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Abstract

The sclera is the target organ of axial elongation during myopia onset and progression. Visualizing the sclera
in-vivo is important for monitoring the dynamic changes of the sclera remodeling in experimental myopia. In

the present study, three-week-old tricolor guinea pigs were subjected to negative controls (n=8), monocular
negative lens-induced myopia (LIM, n=10), or combining monocular LIM and intravitreally mTORC1 agonist
(MHY1485, 4 ug) injection for inducing high myopia (LIM+MHY1485 group, n=10) for four weeks. Serial biometric
measurements were performed to monitor experimental myopia onset and progression. Swept-source optical
coherence tomography (SS-OCT) was performed to measure sclera thickness at the beginning and end of study.
The results showed four weeks of LIM and LIM+MHY1485 induced a significant degree of myopia shift, compared
to the negative control (Control, -2.04+0.60; LIM —6.21+£0.55; LIM+MHY 1485, -9.14+ 1.11, diopters, P<0.0001). The
cross-sectional SS-OCT showed clear boundaries of the inner and outer boundaries of the sclera. At baseline, the
mean sclera thickness was 105.05+5.41 um. At the end of the study, sclera thickness significantly correlated with
axial length (coefficient = -4.49 um for every 0.1 mm axial length increase, 95%Cl: -3.56 to -5.83 um, P<0.001) and
refractive error (coefficient = -2.77 um for every 1 diopter myopic shift, 95%Cl: -2.06 to -3.47 um, P<0.001) among
all guinea pigs. Sclera thickness also significantly correlates with choroidal thickness and choroidal vascularity
index (%). In conclusion, the present study shows SS-OCT can be used as a non-invasive method to evaluate sclera
thickness and monitor myopia progression in the guinea pig model of LIM.
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Introduction

Myopia has become one of the most common causes of
vision impairment in the general population [1]. Exces-
sive axial elongation during myopia progression can lead
to high myopia and retina pathologies, causing irrevers-
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ible loss of vision and blindness [2]. It was estimated
that 5.2% of the global population had high myopia in
2020, which will increase to 9.8% by 2050 [3]. Myopia
can be corrected with glasses, contact lenses, or refrac-
tive surgery to obtain desirable visual acuity. Several
interventions have been shown to be effective in prevent-
ing myopia onset and progression, including increas-
ing outdoor activity, low concentration of atropine, and
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orthokeratology lenses [1]. However, the mechanism
underlying axial elongation and development of myopic
maculopathy is still unknown. Thus, exploring the mech-
anism of myopia progression becomes a research prior-
ity for preventing high myopia and its related irreversible
vision loss [4].

Guinea pigs are widely used as a animal model of
experimental myopia. By placing negative lenses or per-
forming form-deprivation to guinea pig’s eye, the guinea
pigs developed axial eye elongation and a significant
degree of myopia [5]. Thus, the guinea pigs model of
lens-induced myopia (LIM) is widely used to explore the
mechanism of myopia development and progression [6,
7]. Under negative lenses induction or form-deprivation,
the guinea pig’ eyes undergo sclera remodeling, which
includes collagen fiber destruction, disorganization, and
eventually sclera thinning [8]. Recently, it was also used
to evaluate the efficiency and safety of myopia interven-
tions, such as posterior scleral reinforcement surgery [9,
10]. By enhancing scleral biomechanical strength through
sclera cross-linking, several researchers have found that
the scleral reinforcement strategy can be a novel inter-
vention for myopia control [9, 10]. Thus, in-vivo visualiz-
ing the sclera of guinea pigs is important for monitoring
the dynamic changes of the sclera remodeling in experi-
mental myopia [11].

In the previous study, our team found that combining
overactivation of mechanistic target of rapamycin com-
plex 1 (mTORC1) by intravitreal injecting its agonist
MHY 1485 and placing negative lens defocus could induce
high myopia fundus changes in guinea pigs [7]. mMTORC1
is a key regulator for basic physiological and pathophysi-
ological processes, including cell growth, metabolism,
and survival [12]. It also coordinates anabolic and cata-
bolic cellular processes with inputs such as growth fac-
tors and nutrients. Intravitreal injections of mTORC1
agonist in the guinea pig model of LIM enhanced axial
elongation, choroid thinning, and parapapillary choroidal
atrophy, which resemble fundus characteristics of high
myopia in humans.

Swept-source optical coherence tomography (SS-OCT)
is a non-invasive imaging technique to visualize the
posterior segment of the eye in humans. In the present
study, by using such an animal model, we aim to pro-
pose a novel method to visualize the sclera in-vivo by a
commercially available SS-OCT device and explore the
correlation between axial elongation, choroid thinning,
decreased choroidal vascularity index (CVI) and sclera
thinning.

Methods

The study design, including the management and
care of the animals, was approved and supervised by
the Ethics Committee of Beijing Tongren Hospital
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(TREC2023-KY076). All animal experiments complied
with the ARRIVE guidelines and follow the U.K. Ani-
mals (Scientific Procedures) Act, 1986, and associated
guidelines. The study included male pigmented three-
week-old guinea pigs, purchased from Beijing Xinruiya
Experimental Animal Breeding Co., Ltd (China), reared
in cycles of 12-hour light (450-500 1x) and 12-hour dark
(~0 1x) with room temperature maintained at 24+2 °C.
All animals had ad libitum access to food and water.
Humane euthanasia methods ensured that animals are
unconscious and free from pain. In this study, guinea pigs
were euthanized via intraperitoneal injection of pento-
barbital at a dose of 30 mg/kg, followed by cervical dis-
location under deep anesthesia. These methods adhere to
ethical standards, prioritizing the welfare and dignity of
the animals throughout the entire process.

Animal and negative lens-induced myopia (LIM)
Three-week-old tricolor guinea pigs were used in the
current study. The guinea pigs were randomly divided
into three groups: (1) negative control groups: guinea
pigs without LIM (#=8); (2) LIM group: guinea pigs
that underwent only monocular LIM (n=10); (3)
LIM+MHY1485 group: to induce experimental high
myopia, guinea pigs were subjected to monocular LIM
and intravitreally injected with a mTORC1 agonist
(MHY1485, 4 pg) into the LIM eye once a week for four
weeks (at the beginning of the week, n=10).

The details of LIM were described in the previous
study [7]. In brief, to induce LIM, goggles fitted with
-10.0 diopter lenses (polymethyl methacrylate; diam-
eter: 12.7 mm) were taped onto the orbital rims of both
eyes of the guinea pigs. Guinea pigs could open their eyes
and blink freely while wearing the goggles. The refractive
power of the lens and its centration were measured and
verified before application. The lenses were examined
daily to ensure they were clean and in place; otherwise,
they were detached and replaced with new lenses. The
goggles were removed weekly for biometric examinations
of the eyes.

Intravitreal injection and high myopia induction

The previous study showed that negative lens induction
combined with weekly application of mTORC1 agonist
(MHY1485, 4 pg) through intravitreal injections could
induce promoted axial elongation, choroid thinning, and
peripapillary choroidal atrophy [7]. The preparation of
MHY 1485 was described previously [7]. MHY1485 (Glp-
Bio Technology, Montclair, CA, USA) is suspended by
adding 5% polysorbate 80 (Sigma-Aldrich Co., St. Louis,
MO, USA) to phosphate-buffered saline (PBS, Sigma-
Aldrich Co.), then immediately aliquoted and stored at
-20 °C. The suspensions were thawed and shaken well
before use. Intravitreal injections were performed under
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topical anesthesia using 0.5% proxymetacaine hydro-
chloride eye drops (Alcon, Japan). A 26-gauge needle
(0.26 mm inner diameter) was used as a trocar needle to
make a vitreous entry port 2 mm posterior to the lim-
bus. A 32-gauge Hamilton microsyringe (outer diameter:
0.235 mm, Hamilton Microliter syringe, Sigma-Aldrich
Co.) delivered 5 pL of the suspensions into the eyes
through the 26-gauge trocar needle. The guinea pigs in
the negative control group and LIM group also received
5 pL of PBS with 5% polysorbate 80 once a week in the
right eye.

Choroidal thickness, CVI, and sclera thickness
measurement

All guinea pigs underwent SS-OCT imaging (VG200D,
SVision Imaging, Ltd., Guangdong, China) at baseline
and the end of the study, which operated at 200,000 Hz
at a 1050 nm wavelength. Because of the potential effect
of anesthesia on choroid blood flow, all OCT imaging
were performed without anesthesia. Guinea pigs gently
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maintained a horizontal position, with the superior line
of the eyeball parallel to the vertical scan line (Fig. 1A).
Then, the OCT scans were performed using a star scan
pattern centered on the optic disc center. The horizontal
and vertical scan images were selected. For each guinea
pig, the choroidal and sclera thickness was measured at
the horizontal (3 o’clock and 9 o’clock positions) and ver-
tical meridians (12 o’clock and 6 o'clock positions), three-
disc diameters (DD) away from the optic disc center
(Fig. 1B). The mean choroidal and sclera thickness was
calculated as the average of the four measurement points.
Because Axial scaling is independent of ocular magnifica-
tion in SS-OCT images [13], the measurement line were
maked perpendicular to the wall of the retina. (Fig. 1C)
To analyze choroidal vascularity index (CVI), the
SS-OCT horizontal and vertical images were selected
and converted to a binary image using Image] software
(Image]J, U. S. National Institutes of Health, Maryland,
USA). Then, the area of interest of the choroid is manu-
ally selecting the area within the choroid-RPE junction,
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Fig. 1 Demonstration of in-vivo sclera thickness measurement by cross-sectional OCT imaging. (A) Near-infrared images of guinea pigs; (B-C) OCT im-
ages demonstrate designated points to measure sclera thickness; red arrow shows sclera and black arrowheads show the inner and outer boundaries
of the sclera. Black arrow: perforating scleral vessels; Red arrow: sclera (D) Hematoxylin-eosin staining showed only loose connective tissue beneath the
sclera, which justify the selection of sudden drop-off in signal on SS-OCT is posterior scleral boundary
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the inner boundary of the sclera, and the vertical line
that three disc diameters away from the optic disc center,
using the polygon selection tool. Brightness and contrast
were adjusted to visualize the choroidal vessels clearly
and also to minimize the noise in the OCT images. The
Niblack’s auto local threshold technique was applied to
distinguish luminal area from choroidal area. Then, CVI
was calculated as the ratio of luminal area to choroidal
area, presented as a percentage.

Biometric measurements

All guinea pigs weekly underwent A-scan ultrasonogra-
phy and retinoscopy, before intravitreal injections. Under
topical anesthesia (0.5% proxymetacaine hydrochloride,
Alcon, Japan), we measured the axial length, anterior
chamber depth, lens thickness, and vitreous chamber
thickness by ocular ultrasound (A-scan mode scan; oscil-
lator frequency: 11 MHz; Quantel Co., Les Ulis, France).
The ultrasound velocities used were 1,557.5 m/s for the
cornea and aqueous humor, 1,723.3 m/s for the lens, and
1,540 m/s for the vitreous cavity [14, 15]. According to
the previous study, the standard deviation of repeated
measurement of axial length is 0.056 mm by A-scan
ultrasonography [16]. Thus, five measurements were per-
formed for each guinea pig, and the mean values were
recorded. The axial length measured by A-scan ultraso-
nography represents the distance from the front of the
cornea apex to the internal limiting membrane. Because
of the low resolution of the A-scan ultrasonography, it
cannot differentiate the anterior chamber from the cor-
nea. Thus, the anterior chamber thickness measurement
contains the corneal thickness.

The eye’s refractive status was examined using a streak
retinoscope (66 Vision Tech, Suzhou, China) and trial
lenses in a dark room. Cycloplegia was achieved with
three drops of 1% Mydrin P (Tropicamide 0.5%, phenyl-
ephrine HCI 0.5%, Santen Pharmaceutical, Japan) with
a 5 min interval before retinoscopy. Refractive errors of
the horizontal, vertical, and meridians were measured
three times, and the means of refractive measurements
were recorded. During the refractive status examination,
a small eye would lead to a retinoscopic artifact. This is
caused by the fact that the retinal layer that reflects the
retinoscopic light is situated within the vitreous-retina
interface, rather than the photoreceptors. To elimi-
nate retinoscopic artifacts, the formula was used as
follows: Refractive (actual) =Refractive (measured)- Ny,
X Tieina/P’ x AL x (AL-T,n.)- The values of refrac-
tive index of vitreous chamber (Ny) and posterior focal
length divided by axial length (P’) were 1.336 and 0.75,
respectively [14]. The value of the thickness of the retina
(T eqina) Was 0.13x 1072 m from guinea pigs at 4 weeks of
age, and the axial length (AL) was individual eye data that
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was measured by A-scan ultrasonography at the time of
retinoscopy.

Streak retinoscopy and A-scan ultrasound was mea-
sured by before intravitreal injections. Refractive media
occupation, including cataract and vitreous opacities
were also identified by retinoscopy. The present study
excluded guinea pigs with media occupation.

Statistical analysis

Statistical analyses were conducted using the Stata 17.0
software program (StataCorp, College Station, TX, USA)
and GraphPad Prism 9.3.1 (GraphPad Software, San
Diego, CA, USA). Unless stated otherwise, continuous
variables are presented as the meant+standard devia-
tion. Comparisons of multiple measurements from the
same set of animals at different time points were per-
formed by applying repeated-measures ANOVA (analysis
of variance) and then using a Tukey HSD (Honestly Sig-
nificant Difference) post hoc analysis to identify which
differences between pairs of means were significant. To
evaluate inter-observer difference, two authors (RHZ and
CYY) were asked to measure sclera thickness indepen-
dently. A Bland-Altman analysis was performed to assess
interobserver consistency. P values<0.05 were consid-
ered to indicate statistical significance.

Results

Biometric measurements of LIM and MHY1485-induced
high myopia

After four weeks of negative lens induction, the LIM
group guinea pigs showed a significant increase in axial
length compared to the negative control group. These
were two guinea pigs in LIM and LIM+MHY1485
groups were excluded because of cataract and vitreous
opacities. Combining intravitreal MHY1485 injections
and LIM further enhanced axial elongation (Control,
8.50+0.03 mm; LIM 8.735+0.05 mm; LIM + MHY1485,
8.92+0.06 mm, F (8, 87)=53.26, P<0.0001, Fig. 2A).
After correcting for retinoscopic artifacts, all guinea pig
eyes were near emmetropic at baseline. After four weeks
of negative lens induction, guinea pigs showed signifi-
cant myopic shift compared to negative control eyes.
Similarly, after applying intravitreal MHY1485 in eyes
received LIM, the degree of myopia was much more sig-
nificant than LIM alone (Control, -2.04+0.60 D; LIM
-6.21+0.55 D; LIM+MHY1485, -9.14+1.11 D, F (8,
87)=42.36, P<0.0001, Fig. 2B). We further analyzed ocu-
lar compartment changes during LIM. As exhibited in
Fig. 2C-E, axial elongation was primarily due to changes
in the depth of the vitreous chamber, followed by lens
thickness. In contrast, the cornea and anterior chamber
thickness showed no significant changes.
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Fig. 2 Axial length, refractive error, and ocular component changes in guinea pigs. The changes in axial length (A), refractive error (B), anterior chamber
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Fig. 3 Represent images, and Bland-Altman analysis showing the inter-observer repeatability for measurements of the sclera thickness. Representative
cross-sectional images of the eye with normal control (A), negative lens-induced myopia (B), and combining monocular LIM and intravitreally mTORC]
agonist (C). Bland-Altman plots of guinea pigs in normal control (D), negative lens-induced myopia (E), and combining monocular LIM and intravitreally
mTORCT agonist (F). Every dot represents measurement difference between two observers

Sclera thickness measurement three groups were —7.28 to 7.85, -7.01 to 7.26, and - 6.70
Representative images of negative control, LIM, and to 7.95, respectively (Fig. 3).

LIM + MHY1485 groups were exhibited in Fig. 3. The

cross-sectional SS-OCT showed clear boundaries among  Correlations between axial length, refractive error, and

the retina, choroid, sclera, and posterior Tenon’s capsule  sclera thickness

space. The assessment of the inter-observer reproducibil- ~ The mean sclera thickness at baseline was 105.05+5.41
ity revealed a high agreement between two independent  (um). No significant difference was found in sclera thick-
examiners in measuring sclera thickness. The Bland-Alt- ness among negative control, LIM and LIM + MHY1485
man plots showed that the 95% limits of agreements in  groups (Control, 104.01 +£5.10 pm; LIM 105.88 £ 5.82 pm;
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LIM+MHY1485, 105.12+5.82 um, F (2, 20)=0.21,
P=0.82, Fig. 4A). At the end of the study, there was a
significant negative correlation between axial length and
sclera thickness among all guinea pigs that measured
(coefficient = -4.49 um for every 0.1 mm axial length
increase, 95%CI: -3.56 to -5.83 um, P<0.001, Fig. 4B).
Similarly, there was a significant correlation between
refractive error and sclera thickness that was measured
at the end of the study (coefficient = -2.77 pm for every 1
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diopter myopic shift, 95%CI: -2.06 to -3.47 pm, P<0.001,
Fig. 4C).

Correlations between choroidal thickness, choroid blood
perfusion, and sclera thickness

We first extracted the CVI in cross-sectional OCT
scans (Fig. 5A-B). At the end of the study, there was
a significant positive correlation between choroi-
dal thickness and sclera thickness among all guinea
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the study
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pigs (coefficient=1.20 pm for every 1 pm axial length
increase, 95%CI: 0.67 to 1.74 um, P<0.001, Fig. 5C). The
sclera thickness was also closely correlated with CVI
(%) (coefficient=0.49% for every 1 um sclera thickness
increase, 95%CI: 0.30 to 0.68 um, P<0.001, Fig. 5D).

Discussion

In the present study, we found that cross-sectional SS-
OCT images exhibited clear boundaries between the
retina, choroid, sclera, and posterior Tenon’s capsule
space. After negative-lens induction, the sclera was pro-
gressively thinning, in accordance with axial elongation,
myopic shift, choroid thinning, and CVI reduction. The
present study reveals that SS-OCT could be a non-inva-
sive method to evaluate sclera thickness in experimental
myopia of guinea pigs.

Hyperopic defocus by negative lens-wear is a well-
established method for inducing experimental myo-
pia, with the hypothesis that excess axial elongation
compensate the hyperopic defocus imposed by the lens
[17]. In our pervious study, we found that mTORC1 sig-
naling pathway regulated negative lens induced axial
elongation. Intravitreal injection of mTORCI inhibitor
significantly attenuated negative lens induced axial elon-
gation in guinea pigs. The regulative effect of mTORC1
in experimental myopia is seems dependent on abnor-
mal visual input, i.e. hyperopic defocus. In our previous

study, weekly injection of 10 pg everolimus into the vitre-
ous body in guinea pigs without negative lens induction
did not affect axial length or the fundus appearance [7].
In contrast, intravitreal injection of mTORCI1 agonist
(MHY1485) significantly promoted axial elongation and
choroidal thinning in eyes with negative lens induction
[7]. The present study further validated that mTORC1
agonist accelerated myopic shifting, decrease of CVI, and
scleral thinning. The underlying mechanism of mTORC1
agonist warrants further investigation.

The sclera is the target organ of myopia progression.
Several studies used formalin-fixed paraffin-embedded to
measure sclera thickness [18]. This process causes tissue
shrinkage due to dehydration, leading to measurement
errors [19]. Our previous study showed that OCT-mea-
sured retinal and choroidal thickness in guinea pigs is
feasible with acceptable inter-observer repeatability and
reproducibility. However, the histologic measurements
were significantly smaller than OCT by 20.7% and 32.8%,
respectively [20]. The current study also showed that SS-
OCT-based sclera thickness measurement has a high
agreement in inter-observer reproducibility. Consider-
ing guinea pigs lack macula structure in their retina, it
is challenging for A-scan ultrasonography and optical
biometry to locate the exact posterior point of the eye-
ball. By observing sclera thinning in vivo, SS-OCT could
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provide additional parameter to monitor myopia onset
and progression in experimental myopia of guinea pigs.

In previous human eye studies and clinical observa-
tions, there have been instances where distinguishing
between the episclera and Tenon’s capsule was challeng-
ing [21]. Due to the thinner choroid and sclera compared
to human eyes, we found that the inner and outer sclera
boundaries and perforating scleral vessels could be easily
distinguished in guinea pigs (Fig. 1). Furthermore, lateral
magnification can impact the actual location of the mea-
surement points and lead to measurement error when
measuring sclera thickness. Commercially available SS-
OCT devices are designed with a human schematic eye
model and thus cannot be used directly on guinea pigs.
Although axial scaling is independent of ocular magnifi-
cation, a cosine error can also be induced when measur-
ing lines not aligned with OCT scan lines [13]. To avoid
this error, the measurement lines should align with the
line connecting measurement points and the posterior
nodal point. Considering the posterior nodal distance is
nearly one-half of the axial length, the back nodal point
is located at the approximate center of the eyeball [22].
Thus, we put the measurement line perpendicular to the
wall of the retina (Fig. 1).

Sclera thinning and weakening underlie axial elonga-
tion during myopia development [23]. In the guinea pig
model of LIM, the thickness of the sclera at the posterior
pole and the midpoint between the equator and posterior
pole decreased significantly with longer axial length [24].
In contrast to measurement based on histologic slides,
the present study showed that SS-OCT can be in-vivo
and non-invasive in evaluating myopia progression in the
guinea pig model of LIM. We further demonstrated that
the sclera thinning is closely related to choroid thinning
and decreased choroidal blood flow. However, it is still
unclear whether there is a causal relationship between
choroid thinning and sclera thinning. Several hypoth-
eses have been proposed to explain the observed rela-
tionship between choroid thinning and sclera thinning,
such as the downregulation of the extracellular matrix
components during sclera hypoxia [25, 26]. The sclera
stroma mostly lacks capillaries to receive nutrients and
oxygen, which requires choroidal blood supplies. The
axial elongation-associated choroid thinning may lead
to an insufficient oxygen supply to the sclera. After cul-
tivating human scleral fibroblasts in the hypoxia envi-
ronment (5% oxygen), the expression of collagen-1 was
significantly downregulated, suggesting hypoxia may
reduce scleral collagen synthesis [26]. Furthermore, the
anti-hypoxia drugs salidroside and formononetin amelio-
rated form deprivation-induced axial elongation in mice,
and scleral HIF-1a knockdown led to hyperopia in mice
[25, 26]. These results indicated that scleral hypoxia may
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reduce scleral collagen synthesis, thereby promoting axial
elongation.

The limitations of our study should be considered.
First, no comparative histology data constitutes the major
limitation of the present study. Due to tissue shrinkage
during staining, the thickness measured by H&E stain-
ing cannot be directly compared to thickness measured
by SS-OCT. The use of cryosection is needed to validate
the finding of present study. Second, guinea pigs of the
control group did not wear plano (0.0 diopter) lenses, so
some of the LIM effects may in fact have been acciden-
tal form-deprivation effects. Third, The guinea pigs lack
macula structure and retinal vessels, making it challeng-
ing to locate the same position for different guinea pigs.
We maintained a level head position during measure-
ment, and used the average of the four measurement
points to minimize position error. Fourth, the lateral
magnification is difficult to evaluate because these lack
a schematic eye of myopic guinea pigs. Thus, we used
an alternative method that measures sclera thickness
at three disc diameters away from the optic disc cen-
ter, resulting in more peripheral measurement points in
smaller eyes. Fifth, the present study only carried out SS-
OCT measurements for 4-week duration. Future studies
are needed for longitudinal examinations.

Conclusion

In conclusion, the present study shows SS-OCT can be
used as a non-invasive method to evaluate sclera thick-
ness and monitor myopia progression in the guinea pig
model of LIM.
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