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ARTICLE INFO ABSTRACT

Keywords: This study investigated early temporal dynamics of ocular compensation to imposed astigmatic blur, specifically
Astigmatism anterior segment alterations in a chick model. Fifty-four chickens were equally randomized to treatment or
Cornea

control groups at post-hatching day 5 (baseline, T0). Crossed-cylindrical lens (+-4.00 DS/—8.00 DC) was used to
induce astigmatic blur on the right eye for two weeks: With-the-rule (WTR, axis 90°) and Against-the-rule (ATR,
axis 180°) astigmatism. Ocular axial dimensions and objective refraction were measured daily for the first four
days (T0-T3), and at one (T7) and two weeks (T14). Corneal topography was measured at T3, T7 and T14. Our
results showed that chicks treated with crossed-cylindrical lenses developed significantly higher refractive
astigmatism compared to the control group (all p < 0.01), plateauing within two days. Corneal astigmatism
diverged over two weeks, increasing in the WTR group but decreasing in the ATR groups, while internal
astigmatism showed opposite trends. Critically, anterior segment changes emerged by T3: the ATR group
exhibited a significantly deeper anterior chamber (T3: p = 0.034), and both treatment groups showed signifi-
cantly thinner crystalline lenses (ATR: T2, p = 0.008; T3, p = 0.007; WTR: T3, p = 0.043) compared to controls.
These changes persisted throughout the treatment. To conclude, refractive astigmatism compensated rapidly
(plateauing within two days) in response to astigmatic blur, while corneal astigmatism exhibited divergent
changes over two weeks. The persistent anterior segment alterations—lens thinning and anterior chamber
deepening—demonstrate a key compensatory role for anterior ocular structures beyond corneal plasticity alone.
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1. Introduction Consequently, it significantly impairs quality of life and may be asso-
ciated with myopia progression (Kearney et al., 2025), hindering night
driving (Black et al., 2019) and reducing overall well-being (Wolffsohn

et al.,, 2011), thereby imposing substantial societal burdens (Zhang

Regular astigmatism (cylindrical error [Cyl] > 0.5 D) is a prevalent
refractive error in which the eye has two orthogonal principal merid-

ians, causing light to focus as two perpendicular line foci rather than a
single point. It primarily arises from toricity in the cornea or crystalline
lens, affecting 14.9 % of schoolchildren and 40.4 % of adults globally
(Hashemi et al., 2018). Uncorrected astigmatism degrades vision at all
distances and can cause permanent meridional visual deficits if left
untreated during the critical period of visual development (Zhang et al.,
2022; Leung et al., 2021; Wang et al., 2018; Mitchell et al., 1973). Unlike
myopia — which typically stabilizes in adulthood (COMET-Group, 2013;
Qin et al., 2022) - astigmatism exhibits dynamic shifts in both magni-
tude and axis throughout life (Kee, 2013; Read et al., 2007).

et al., 2023).

It is well-established that visual signals guide eye growth through
short-term choroidal adjustments and long-term scleral remodeling
(Wallman and Winawer, 2004). For example, spherical defocus (i.e.
hyperopic or myopic blur), which focuses an image in front of or behind
the retina, could elicit the rapid response of the choroid by adjusting the
position of the retina forward or backward to achieve emmetropia in
response to imposed defocus (Wallman et al., 1995), and it occurs within
a few minutes of exposure to defocus in the chick model (Zhu et al.,
2005; Zhu and Wallman, 2009). Despite the quick action of choroid, it is
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reported that the axial elongation exceeds that of the fellow eye after
only one day of wearing a negative lens (—15 D) and three days for
diffusers, mainly due to increased vitreous chamber depth, while ante-
rior segment dimensions remain stable (i.e. anterior chamber dimen-
sion: distance between anterior cornea to anterior lens; and lens
thickness) (Kee et al., 2001). In terms of change in the anterior segments
(i.e., corneal curvature and anterior chamber depth), the results are
inconsistent compared to the posterior segments. For example, a steeper
cornea and an increased anterior chamber depth are observed in the
form-deprived chick eye (Gottlieb et al., 1987; Kang et al., 2024; Troilo
et al., 1995), while the anterior chamber depth is relatively stable under
defocus exposure with normal light level (500 lux) or even with high
level light intensity (15,000 lux) (Ashby and Schaeffel, 2010). Despite
the rich evidence on the mechanisms of spherical refractive error
development (Troilo et al., 2019), astigmatism remains understudied,
particularly regarding the anterior segment in its development.

Although astigmatism primarily arises from anterior segments (i.e.,
cornea and crystalline lens), and our previous work demonstrated
compensatory refractive changes in response to astigmatic defocus (Chu
and Kee, 2015; Popa et al., 2020; Vyas and Kee, 2021; Ayerakwah et al.,
2025), the temporal dynamics of astigmatism development remain un-
known. In this study, we hypothesize that sustained astigmatic blur
drives astigmatism progression in chicks through coordinated changes
in corneal shape, crystalline lens thickness, and anterior chamber depth.
Furthermore, we aim to investigate whether adaptation patterns differ
between early (<3 days) and sustained (1-2 weeks) exposure. Using the
chick model — a well-established system for refractive development
studies (Irving et al., 1991, 1995; Troilo et al., 2019) — we longitudinally
assess corneal topography, refractive error, and ocular axial components
during early (3-day) and long-term (1- and 2-week) astigmatic blur
exposure. This hypothesis-driven approach will clarify how anterior
segment parameters contribute to astigmatism development, bridging a
critical gap for further mechanism investigation.

2. Methods
2.1. Animal model

Fifty-four White Leghorn chickens (Gallus gallus domesticus) were
hatched from specific-pathogen-free eggs (Jinan SPAFAS Poultry Co.,
Jinan, China) and raised at The Hong Kong Polytechnic University's
Centralized Animal Facility. The animal room maintained a 12h:12h
Light:Dark cycle with 150 lux illumination at eye level from 7 a.m. to 7
p-m. Chickens had ad libitum access to food and water. All experiments
adhered to the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, and the study protocol was approved by the Ani-
mal Subjects Ethics Subcommittee (ASESC 23-395) of The Hong Kong
Polytechnic University.

2.2. Animal treatments

On post-hatching day 5 (P5), or treatment day O (T0), chickens were
randomized into control (n = 18) and two treatment groups (n = 36). P5
was selected to minimize the potential confounding effects of natural
astigmatism with lens-induced astigmatism on eye growth (Vyas and
Kee, 2021). Astigmatic blur was optically imposed in the right eyes by
attaching crossed-cylindrical lenses (+-4.00 DS/-8.00 DC, PMMA mate-
rial, base curve = 7.5 mm, diameter = 10.8 mm, optical zone = 10 mm;
Conforma, VA, USA) oriented at 90° (With-The-Rule, WTR; n = 18) or
180° (Against-The-Rule, ATR; n = 18) for two weeks, with the axis of the
lenses referenced to the canthi (Irving et al., 1995). To be specific, the
orientation of optically induced astigmatism was determined by the axis
setting of the treatment lens: With-the-rule (WTR) astigmatism was
simulated by placing the minus-cylinder axis at 90°, so that the positive
(+4.00 DC axis 180) and negative cylindrical powers (—4.00 DC axis 90)
were positioned along the 90° and 180° powered meridians,
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respectively. The current power induces higher astigmatism than
weaker alternatives used in the previous study (Chu and Kee, 2015).
Lenses were affixed via a Velcro ring adhered peri-orbitally (Norland
Products, New Brunswick, NJ, USA) and cleaned daily (<1 min) with
cotton swabs.

2.3. Ocular biometric measurements

To minimize diurnal variations in ocular measurements (Nickla
et al., 1998), all biometric measurements were conducted between 8 a.
m. and 12 p.m. Corneal topography was first assessed using a
custom-built Placido-based Videokeratography system (Chu et al.,
2014). Refractive status was then determined with a modified Hartinger
refractometer, recording three readings per eye (Kee and Deng, 2008).
Finally, ocular axial dimensions were measured using a high-resolution
A-scan ultrasonography (Kang et al., 2018).

2.3.1. Videokeratography system (VKS)

Corneal shape was measured in awake chickens with eyes naturally
open using a Placido-ring VKS. After aligning the pupil with the rings, a
CCD camera captured corneal reflections. At least three sharply focused
images per eye were selected according to established criteria and
analyzed using a custom MATLAB algorithm (Chu et al., 2014; Kang
et al., 2024). Of the three tested zones (1.50, 2.10, and 2.80 mm
diameter), we analyzed only the central 2.80 mm zone because it yielded
the highest accuracy and lowest instrumental noise in sphere-based
validation (maximum deviations: 1.50 mm vs 2.80 mm corneal astig-
matism = —0.45Dvs —0.18 D; JO = —0.02 D vs —0.01 D; J45 = —-0.22D
vs —0.09 D) (Chu et al., 2014), and it aligns with prior chick studies (Chu
et al., 2014; Ayerakwah et al., 2025) to support repeatability and
comparability. Measurements were obtained at 3 days (T3), 1 week (T7),
and 2 weeks (T14) post-treatment. Earlier measurements (T0-T2) were
precluded by insufficient corneal size for reliable topography
acquisition.

2.3.2. Hartinger coincidence refractometer

Refractive status was measured using a Hartinger coincidence
refractometer (Model 110, Carl Zeiss Meditec, Germany). Chickens were
anesthetized with isoflurane (0.75 %-1.0 % in oxygen), and the palpe-
bral fissure was aligned horizontally. A custom eyelid retractor was used
to gently open the eye during measurements (Kee and Deng, 2008).
Three readings were recorded per eye. Refraction was performed daily
during the first 4 days (T0-T3), and then at 1 week (T7) and 2 weeks
(T14).

2.3.3. A-scan ultrasonography

Ocular axial dimensions were measured using a custom-built A-scan
ultrasound system with a 50 MHz transducer coupled with an adjustable
pulse-receiver (PVDF; PI50-2-R0.50; GE Panametrics, U.S.) Parameters
include: central corneal thickness (CCT), anterior chamber depth (ACD),
lens thickness (LT), vitreous chamber depth (VCD), retinal thickness
(RT), choroidal thickness (ChT), scleral thickness (SL) and axial length
(AXL; anterior cornea to posterior sclera). Under isoflurane anesthesia,
eyes were gently opened with an eyelid retractor. The probe was aligned
along the pupillary axis after applying ultrasound gel (New Jersey, USA)
to its surface. To minimize the potential impact of gel on the cornea, a
drop of distilled water was applied to the corneal surface to reduce
irritation. Additionally, three measurements per eye were acquired
within 2 min with measurement order randomized—alternating the
starting eye between chicks. Data were analyzed using a custom peak-
identification algorithm (Nickla et al., 1998) and averaged. Measure-
ments occurred daily during the first 4 days (T0-T3), then at 1 week (T7)
and 2 weeks (T14).
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2.4. Data analysis

Data were analyzed using SPSS (version 22, IBM Corp., Armonk, NY,
USA) with a significance level of a < 0.05. Astigmatism was decomposed
into JO and J45 components using power vector analysis (Thibos et al.,
1997), where positive JO indicates WTR astigmatism, negative JO in-
dicates ATR astigmatism, and J45 indicates oblique astigmatism. In-
ternal astigmatism (IA) was calculated as the vector difference between
the refractive and corneal JO and J45 astigmatic components. Finally, IA
was converted into cylindrical power based on these vector components.
To avoid potential confounding effects of astigmatic blur on the fellow
untreated eye, only data of the treated (right) eyes were used for anal-
ysis. Subsequent analysis showed no significant difference among fellow
eyes of treated and control groups. A repeated two-way ANOVA with
Bonferroni's post-hoc test was used to compare changes in ocular pa-
rameters across groups, with time as the within-group factor and
treatment as the between-group factor. Greenhouse-Geisser or
Huynh-Feldt corrections were applied based on data sphericity from
Mauchly's test. Pearson or Spearman correlation analysis was conducted
between corneal and ocular components, depending on data normality.
Results were expressed as mean + standard deviation (SD) to depict the
variability of individual measurements within each group and the
dispersion between treated and control conditions.

3. Results
3.1. Development of refractive astigmatism

Significant treatment, time, and interaction effects were observed for
refractive astigmatism (Treatment: F(o 51) = 144.0; Time: F(351, 179.2) =
31.35; Interaction: F(1g, 26) = 13.68; all p < 0.001). Treatment groups
developed significantly higher refractive astigmatism (RA) than con-
trols, with profound effects during the early phase (Fig. 1A, TO - T3). RA
increased sharply in both treated groups in one day (vs. controls: p <
0.01), peaking after two days (WTR > ATR, p = 0.02; both vs. controls p
< 0.001). RA stabilized post-treatment day 2 (plateau: p > 0.18), while
controls remained stable (<0.5D, p > 0.15). The ANOVA-identified
temporal pattern (rapid increase and plateau) was further quantified
via piecewise growth modeling (see Supplementary Material).

For refractive-JO (R-JO, Fig. 1B), treatment groups showed
compensatory shifts (Treatment: Fos51) = 210.9, p < 0.001; Time:
F(3.80,194.0) = 3.66, p = 0.008; Interaction: F(10,255) = 24.34, p < 0.001).
WTR eyes developed strongly negative values (p < 0.001 vs. controls),
increasing sharply over the first two days (all p < 0.002) before pla-
teauing, mirroring RA dynamics. ATR eyes showed mild positive shifts
(p < 0.05) but no temporal changes (high variability).

For R-J45 (Fig. 1C), significant treatment (F(2,51) = 23.20, p < 0.001)
and interaction effects (F(10,255) = 3.85, p < 0.001) were observed, with
no time effect (F(2.94,149.7) = 1.03, p = 0.38). WTR surpassed controls at
T1 (p < 0.03), diverging from ATR by T7 (p < 0.001). Controls remained
stable (all p > 0.05).

3.2. Development of corneal astigmatism

Repeated ANOVA revealed strong treatment and interaction effects
on CA (Treatment: F(2 51) = 28.93, p < 0.001; Interaction: F(4 192) = 8.98,
p < 0.001), with both WTR and ATR groups exceeding controls (p <
0.005 by T3) (Fig. 2A). WTR's CA increased progressively (T14 > T3/T7,
p < 0.004), while ATR's declined after T3 (T14 < T3, p = 0.02),
diverging significantly by T14 (3.00D vs. 1.62D, p < 0.001). Controls
remained stable (~1D, p > 0.35).

For corneal-JO (C-JO), treatment (Fo;51) = 42.17), time (F(1.99,101.7)
= 51.99), and interaction (F(4,102) = 13.02) effects were significant
(Fig. 2B, all p < 0.001). ATR shifted positively vs. WTR/controls (all p <
0.001), except T14 (vs. control: p = 0.68). WTR became progressively
more negative (p < 0.05), mirroring R-JO trends, while controls
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Fig. 1. Longitudinal changes in refractive astigmatism components in the
treated and control eyes. The X axis represents treatment duration, and the Y
axis is the refractive component: (A) Magnitude of refractive astigmatism (RA),
(B) R-JO astigmatic component (R-J0), and (C) R-J45 astigmatic component (R-
J45). The vertical dashed line in the figures separates data into early and long-
term phase exposure. Data shown as mean + SD (dots: individual birds).
Groups: WTR (red), ATR (blue), control (grey). Symbols: * (treatment effect), #
(time effect); one/two/three symbols = p < 0.05/<0.01/<0.001. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

remained stable (p > 0.52). For corneal-J45 (C-J45), treated groups
showed more negative values than controls (F(2,51) = 33.30, p < 0.001)
but no time (p = 0.13) or interaction effects (p = 0.74) (Fig. 2C).

The flattest corneal meridian in treated groups became significantly
flatter than controls by T7 (both p < 0.05), persisting in WTR at T14 (p =
0.008) (Fig. 2D). The steepest meridian showed time-dependent flat-
tening (F1.96,100.1) = 1419, p < 0.001) but no treatment effects (p >
0.15).

3.3. Development of internal astigmatism
Repeated two-way ANOVA showed significant treatment, time, and

interaction effects on IA (Treatment: F(3 51) = 54.33, p < 0.001; Time:
F1.97,100.6) = 5.11, p = 0.008; Interaction: F(4, 102) = 3.4; p = 0.01). Both
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Fig. 2. Longitudinal changes in corneal astigmatism components in the treated and control groups. The X axis represents treatment duration, and the Y axis is the
corneal component: (A) Magnitude of corneal astigmatism (CA), (B) C-JO astigmatic component (C-J0), (C) C-J45 astigmatic component (C-J45), (D) magnitude of
the flattest meridian, and (E) magnitude of the steepest meridian. Data: mean + SD (dots: individual birds). Groups: WTR (red), ATR (blue), control (grey). Symbols:
* (treatment effect), # (time effect); one/two/three symbols = p < 0.05/<0.01/<0.001. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

WTR and ATR groups showed higher magnitudes of IA than controls
throughout the treatment period (p < 0.002) (Fig. 3A). WTR's IA
decreased over time (p < 0.04), showing a trend opposite to that
observed in corneal astigmatism (Fig. 2A), whereas IA in the ATR and
control groups remained stable (p > 0.23).

For internal JO (I-JO), treatment (F(251) = 81.6, p < 0.001), time
(F(1.93’98.25) = 13.3, p < 0.001), and interaction (F(4’102) =392, p =
0.005) effects were significant (Fig. 3B, all p < 0.005). Both WTR and
ATR shifted positively compared to controls (all p < 0.037), exhibiting a
reversed trend compared to C-JO (Fig. 2B), while controls remained
stable (p > 0.66). For internal J45 (I-J45), significant treatment (Fo51)
= 52.04, p < 0.001) and time effects (F(;.59, 81.04) = 2.70, p = 0.009)
were observed, but no interaction effects (F4, 102) = 1.15, p = 0.34).
Both treated groups showed more positive values than controls (p <
0.03) (Fig. 3C). Time effect was not significant after adjustment for
multiple comparisons within the group.

3.4. Effects on ocular axial components

As shown in Fig. 4, both ATR- and WTR-treated eyes exhibited pro-
gressive anterior chamber deepening (ACD: Treatment: F(3 51) = 8.86, p
< 0.001; Interaction: F(9,255) = 9.61, p < 0.001), with ATR showing
significantly deeper ACD than controls by T3 (p = 0.04) and surpassing
WTR by T14 (p < 0.001). Lens thinning (LT: treatment: F(3 51) = 6.16, p
= 0.004) mirrored these trends: ATR reduced LT versus controls at T2/
T3 (p < 0.009), while WTR thinned later (T7/T14, p < 0.003), aligning
temporally with corneal steepest/flattest meridian shifts (Fig. 2D and E).
These anterior changes—absent in controls (p > 0.35 for CA stability)—
suggest cornea-lens interplay underlies compensatory astigmatism.

Posterior segment alterations were limited: WTR retinas thinned
versus controls at T7/T14 (p < 0.04), with transient choroidal thick-
ening at T1 (p = 0.01), but no sustained treatment effects (ChT: p >
0.05). No changes occurred in corneal thickness, vitreous chamber
depth, scleral thickness, axial length, or fellow eyes (all p > 0.05),
underscoring anterior dominance in astigmatism induction.
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Fig. 3. Longitudinal changes in internal astigmatism components in treated
and control group. The X axis represents treatment duration, and the Y axis is
the internal astigmatic component: (A) Magnitude of internal astigmatism (IA),
(B) I-JO astigmatic component (I-JO), and (C) I-J45 astigmatic component (I-
J45). Data: mean =+ SD (dots: individual birds). Groups: WTR (red), ATR (blue),
control (grey). Symbols: * (treatment effect), # (time effect); one/two/three
symbols = p < 0.05/<0.01/<0.001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

3.5. Correlation analysis

Since corneal astigmatism (CA) is defined as the difference in
magnitude between the steepest and flattest principal meridians of the
cornea, we used correlation analysis to assess how these meridians relate
to ocular components. The results are presented in Table 1.

In the WTR group, ACD showed a negative correlation with the
flattest meridian at T3 (r = —0.61, p = 0.008). VCD demonstrated
moderate-to-high correlations with the flattest meridian at T3/T7/T14
(r < 0.67, p < 0.002). Both retinal and choroidal thickness were posi-
tively correlated with the flattest meridian at T14 (r > 0.54, p < 0.022).
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Comparable correlations were observed for the steepest meridian. After
Bonferroni correction (adjusted p = 0.0024), only VCD correlations with
both meridians remained significant (p < 0.001).

In the ATR group, CCT showed negative correlations with the flattest
meridian at T7/T14 (p < 0.035), while VCD was negatively associated
with the flattest meridian at T14 (p = 0.029). After Bonferroni correction
(adjusted p = 0.0024), these correlations became non-significant. For
the steepest meridian, only VCD maintained a significant negative cor-
relation at T14 (r = —0.67, p = 0.002) after Bonferroni correction.

4. Discussion

The present study provides compelling evidence in a widely used
animal model in astigmatism research, demonstrating that induced
astigmatic blur exerts rapid, direction-dependent effects on refractive
development, with critical anterior segment alterations emerging as a
central compensatory mechanism. Our findings highlight three points:

(1) astigmatic blur rapidly induces refractive astigmatism, reaching a
peak by T2 (Fig. 1);

(2) crossed-cylindrical lens treatment leads to anterior chamber
deepening and lens thinning as early as T2 (Fig. 4);

(3) the axis of imposed astigmatic blur (WTR vs. ATR) drives distinct
compensatory responses (Figs. 1-3).

These results highlight the anterior segment's pivotal role in early-
phase emmetropization under astigmatic blur, advancing our under-
standing of refractive plasticity mechanisms.

4.1. What drives rapid early refractive and corneal astigmatism
development?

The rapid rise in refractive astigmatism (RA) by T1 and its stabili-
zation by T2 (Fig. 1A) reveal an early sensitive window for astigmatism
development. Crucially, RA peaked before corneal astigmatism (CA)
(Fig. 2A), suggesting that initial compensation is driven primarily by
internal optical mechanisms — particularly lenticular adjustments in its
toricity (Fig. 3) — rather than corneal shape remodeling. Internal astig-
matism (IA), defined as RA minus CA (Thibos et al., 1997), demon-
strated compensatory behavior by exhibiting inverse patterns to CA
(Figs. 2 and 3), consistent with human studies where internal optics
offset corneal astigmatism (Huynh et al., 2006; Manny et al., 2016;
Wang et al., 2019). However, since CA measurements began at T3, IA's
critical role during the initial phase (T1-T2) remains inferred rather than
directly measured. In our previous work (Chu and Kee, 2015), imposing
a +4/—8 crossed-cylinder (zero mean spherical power) did not produce
systematic changes in spherical equivalent versus controls, minimizing
magnification or peripheral distortion concerns; likewise, comparing
low- and high-magnitude cylindrical lenses of the same axis (+2/—4 vs
+ 4/—8 at 90° and 180°) showed no systematic differences in spherical
equivalent or astigmatic axis and largely similar posterior shape metrics.
In addition, refractive astigmatism rose robustly, correlated more
strongly with internal than corneal astigmatism, and its principal
component was specifically associated with meridional differences in
posterior ocular expansion, indicating axis-specific compensation rather
than generalized distortion. Refractive astigmatism also exceeded
corneal astigmatism in most groups, supporting a dominant early role
for internal optics with corneal shape remodeling following more
slowly. These earlier findings from our laboratory therefore support that
rapid compensation is triggered primarily by astigmatic blur.

The rapid response of RA aligns with studies demonstrating that
optical defocus triggers choroidal changes within hours in animal
models (Kee et al., 2001; Zhu et al., 2005) as well as human studies
(Ostrin et al., 2023; Read et al., 2013). In the current study, we also
observed choroidal thickening in WTR astigmatism at T1 (Fig. 4D), but
choroidal thickness did not correlate directly with the steepest/flattest
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Fig. 4. Longitudinal changes in anterior chamber depth (ACD, A), lens thickness (LT, B), retinal thickness (RT, C), and choroidal thickness (ChT, D) for treated (WTR
[red], ATR [blue]) and control [grey] groups. The vertical dashed line in the figures separates data into early and long-term phase exposure. Data: mean + SD.
Significance: *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

corneal meridians, suggesting that choroidal responses may operate
independently of corneal curvature changes. Notably, the anterior
ciliary muscle in chicks, known as Crampton's muscle, originates at the
sclera with support from scleral ossicles and attaches to the corneal inner
lamella (Glasser et al., 1994; Murphy et al., 1995), where its contraction
alters corneal curvature by flattening the periphery and steepening the
center through circumferential tension, thereby modulating corneal
accommodation. Additionally, ciliary action is functionally linked with
lens accommodation and may interact with choroidal changes, which
are innervated via parasympathetic inputs associated with the ciliary
region and influence both refractive compensation and ocular growth
regulation (Rucker et al., 2023). Thus, ciliary muscle, lenticular ad-
justments, and choroidal remodeling may operate in an integrated
manner, mediating refractive and structural compensation to imposed
astigmatism in the developing eye.

4.2. Is anterior segment changes a compensatory mechanism for
astigmatic blur?

The progressive anterior chamber deepening (ACD) and lens thin-
ning (LT) in treated eyes (Fig. 4A and B) reveal a coordinated anterior
segment response to astigmatic blur: ATR eyes exhibited earlier ACD
increases and LT reductions than WTR/controls. This ACD-lens interplay
mirrors findings in human myopia research: myopic eyes show deeper
ACD than emmetropic and hyperopic eyes (Shih et al., 2009; Xiong et al.,
2022), as well as faster myopic progression (>1.0 D over two years)
correlated with greater ACD increases compared to slower progression
(<1.0 D over two years) (Zhao et al., 2024). Furthermore, LT is thinner
in myopic eyes than in emmetropes (Mutti et al., 2012; Rozema et al.,
2019) and hyperopes (Lu et al., 2021).

Lens thinning emerged rapidly in ATR-treated eyes by day two and
did not covary with the magnitude or axis of refractive, corneal, or in-
ternal astigmatism (data not shown), consistent with prior evidence that
astigmatic blur does not evoke astigmatic accommodation in alert chicks
(Thomas and Schaeffel, 2000) and with our measurements under iso-
flurane, which suppresses ciliary muscle activity. Together, these

findings support accommodation-independent, visually guided remod-
eling of the lens. In light of the distinct accommodative mechanism in
chicks—which likely involves ciliary muscle action on the lens annular
pad via peripheral iris muscles (Glasser et al., 1995; Murphy et al., 1995;
Choh & Sivak, 2005) (see contradictory finding from Ostrin et al.,
2011)—the lens may respond differentially to specific visual cues and
adjust its growth or microstructure via yet-undetermined signaling
pathways. In terms of underlying mechanisms, lens thinning could arise
from altered growth kinetics, hydration, or fiber organization; because
the avian lens grows lifelong by adding concentric fiber cell layers
without cell loss (Priolo et al., 1999), the potential role of fiber
compaction in producing lens thinning remains to be established with
high-resolution imaging and histology. We hypothesize that visual sig-
nals triggered by astigmatic blur engage a broader anterior segment
response that includes lens-specific remodeling coordinated with
corneal and choroidal changes. Future work will test these possibilities
by quantifying lens microstructure and zonular/ciliary architecture and
by examining their coupling to corneal and choroidal remodeling across
the time course of astigmatism induction.

Anterior chamber deepening is hypothesized to compensate for lens
thinning, maintaining a dynamic balance between axial length and
refractive components (Zadnik et al., 2004). Myopia may develop when
the crystalline lens fails to sufficiently reduce its optical power while the
eyeball elongates rapidly (Han et al., 2024). Horizontal anterior lens
flattening in elongated eyes (Chen et al., 2024) suggests structural lens
plasticity needing further investigation. Future three-dimensional im-
aging (e.g., anterior segment OCT) could clarify whether lenticular
morphology dynamically adapts to astigmatic blur, refining our under-
standing of the interplay between RA and CA.

Notably, in WTR eyes, both flattest and steepest corneal meridians
showed negative correlations with VCD (Table 1), while in ATR eyes,
only the steepest meridian correlated negatively at T14. This aligns with
the chick study using sphero-cylindrical lenses to simulate hyperopic
WTR/ATR astigmatic blurs (Vyas and Kee, 2021). These findings pro-
vide evidence for axis-specific anterior-posterior segment linkages,
extending prior work primarily focusing on spherical defocus (Read
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Table 1
The correlation between the corneal flattest/steepest meridian and individual ocular components in WTR/ATR group.
CCT ACD VCD RT ChT
Kf (D)
T3 WTR - r=-0.61, r=-0.86, - -
p = 0.008 p < 0.001
ATR - - - - -
T7 WTR - - r=-0.67, - -
p=0.002
ATR r=-0.5, - - - -
p =0.035
T14 WTR - - r=-0.73, r = 0.54, r=0.61,
p = 0.001 p=0.022 p = 0.008
ATR r=—-0.51, - r=-0.69, - -
p =0.029 p=0.029
Ks (D)
T3 WTR - r=—0.61, r=-0.81, p < 0.001 - -
p = 0.007
ATR - - r=-0.42, - -
p=0.028
T7 WTR - - r=-0.61, - -
p =0.008
ATR r=-0.52, - - - -
p =0.028
T14 WTR - - r=-0.79, p < 0.001 r=0.63, r=0.62,
p = 0.005 p = 0.006
ATR - - r=-0.67, p = 0.002 - -

The bolded and italic font shows the results remained statistical significance after Bonferroni correction (adjusted p < 0.0024). CCT: central corneal thickness; ACD:
anterior chamber depth; VCD: vitreous chamber depth; RT: retinal thickness; ChT: choroidal thickness; Kf: flattest curvature; Ks: steepest curvature.

et al., 2010; Troilo et al., 2019) by demonstrating astigmatism-specific
anterior-posterior segment interactions.

One potential pathway for such anterior segment influence involves
signals originating from the peripheral retina. Specialized retinal gan-
glion cells, such as bullwhip and mini-bullwhip cells, are strategically
distributed in the peripheral retina and have been implicated in con-
trolling equatorial expansion and ocular shape modulation in chicks
(Fischer et al., 2008). These cells may mediate the regulation of the
corneal limbus growth during early developmental stages (Iribarren
et al., 2012), linking peripheral retinal input directly with anterior
segment remodeling. Therefore, astigmatic blur could disrupt refractive
development by altering the signaling from the peripheral retina to
anterior segment structures, leading to uncoordinated anterior changes
that in turn perturb the coordinated growth of the entire globe.

4.3. Why WTR and ATR blur elicit different responses?

The decline in astigmatic components in the untreated controls
(Figs. 2 and 3) reflects natural emmetropization (“sphericalization™)
during early postnatal growth, where corneal toricity decreases as the
cornea becomes more spherical. This pattern is well documented in
humans (Kee, 2013 & Read et al., 2014) and in animal models, including
chick (Schmid and Wildsoet, 1997) and monkey (Kee et al., 2002). The
longitudinal pattern of RA (Fig. 1), CA (Fig. 2) and IA (Fig. 3) among
WTR- and ATR-treated chicks provided further evidence of eye's bidi-
rectional adaptive and compensation systems (Chan et al., 2022; Chu
and Kee, 2015; Hoseini-Yazdi et al., 2020; Liang et al., 2023, 2024; Vyas
et al., 2022). When WTR astigmatism is imposed, the eye tends to
develop compensatory ATR astigmatism, and vice versa. Consistent with
previous chick studies, imposing WTR astigmatic blur induced higher
magnitudes of astigmatism compared to ATR condition (Chu and Kee,
2015; Popa et al., 2020; Vyas and Kee, 2021). In addition, human studies
also showed temporal compensation of astigmatism: exposure to WTR
and ATR astigmatism using +3.00 D cylindrical lenses caused significant
thickening following WTR blur and thinning after ATR blur in choroidal
thickness (Hoseini-Yazdi et al., 2020), and JO astigmatic component
became less positive (from +1.53 DC to +1.28 DC) in the WTR condition
and less negative (from —1.33 DC to —0.94 DC) in the ATR condition
(Chan et al., 2022). These changes indicate an active process in the

visual system aimed at minimizing the impact of astigmatic blur.

The observed difference in induced WTR versus ATR astigmatism
magnitude may stem from anatomical, optical and physiological factors.
Anatomically, greater vertical ocular compliance—potentially due to
softer periocular tissues (extraocular muscles, connective tissue, and
orbital fat)—could facilitate larger astigmatic changes in the WTR
group, where vertical meridian expansion exceeds horizontal con-
straints (i.e., a flatter vertical meridian) (Atchison et al., 2004). Opti-
cally, WTR astigmatism demonstrates better visual tolerance in some
studies, with lens-induced WTR causing less acuity reduction than ATR
astigmatism (Hughes et al., 2017; Ohlendorf et al., 2011; Serra et al.,
2018) (though conflicting evidence exists (Liang et al., 2023; Singh
et al., 2013)). This is supported by contrast sensitivity adaptations
showing 33 % improvement for WTR versus 26 % for ATR across spatial
frequencies, indicating stronger neural compensation for WTR blur
(Leung et al., 2023). Clinically, WTR astigmatism is consistently re-
ported as more adaptable in corrective lens wear. Collectively, these
factors suggest that superior physiological tolerance to WTR astigma-
tism may enable a sustained compensatory response, gradually
increasing ATR astigmatism to optimize optical clarity.

4.4. Implications for refractive development

Using chick model, we revealed anterior dominance in astigmatism
compensation, suggesting that astigmatic blur may interfere with
refractive development through distinct mechanisms. Notably, in this
study, despite significant changes in anterior chamber depth and lens
thickness (Fig. 4), axial length remained largely unchanged, implying
that eye growth regulation in response to astigmatic blur involves
distinct yet integrated regulatory networks encompassing both anterior
and posterior segments. Regardless of how astigmatic blur affects the
anterior segment, previous studies have demonstrated that different
types of astigmatic blur influence ocular growth differently. For
example, imposing hyperopic-ATR blur in chicks induced more myopia
than hyperopic-WTR blur (Vyas and Kee, 2021), and children with
baseline ATR astigmatism exhibited faster axial elongation compared to
those with initial WTR astigmatism (Liang et al., 2024).

Emerging clinical studies reported increased astigmatism in children
using specially designed lenses for myopia control (Wang et al., 2025; Xu
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et al., 2025). Although these lenses effectively slow axial elongation and
myopia progression, a subset of children develop new or persistent
astigmatism during treatment, which may confound the myopia-control
effect. Moreover, one study found that baseline astigmatism can reduce
the efficacy of myopia-control interventions and that younger children
or those with higher initial astigmatism may have less favorable
refractive outcomes (Domsa et al., 2024). Taken together with findings
from the chick model, these results suggest that clinicians should pay
closer attention to the anterior segment in children with higher
astigmatism.

4.5. Limitations

This study shows characterization of ocular component dynamics
during two weeks of crossed-cylindrical lens treatment using a relatively
large sample of chickens, providing foundational insights into
astigmatism-driven adaptations. However, several limitations warrant
consideration. First, axial ocular measurements, while informative of
overall eyeball change, do not reflect spatial changes in shape. We
acknowledge that isoflurane can influence intraocular pressure and
ocular biometry; in guinea pigs, 10-20 min of anesthesia (5 % in 1.5 L/
min O2) increased lens thickness by 0.4-0.6 % and decreased anterior
chamber depth by 4.4-6.1 % (Myles et al., 2024). In contrast, our chick
data show the opposite pattern—early and persistent lens thinning and
anterior chamber deepening under astigmatic blur—with biometric
measurements obtained within a short, consistent window (~3 min per
bird), using an identical, standardized protocol and a single trained
investigator (LY) across all conditions. Our analyses emphasize com-
parisons across treatment conditions rather than absolute values, further
minimizing systematic bias from anesthesia. While we cannot exclude a
small contribution of isoflurane, the directionality, timing, and
condition-specific patterns observed here argue that the reported anes-
thetic effects cannot account for the primary findings. We also note that
isoflurane likely reduced accommodative fluctuations, increasing the
consistency of biometry across groups. Second, because internal astig-
matism was computed rather than directly measured, the role of internal
optics (e.g., crystalline lens toricity and morphology) remains under-
characterized; integrating three-dimensional live imaging (such as
anterior segment OCT or MRI) in future work will allow direct quanti-
fication of lens changes and their interplay with corneal remodeling
during astigmatism development. Third, corneal shape measurement
began at T3, as earlier time points (T0-T2) lacked sufficient corneal size
for reliable topography, limiting the ability to early assessment of
corneal changes. Future studies can employ more sensitive and adapt-
able imaging technologies, such as high-resolution AS-OCT or
Scheimpflug imaging, which can provide detailed anterior and posterior
corneal curvature mapping even in small or rapidly developing eyes.
Finally, while the chick model cannot replicate human physiology in
full—differences include a faster developmental timeline,
species-specific accommodation mechanics that involve the cornea in
chicks, and distinct anterior segment biomechanics—it offers key ad-
vantages for isolating causal effects of astigmatic blur that are not
feasible in humans. In chicks, axis-specific astigmatic blur can be pre-
cisely induced and controlled, anterior segment changes can be
measured frequently across early development, and tissue-level assess-
ments can be performed without the ethical and practical constraints of
pediatric studies. Importantly, the chick cornea shares relevant
anatomical features with the human cornea, including a true Bowman's
membrane (absent in rabbits and rodents) and similar relative layer
thickness ratios despite being overall thinner (Fowler et al., 2004;
Wisely et al., 2017; Ritchey et al., 2011). These similarities support
cautious translational interpretation, while the model's experimental
control strengthens causal inference about how astigmatic blur drives
anterior segment remodeling. Taken together, these advancements
would clarify whether astigmatism-induced signals propagate
axis-specific adjustments across ocular compartments, as suggested by
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differential RA-VCD correlations in WTR/ATR groups. By bridging
spatial, morphological, and temporal gaps, future work could elucidate
how localized blur gradients orchestrate coordinated anterior-posterior
segment adaptations, refining models of refractive error pathogenesis.

5. Conclusion

This study establishes astigmatic blur as a potent driver of anterior
segment structural remodeling, with rapid corneal and lenticular
changes (i.e. lens thinning) modulating refractive development within
days. The axis-specific responses and early-phase dynamics provide
critical insights for optimizing clinical interventions in astigmatism-
prone populations. Future work should explore molecular pathways
linking corneal shape remodeling to lenticular changes, leveraging this
model to dissect the spatiotemporal hierarchy of astigmatism compen-
sation mechanisms.
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