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Abstract

This study aimed to quantitatively evaluate choroidal thickness (ChT) in the macula, nasal midperiphery,
and temporal midperiphery in schoolchildren and to investigate its associations with axial length (AL)
and spherical equivalent refractive error (SE). A total of 174 eyes from 87 children (mean age: 9.82 +2.42
years) were examined using high-speed swept-source optical coherence tomography (SS-OCT). ChT was
measured over a 3-mm transverse section centered at the macula and at 39° nasal and temporal
eccentricities. After correcting image distortion, ChT was calculated as the perpendicular distance from
Bruch’s membrane to the choroid-sclera interface. Mean ChT values were 266.3 ym in the macula, 194.4
pum nasally, and 158.7 ym temporally, showing significant regional differences (P < 0.0001). ChT was
negatively correlated with AL and positively correlated with SE in the macular and temporal regions, but
not in the nasal region. When compared to adults, schoolchildren exhibited significantly thicker temporal
ChT, suggesting that temporal choroidal thinning may occur with age and axial elongation. These
findings indicate a nasal-temporal asymmetry in peripheral ChT during childhood and highlight the
potential of temporal ChT as a biomarker for early ocular growth related to myopia. Longitudinal studies
are warranted to establish causality.

Introduction

The digitalization of society has rapidly accelerated, with mobile devices such as smartphones and
tablets now deeply embedded in our daily lives as indispensable tools. Screen time continues to rise,
transforming our visual environment at an unprecedented pace. Amid these changes, the sharp increase
in the number of individuals with myopia has emerged as a global issue. Projections suggest that by
2050, approximately 50% of the global population will be myopic, with high myopia affecting around 10%
(940 million people)'. This surge raises significant concerns about the rising prevalence of blindness
caused by myopia-related eye diseases, including myopic maculopathy, glaucoma, and retinal
detachment?2. The economic repercussions are equally substantial, with the global productivity loss
attributed to myopia estimated at approximately $260 billion USD annually3.

In response to this alarming trend, the urgent need for proactive interventions has gained worldwide
recognition, prompting the clinical application of various myopia control strategies*. Although the exact
mechanisms underlying myopia control remain unclear, choroidal changes have increasingly been
implicated in the efficacy of several interventions, such as orthokeratology®-°, atropine eye drops'°-'2,
multifocal contact lenses™-"5, specially designed spectacles®-'7, and red-light therapy'8-22,

Compensatory changes in choroidal thickness (ChT) in response to optical defocus were first observed
in experimental chick models?3. Specifically, the choroid was found to adjust its thickness to
compensate for refractive errors: positive lenses that induce myopic defocus (focusing in front of the
retina) cause the choroid to thicken, whereas negative lenses that induce hyperopic defocus (focusing
behind the retina) result in choroidal thinning?*. These compensatory changes have also been confirmed

in humans, highlighting that the choroid is a dynamic structure responsive to visual stimuli?>~2”.
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Additionally, studies in both animals and humans have shown that axial length increases during
accommodation?®~31 indicating that frequent or prolonged accommodation may contribute to
irreversible axial elongation. The choroid plays a crucial role in regulating eye growth and scleral
remodeling by modulating the release and diffusion of growth factors32. According to Troilo et al.®3,
during the early stages of myopia development, the choroid may act as a barrier to limit the diffusion of
growth factors or serve as a mechanical buffer to resist scleral stretching, thereby restricting axial

elongation and slowing the progression of myopia.

Ocular development varies between individuals, with different growth patterns proposed, including
uniform expansion of the entire eyeball, equatorial extension, and posterior pole elongation®*. Among
these, equatorial extension—unlike posterior pole elongation, which is primarily associated with scleral
fragility in pathological myopia3°—is considered the dominant growth pattern in schoolchildren with
myopia. Evidence supporting equatorial extension includes the frequent occurrence of lattice
degeneration in the peripheral retina, even in cases of mild myopia, particularly around the equatorial
region3®. This suggests that the equatorial area is the primary site of ocular changes during the
development of school-age myopia, emphasizing the importance of investigating morphological
changes in the peripheral regions rather than focusing solely on the posterior pole. However, previous
imaging techniques had limitations in obtaining accurate biometric measurements of the peripheral
area, leaving this important aspect of ocular development unresolved.

Recent advancements in OCT technology have made it possible to evaluate ChT in the midperipheral
regions®/~3°. Studies in adults have reported ChT measurements in areas centered 39° nasally and
temporally from the fovea using high-speed swept-source optical coherence tomography (SS-OCT) . In
this study, we assessed midperipheral ChT in schoolchildren using the same imaging device and
examined its associations with refraction and axial length (AL). Additionally, we compared our findings
with previously reported data from adult studies to identify potential differences in choroidal
characteristics between age groups.

Results

A total of 174 eyes from 87 participants (43 boys and 44 girls) were included in this study. The
participants' ages ranged from 6 to 15 years, with a mean age of 9.82 + 2.42 years. The SE ranged from

- 6.88 t0 3.25 D, with a mean of - 1.25+ 1.84 D. The cylindrical refractive error ranged from - 3.00 to 0.00
D, with a mean of - 0.65 1+ 0.55 D. The AL ranged from 21.47 to 26.92 mm, with a mean of 23.77 £1.16
mm. Eyes with staphyloma were not included in the study.

ChT

The ChT measurements for each region were as follows: 266.3 + 63.2 um (range: 129.7 to 417.6 um) in
the macular region, 194.4 £ 39.5 ym (range: 85.6 to 305.0 um) in the nasal midperiphery, and 158.7 *
41.4 pm (range: 58.6 to 264.0 pm) in the temporal midperiphery. Significant differences in ChT were
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observed among the three regions (P < 0.0001, one-way ANOVA), with the macular region showing the
greatest ChT, followed by the nasal midperiphery and the temporal midperiphery (P < 0.0001 for all
pairwise comparisons, Bonferroni correction) (Fig. 3).

Correlation Analysis

Scatter plots of ChT versus AL revealed significant correlations in the macular region (P <0.0001,R= -
0.465, Pearson correlation test) and the temporal midperiphery region (P =0.016, R =-0.182), but no
significant correlation in the nasal midperiphery region (P = 0.059, R = 0.143) (Fig. 4). Similarly, significant
correlations between ChT and SE were observed in the macular region (P < 0.0001, R = 0.368) and the
temporal midperiphery region (P < 0.001, R = 0.313), whereas no significant correlation was found in the
nasal midperiphery region (P =0.846, R=-0.015).

Comparison of ChT between schoolchildren and adults

The ChT measurements for schoolchildren in this study were compared to those for adults from our
previous research*?. No significant differences were observed between schoolchildren and adults in the
macular and nasal regions (P = 0.943 and P = 0.313, respectively; unpaired t-test). However, a significant

difference was found in the temporal region (P < 0.0001) (Fig. 5).

Discussion

This study is the first to quantitatively evaluate ChT in the midperipheral fundus in a large cohort of
schoolchildren. The findings demonstrated that ChT in the midperiphery (194.4 um in the nasal region
and 158.7 um in the temporal region) is significantly thinner than in the macular region (266.3 pm).
Moreover, the ChT in the temporal region was significantly thinner than in the nasal region. Regarding
macular ChT, a study with a similar design to ours was previously reported by Ruiz-Moreno et al.*!. They
examined ChT using SS-OCT in 83 children (mean age 9.6 + 3.1 years) with a mean refractive error of -
0.3+2.0 D (range: -5.25 to 3.75 D) and reported a macular ChT of 285.2 + 56.7 ym (range: 153—-399 pm).
These results closely align with our findings.

However, there are currently no published studies on ChT in the midperiphery of schoolchildren, except
for our previous research involving adults. In that study, the ChT measurements in adults were 265.1 +
85.0 um in the macular region, 184.7 + 48.1 uym in the nasal region, and 122.4 + 31.6 ym in the temporal
region*®. A comparison of these results is presented in Fig. 5. While no significant differences in ChT
were observed between schoolchildren and adults in the macular and nasal regions, the temporal region
showed significantly thinner ChT in adults. It is important to note that the refractive error differed
between the two groups. The adult group had a mean SE of - 4.11 + 3.01 D, indicating a higher degree of
myopia compared to the schoolchildren (mean SE: -1.25 + 1.84 D). These findings suggest that with
aging and the progression of myopia, ChT in the macular and nasal regions remains relatively stable,
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while the temporal region becomes notably thinner. In other words, developmental changes in ChT in
myopic eyes may be asymmetrical between the nasal and temporal regions. Further research is needed
to investigate whether this asymmetry in ChT is related to asymmetric development of the eyeball,
including changes in the sclera.

Significant correlations between ChT and both AL and SE were observed in the macular and temporal
regions, but not in the nasal region. Subfoveal ChT has consistently been reported to significantly
correlate with AL and SE*?~>", which aligns with our findings in the macular region. Interestingly, a
significant correlation between ChT and both AL and SE was detected in the temporal midperiphery,
whereas no such correlation was observed in the nasal midperiphery. This may suggest an asymmetrical
elongation of the eyeball during myopia progression. Greater stretching on the temporal side could
potentially drag retinal vessels toward the temporal periphery, contributing to increased optic disc tilting.
These changes align with common features observed in color fundus photographs of myopic eyes, such
as straightened temporal retinal vessels and pronounced optic disc tilting®2~>%.

A key strength of this study is the use of 400 kHz SS-OCT, which enables high-speed imaging and
reduces the effects of eye blinking and motion. The line scan pattern, completed in under 0.1 seconds
with ample lateral sampling points and repetitions, provides clear, detailed images even in peripheral
regions, facilitating precise choroidal analysis. However, this study also has limitations. As a cross-
sectional study, it cannot establish a causal relationship between ChT, axial elongation, or myopia
progression. Further longitudinal research, including analyses of ocular shape®?, is necessary to
determine whether asymmetric thinning of peripheral ChT could serve as a predictor for myopia
progression.

In conclusion, we quantitatively evaluated midperipheral ChT in schoolchildren and identified an
asymmetrical pattern, with the macular region being the thickest, followed by the nasal region, and the
temporal region being the thinnest. Significant correlations between ChT and both AL and SE were
observed in the macular and temporal regions, whereas no such associations were found in the nasal
region. When compared to adults, significant differences in ChT were observed only in the temporal
region, where adults showed marked thinning. These findings suggest that choroidal thinning,
particularly in the temporal region, may be primarily driven by ocular growth and the progression of
myopia.

Methods
Participants

This prospective, observational, cross-sectional study was approved by the Institutional Review Board of
the Riverside Clinic (Approval Number: RSC-2208RB02) and conducted at the Yoshino Eye Clinic. The
study exclusively included healthy volunteers. Participants were children aged 6 to 18 years, while
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exclusion criteria included individuals unable to provide consent, those with corneal, lens, or vitreous
opacities that interfered with measurements, and cases deemed unsuitable by the examining physician.

Comprehensive ocular evaluations were performed, including slit-lamp examinations, AL measurements
(MYAH; Topcon Corp., Tokyo, Japan), anterior segment OCT (CASIA2; Tomey Corp., Nagoya, Japan), and
subjective refraction assessments. Additionally, widefield OCT imaging was conducted under cycloplegia
induced by two applications of 1% cyclopentolate hydrochloride (Cyplegin® 1% ophthalmic solution;
Santen Pharmaceutical Co., Ltd., Osaka, Japan) administered at 10-minute intervals. All measurements
were performed between 10:00 AM and 5:00 PM. The study adhered to the principles outlined in the
Declaration of Helsinki. Written informed consent was obtained from the parents or legal guardians of all
participants, and written assent was obtained from the children after the study procedures were
explained.

OCT Image Acquisition

In this study, we utilized a high-speed, wide-field SS-OCT prototype system (Topcon Corp., Tokyo, Japan).
The specifications of this system have been described in previous reports, and the repeatability of its
measurements has been validated®. In short, the system operates with a wavelength-tunable laser
scanning at 400,000 A-scans per second within the 1-um wavelength range, providing lateral and axial
resolutions of approximately 18 um and 9 pm (full-width at half-maximum) in tissue, respectively. The
imaging depth range within tissue is 5.3 mm. A horizontal line scan pattern (15 mm, 1024 A-lines x 32
repeated B-scans) was employed in this study, with an acquisition time of less than 0.1 seconds.
Measurements were performed using internal fixation for three regions: the macular area, 33° nasal, and
33° temporal from the fovea, respectively (Fig. 1). A total of three scans were completed within five
minutes for each participant.

Choroidal Thickness (ChT) Measurements

Figure 2 shows the schematic of the ChT measurement, where three OCT images were distortion-
corrected and converted to physical dimensions. Our definition of angle is the visual angle at the cornea.
Bruch’s membrane (BM) and the choroid-sclera interface (CSl) in each OCT image were automatically
segmented, with manual corrections applied as needed to address segmentation errors. Three OCT
images were corrected for distortion using a previously described method®®, resulting in actual-size
representations of the images. By connecting the overlapping regions between the corrected images, the
imaging range was extended to the vicinity of the equatorial region, as shown in Fig. 2(a). The average
ChT value was calculated for a 3-mm region centered at a visual angle of 0° and at 39° on both the nasal
and temporal sides. ChT was defined as the perpendicular distance from the BM line to the CSl line and
was measured automatically using custom-designed software. The 3-mm range corresponded to the
area extending 1.5 mm along the BM line from the central analysis point. Panels (b), (c), and (d) provide
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magnified views of the area enclosed by the rectangle in Fig. 2 (a). The number of measurement points
varied based on the distortion correction results, ranging from 164 to 281 points per scan.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics version 26 (IBM Corp.). ChT across the
three regions was compared using a one-way ANOVA with Bonferroni correction for multiple
comparisons. The relationships between ChT and AL or spherical equivalent refractive error (SE) were
assessed using Pearson's correlation test. Additionally, differences in ChT between schoolchildren and
adults were evaluated using an unpaired t-test. A P-value of < 0.05 was considered statistically
significant.

Abbreviations

OCT, optical coherence tomography; SS-OCT, swept-source optical coherence tomography; AL, axial
length; SE, spherical equivalent refractive error; ChT, choroidal thickness; BM, Bruch’s membrane; CSI,
choroid-sclera interface
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Figure 1

Three line-scans performed on each subject in this study.

Choroidal thickness (ChT) was measured in three regions centered on nasal 39 degrees, 0 degrees, and
temporal 39 degrees. The central angles of these regions are marked by red dashed lines.
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Figure 2

Schematic diagram of the choroidal thickness (ChT) measurements using optical coherence
tomography (OCT).

(a) Distortion corrected montage OCT B-frame image with visual angle schematic. Scale bar: T mm. (b-d)
Magnified views of the three regions of interest shown in (a). Orange lines indicate the segmented
Bruch’s membrane (BM) lines used for the analysis in 3 mm-length. ChT was measured perpendicularly
as the distance from BM to the choroid-sclera interface CSI (green lines). Scale bar: 500 pm.
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Figure 3

Comparison of choroidal thickness (ChT) between three regions.

The results of ChT for each region were as follows: 266.3 + 63.2 ym in the macular region, 194.4 + 39.5
pgm in the nasal midperiphery region, and 158.7 + 41.4 ym in the temporal midperiphery region.
Significant differences were observed between the three regions (P < 0.0001, One-way ANOVA), with the
macular region having the largest ChT, followed by the nasal midperiphery region, and then the temporal
midperiphery region (P < 0.0001 for all combinations, Bonferroni correction).
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Figure 4

Scatter plots between ChT and AL.

(a) Macular region. (b) Nasal midperiphery region. (c) Temporal midperiphery region. Significant
relationships were observed in the macular (P < 0.0001, R = -0.465, Pearson correlation test) and
temporal midperiphery (P = 0.016, R = -0.182) regions, but not in the nasal midperiphery region (P =
0.059,R=0.143).
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Figure 5

Comparison of ChT between schoolchildren and adults.

There were no significant differences between the schoolchildren and adults in the macular and nasal
regions (P = 0.943 and 0.313, respectively, unpaired t-test), however, there was a significant difference
between them in the temporal region (P < 0.0001).
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