Ophthalmol Ther (2024) 13:739-759
https://doi.org/10.1007/s40123-023-00875-x

®

Check for
updates

ORIGINAL RESEARCH

The Effects of Repeated Low-Level Red-Light Therapy
on the Structure and Vasculature of the Choroid
and Retina in Children with Premyopia

Zhuzhu Liu - Ziwen Sun - Bei Du - Huaixue Gou - Biying Wang -

Zeya Lin + Nuo Ren + Emmanuel Eric Pazo - Lin Liu - Ruihua Wei

Received: November 17, 2023 / Accepted: December 13, 2023 / Published online: January 10, 2024

© The Author(s) 2024

ABSTRACT

Introduction: The purpose of this study was to
explore the effects of repeated low-level red-light
(RLRL) therapy on the structure and vasculature of
the choroid and retina in Chinese children with
premyopia.

Methods: This study was a single-center ran-
domized clinical trial. A total of 94 children
with premyopia (— 0.50 D < spherical equiva-
lent [SE] < + 0.75 D) were randomly assigned
to either the RLRL therapy or control group.
Follow-up visits were planned at 1, 3, 6, 9, and
12 months. Optical coherence biometry was
used to measure axial length (AL) and anterior
segment parameters. Choroidal thickness (CT),
retinal thickness (RT), superficial retinal
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vascular density (SRVD), deep retinal vascular
density (DRVD), choriocapillaris perfusion area
(CCPA), and choroidal vessel volume (CVV)
were measured by optical coherence tomogra-
phy angiography, centered on the foveal, par-
afoveal (ParaF), and perifoveal (PeriF) regions.

Results: The thickening of the choroid was
observed across the entire macular region at
different time points in the RLRL therapy group.
Relative to the baseline measurement, foveal CT
significantly increased at the 1-month follow-
up with RLRL therapy, with a mean (+ standard
deviation [SD]) adjusted change of 16.96 +
19.87 pm. The greatest magnitude of foveal CT
changes was observed at the 3-month visit (an
increase of 19.58 + 20.59 pm), with a slight
reduction in the extent of foveal CT increase at
the 6-month visit (an increase of 15.85 £ 23.77
um). The second greatest CT increase was
observed at the 9-month visit (an increase of
19.57 £+ 35.51 um), after which the extent of CT
increase gradually decreased until the end of the
study at the 12-month visit (an increase of
11.99 + 32.66 um). We also observed a signifi-
cant increase in CT in the ParaF and PeriF areas
in the RLRL group over 12 months. In contrast,
CT across the entire macular region in the
control group significantly decreased through-
out the follow-up visits (all P < 0.05). Regarding
the vascular parameters of the choroid, signifi-
cant increases in CVV were observed primarily
in the ParaF and PeriF regions of the choroid in
the RLRL group. In comparison, the control
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group exhibited decreases in CVV throughout
the entire area. Furthermore, notable elevations
in CCPA were detected in the PeriF area of the
choroid in the RLRL group during the 1-month
(an increase of 0.40 mm?), 3-month (an increase
of 0.25 mm?), and 12-month visits (an increase
of 0.42 mm?) (all P <0.05). In addition, no
notable differences were observed between the
groups regarding foveal RT and retinal vascular
parameters  throughout the 12 months
(P > 0.05). Notably, RLRL therapy achieved a
notable reduction in SE shift by 73.8%, a sub-
stantial decrease in AL change by 67.9%, and a
significant reduction in myopia incidence by
45.1% within 1 year.

Conclusion: Our study demonstrated a signifi-
cant increase in CT and flow in the RLRL-treated
eyes throughout the 12-months of the study.
Combined with its reduction in spherical
equivalent progression and axial elongation,
RLRL could be used as an effective therapy for
preventing progression in premyopes.

Trial Registration: ChiCTR2200062028.

Keywords: Repeated low-level red light;
Children;  Premyopia; Foveal thickness;
Choroid; Retina vasculature; Mpyopic shift;
Optical coherence tomography angiography

Key Summary Points

Why carry out this study?

In recent decades, myopia has emerged as
a significant global public health concern.
While repeated low-level red-light (RLRL)
therapy has recently been recognized as a
safe and effective approach for managing
myopia, scientific reports on medical
interventions aimed at preventing the
onset of myopia are scarce.

There is also a lack of understanding
regarding the impact of RLRL therapy on
the structural and vascular characteristics
of the retina and choroid in children with
premyopia.

What was learned from the study?

Eyes treated with RLRL therapy showed a
significant increase in choroidal thickness
and flow throughout the 12 months, as
well as a reduction in spherical equivalent
progression and axial elongation,
suggesting that RLRL could be used as an
effective therapy for the control of the
progression of axial myopia in children
with premyopia susceptible to myopic
progression.

The effectiveness of RLRL therapy in
controlling myopia may be partially
mediated through choroidal thickening.

The findings once again highlight the
specific role of choroidal signaling
pathways in inducing modifications that
mitigate scleral hypoxia and remodeling,
ultimately aiding in the effective
prevention of myopia among populations
with premyopia.

INTRODUCTION

Myopia has become a significant global public
health concern. Studies have shown that myo-
pia progresses more rapidly when it occurs at a
younger age [1-3] and that early-onset myopia
is a risk factor for high myopia [4], which can
lead to serious ocular complications, including
retinal detachment, retinal break, choroidal
neovascularization, and myopic maculopathy.
Such complications can significantly impair
vision and are often irreversible [5-7]. Premy-
opes represent a critical population character-
ized by a reduction in physiological hyperopia
and more positive near retinoscopy [8]. After
the onset of myopia in children, its progression
is difficult to control; therefore, it is crucial to
keep children in a premyopia state to delay or
prevent the onset of myopia.

A\ Adis



Ophthalmol Ther (2024) 13:739-759

741

Recent evidence has suggested that increased
outdoor activity and reduced long-term near-
work could potentially aid in preventing myo-
pia onset [9-14]. However, limited information
is available in the literature regarding medical
interventions to prevent myopia. Repeated low-
level red-light (RLRL) therapy has recently
emerged as a safe and effective therapy for
myopia control, offering an alternative to
increasing bright-light exposure [15, 16]. A
clinical study has demonstrated that RLRL
therapy significantly reduced the rate of myopia
progression and axial elongation over a period
of 6 months compared to orthokeratology and
single-vision spectacles (SVS) [15]. In a
12-month, multicenter, randomized clinical
trial involving 264 children aged 8 to 13 years,
RLRL therapy was shown to be an effective
treatment for myopia control compared to SVS,
and no functional or structural damage was
reported [16].

Despite the demonstrated effectiveness of
RLRL therapy in myopia control, the mecha-
nism underlying its suppressive effect remains
unclear. Recent evidence has identified scleral
hypoxia as a key promoter of scleral remodeling
and myopia development [17, 18]. To address
this issue, He et al. hypothesized that RLRL
treatment might improve blood flow and
metabolism of the fundus, leading to amelio-
ration of scleral hypoxia and restoration of
scleral collagen levels [19]. In recent years, there
has been increasing interest in the role of the
choroid and retina in myopia etiology, as the
choroid has been found to react to optical
defocus and the retina is expected to process the
sign of optical defocus and initiate a multilay-
ered signaling cascade from the retina to the
choroid and then to the sclera [20].

To date, few studies have explored the effects
of RLRL therapy on the structural and vascular
characteristics of the retina and choroid in
children with premyopia. In this study, we
investigated the impact of RLRL therapy on
premyopes and evaluated the short-term influ-
ence of RLRL therapy on the structural and
vascular parameters of the choroid and retina to
further improve our knowledge on the effects of
RLRL therapy and identify potential biomarkers
for predicting therapeutic response.

METHODS

Study Design

This was a single-center, single-masked, ran-
domized controlled trial in which 94 children
were enrolled between 12 August 2021 and 3
September 2022, at Tianjin Medical University
Eye Hospital, Tianjin, China. Children were
randomly assigned to the RLRL therapy group
or the control group at a ratio of 1:1 using
stratified block randomization with a block
length of eight. Independent investigators
conducted outcome measurements for masking
purposes, and the statistician was also blinded
to allocation. Written informed consent and
verbal assent were obtained from a parent/legal
guardian, and the study adhered to the princi-
ples of the Declaration of Helsinki. The institu-
tional review board of Tianjin Medical
University Eye Hospital approved the study (No.
2021KY-11). Investigators and key personnel at
each site involved in the present study were
trained and certified prior to study commence-
ment. There were no changes in the protocol
and methods after trial commencement. The
trial was registered in the Chinese Clinical Trial
Registry (http://www.chictr.org.cn/) with the
registration number ChiCTR2200062028.

Inclusion and Exclusion Criteria

A total of 94 children (94 eyes from 94 subjects)
with premyopia were enrolled in the study,
with the diagnosis of premyopia based on
cycloplegic optometry results (= 0.50
D < spherical equivalent [SE] < + 0.75 D).
Children aged 7-12 years with regular follow-
ups for at least 12 months were included.
Exclusion criteria included astigmatism of > 2
D, other ocular diseases (such as amblyopia,
strabismus, congenital cataract, glaucoma, cor-
neal scar, optic neuropathy, traumatic ocular
injury, uveitis, and ocular tumor), history of
any ocular surgery, and any systemic diseases or
conditions that may affect visual function and
development (including diabetes mellitus and
chromosome anomaly).
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Intervention and Study Procedures

Children in the RLRL therapy group received
RLRL treatment twice daily, with each session
lasting 3 min and at least 4 h between treat-
ments, while those in the control group did not.
Given that the treatment time for the two daily
sessions needed to be separated by more than
4 h, one treatment session was planned to occur
prior to the child going to school in the morn-
ing and the second session was planned that
same afternoon after school. The RLRL inter-
vention was provided by a desktop device
(Eyerising, Suzhou Xuanjia Optoelectronics
Technology, Kunshan city, China). This tech-
nology incorporates semiconductor laser diodes
that emit low-intensity, single-wavelength 650
(10)-nm red-light laser beam at an illuminance
level of approximately 1600 1x through the
pupil to the fundus. This device was certified as
a Class IIa medical device by the State Admin-
istration for Market Regulation of China. The
light power of this RLRL device entering a 4-mm
pupil (the maximum pupil size under the con-
dition of bright-light exposure over 10 s) is 0.29
mW. These power levels are classified as Class 1,
which is at a level considered safe for direct
ocular exposure. Guardians/parents of the chil-
dren received training to oversee the interven-
tion program at home. To ensure accurate
tracking and recording of treatment history, the
device was integrated with an automated diary
function and connected to the internet. In
addition, two investigators were tasked with
managing intervention compliance. To
enhance treatment compliance, parents or legal
guardians received weekly reminders about the
intervention program in an attempt to main-
tain consistency and effectiveness in the inter-
vention process.

All participants underwent a standardized
examination at the baseline visit, followed by
five scheduled follow-up visits at 1, 3, 6, 9, and
12 months. A cycloplegic refraction test was
conducted both before enrollment and at every
6 months during the follow-up period. To
achieve cycloplegia, four drops of compound
tropicamide eye drops were administered at
intervals of approximately 5 min. At 30 min
after the administration of the final drop,

cycloplegic autorefraction was assessed using
the KR-8800 desktop autorefractor (Topcon
Corp., Tokyo, Japan). This autorefractor
obtained three readings, each separated by 0.25
D, for both spherical and cylindrical compo-
nents which were then averaged. Subsequently,
an experienced optometrist performed cyclo-
plegic retinoscopy. Best-corrected visual acuity
(BCVA) was measured at a distance of 5 m and
converted to the logarithm of the minimum
angle of resolution (logMAR) scale. Prior to
initiating cycloplegia, several ocular parameters
were measured using the IOL Master 700 swept-
source optical coherence tomography (OCT)-
based biometer (Carl Zeiss AG, Jena, Germany),
including axial length (AL), anterior chamber
depth (ACD), lens thickness (LT), and ker-
atometry values (flat keratometry [Kf]). The
Swept-Source Optical Coherence Tomography/
Optical Coherence Tomography Angiography
(SS-OCT/OCT-A) system (VG200S; SVision
Imaging, Henan, China) was employed to
evaluate macular structures and vascular char-
acteristics in all eyes. To minimize the potential
confounding effects of diurnal variations, all
measurements were conducted between 12 a.m.
and 3 p.m. The macular images were classified
into three concentric circles according to the
grid of the Early Treatment of Diabetic
Retinopathy Study (ETDRS), centered on the
foveal region (within central 1-mm diameter),
the parafoveal (ParaF) region (from an inner
diameter of 1mm to an outer diameter of
3mm), and the perifoveal (PeriF) region (be-
tween the 3 and 6 mm concentric ring). The
major automated thickness outcomes recorded
included ganglion cell complex (GCC) thick-
ness (perpendicularly from the inner edge of the
nerve fiber layer [NFL] to the outer edge of the
inner plexiform layer [IPL]; see Electronic Sup-
plementary Material [ESM] Fig. S2A); the inner
nuclear layer (INL) thickness (perpendicularly
from the inner to the outer edge of the INL; see
ESM Fig. S2B); the outer retinal layer (ORL)
thickness (measured from the inner edge of the
outer plexiform layer [OPL] to the outer edge of
the retinal pigment epithelium (RPE)/Bruch’s
membrane complex; see ESM Fig. S2C); retinal
thickness (RT) (measured from the inner edge of
the nerve fiber layer [NFL] to the outer edge of
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the RPE/Bruch’s membrane complex; see ESM
Fig. S2D); and choroid thickness (CT) (defined
as the vertical distance between the outer edge
of the retinal pigment epithelium [RPE] and the
outer edge of the choroid; see ESM Fig. S2E).
Retinal microvascular parameters included
superficial retinal vascular density (SRVD) (ESM
Fig. S3A) and deep retinal vascular density
(DRVD) (ESM Fig. S3B). The SRVD was auto-
matically defined by the system as microvessels
located 5 pum above the inner limiting mem-
brane to the one-third interface of the ganglion
cell layer and inner plexiform layer (GCL +
IPL). Likewise, the DRVD was defined as the
microvessels located from the one-third inter-
face of GCL + IPL to 25 um below the lower
border of the INL. For choroidal microvascular
parameters, choriocapillaris perfusion area
(CCPA) was measured, which involved maxi-
mum projection 20 pm deep to Bruch’s mem-
brane (ESM Fig. S3C). Choroidal vessel volume
(CVV), also known as choroidal luminal vol-
ume, was defined as the volume of the large and
medium choroidal vessels (ESM Fig. S4).

Statistical Analysis

The minimum sample size required for the
analysis was conservatively determined to be
N =42 per cohort of participants who com-
pleted the trial. This sample size was considered
sufficient to detect a small treatment effect,
specifically a difference of 0.25 D in refraction,
with a standard deviation (SD) of 0.35 D. The
type I error rate was set at 0.05, and the statis-
tical power was set at 80%. Balanced recruit-
ment by age between 7 and 12 years (inclusive)
was assumed for this sample size estimation.
Only the right eye of each participant was
analyzed in this study. During the treatment
phase, both endpoints were summarized with
mean value £+ SD or median with interquartile
range at every visit. To ensure the accuracy of
the results, only SE data with complete cyclo-
plegia were included in this analysis. A change
in a parameter was determined as the difference
between the baseline value and the corre-
sponding follow-up value. Changes in AL, SE,
retinal, and choroidal parameters at each

follow-up time point were compared using a
generalized linear mixed model (GLMM). Base-
line age, gender, group, visit, group-by-visit
interaction, and corresponding baseline
parameters were fixed factors in the models, and
subjects were included as random factors. The
estimated mean differences, 95% confidence
intervals, and two-sided P values were
calculated.

Linear regression models were utilized to
evaluate the factors associated with changes in
AL and SE over a period of 12 months in the
RLRL group. The analysis encompassed baseline
age, gender, CT, AL/SE, and change in fovea CT
over 12 months into the models. To facilitate
visualization of the results, a 1-unit change in
the regression models was deemed equivalent to
a 10-mm change in fovea CT. A statistical sig-
nificance level of 0.05 was consistently applied
throughout the analysis. All statistical tests were
performed with SPSS software (version 26.0;
SPSS IBM, Armonk, NY, USA).

RESULTS

Baseline Characteristics

A total of 94 consecutive children met the pre-
scribed criteria and were consequently enrolled
in the study. Among these children, seven did
not have a completed follow-up dataset, one
had segmentation errors, and one had poor
image quality. These children were excluded
from the analysis, leaving 85 children (90.4%)
in the final analysis (43 in RLRL group; 42 in
control group) (Fig.1). The distribution of
baseline age, gender, AL, and SER was well bal-
anced between the RLRL group and control
group (P > 0.05; Table 1).

Safety

During the initiation phase of treatment, two
children reported intolerance to bright light
and dry eye symptoms. However, these side
effects were transient and resolved either spon-
taneously or with minimal intervention. Over
the subsequent 12 months of treatment, no
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participants withdrew from the study due to
intolerability or discomfort. Moreover, there
were no recorded side effects in terms of com-
plaints, functional loss (BCVA), or anatomical
changes (OCT/OCTA scans) during the
12-month follow-up period.

Changes in Structural and Vascular
Parameters of the Choroid at Follow-Up
Visits

As presented in Table 2 and Fig. 2, the thicken-
ing of the choroid was observed across the
entire macular region against different time
points in the RLRL group. Foveal CT relative to
baseline CT significantly increased at the
1-month follow-up with RLRL therapy, with a
mean (+ SD) adjusted change of 16.96 + 19.87
pm. The greatest magnitude in foveal CT
change was observed at the 3-month visit (an
increase of 19.58 =+ 20.59 um), with a slight
reduction in the extent of foveal CT increase at
the 6-month visit (an increase of 15.85 +
23.77 um). The second greatest CT increase was
observed at the 9-month visit (an increase of
19.57 £ 35.51 um), after which the extent of CT
increase gradually decreased until the end of the
study at the 12-month visit (an increase of
11.99 + 32.66 um). We also observed a signifi-
cant increase in choroidal thickness (CT) in the
ParaF and PeriF areas in the RLRL group over
12 months. In contrast, CT across the entire
macular region in the control group signifi-
cantly decreased throughout the follow-up vis-
its (all P < 0.05).

Regarding the vascular parameters of the
choroid, significant increases in CVV were
observed primarily in the ParaF and PeriF
regions of the choroid in the RLRL group. In
contrast, the control group exhibited a decrease
in CVV in the PeriF region over 12 months
(P < 0.05). Furthermore, notable elevations in
CCPA were detected in the PeriF area of the
choroid in the RLRL group at the 1-month (an
increase of 0.40 mm?), 3-month (an increase of
0.25 mm?), and 12-month visits (an increase of

0.42 mm?) (all P < 0.05) (Table 3).

Changes in Structural and Vascular
Parameters of the Retina at Follow-Up
Visits

As presented in ESM Tables S1 and S2,
throughout the 12-month duration of RLRL
therapy, no differences were observed between
the RLRL group and the control group regarding
foveal RT and retinal vascular parameters
(P > 0.05). In the perifoveal region, however, a
notable reduction in retinal thickness, particu-
larly in the outer RT, was evident in the control
group over 12 months (P < 0.05), while such
alterations were minimal or absent in the RLRL

group.

Effect of RLRL Intervention on Myopia
Incidence

Comparison of myopia incidence rates between
the RLRL group and the control group over
12 months based on cycloplegic retinoscopy in
shown in ESM Fig. S1. The 6-month incidence
rate of myopia was notably lower in the RLRL
group than in the control group (9.3% [4/43
children] vs. 21.4% [9/42 children], respec-
tively), resulting in a substantial 57.9% reduc-
tion in incidence. Furthermore, at the
12-month mark, the children in RLRL group
maintained a lower myopia incidence rate
(20.9% [9/43 children] vs. 38.1% [16/42 chil-
dren], respectively). The absolute mean differ-
ence between the two groups was calculated to
be 17.2%, representing a 45.1% reduction in
incidence.

Changes in SE, AL and Other Ophthalmic
Parameters

In the RLRL group, the mean (SD) change in SE
over a period of 12 months was — 0.11 (0.44) D.
In contrast, the control group exhibited a mean
(SD) change of — 0.42 (0.36) D. The absolute
mean difference in SE change between the two
groups was found to be — 0.31 D (P < 0.001)
(Fig. 3), indicating a notable 73.8% reduction in
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Enrollment

3-mo visit
46 Completed follow—up
1 Lost to follow-up

6-mo visit
44 Completed follow-up
3 Lost to follow-up

12-mo visit
44 Completed follow—up
3 Lost to follow—up

Analysed (n=43)

Excluded from analysis
because of poor image
quality (n=1)

120 Assessed for eligibility

Randomized (n=94)

Allocated to RLRL group

Excluded (n=26)
Not meeting inclusion
criteria(n=18)

Declined to participate (n=4)
Other reasons (n=4)

Allocation

Allocated to control group

3-mo visit
47 Completed follow-up
0 Lost to follow-up

6-mo visit
44 Completed follow—up
2 Lost to follow-up

1 withdraw

12-mo visit
43 Completed follow-—up
4 Lost to follow-up

Analysed (n=42)

Excluded from analysis
because of segmentation
errors (n=1)
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«Fig. 1 Flowchart of the study. RLRL Repeated low-level
red-light (therapy)

SER shift. The 12-month SE changes for each
group, as well as the mean difference between
the RLRL and control groups, are presented in
ESM Table S3. Furthermore, the mean (SD)
increase in AL over 12 months was 0.09 (0.21)
mm for the RLRL group, compared to 0.28
(0.12) mm for the control group. This resulted
in an absolute mean difference in AL change of
0.19 mm (P < 0.001), representing a substantial
67.9% reduction in AL change (Fig. 4). The AL
change at the 1-, 3-, 6-, 9-, and 12-month visits
for each group, as well as the mean difference
between the two groups, are also presented in
ESM Table S3. Regarding the anterior segment
parameters, no significant differences were

observed between the control and RLRL group
in terms of anterior chamber depth, flat ker-
atometry, and lens thickness at different time
points.

Prediction of Longitudinal Changes in AL
and SE

Multiple regression analysis was performed to
explore the factors associated with changes in
AL and SE over the 12 months following RLRL
therapy. The statistical analysis demonstrated
that the changes in AL (standardized coefficient
p=—-0.571, P<0.001) and SE (standardized
coefficient f=0.467, P =0.008) were signifi-
cantly correlated with the thickening of the
foveal choroid over 12 months but not with
baseline AL/SE, baseline fovea CT, age, or gen-
der (Table 4).

Table 1 Demographics and baseline ocular characteristics between the RLRL and the control group

Characteristics All patients were randomly assigned to: P value
RLRL group (N = 47) Control group (N = 47)

Age, years
Mean £ SD 898 + 1.31 895 £ 152 0.817
Median (P25, P75) 9.00 (8.00, 10.00) 8.50 (8.00, 10.00)

Gender
Boy 24 (55.81%) 22 (52.38%) 0.763
Girl 19 (44.19%) 20 (47.62%)

AL, mm
Mean £ SD 2357 £ 0.78 2330 £ 0.73 0.116
Median (P25, P75) 23.59 (22.98, 24.08) 23.32 (22.68, 23.92)

SE, D
Mean £ SD 0.17 £ 0.35 0.30 £ 0.35 0.104

Median (P25, P75) 0.25 (0.00, 0.50)

0.25 (0.00, 0.50)

Data are presented as the mean =+ standard deviation (SD), as a2 number with the percentage in parentheses, or as the

median with the interquartile range (P25, P75) in parentheses, as appropriate
AL Axial length, D diopter, P25, P75 25th percentile, 75th percentile, SE spherical equivalence, RLRL repeated low-level

red-light
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Table 2 Cumulative adjusted changes in choroidal thickness across the entire macular region at different time points in the
repeated low-level red-light therapy and control groups

Time/visit Cumulative adjusted mean changes P value
RLRL group Control group
Change in CT-fovea, um
1 Month
Mean £ SD 16.96 £ 19.87# — 216 + 16.74 < 0.001*
Median (P25, P75) 17.92 (591, 32.17)# — 001 (— 9.14, 8.82)
3 Months
Mean + SD 19.58 + 20.594# — 8.57 £ 2645# < 0.001*
Median (P25, P75) 20.55 (6.99, 29.29)# — 414 (— 21.95, 636)#
6 Months
Mean + SD 15.85 + 23.77# — 7.62 £ 25.29# < 0.001*
Median (P25, P75) 1572 (— 5.1, 28.65)# 0.51 (— 23.60, 9.96)#
9 Months
Mean £ SD 19.57 £ 35.51# — 2250 £ 24.21# < 0.001*
Median (P25, P75) 19.06 (— 9.52, 41.02)# — 2241 (— 4371, — 0.98)#
12 Months
Mean £+ SD 11.99 £ 32.66# — 28.74 £ 26.89# < 0.001*
Median( P25, P75) 1275 (— 5.94, 24.14)# — 3046 (— 4844, — 4.07)#
Change in CT-ParaF, pim
1 Month
Mean £ SD 17.16 £+ 19.57# — 1.82 + 16.01 < 0.001*
Median (P25, P75) 17.48 (6.38, 28.97)# — 0.75 (— 10.20, 9.66)
3 Months
Mean £+ SD 18.49 £+ 19.45# — 7.44 £+ 24.03# < 0.001*
Median (P25, P75) 18.10 (7.99, 27.15)# — 4.07 (— 20.10, 7.56)#
6 Months
Mean £ SD 15.64 £+ 24.93# — 6.51 £ 22.77# < 0.001*
Median (PD25, P75) 13.64 (— 0.92, 30.36)# — 1.05 (— 2238, 9.86)#
9 Months
Mean £ SD 1821 + 33.47# — 20.84 + 21.69# < 0.001*
Median (P25, P75) 1658 (— 8.84, 40.79)# — 1850 (— 40.82, — 3.39)#

12 Months
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Table 2 continued

Time/visit Cumulative adjusted mean changes P value
RLRL group Control group
Mean £ SD 10.69 £ 31.77# — 25.83 + 25.40# < 0.001*
Median (P25, P75) 12.13 (— 7.08, 24.04)# — 2742 (— 42.86, — 5.60)#
Change of CT-PeriF, pm
1 Month
Mean £ SD 15.53 £ 20.59# — 175 £ 1445 < 0.001*
Median (P25, P75) 16.96 (3.21, 29.00)# 1.00 (— 10.95, 6.89)
3 Months
Mean + SD 16.79 £ 19.17# — 7.08 £ 21.80# < 0.001*
Median (P25, P75) 15.76 (7.84, 28.61)# — 521 (= 2055, 2.31)#
6 Months
Mean £ SD 13.10 £ 25.20# — 6.07 & 21.14# < 0.001*
Median (P25, P75) 1027 (— 3.77, 25.61)# — 3.87 (— 1731, 841)#
9 Months
Mean £ SD 14.15 £ 30.69# — 20.75 £ 20.74# < 0.001*
Median (P25, P75) 11.82 (— 549, 38.14)# — 2217 (— 3779, — 3.64)#
12 Months
Mean £ SD 3.89 £ 26.80# — 2475 £ 2421# < 0.001*

Median (P25, P75)

0.60 (— 7.16, 16.86)#

— 30,03 (— 40.79, — 8.14)#

Data are presented as the mean =+ standard deviation (SD) and as the median with the interquartile range (P25, P75) in
parentheses, as appropriate

Adjusted estimates at each time point were calculated on the basis of generalized linear mixed model, adjusted for baseline
age, gender, group, visit, group* visit, and corresponding baseline parameters as fixed factors, and subjects as the random
factor

CT Choroidal thickness, P25, P75 25th percentile, 75th percentile, ParaF parafoveal, PeriF perifoveal, RLRL repeated low-

level red-light
*Between-group significant differences at P < 0.05

#Within-group significant differences with baseline at P < 0.05

DISCUSSION

Evaluating the effects of myopia on the retinal
and choroidal structure and vasculature in
children is crucial as myopia often appears and
advances during childhood. To our knowledge,
this was the first trial to date to assess the
impact of the RLRL therapy on the retinal and

choroidal structure and vasculature in children
with premyopia.

The mechanism underlying how RLRL con-
trols myopia progression is not fully under-
stood, although several previous studies have
shown a negative correlation between the CT
and the severity of axial myopia [21-25]. A
growing body of evidence suggests that RLRL
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exposure increases CT, potentially improving
choroidal blood flow and controlling myopia.
However, only four studies have analyzed
changes in CT after RLRL exposure [15, 26-28],
and previous studies were characterized by a
number of limitations such as short follow-up
times, single measuring point, lack of control
groups, and subjective bias. In the present
study, the automatic segmentation and mea-
surement of subjects’ macular retinal and
choroidal thicknesses and vascular parameters
across the entire macular region were performed
using the built-in software of an OCT instru-
ment to evaluate the effect of using RLRL on
children with premyopia.

In the present study, we observed thickening
of the choroid across the entire wide-field
region at all five follow-up visits for the RLRL
group. The greatest magnitude of foveal CT
changes was observed at the 3-month visit (an
increase of 19.58 pm) with a slight reduction in
the extent of foveal CT increase at the 6-month
visit (an increase of 15.85 um). The second
greatest CT increase was observed at the
9-month visit (an increase of 19.57 um), after
which the extent of CT increase gradually
decreased until the end of the study at the
12-month visit (an increase of 11.99 um). In
comparison, the authors of a clinical trial of 120
children with myopia aged 8 to 13 years with a
SE of 2.30 £ 0.85 D observed that macular CT
increased to its maximum at 1 month of RLRL
therapy (an increase of 14.755 pm), followed by
a reduction in the magnitude of thickening at
3months (an increase of 5.286 um) and
6 months (an increase of 1.543 um, then a
steady increase at 12 months (an increase of
9.089 um) [19]. These findings suggest that the
magnitude of CT changes observed in children
with premyopia was greater than those previ-
ously reported in children with myopia and
that this population may experience a more
accelerated phase of choroidal thickening after
RLRL therapy, rather than maintenance of
thickness at a steady level. Notably, measuring
foveal CT alone is insufficient to comprehen-
sively reflect changes in the choroid during
myopia progression. Jin’s study indicated that
peripheral choroidal thinning may precede the
development of peripheral hyperopia and serve

as a sensitive predictor of myopia progression
[29]. Moreover, decreases in CT in the ParaF and
PeriF regions have been associated with myopia
development. Results from previous studies
have also suggested that the PeriF choroid is
more susceptible to attenuation compared to
the ParaF and central choroid, implying that
choroidal thinning may initiate peripherally
during the early stages of myopia development
[30]. In our study, we observed a significant
increase in CT in the ParaF and PeriF areas in
the RLRL group over 12 months. This thicken-
ing of the choroid in these areas may result in
subtle relative peripheral myopic defocus,
which in an earlier study was recognized as a
protective factor against myopia progression
[30].

Since the AL was measured as the distance
from the cornea to the RPE using an IOL-Master
device, a thickened choroid may decrease the
AL by pushing the retina forward. In the present
study, we observed a slight hyperopic shift and
AL shortening at the early stage of RLRL therapy
accompanied by a steady thickening of the
foveal CT during subsequent RLRL therapy ses-
sions. These findings indicated that the changes
in foveal CT and AL or SE were not uniform
throughout the follow-up period. Moreover, no
significant differences in other anterior segment
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Fig. 2 Adjusted mean changes in foveal CT at different
time points in the control and RLRL groups. Asterisks
indicate significant  differences between groups at
**P < 0.05. CT Choroidal thickness, RLRL repeated
low-level red-light
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Table 3 Cumulative adjusted changes in the choroidal vascular parameters across the entire macular region at different

time points in the repeated low-level red-light therapy and control groups

Time point/visit

Cumulative adjusted mean changes P value

RLRL group

Control group

Change in CVV-Fovea, mm’
1 Month
Mean £ SD
Median (P25, P75)
3 Months
Mean £ SD
Median (P25, P75)
6 Months
Mean = SD
Median (P25, P75)
9 Months
Mean =+ SD
Median (P25, P75)
12 Months
Mean =+ SD
Median (P25, P75)
Change in CVV-ParaF, mm’>
1 Month
Mean =+ SD
Median (P25, P75)
3 Months
Mean £ SD
Median (P25, P75)
6 Months
Mean =+ SD
Median (P25, P75)
9 Months
Mean =+ SD
Median (P25, P75)

0.00 + 0.01
0.00 (— 0.00, 0.01)

0.00 + 0.01
0.01 (— 0.00, 0.01)

0.00 + 0.1
0.00 (— 0.00, 0.01)

0.00 £+ 0.01
0.00 (— 0.00, 0.01)

—0.01 £ 0.01

—0.00 (— 0.01, 0.01)

0.02 £ 0.03

0.02 (0.00, 0.04)

0.07 + 0.06#
0.05 (0.03, 0.09)#

0.14 + 0.08#
0.13 (0.07, 0.20)#

021 + 0.09#
0.20 (0.14, 0.31)#

—0.00 + 001 0.137
— 0.00 (— 0.00, 0.01)

— 0.00 &£ 0.01 0.072
0.00 (— 0.01, 0.01)

—0.00 + 001 0.013*
— 0.00 (— 0.01, 0.00)

— 001 + 001 0.002*
— 0.00 (— 0.02, 0.00)

—0.01 £ 0.01 0.116

—0.01 (— 0.02, — 0.00)

—0.02 £ 004 < 0.001*

— 0.01(— 0.04, 0.00)

—001 + 007 < 0.001*
— 0.01(— 0.05, 0.03)

0.03 £ 0.11 < 0.001*
0.02 (— 0.03, 0.09)

0.06 + 0.14 0.001*
0.05 (— 0.01, 0.16)

A\ Adis



Ophthalmol Ther (2024) 13:739-759 751
Table 3 continued
Time point/visit Cumulative adjusted mean changes P value
RLRL group Control group
12 Months
Mean = SD 028 + 0.12# 0.09 £ 0.21 < 0.001*
Median (P25, P75) 0.32 (0.16, 0.39)# 0.09 (— 0.01, 0.19)
Change in CVV-PeriF, mm’
1 Month
Mean £+ SD 0.15 + 0.34# —0.02 £ 027 0.062
Median (P25, P75) 0.06 (— 0.07, 0.34)# 0.01 (- 0.11, 0.08)
3 Months
Mean £+ SD 0.17 £ 0.28# — 0.00 £ 0.25 0.003*
Median (P25, P75) 0.13 (— 0.04, 0.33)# 0.01 (— 0.20, 0.20)
6 Months
Mean + SD 0.17 £+ 0.33# —0.03 £ 033 0.012*
Median (P25, P75) 0.15 (— 0.07, 0.27)# ~0.02 (— 0.24, 0.15)
9 Months
Mean = SD 0.16 £ 041# —0.13 £ 0.32# < 0.001*
Median (P25, P75) 0.09 (— 0.09, 0.31)# — 0.08 (= 0.38, 0.08)#
12 Months
Mean = SD 0.00 £ 0.35 —0.19 £ 0.33# 0.011*
Median (P25, P75) 0.01 (— 020, 0.17) — 024 (— 0.44, 0.03)#
Change in CCPA-Fovea, mm>
1 Month
Mean = SD — 0.00 £ 0.02 — 0.00 £ 0.02 0.240
Median (P25, P75) — 0.00 (= 0.01, 0.00) 0.00 (— 0.01, 0.01)
3 Months
Mean = SD — 0.00 £ 0.02 — 0.00 £ 0.01 0.628
Median (P25, P75) — 0.00 (= 0.01, 0.01) ~ 0.00 (— 0.01, 0.01)
6 Months
Mean = SD —0.00 £ 0.02 — 0.00 £ 0.03 0.395

Median (P25, P75)
9 Months

0.00 (— 0.01, 0.01)

— 0.00 (— 0.01, 0.01)
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Table 3 continued

Time point/visit Cumulative adjusted mean changes P value
RLRL group Control group
Mean = SD — 0.00 £ 0.02 0.00 £ 0.04 0.430
Median (P25, P75) — 0,01 (- 0.01, 0.01) — 0.00 (= 0.01, 0.01)
12 Months
Mean = SD 0.00 £+ 0.01 0.01 £+ 0.03 0.194
Median (P25, P75) 0.00 (— 0.01, 0.01) 0.01 (= 0.01, 0.02)
Change in CCPA-ParaF, mm’
1 Month
Mean = SD 0.04 £+ 0.15 —0.03 £ 0.15 0.052
Median (P25, P75) 0.04 (— 0.05, 0.11) — 0.02 (— 0.07, 0.02)
3 Months
Mean = SD —0.00 £ 0.14 —0.02 £ 0.12 0.249
Median (P25, P75) — 0.00 (= 0.06, 0.08) — 0.02 (— 0.07, 0.02)
6 Months
Mean £ SD 0.00 £ 0.12 —0.02 £ 0.16 0.554
Median (P25, P75) 0.01 (— 0.07, 0.07) ~ 001 (= 0.10, 0.05)
9 Months
Mean = SD 0.01 £ 0.13 —0.02 £ 0.17 0.349
Median (P25, P75) — 0.01 (— 0.09, 0.07) — 0.04 (— 0.12, 0.08)
12 Months
Mean = SD — 001 £ 0.12 — 001 £ 0.14 0.862
Median (P25, P75) — 0,03 (— 0.10, 0.07) 0.01 (= 0.09, 0.08)
Change in CCPA-PeriF, mm®
1 Month
Mean £ SD 040 + 1.21# — 018 £ 099 0.002*
Median (P25, P75) 0.48 (— 0.18, 1.17)# — 0.13 (— 041, 0.21)
3 Months
Mean £ SD 025 + 0.92# —0.09 £ 075 0.061
Median (P25, P75) 0.27 (= 0.19, 0.80)# — 0.12 (— 045, 0.27)
6 Months
Mean = SD 024 £ 0.78 — 0.08 £ 0.85 0.011*

Median (P25, P75)

021 (— 0.43, 0.77)

—0.17 (— 0.62, 0.18)
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Table 3 continued
Time point/visit Cumulative adjusted mean changes P value
RLRL group Control group
9 Months
Mean £ SD 020 + 098 —0.02 + 084 0.259
Median (P25, P75) 0.15 (— 0.27, 0.75) — 0.10 (— 0.54, 0.41)
12 Months
Mean = SD 042 + 0.81# 0.01 + 0.73 0.055

Median (P25, P75) 037 (— 0.07, 0.82)#

0.03 (— 0.29, 0.53)

Data are presented as the mean =+ standard deviation (SD) and as the median with the interquartile range (P25, P75) in

parentheses, as appropriate

Adjusted estimates at each time point were calculated on the basis of generalized linear mixed model, adjusted for baseline

age, gender, group, visit, group* visit, and corresponding baseline parameters as fixed factors, and subjects as the random

factor

CCPA Choriocapillaris perfusion area, CV'V choroidal vessel volume, P25, P75 25th percentile, 75th percentile, ParaF
parafoveal region, PeriF perifoveal region, RLRL Repeated low-level red-light;

*Between-group significant difference at P < 0.05

*Within-group significant difference with baseline at P < 0.05

parameters were observed between pre-treat-
ment and post-treatment, suggesting that the
attenuation of AL and SE was not attributable to
alterations in the structure of the anterior seg-
ment comprising the cornea, anterior chamber
and lens. This irregularity implies that, in
addition to the attenuation of axial elongation
resulting from choroidal thickening, other
physiological modifications in the choroid
associated with myopia may also contribute to
the observed differences in axial elongation
between the two groups.

Findings from clinical studies are increas-
ingly suggesting that the choroid plays an
important role in the regulation of eye growth
and the development of myopia. Located
between the retina and sclera, the choroid is a
highly vascularized layer that is instrumental in
modulating scleral metabolism during ocular
development influenced by visual cues and also
plays an active role in emmetropization or the
pathogenesis of myopia [31, 32]. Given that
hypoxia has been linked to myopia and that
choroidal blood flow serves as the primary
source of oxygen and nourishment [33], it is

conceivable that RLRL therapy could alleviate
scleral ischemia and hypoxia by augmenting
choroidal blood flow, leading to increased scle-
ral thickness and hardness. This, in turn, may
prevent the progression of myopia and inhibit
excessive axial elongation.

To investigate this hypothesis, we conducted
an assessment of choroidal vasculature param-
eters prior to and following RLRL treatment.
Our findings revealed a consistent elevation in
ParaF and PeriF choroidal vascular volume
(CVV), indicating that augmented blood flow
within the choroidal luminal, a primary con-
stituent of the choroid, may contribute to
choroidal thickening. Moreover, we observed
an increase in choriocapillaris blood perfusion
during follow-up visits, with the most pro-
nounced enhancement occurring at the
1-month visit, specifically in the PeriF region;
subsequent increments were less prominent at
later follow-up visits, suggesting that the aug-
mentation of choriocapillaris blood perfusion in
peripheral areas primarily occurred during early
therapy. We hypothesize that this may be
attributed to the heightened sensitivity of the
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Fig. 3 Adjusted mean changes in cycloplegic SE refrac-
tions at different time points in the control and RLRL
therapy groups. Asterisks indicate significant differences
between groups at **P < 0.05. RLRL Repeated low-level
red-light, SE spherical equivalent
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Fig. 4 Adjusted mean changes in AL at different time
points in the control and RLRL groups. Asterisks indicate
significant differences between groups at **P < 0.05. AL
Axial length, RLRL repeated low-level red-light

small-diameter choroidal vessels within the
choriocapillaris to the warm effects of red light,
particularly in peripheral regions, during the
initial stages of treatment.

In addition to modifications in choroid
structure and function, accumulating evidence
indicates that the retina plays a crucial role in
regulating ocular growth and the development
of myopia. However, the relationship between
retinal thickness (RT) and the progression of
myopia in children remains unclear, as previous
studies have reported conflicting findings. In a
separate study of adults, individuals aged >
40 years with longer AL (> 24 mm) were

associated with increased RT in the foveal, PeriF,
and posterior pole regions [34]. Conversely,
another investigation of Chinese children aged
11 to 12 years reported an increase in foveal RT
but a decrease in ParaF and PeriF RT with
increasing AL [35]. The absence of a significant
correlation between foveal RT and AL was also
observed in adults aged between 16 and 35 years
[36]. While findings in the foveal region remain
open to discussion, consistent retinal thinning
in the ParaF and PeriF areas as a function of AL
may result from decreased resistance to
mechanical stretching of the retina, a reduction
in the number of photoreceptors, or even
chorioretinal atrophy in highly myopic eyes
[35, 37, 38]. In this study, we noted that
although no differences in changes of foveal RT
and foveal vascular parameters were evident
between the RLRL group and the control group
over 12 months, the control group exhibited
significant decreases in the PeriF area specifi-
cally in the outer RT during myopia onset and
progression, while such changes were less pro-
nounced or absent in the RLRL group during
follow-up visits. We hypothesize that RLRL
therapy maintains the structural and functional
integrity of the PeriF retina against mechanical
stretch induced by excessive axial elongation,
potentially by enhancing choroidal blood per-
fusion, which serves as the primary blood sup-
ply for the outer retina.

In addition to assessing the impact of RLRL
on the structural and vascular characteristics of
the choroid and retina, we also investigated the
factors associated with axial elongation and
myopia progression in children with premy-
opia. Recent evidence suggests that RLRL ther-
apy may be an effective and promising
alternative treatment for myopia control [16].
However, the literature on medical interven-
tions to prevent the onset of myopia is still
limited. While high concentrations of atropine
(0.025% or 0.05%) have been observed to pre-
vent myopia onset and myopic shift in premy-
opic school children, these treatments are often
accompanied by such side effects as photopho-
bia, blurred near vision and concerns about
long-term ocular or systemic diseases [39, 40].
In addition, a recent study indicated that low-
concentration atropine (0.01%) with slight side
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Table 4 Multiple regression analysis for factors associated with changes in axial length and spherical equivalent over 12

months in repeated low-level red-light therapy group

Factors Regression coefficient f Standardized coefficient f8 P value
Change in AL
Change in fovea CT, per 10 mm —0.03 —0.571 < 0.001*
Baseline FCT, per 10 mm 0.01 0.154 0.271
Age, per 1 year —0.023 —0.152 0.279
Baseline AL, per 1 mm 0.010 0.043 0.800
Male vs. female 0.075 0.182 0.299
Change in SE
Change in fovea CT, per 10 mm 0.060 0.467 0.008*
Baseline FCT, per 10 mm — 0.01 —0.116 0.447
Age, per 1 year 0.020 0.065 0.667
Male vs. female —0.111 —0.127 0.443
Baseline SE, per 1 D — 0.060 — 0.046 0.778

The coefficient of determination (R*) was 0.40 for change in AL and 0.26 for change in SE
*P < 0.05 after adjusted for age, gender, baseline AL/SE, baseline fovea CT and change in fovea CT over 12 months
AL Axial length, CT choroidal thickness, D Diopter, RLRL repeated low-level red-light, SE spherical equivalent, FCT

foveal choroidal thickness

effects did not significantly differ from placebo
in a premyopic pediatric population [40].
Increased outdoor time has also been consis-
tently shown to have a preventive impact on
myopia onset, with an efficacy rate ranging
from 11.0% to 54.3% within 1 year [41-43].
However, it is worth noting that our study
population differed from those in these outdoor
trials, as we enrolled children with premyopia
with a higher risk of developing myopia. Our
results demonstrated that RLRL therapy
achieved a notable reduction in SE shift by
73.8%, a substantial decrease in AL changes by
67.9% and a significant reduction in myopia
incidence by 45.1% within 1 year, suggesting
that this therapy could be initiated in children
without myopia who are at high risk of devel-
oping myopia as a strategy to potentially delay
its onset. In this study, the results from a mul-
tiple linear regression analysis showed a signif-
icant correlation between the progression of
myopia or axial elongation and the thickening
of the foveal choroid over 12 months in

children with premyopia aged between 7 and
12 years receiving RLRL therapy. However, fac-
tors such as age, gender, AL, and foveal CT prior
to treatment did not exhibit a notable correla-
tion, suggesting that the primary mechanism
underlying the effectiveness of RLRL therapy in
controlling myopia may be partially mediated
through choroidal thickening (adjusted R* in
linear regression models was 40% and 26% for
AL and SE changes over 12 months, respec-
tively). These observations once again highlight
the specific role of choroidal signaling pathways
in inducing modifications that mitigate scleral
hypoxia and remodeling, ultimately aiding in
the effective prevention of myopia among
populations with premyopia.

Our study has a few limitations. First, the
study was conducted in a single center with a
relatively small sample size, which may limit
the generalizability of the findings. Secondly,
the 12-month follow-up period may not be
sufficiently long for a comprehensive evalua-
tion of the long-term effects of RLRL therapy on
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choroidal and retinal parameters. Thirdly, it is
essential to conduct additional validation
studies in order to ascertain the predictive effi-
cacy of our model in many demographics and
contexts. This will provide valuable clinical
information that may effectively inform the
treatment of myopia in susceptible individuals.
Finally, a rebound in AL growth has been
reported in children. Chen et al. reported an
increase in AL by 0.16 mm 3 months after ces-
sation of RLRL therapy in children with myopia
[27]. However, the fluctuations in measured
choroidal parameters after discontinuation of
RLRL remain unknown. It would be advisable to
conduct studies to investigate this potential
rebound effect and to establish appropriate
management strategies in the future.

CONCLUSION

In summary, our study demonstrated that a
significant increase in CT and flow in eyes
receiving RLRL treatment at the 12-month visit.
Combined with the reduction in SE progression
and axial elongation, RLRL could be used as an
effective therapy for preventing progression in
premyopes. However, further studies with a
larger sample size and a long-term follow-up are
needed to establish its use in this population.
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