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Purroske. To determine whether localized retinal exposure to astigmatic blur is sufficient
to drive compensatory changes in refractive and corneal astigmatism in developing chick
eyes.

MerHoDps. One hundred and thirty-six chicks were randomly assigned to nine groups
combining three visual field conditions (full, horizontal, or vertical) and three lens treat-
ments: with-the-rule (WTR) astigmatism (+2.00/—4.00 x 90), against-the-rule (ATR) astig-
matism (42.00/—4.00 x 180), or control (plano lens). Objective refraction and A-scan
ultrasonography were measured at baseline (post-hatch day 5) and after 7 days of lens
treatment, at which time corneal topography was also assessed. Data were analyzed
using interocular differences (treated right eye minus untreated left eye) with two-way
ANOVA.

Resurts. Exposure to astigmatic blur induced significant compensatory changes in both
refractive and corneal astigmatism, regardless of visual field extent. WTR blur elicited
greater compensatory astigmatism than ATR blur (mean difference = 1.20 + 0.16 DC,
P < 0.001), with both conditions showing significant compensation compared to controls
(P < 0.001). Visual field condition had no significant effect on astigmatic compensation
(P > 0.19). In contrast, spherical ametropia development was influenced by visual field
exposure, with partial-field conditions inducing mild myopic shifts and deeper anterior
chambers compared to full-field exposure (P < 0.001).

Concrusions. Localized retinal exposure to astigmatic blur is sufficient to drive compen-
satory changes in both refractive and corneal astigmatism, indicating that local retinal
mechanisms can independently guide astigmatism compensation. In contrast, spherical
refractive development appears to be modulated by the extent of visual field exposure.
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efractive astigmatism, characterized by unequal refrac-

tive power between the two principal meridians of
the eye perpendicular to each other, results in blurred or
distorted vision,! which includes corneal and internal astig-
matism, with the latter being predominantly from the crys-
talline lens.? This optical imperfection is not only common,
affecting 27.2% to 42.7% of school-age children in Asian
Chinese (>0.75 diopter cylinder [DC]) and Native Ameri-
can (>0.50 DC) populations,>* but also clinically signifi-
cant due to its potential impacts on vision development?® and
quality of life.> Although genetic predispositions contribute
to the development of astigmatism®® and the biomechan-
ical force from the eyelids has been proposed to influ-
ence corneal astigmatism,”'® emerging evidence indicates
that visual experience, such as digital device use'’!? and
pandemic-related lifestyle shifts,'3-'# also play a crucial role.
Animal studies have further demonstrated that early
exposure to astigmatic blur can induce refractive and corneal
astigmatism, suggesting an adaptive emmetropization
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process that modulates eye growth to reduce astigmatic
errors.'>1° In particular, eyes develop an opposing refractive
error to partially compensate for imposed blur; for exam-
ple, they develop against-the-rule (ATR) refractive astig-
matism (with a negative cylindrical axis close to 90°) in
response to with-the-rule (WTR) astigmatic blur (with a
negative cylindrical axis close to 180°), and vice versa.!>-17
This compensatory response involves a change in the optics
of the eye, with studies confirming that the cornea partially
contributes to the resulting refractive astigmatism by chang-
ing its shape.!> However, as these findings have largely come
from experiments using full-field visual stimulation,>~18 a
key question remains: Is full-field retinal stimulation neces-
sary for this compensation, or can spatially localized defocus
alone achieve the same effect?

Although the findings of previously published stud-
ies have established the importance of visual signals on
astigmatism development, the specific mechanisms driving
this compensation still require further investigation, with
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emerging evidence pointing to the retina as a key modu-
lator. For example, the experimental disruption of reti-
nal circuitry by excitotoxins in chicks has been shown
to inhibit compensatory astigmatic development.'® Further-
more, early exposure to imposed astigmatic blur has been
associated with alterations in retinal electrophysiology—
specifically, longer implicit times in inner retinal responses
compared to controls.'®!? Although these findings highlight
the role of the retina in astigmatism development, the spatial
characteristics of the retinal mechanism involved remain
unclear. A key factor deserving further consideration is the
non-uniform distribution of retinal cells. In chicks, retinal
ganglion cells (RGCs) are unevenly distributed,?*~2* with the
nasal and temporal regions exhibiting lower density and
larger cell sizes compared to other retinal areas.?’-2324 This
regional heterogeneity could have significant implications
for how different parts of the retina process astigmatic blur
and may ultimately contribute to the development of astig-
matism.

This study aimed to determine whether partial visual field
exposure to astigmatic blur can induce compensatory astig-
matic changes in the developing eye. To address this ques-
tion, a chick model was employed to compare the effects of
full-field exposure to astigmatic blur with those of localized
(vertical or horizontal) exposure to astigmatic blur on refrac-
tive and corneal astigmatism. Specifically, it was hypothe-
sized that

1. Partial field exposure is sufficient to trigger compen-
satory responses, indicating that localized reti-
nal mechanisms can independently drive astigmatic
compensation.

2. The magnitude of the compensatory response differs
between vertical and horizontal exposure, reflecting
underlying variations in RGC density and distribution
as well as retinal neural networking.

By clarifying the role of localized retinal input in astig-
matism development, this research not only advances the
understanding of the adaptability of the visual system but
also provides insight into the optimization of clinical inter-
ventions for refractive correction, including orthokeratol-
ogy, peripheral defocus-incorporated lenses, and progres-
sive lenses, which introduce varying amounts of astigmatic
defocus over the visual field.>*>~2®

METHODS
Animals Husbandry

One hundred and thirty-six White Leghorn chicks (Gallus
gallus domesticus) were obtained from the Centralized
Animal Facility at The Hong Kong Polytechnic University.
The chicks were housed in a temperature-controlled envi-
ronment maintained between 23.0°C and 24.5°C, with an
illuminance (white light) of 150 lux at eye level. A 12:12-
hour light:dark cycle (lights on at 07:00 AM and off at 7:00
PM) was implemented to regulate circadian rhythms. Food
and water were provided ad libitum throughout the study.
All procedures adhered to the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research and were
approved by the Animal Subjects Ethics Sub-committee of
The Hong Kong Polytechnic University (approval number:
21-22/206).
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Visual Manipulation

Baseline measurements, including objective refraction and
A-scan ultrasonography, were performed on both eyes at
post-hatch day 5 (P5). Immediately following these baseline
assessments, chicks were randomly assigned to one of nine
experimental groups and subsequently underwent visual
manipulation (Fig. 1). To induce astigmatism, a bitoric lens
(7.6/6.70-mm base curve, 10.8-mm diameter; X-Cel Specialty
Contacts, Duluth, GA, USA) with a +2.00 diopter sphere
(DS)/—4.00 DC and a spherical equivalent of 0 D was fitted
to the right eye. The lens axis was oriented at either 90°
or 180° to simulate WTR and ATR astigmatism, respec-
tively. These orientations were chosen because WIR and
ATR are the most prevalent forms of refractive astigmatism
in human infants and children.?-3! In the control group,
a plano lens (7.50/7.50-mm base curve, 10.8-mm diameter;
X-Cel Specialty Contacts) was fitted to the right eye under
the same partial field conditions. The control animals in the
full-field group were left untreated to serve as a negative
control, establishing a baseline for natural refractive devel-
opment without any visual manipulation (i.e., no lens wear
or visual field restriction). The left eye remained untreated
in all groups.

We attached a Velcro ring to the periorbital feathers of
the treated eye, and the lens was attached to this ring.!”> The
astigmatic axis was aligned by referring to the chick’s palpe-
bral fissure and horizontal canthus, and alignment marks on
the Velcro ring ensured proper orientation after daily clean-
ing. Lenses were removed briefly (for less than 1 minute) for
cleaning once daily using a cotton swab and air blower to
maintain clarity.

Visual field conditions were controlled using an opaque
paint (PYLOX aerosol paint; Nippon Paint, Hong Kong,
China) to restrict visual exposure and allow selective stim-
ulation of specific retinal regions (Fig. 1). To ensure consis-
tency across all experimental groups, a standardized proto-
col for every lens was employed. Each lens was first marked
into four quadrants of approximately 90°. The two opposing
quadrants intended to remain clear were then masked for
protection, which prevented paint from covering that part of
the lens. An opaque black paint was subsequently applied
to the unmasked areas. After the paint dried, the protective
masking was removed, resulting in a lens with two clear,
opposing quadrants and two occluded quadrants.

Chicks in all groups were exposed to one of three
visual field conditions: full-field (FF), horizontal-field (HF),
or vertical-field (VF). For the partial-field conditions, an
opaque black paint with a light transmittance of <0.01%
(250-800 nm, measured using a Lambda 6508 spectropho-
tometer; PerkinElmer, Waltham, MA, USA) and a thickness
of about 0.05 mm (measured using a J-45 Dial Thick-
ness Gauge; Hans Schmidt & Co., Waldkraiburg, Germany)
was applied to restrict vision outside the designated area.
Following the 7-day treatment period (P5-P12), objec-
tive refraction and A-scan ultrasonography were repeated.
Corneal topography was evaluated at P12. Baseline corneal
topography measurements (P5) were not obtained because
the small corneal size limited measurement accuracy at
that age.

Measurement Procedures

Objective refraction and A-scan ultrasonography measure-
ments were performed between 08:00 AM and 11:00 AM
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Figure 1. Experimental groups and visual field conditions. Chicks were randomly assigned to one of nine experimental groups
(n = 136 total). Three visual field conditions were tested: FF (no occlusion), HF (superior and inferior quadrants occluded), and VF (nasal
and temporal quadrants occluded). Within each visual field condition, chicks were further divided into three lens treatment groups: WTR
astigmatism (+2.00/—4.00 DC at 90°, red boxes), ATR astigmatism (+2.00/—4.00 DC at 180°, blue boxes), or control (plano lens, black boxes).
The schematic chick illustrations show the appearance of the lens on the right eye, where black regions indicate occluded areas of the visual

field. Sample sizes () for each group are indicated in parentheses.

to minimize potential diurnal variations.>* The instruments
and protocols used in this study have been previously
described.?> To ensure the integrity of the data, a strict
measurement sequence was followed. Corneal topogra-
phy was always performed first on alert chicks. Subse-
quently, chicks were anesthetized for the objective refrac-
tion measurements. A-scan ultrasonography, which required
contacting the cornea, was always performed last. A brief
summary of each method is provided below.

Objective Refraction. Objective refraction was
performed at P5 and P12 using a Hartinger coinci-
dence refractometer (Model 110; Carl Zeiss Meditec,
Jena, Germany). Prior to measurement, chicks were anes-
thetized with low-dose isoflurane inhalation (1%-1.5% in
oxygen) to stabilize eye movement and minimize accom-
modation fluctuations>* A lightweight, custom-made lid
retractor, aligned with the horizontal plane of the palpebral
fissure, was gently inserted to maintain eyelid opening
and avoid contacting the cornea throughout the proce-
dure. This methodology is based on previous work that
demonstrated that such retractors do not significantly affect
astigmatic measurements using the Hartinger coincidence
refractometer in chicks.3*

Initial alignment was achieved by positioning the chick’s
eye so that the external light-emitting diode (LED) ring of the
refractometer was concentric with the pupil center. When
alignment had been confirmed, the LEDs were switched off,
and the reflected mires of the refractometer were adjusted
to determine refractive status. For each eye, at least three
consecutive measurements were recorded and averaged.
Spherical ametropia and refractive astigmatism (magnitude
and axis) were obtained from the spherical and cylindrical
powers measured by the Hartinger coincidence refractome-
ter.

A-Scan Ultrasonography. Axial biometry was
measured at P5 and P12 using a high-resolution A-scan
ultrasonography system (GE Panametrics, Billerica, MA,
USA) equipped with a 50-MHz polymer probe and an
adjustable pulse receiver (polyvinylidene fluoride [PVDFJ;
P150-2-R0.50; GE Panametrics). Measurements were taken
after the chicks were anesthetized with low-dose isoflurane
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inhalation (1%-1.5% in oxygen). The probe was aligned
along the pupillary axis while the eye was held open by
a lid retractor. To minimize irritation and enhance optimal
signal quality while acting as a medium for transmission of
the ultrasound waves, ultrasound gel (Aquasonic ultrasound
gel; Parker Laboratories, Fairfield, NJ, USA) was applied
to the probe surface, and a drop of distilled water was
applied to the eye surface. For each eye, three consecutive
measurements were obtained and averaged. Key ocular
biometric parameters, including anterior chamber depth
(ACD), lens thickness (LT), vitreous chamber depth (VCD),
and choroidal thickness, were determined from the peaks
identified in the A-scan waveform. Axial length (AL) was
defined as the distance from the anterior corneal surface to
the anterior retinal surface.’

Corneal Topography. Corneal topography was
measured at P12 using a custom-built Placido-ring videok-
eratography system.!>!® Measurements were performed
on awake chicks without a lid retractor. After aligning
the pupil with the center of the Placido rings, an inte-
grated charge-coupled device (CCD) camera continuously
captured images reflected from the corneal surface. For
each eye, at least three images were selected based on
the following criteria to minimize potential confound-
ing factors, such as optical misalignment and corneal
accommodation!>18:3%;

* Sharp focus—All captured Placido rings are in sharp
focus.

* Central alignment—The central Placido rings are prop-
erly aligned with the pupil center.

* No sign of accommodation—There is no constriction of
the Placido rings, indicating that corneal accommoda-
tion is absent.

Selected images were analyzed using a custom MATLAB
algorithm to extract corneal power data.!>'® Corneal astig-
matism, calculated from a central 2.8-mm-diameter region,
was used for subsequent analysis. This specific diameter was
chosen because it provides the least instrumental noise as
previously validated.?”
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Statistical Analysis

Refractive errors obtained via objective refraction were

converted into the spherical equivalent (SE) error and the

JO and J45 astigmatic components using power vector anal-
1638

ysis™®:

SE =S+ ¢
B 2
C
JO = ——cos2«
2
C
J45 = —EsinZa

where S is the spherical power, C is the cylindrical power,
and « represents the astigmatic axis. Similarly, corneal astig-
matism was decomposed into its JO and J45 components
based on the cylindrical power and astigmatic axis. To
facilitate comparison with previous studies'>® both refrac-
tive and corneal astigmatism were reported as a positive
value.

Data from objective refraction, corneal topography, and
A-scan ultrasonography were analyzed using SPSS Statistics
21.0 (IBM, Chicago, IL, USA). Baseline comparisons (at P5)
were conducted using one-way ANOVA, which confirmed
no significant differences in refractive errors or axial biom-
etry between groups for either eye, F(8, 92) < 0.93, all
P > 0.10. To isolate the effects of visual manipulation on
refractive error development and eye growth and to control
for inter-individual variation, interocular differences (treated
right eye minus the untreated left eye) were calculated from
data obtained at the end of the treatment period (P12). To
confirm that the visual manipulations did not systemically
affect the contralateral (untreated) eyes, a separate two-way
ANOVA on the effects of astigmatic blur and visual field was
performed on the P12 data from the left eyes. This anal-
ysis confirmed that neither astigmatic blur nor visual field
had a significant effect on the primary outcomes (refrac-
tive and corneal astigmatism) in the contralateral eyes (all
P > 0.05). Most biometric parameters in the contralateral
eyes were also unaffected (all P > 0.05). However, signif-
icant effects of astigmatic blur were observed for LT, F(2,

(A)

ek
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127) = 8.06, P < 0.001, and VCD, F(2, 127) = 4.68, P = 0.01.
Post hoc tests indicated that the untreated eyes of control
chicks had thicker LT and shorter VCD than those of chicks
in the WTR and ATR groups (all p < 0.01). Given that no
significant transfer of treatment effects were observed in our
primary outcomes, all analyses were performed on interocu-
lar differences. The complete data for each eye are presented
in Supplementary Tables S1 and S2.

Two-way ANOVAs were performed to assess the main
effects of astigmatic blur (WTR, ATR, control) and visual
field (FF, HF, VF) and their interactions for each depen-
dent variable (refractive astigmatism, corneal astigma-
tism, SE error, and axial biometry). Additionally, Pearson
correlation analyses were conducted to examine relation-
ships between refractive and corneal astigmatism. Holm—
Bonferroni corrections were applied to adjust for multiple
comparisons. All statistical tests were two tailed, with signif-
icance set at an alpha level of 0.05. Data are presented as
mean + SEM.

RESULTS

Effects of Visual Manipulation on Astigmatism
Development

Refractive Astigmatic Changes. Exposure to astig-
matic blur induced significant refractive astigmatism in the
treated birds compared to controls (Fig. 2). Two-way ANOVA
revealed a significant main effect of astigmatic blur (WTR,
ATR, control) on interocular differences in the magnitude of
refractive astigmatism, F(2, 127) = 114.15, P < 0.001 (effect
size: 77[2; = 0.64) and its vector components JO, F(2, 127) =
161.75, P < 0.001 (effect size: n = 0.72) and J45, F(2,127) =
5.20, P < 0.001 (effect size: 775 = 0.08). Post hoc analyses of
the main effect of astigmatic blur demonstrated that the WTR
group exhibited a significantly greater magnitude of refrac-
tive astigmatism than both the ATR group (mean difference
= 1.20 + 0.16 D, P < 0.001) and the control group (mean
difference = 2.39 + 0.16 D, P < 0.001). In addition, the
ATR group showed significantly greater refractive astigma-
tism than the control group (mean difference = 1.19 + 0.16
D, P < 0.00D).
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o O Control
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Refractive Astigmatism (D)

LT L
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Ficure 2. Refractive astigmatism across different lens treatments and visual field conditions: (A) Magnitude of refractive astigmatism,
(B) JO component, and (C) J45 component for WTR, ATR, and control groups. Data are presented as interocular differences (treated right
eye minus untreated left eye; mean + SEM). Red bars denote WTR groups, blue bars denote ATR groups, and black bars denote control
groups. Within each treatment group, open bars indicate FF exposure, horizontal striped bars indicate HF exposure, and vertical striped
bars indicate VF exposure. Significant differences between astigmatic groups are indicated as **P < 0.001.
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Ficure 3. Corneal astigmatism across different lens treatments and visual field conditions: (A) Magnitude of corneal astigmatism,
(B) JO component, and (C) J45 component for WTR, ATR, and control groups. Data are presented as interocular differences (treated right
eye minus untreated left eye; mean + SEM). Red bars denote WTR groups, blue bars denote ATR groups, and black bars denote control
groups. Within each treatment group, open bars indicate FF exposure, horizontal striped bars indicate HF exposure, and vertical striped
bars indicate VF exposure. Significant differences between astigmatic groups are indicated as **P < 0.001.

Regarding the JO component, the WTR group developed
a more negative value (indicative of ATR astigmatism) than
the control group (mean difference = —1.11 £+ 0.13 D, P
< 0.001), whereas the ATR group exhibited a more positive
JO (indicative of WTR astigmatism) than the control group
(mean difference = 1.22 4 0.13 D, P < 0.001). The difference
between the WIR and ATR groups also reached significance
(P < 0.001). For the J45 component, the ATR group had a
more negative value than both the WTR group (mean differ-
ence = —0.37 £ 0.12 D, P = 0.008) and the control group
(mean difference = —0.30 &+ 0.12 D, P = 0.04), but no signif-
icant difference was found between the WTR and control
groups (P = 0.54). These findings indicate that induced
refractive astigmatism is highly dependent on the axis of the
imposed astigmatic blur. In contrast, the visual field condi-
tion (FF, HF, VF) showed neither a significant main effect,
F(2,127) < 1.68, P > 0.19, nor a significant interaction with
astigmatic blur, F(4, 127) < 0.44, P > 0.78.

Corneal Astigmatic Changes. Changes in corneal
astigmatism were similar to those observed in refractive
astigmatism (Fig. 3). Two-way ANOVA revealed a significant
main effect of astigmatic blur on both the magnitude, F(2,
127) = 57.60, P < 0.001 (effect size: 77[2) = 0.48), and the
JO component, F(2, 127) = 10.32, P < 0.001 (effect size: ng
= 0.34) of corneal astigmatism. Specifically, the WIR group
exhibited greater corneal astigmatism than the ATR (mean
difference = 0.64 £ 0.13 DC, P < 0.001) and control groups
(mean difference = 1.41 + 0.13 DC, P < 0.001), but the
ATR group also had significantly greater corneal astigma-
tism than the control group (mean difference = 0.77 £ 0.13
D, P < 0.001).

In terms of the JO component, the WTR group developed
a more negative value (indicative of ATR astigmatism) than
the control group (mean difference = —0.56 + 0.12 D, P
< 0.001), whereas the ATR group exhibited a more positive
JO (indicative of WTR astigmatism) than the control group
(mean difference = 0.39 4+ 0.12 D, P = 0.002). The differ-
ences between the WTR and ATR groups were statistically
significant (P < 0.001).

Although there were no significant main effects of visual
field on either the magnitude or the JO component of corneal
astigmatism, F(2, 127) < 2.02, P > 0.14, a significant interac-
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tion was observed between astigmatic blur and visual field
for the magnitude of corneal astigmatism, F(4, 127) = 3.42,
P = 0.01 (effect size: r)ﬁ = 0.10). Within the WTR group,
simple main effects analysis revealed that the VF condition
induced greater corneal astigmatism than the HF condition
(mean difference = 0.71 £ 0.22 D, P = 0.03), whereas no
significant differences were found between VF and FF (P
= 0.30) or between HF and FF (P = 1.00) conditions. For
the J45 component, there were no significant main effects
of astigmatic blur, F(2, 127) = 1.98, P = 0.14, or visual field,
F(2,127) = 1.79, P = 0.17, nor significant interaction, F(4,
127) = 0.31, P = 0.87.

Correlations Between Refractive and Corneal
Astigmatism. Figure 4 illustrates the relationships bet-
ween refractive and corneal astigmatism. Pearson correla-
tion analyses revealed that the overall magnitude of refrac-
tive astigmatism was moderately to strongly correlated with
corneal astigmatism across all visual field conditions (FF, » =
0.80; HF, » = 0.75; VF, » = 0.65; all P < 0.001). Similarly, the JO
component of refractive astigmatism was significantly corre-
lated with the JO component of corneal astigmatism (FF, r =
0.62; HF, r = 0.69; VF, r = 0.58; all P < 0.001). In contrast, no
significant correlations were observed between the refrac-
tive and corneal J45 components after adjusting for multiple
comparisons (all P > 0.05).

Corneal Curvature Changes. Significant changes in
corneal curvature were observed (Fig. 5). For the steepest
corneal meridian, a two-way ANOVA revealed a significant
main effect of visual field, F(2, 127) = 5.54, P < 0.01 (effect
size: nf) = 0.08), but no significant main effect of astigmatic
blur, F(2, 127) = 0.23, P = 0.80). There was no significant
interaction between these factors, F(4, 127) = 0.23, P= 0.92.
Post hoc analysis of the visual field effect showed that the FF
condition resulted in a less steep cornea compared to the VF
condition (mean difference = —1.11 4+ 0.35 D, P < 0.01). No
other significant differences between the visual field groups
were observed (P > 0.00).

For the flattest corneal meridian, a two-way ANOVA
revealed significant main effects for both astigmatic blur,
F(2, 127) = 8.52, P < 0.001 (effect size: 7712) = 0.12), and
visual field, F(2, 127) = 4.06, P = 0.02 (effect size: 17[2) =
0.06). Post hoc tests for the astigmatic blur effect showed
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that the WTR group had a significantly flatter cornea than sis showed that the FF condition had a significantly flatter
the control group (mean difference = —1.49 + 0.36 D, cornea than the VF condition (mean difference = —1.00 +
P < 0.001); other pairwise comparisons were not signifi- 0.36 D, P = 0.02); other comparisons were not significant
cant (P > 0.10). For the visual field effect, post hoc analy- P> 0.5D.
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Effects of Visual Manipulation on Spherical
Ametropia Development and Axial Eye Growth

In contrast to refractive astigmatism, which was significantly
influenced by imposed astigmatic blur, changes in spherical
ametropia and axial eye growth were primarily driven by
visual field conditions (Fig. 6). Astigmatic blur did not signif-
icantly affect SE, ACD, LT, VCD, AL, or ChT, F(2, 127) < 2.54,
P > 0.08. In contrast, visual field conditions had a significant
effect on SE, F(2, 127) = 14.96, P < 0.001 (effect size: 1, =
0.19); ACD, F(2, 127) = 8.68, P < 0.001 (effect size: n; =
0.15); and VCD, F(2, 127) = 3.28, P = 0.04 (effect size: n
= 0.05). No significant interactions between astigmatic blur
and visual field were observed for any of these measures,
F(4,127) < 2.00, P> 0.10.

Post hoc analyses revealed that chicks in the FF condi-
tion had a significantly more positive SE than those in the
VF (mean difference = +1.70 &+ 0.32 D, P < 0.001) and HF
(mean difference = +1.13 £ 0.32 D, P < 0.001) conditions.
In addition, the FF condition had a significantly shorter ACD
than both the VF (mean difference = —72.70 &+ 17.52 pm,
P < 0.001) and HF conditions (mean difference = —41.83
+ 17.52 pm, P = 0.04). There were no significant differ-
ences in SE or ACD between the VF and HF conditions
(P > 0.08). Although the VF condition tended to yield a
shorter VCD than both the HF (mean difference = —42.65
4+13.53 pm, P = 0.08) and FF conditions (mean differ-
ence = —43.80 £19.42 um, P = 0.08), these differences did
not reach statistical significance. Similarly, the difference in
VCD between the FF and HF conditions was not significant
P =0.95).

For LT, neither astigmatic blur nor visual field had signif-
icant main effects, F(2, 127) < 1.66, P > 0.19. However, a
significant interaction was observed between these factors,
F(4, 127) = 3.28, P = 0.01 (effect size: nf) = 0.09). Simple
main effects analysis within the control group revealed that
the HF condition resulted in a significantly thinner LT than
the FF condition (mean difference = —75.43 + 25.31 pm,
P = 0.02), whereas no significant differences were found
between VF and HF or VF and FF conditions (P > 0.25).
Within the FF condition, the control group exhibited a signif-
icantly thicker LT than either WTR (mean difference = 63.03
+ 24.86 pm, P = 0.03) or ATR (mean difference = 88.53 +
24.86 pm, P = 0.003) groups, with no significant difference
between the WTIR and ATR groups (P = 0.31). For AL and
ChT, there were no significant main effects of astigmatic blur
or visual field, F(2, 127) < 1.90, P > 0.15, nor significant
interaction, F(4, 127) < 0.51, P > 0.73.

DISCUSSION

Two primary findings were observed in this study. First,
localized retinal exposure to astigmatic blur was sufficient
to induce compensatory changes in both refractive and
corneal astigmatism in developing chick eyes, regardless of
full or partial visual field conditions. Second, in contrast,
changes in SE error and ACD were primarily modulated by
the extent of visual field exposure, with partial-field condi-
tions leading to more pronounced myopic shifts compared
to FF conditions. This suggests that spherical refractive
development, unlike astigmatism compensation, is influ-
enced by the regional distribution of visual input across the
retina.
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Localized Retinal Mechanisms in Astigmatism
Compensation

Our results demonstrate that, even when astigmatic blur is
restricted to only a portion of the visual field, the compen-
satory response remains robust. Thus, the presence of astig-
matic blur is essential to drive compensatory response.
Notably, partial-field exposure was as effective as FF stimu-
lation in triggering compensatory responses, suggesting that
the retina integrates signals over a limited spatial extent.
It can be hypothesized that this integration may be medi-
ated by horizontal and wide-field amacrine cells, which are
known to facilitate lateral signal transmission in vertebrate
retinas, although direct evidence in chicks is still lacking.
In addition, diffusible factors such as dopamine, 4! which
has been implicated in the regulation of eye growth,%
could contribute to the propagation of astigmatic signals
across the retina. However, the specific roles of these
neural circuits and diffusible factors in mediating astigma-
tism compensation remain to be fully determined. Future
studies should explore whether horizontal and wide-field
amacrine cells directly transmit astigmatic growth signals in
the chick retina and clarify the contribution of dopamine to
astigmatism development.

Despite regional differences in RGC density and distri-
bution in the chick retina,?*:?3:24 the orientation and magni-
tude of both refractive and corneal astigmatism were simi-
lar under FF, HF, and VF conditions. These results under-
score a remarkable capacity for localized retinal mecha-
nisms to detect and respond to astigmatic blur. The find-
ings are consistent with previous studies that imposed
FF astigmatic blur in chicks, in which the magnitude of
astigmatism developed differed in response to WTR and
ATR conditions.'>'¢ Specifically, compensatory astigmatism
was strongly dependent on the orientation of the imposed
blur: Exposure to WTR astigmatic blur elicited a larger
compensatory shift, resulting in astigmatism oriented in
the ATR direction. In contrast, exposure to ATR astigmatic
blur produced a smaller compensatory shift oriented in the
WTR direction, as reflected by changes in the JO vector
component.'>1%18 The absence of significant astigmatic
changes in control groups under all visual field conditions
confirms that these compensatory effects are driven by the
imposed astigmatic blur rather than by visual field occlusion
per se.

Furthermore, the significant correlation between corneal
and refractive astigmatism supports the notion that corneal
remodeling actively contributes to the compensatory
process. Across all visual field conditions, corneal astigma-
tism accounted for approximately 42% to 64% of the vari-
ation in the magnitude of refractive astigmatism and 34%
to 45% of the variation in the JO component. Although
these correlations are lower than those typically reported
in human studies, % they align well with previous find-
ings in chick models.!>34 The analysis of the principal
corneal meridians revealed the mechanism for this remod-
eling: The imposed astigmatic blur selectively altered the
flattest meridian without significantly affecting the steepest
one. Specifically, in response to WTR blur, the eye flattened
the primarily vertical meridian. This remodeling resulted in
compensatory ATR corneal astigmatism, with an axis of 102°
(calculated from the average JO and J45 values in Figs. 3B
and 3C). Conversely, in response to ATR blur, the eye flat-
tened the primarily horizontal meridian, leading to compen-
satory WTR astigmatism with an axis of 161°. This asym-
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metric change to a single meridian explains the resulting
compensatory shift in corneal astigmatism.

Interestingly, the difference in the magnitude of corneal
astigmatism induced by WTR and ATR blur was absent in the
VF condition (Fig. 3A). Furthermore, VF exposure, regardless
of the induced blur, also led to significant anterior segment
changes, including a steeper cornea and deeper anterior
chamber, compared to FF exposure (Figs. 5, 6B). Although
the mechanism linking these observations is not yet under-
stood, our results show a disparity between the corneal and
overall refractive responses of the eye. Crucially, despite
the altered corneal remodeling pattern observed in the VF
group, the final refractive astigmatic compensation remained
effective and was comparable across all visual field condi-
tions. This disparity suggests that, when the corneal contri-
bution to compensation is altered, other optical components,
most plausibly the crystalline lens, adjust to achieve the
necessary refractive outcome. Future studies are warranted
to directly measure the properties of the crystalline lens to
confirm its compensatory role in response to partial-field
astigmatic blur.

Restricted Visual Field Influences Spherical
Ametropia Development and Axial Eye Growth

Partial-field conditions induced mild myopic shifts ranging
from —0.51 £+ 0.41 D to —1.63 £ 0.49 D relative to FF condi-
tions. Importantly, these myopic shifts cannot be attributed
to the imposed astigmatic blur. Under FF conditions, both
WTR and ATR astigmatism resulted in mild hyperopia (4-0.31
£ 0.25 D and +0.40 £ 0.28 D, respectively), values that were
not significantly different from those of the control group (-
0.06 £ 0.22 D). These observations are consistent with previ-
ous studies in chicks and monkeys that have shown that
FF astigmatic blur, even when coupled with varying spheri-
cal errors, tends to direct refractive development toward the
circle of least confusion or toward a more hyperopic focal
plane.'> 847 In our FF conditions, the use of cross-cylindrical
lenses with zero SE error resulted in mild hyperopia near the
circle of least confusion. Thus, the myopic shifts observed
under partial-field occlusion are most likely attributable to
the restricted visual input rather than by the imposed astig-
matism.

The mechanisms by which partial-field occlusion influ-
ence SE error and axial biometric parameters remain unclear.
Notably, the findings of this study differ substantially from
those observed in form deprivation myopia (FDM). In
FDM, diffusers transmit light while disrupting form vision,*®
which typically leads to substantial axial elongation and
high myopia (over —20 D after 1 week).” In contrast,
the use of opaque black paint blocked nearly all light,
resulting in only modest refractive and structural changes,
primarily manifesting as anterior chamber deepening. In
addition, changes in LT, VCD, and AL were minimal or
exhibited interactions with the imposed astigmatic blur.
These differences suggest that distinct mechanisms under-
lie the ocular changes induced by restricted visual input
compared to those driving FDM. Further investigations are
needed to elucidate how spatially limited visual input affects
ocular growth, particularly in terms of anterior chamber
development, and to clarify the underlying mechanisms
involved, as this will help provide insights into the effects
of the anterior chamber on the progression of refractive
errors.
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Limitations

Although this study demonstrated that localized retinal
mechanisms can drive astigmatism compensation, there are
several limitations that must be acknowledged. First, the
use of opaque black paint for partial-field occlusion unex-
pectedly induced a mild myopic shift, even in the plano
partial-field control group. This unintended effect could
require caution in the interpretation of spherical error
data. Second, the experimental design did not differenti-
ate between the contributions of the central and peripheral
retina; partial-field occlusion stimulated both regions simul-
taneously. Future studies employing more targeted occlu-
sion techniques (for example, using quadrant-specific or
central versus peripheral occlusion) are necessary to clar-
ify the distinct roles each retinal region plays in astigmatic
compensation. Third, eye movements of the chicks were not
controlled in this study. Given that chicks exhibit significant
eye movements (up to 40°), predominantly along the hori-
zontal axis,*® the precise retinal area stimulated by the astig-
matic blur was not constant. However, if these eye move-
ments were a primary confounding factor, a different astig-
matic response would be expected between the HF and VF
groups. Although any influence of eye movement cannot
be completely ruled out, the finding that the compensatory
astigmatic response was comparable across all visual field
conditions suggests that the observed changes were driven
by the presence of localized astigmatic blur, rather than by
the pattern of eye movements across the occluded zones.
Finally, this study only measured central refraction and on-
axis biometry. Consequently, it remains unclear whether the
myopic shifts observed in the partial-field conditions were
localized to the occluded retinal regions, a phenomenon
that has been reported in hemifield form-deprivation stud-
ies.’! Future studies incorporating peripheral refraction and
eye shape measurements are warranted to clarify the spatial
specificity of these ocular growth responses.

CONCLUSIONS

This study demonstrates that localized retinal exposure to
astigmatic blur, whether applied to the entire or only a
portion of the visual field, is sufficient to drive compen-
satory changes in both refractive and corneal astigma-
tism in developing chick eyes. These specific visual field
responses underscore the role of local retinal circuits in
guiding astigmatism compensation. This finding has signifi-
cant clinical implications, as common myopia control inter-
ventions including multifocal contact lenses, orthokeratol-
ogy, and peripheral defocus spectacle lenses introduce vary-
ing patterns of astigmatic blur across the visual field.>*->°
However, the effects of these interventions on astigmatism
development in children are not yet well understood. There-
fore, future research is necessary not only to elucidate the
underlying cellular and molecular mechanisms but also to
determine how these local compensatory processes influ-
ence refractive outcomes in a clinical setting, ultimately
informing the design of more targeted and effective inter-
ventions.
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