using chicks (Miles & Wallman, 1990, Stone et al., 2006) and

18
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guinea pigs (McFadden, 2002, Zeng & McFadden, 2010). Specifically, using
diffusers with apertures oriented eccentrically for chicks to access inferior-nasal
or superior-temporal retina, Stone et al.(Stone et al., 2006) have found that the
magnitude of central myopia was much higher in birds with superior-temporal
retina covered than those birds with inferior-nasal retina covered. Similarly, as
reported in two abstracts, McFadden (IOVS 2002; 43: ARVO E-abstract 189) and
Zeng and McFadden (IOVS 2010; 51: ARVO E-Abstract 1736) also reported that
guinea pigs became more myopic when superior retina was covered with a
partial diffuser. It remains unclear whether this differential susceptibility to
superior-inferior retinal deprivations is related to regional variations in retinal
function and/or ocular structural plasticity. At cellular level, there is evidence that
the embryonic developmental pattern is distinctly different between rod and cone
photoreceptor subtypes in chicks, with rods developed earlier and distributed
more abundantly in the inferior retina compared to cones (Bruhn & Cepko, 1996).
Furthermore, the bullwhip and mini-bullwhip cells, retinal cell types which have
been proposed recently to regulate eye size in chicks (Fischer, et al., 2008), were
also found to distribute asymmetrically in, respectively, ventral and dorsal
circumferential marginal retinal regions (Fischer, et al., 2006). Further studies are
much in need to determine whether this regional variation in cell types can
influence the mechanism regulating central refractive development and eye
shape. It would also be interesting to find out if the higher susceptibility to
superior retinal form deprivation would lead to ocular pathologies commonly

found at superior fundus (e.qg., retinal hole and tear) in humans (Kanski, 1989).
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The magnitude of induced astigmatism also varied depending on the retinal
region receiving form deprivation, albeit its pattern is different from those shown
by spherical power components (Fig.2). First, although SRD group exhibited the
highest magnitudes of spherical-equivalent among the four groups of birds, the
same group developed the lowest magnitude of JO compared to other groups.

Contradict to the prediction of astigmatism as a byproduct of ametropic eye

growth and the direct correlations frequently found in the magnitudes of

spherical-equivalent and astigmatism (Kee & Deng, 2008, Kee et al., 2005,

Kisilak, et al., 2008), these results suggest that the mechanism underlying the

hemiretinal form-deprivation induced astigmatism may be more complicated than

previously thought. Second, the signs of JO components were negative for all

treatment groups but the signs of J45 components were somewhat varied across
the treatment groups. Specifically, unlike TRD and NRD treatments, which both
induced negative J45 components, the SRD treatment resulted in a positive J45
component. To our knowledge, other than the recent finding that covering the
nasal visual field with either diffuser or -3D lens produced significantly higher
magnitudes of manifest astigmatism in monkeys (Hung, Huang & Smith IIl, IMC
2010, Poster 44), this is the first study which shows that hemiretinal form
deprivation could have significant impacts on manifest astigmatism and produced
subtle differences in individual astigmatic components in chicks. It should be
noted, however, that although subtle differences were found on J45 components,

the magnitudes of J45 were smaller than JO components. Based on our sample
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size and the data collected, we only have 80% and 68% statistical powers,

respectively, to detect a maximum difference of 1.21D in JO and a

maximum difference of 0.66D in J45 across the four treatment groups.

On the other hand, of those treated eyes that exhibited more than 1.0D of

manifest astigmatism, the proportions of against-the-rule (axes range=60°~120°),
with-the-rule (axes range= 0°~ 30° & 150°~180°), and oblique astigmatisms
(observed axes=35°, 135° & 140°) were indeed quite similar after 1 week
(ATR=75.9%; WTR=22.2%; Oblique=1.85%; total n=54) and 3 weeks of
treatment (ATR=82.7%; WTR=13.5%; Oblique=3.8%; total n=52). How this
disproportionately higher prevalence of against-the-rule astigmatism came about
despite significant differential treatment effects on posterior eye shape remains
uncertain. Because asymmetric ocular expansions were consistently found at 50°
temporal side of all treatment groups (Fig.4), it would be interesting to study the
influence of eye shape profile near equator or anterior to equator on the

characteristics of astigmatism induced.

Several human studies, using either imaging techniques (Cheng, et al.,
1992, Deller, et al., 1947) or peripheral refractions (Mutti, et al., 2000), have
noted a tendency for myopes and hyperopes to exhibit, respectively, more
prolate and oblate eye shape (for a review see Stone & Flitcroft, 2004). However,
a reanalysis of previous peripheral refractions data (collected only at 30°
temporal retina, (Mutti et al., 2000) indicates that classifying refractive groups

according to the geometry of eye shape has its limitation; in essence, different
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kinds of eye shape could be found within each refractive group (Stone & Flitcroft,
2004). In this respect, our results showed that M was also moderately but
significantly correlated with AL/ED ratio (Spearman’s r= -0.55, p<0.001),
indicating that myopia was associated with a more prolate/less oblate eye shape.
It should be noted, however, that the AL/ED ratio was calculated based on the
values acquired at the presumably most responsive meridians for individual
treatment group. As reflected in Fig.4, subtle differences in eye shape at all
meridians across the four treatment groups were also noted near 50° eccentricity.
If AL/ED ratio was recalculated based on the averaged values of all four
meridians, the correlation between M and AL/ED actually became even stronger
(Spearman’s r= —0.65, p<0.001), supporting the idea that 3-dimensional eye

shape may be a better indicator in relating with central refractive status.

In summary, our results indicate that central refractive development can
be altered to different degrees even if only half of the retina is visually deprived.
The significantly higher magnitudes of central myopia associated with superior
retinal form deprivation warrant further investigation. It is important to study if
myopic eye growth in humans is triggered by a similar lower visual field (superior
retinal) deprivation (e.g., book or desk). Equally importance is to elucidate
whether and how mechanism regulating eye growth is limited by regional

variations in sensory and/or mechanical structures.
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Figure legends.

Figure 1. A) Hemiretinal diffusers were used to deprive half of the visual field by
aligning the diffuser’s edge with pupil centre. In this example, the nasal retinal is
form deprived. B) Schematic diagram of the set-up of imaging system, the
pupillary axis of the eyeball was aligned with the optical axis of an alignment
camera guided by eight LEDs built around the camera’s aperture, the eye shape
profile was captured by the Guppy CCD camera. C) The profiles of the
enucleated eyeball at four meridians were captured consecutively by revolving
the eyeball around the pupillary axis. D). The edge of each eyeball’s profile was
first extracted by a custom MatLab algorithm and posterior ocular parameters

were derived for eccentricities up to 50° in 5° intervals on each side.

Figure 2. Longitudinal changes (mean+/-SE) of the interocular differences in
spherical-equivalent refractive error (M), JO and J45 astigmatic components over

the 3-week treatment period.

Figure 3. Posterior ocular dimension (mean+SE) as a function of eccentricities
with respect to corneal apex for hemiretinal treated (semi-filled symbols) and
fellow untreated eyes (open symbol). Data along the horizontal (left) and vertical
meridians (right) were presented with their anatomical positions indicated on the
x-axes. Data from full-retina form-deprived (filled symbols) birds were presented
for reference purposes. Note that the standard errors for control eyes were small
(max.=0.048) and were thus hidden by the symbols.

27



10

11

12

13

14

Figure 4. Effects of hemiretinal form deprivations on local eye shape at different

eccentricities. Percentage increase in ocular dimensions for treated eyes with
respect to fellow untreated eyes (treated eyes / fellow untreated eyes) are plotted
for five eccentricities. Data for the five treatment groups are color coded as
shown in the legend. Each ring represents a 2% increase in the treated eye
relative to the fellow eye. A symbol on one side of each meridian represents a

statistical significant asymmetric expansion.

Figure 5. Spherical-equivalent refractive error (M) and AL/ED ratio for treated
(filled bar) and fellow untreated eyes (open bar) at the end of 3-week treatment

period (mean+SE).
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