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ABSTRACT

Introduction: To explore the short-term effects
of atropine 0.01% on the structure and vascu-
lature of the choroid and retina in myopic
Chinese children.

Methods: This study was a single-center ran-
domized clinical trial. A total of 40 subjects with
myopia < — 6.0 D were enrolled and random-
ized to receive atropine 0.01% once nightly
with regular single-vision lenses or to simply
wear regular single-vision lenses at an allocation
ratio of 1:1. Follow-up visits were planned at
1 month and 3 months. Choroidal thickness
(ChT) was obtained by optical coherence
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tomography (OCT). Retinal vessel density
(RVD), retinal thickness (RT), foveal avascular
zone (FAZ) and choriocapillaris flow (CCF) were
measured by optical coherence tomography
angiography (OCTA). The RVD and RT were
measured at fovea, parafovea and perifovea area
and four quadrants.

Results: Twenty-one subjects were allocated
into the atropine group and 19 subjects into the
control group. Over 3 months, the control
group showed greater progression of myopia
than those in the atropine group. ChT in the
atropine group increased 11.12 £ 13.96 pm,
which was not significant compared with that
of the control group. None of the retinal sectors
in atropine-treated eyes showed significant
changes of RT and RVD compared with the
control group. Besides, FAZ and CCF of the
atropine group were not affected by atropine
use over time, and there was no difference
between the two groups.

Conclusion: Administration of atropine 0.01%
eye drops demonstrated no effect on RVD, FAZ
and CCF over 3 months, while a modest
increase of ChT was observed in atropine-trea-
ted eyes.

Trial

Number: ChiCTR1800017154.
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Key Summary Points

Why carry out this study?

Myopia has become a significant public
health concern globally in recent decades.
Atropine 0.01% eye drops are considered
an effective and safe treatment to control
the progression of myopia. However, the
effects of atropine 0.01% on structural and
vascular characteristics of the retina and
choroid in myopic children eyes remain
unknown.

What was learned from the study?

The administration of atropine 0.01% eye
drops showed no significant short-term
effects on choriocapillaris flow, the
thickness and vessel density of the retina
and the foveal avascular zone. A modest
but statistically non-significant increase of
subfoveal choroidal thickness in the
atropine-treated eyes at the 3-month visit
was observed. This study confirmed the
safety of atropine 0.01% on the choroidal
and retinal structure and vasculature and
suggested the need for further studies with
larger samples and longer follow-up.

INTRODUCTION

Myopia has become a serious public health
concern globally, owing to its widespread high
prevalence [1], increasing risk of vision-threat-
ening ophthalmic complications [2] and extra
economic costs incurred for the treatment [3].
As the etiology of myopia remains unclear, the
prevention of myopia progression has been
prioritized. Low-dose atropine has been widely
studied and is considered as an effective topical
medication in myopia treatment [4].

The long-term use of a lower concentration
of atropine (including 0.5%, 0.25% and 0.1%
atropine) all showed a significant protective
effect regarding slowing myopia progression [5].

However, a dose-dependent rebound effect after
cessation of treatment was noted in the Atro-
pine for the Treatment of Childhood Myopia 2
(ATOM2) study, with atropine 0.01%, the low-
est dose of atropine tested, showing the least
overall myopic progression [6]. Although the
Low Concentration Atropine for Myopia Pro-
gression study recently indicated that the effi-
cacy of atropine 0.05% was double that of
atropine 0.01% in spherical equivalent (SE)
progression over 2 years, atropine 0.01% is still
considered as a promising approach balancing
both efficacy and safety [7]. Besides, two
recently published studies reported the efficacy
of atropine 0.01% in the inhibition of axial
elongation [8, 9], which is considered to be the
primary means of minimizing risk of myopia-
associated pathologies [10]. Moreover, clinical
trials designed to evaluate the efficacy and
safety of atropine 0.01% eye drops in myopia
control have been or are about to be conducted
in different countries among multiple ethnic
populations [11-16]. However, the underlying
molecular mechanism of the suppressive effect
of this anti-myopia agent remains unknown,
and a sophisticated clinical practice guideline
on atropine therapy requires more relevant
studies.

In recent years, researchers have had an ever-
increasing interest in the role of the choroid
and the retina in the etiology of myopia, as the
choroid was found capable of reacting to optical
defocus with the bidirectional changes in
thickness [17], and the retina was expected to
process the sign of optical defocus and produce
a multilayered signaling cascade from the retina
to the choroid and then to the sclera [18]. The
advent of optical coherence tomography (OCT)
allowed in situ imaging of intraocular
microstructures with high resolution and
detailed delineation of the spatial relationship
between multiple layers at the posterior pole. In
addition to structural changes, both the retinal
and choroidal vascular parameters have attrac-
ted great interest in the last 2 decades, as retinal
arteries supplying the inner retina and chor-
oidal blood vessels nourishing the outer retina
and the vasculature are closely related to the
structure and function. Optical coherence
tomography angiography (OCTA) provides
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non-invasive visualization of the retinal and
choroidal vasculature and generates relevant
data on anatomic features and perfusion status
[19].

To the best of our knowledge, few studies
have revealed the effects of atropine 0.01% on
structural and vascular characteristics of the
retina and choroid in myopic eyes. In this
study, we aim to evaluate the short-term influ-
ence of atropine 0.01% eye drops on structural
and vascular parameters of the choroid and
retina to further evaluate the effects of atropine
0.01% and identify potential biomarkers for
predicting therapeutic responses.

METHODS

This study was a single-center randomized
clinical trial conducted at the Eye & ENT
Hospital of Fudan University, Shanghai, China,
from January 2019 to September 2019. The
study was approved by the Ethics Committee of
the Eye & ENT Hospital of Fudan University and
conducted in accordance with the tenets of the
Declaration of Helsinki. Written informed con-
sent was obtained from the parents or legal
guardians of all enrollees, and either written or
verbal assent was obtained from each partici-
pant. The study is listed at www.chictr.org.cn
under identifier ChiCTR1800017154.

We estimated that enrollment of 40 subjects
would provide the study with 90% power to
detect an increase of 15 um in subfoveal chor-
oidal thickness as the primary end point in the
atropine group compared with the control
group, assuming an increase of 5 um at 3-month
visit, at an alpha significance level of 0.05.
Children aged 6-14 years who met the eligibil-
ity criteria listed in Table S1 were enrolled. The
enrollees were assessed at a screening visit and
then randomized at an allocation ratio of 1:1 to
receive atropine 0.01% once nightly with regu-
lar single-vision lenses or to just wear regular
single-vision lenses. As atropine 0.01% is not
commercially available in China, the eye drops
were prepared by the Pharmaceutical Depart-
ment of Eye & ENT Hospital [0.05% atropine
sulfate (1 ml) in poly(ethylene glycol) eye drops
(4 ml)] [20].

All participants underwent a standardized
examination at the baseline visit and two fol-
low-up visits planned at 1 and 3 months.
Cycloplegic refraction was used to assess the
refractive errors before enrollment. Cycloplegia
was achieved with four drops of compound
tropicamide eye drops (0.5% tropicamide and
0.5% phenylephrine eye drops; Mydrin-P, San-
ten Pharmaceutical, China), administered
approximately 5 min apart. Cycloplegic autore-
fraction was measured 30 min after the last drop
using a desktop autorefractor (KR-8800, Topcon
Corporation, Japan). Three readings, < 0.25 D
apart, in both the spherical and cylindrical
components were averaged. Cycloplegic reti-
noscopy was then performed by an experienced
optometrist, and BCVA was measured at a dis-
tance of 4 m and converted to the logarithm of
the minimum angle of resolution (logMAR)
scale. Before cycloplegia, axial length (AL),
anterior chamber depth (ACD), lens thickness
(LT), central corneal thickness (CCT) and ker-
atometric values were measured with IOL Mas-
ter 700 (Version 5, Carl Zeiss Meditec, Jena,
Germany). Keratometry values were recorded as
K1 (flat keratometry), K2 (steep keratometry)
and AK (corneal astigmatism).

OCT and OCTA measurements were
obtained about 1h after cycloplegia. All OCT
measurements were completed at a similar time
of day between 12 a.m. and 3 p.m. to limit the
potential confounding influence of diurnal
variations in choroidal thickness. ChT was per-
formed by one experienced operator using SD-
OCT (Spectralis, Heidelberg Engineering, Ger-
many) with the EDI mode. One hundred frames
of fovea-centered, 6-mm horizontal and vertical
OCT images were stacked for B-scan using the
automatic real-time averaging and eye tracking
features. Only OCT images with quality index >
26 dB were included for further analysis. Two
experienced ophthalmologists masked to the
ocular parameters of the participants indepen-
dently analyzed the images by using the Hei-
delberg Eye Explorer software to manually
measure ChT as the perpendicular distance
between the hyper-reflective line of the retinal
pigment epithelium (RPE) and the choroidal/
scleral border at the subfovea. ChT was recorded
as the average of two values defined by two
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observers, and the measurement was checked by
one senior observer who gave the final adjudi-
cation when the difference in two ChT values of
the same image exceeded the mean value by
15%.

The OCTA scans were obtained using
AngioVue OCTA system (RTVue XR Avanti,
Optovue, Inc., Fremont, CA, USA). Each
6 mm x 6-mm OCTA image centered at the
fovea contains 304 x 304 pixels created from
the intersection of the 304 vertical and 304
horizontal A-lines. The full retinal thickness was
measured from the inner limiting membrane
(ILM) to RPE. The retinal thickness (RT) of the
fovea, parafovea and perifovea area, as defined
by the Early Treatment Diabetic Retinopathy
Study (ETDRS), was calculated separately in four
quadrants [temporal (T), superior (S), nasal
(N) and inferior (I)]. ETDRS areas include the
foveal area (within central 1-mm diameter), the
parafoveal area (from an inner diameter of
1 mm to an outer diameter of 3 mm) and the
perifoveal area (between the 3 and 6 mm con-
centric ring). The superficial capillary plexus
layer of the retina (SCP) was automatically
defined with the upper border as ILM and the
lower border as inner plexiform layer (IPL) with
an interface offset of — 9 um, while the deep
capillary plexus layer of the retina (DCP) was
defined with the upper border as IPL with an
interface offset of — 9 ym and the lower border
as outer plexiform layer (OPL) with offset of
9 um. The retinal vessel density (RVD) of two
layers was defined as percentage area occupied
by vessels. AngioVue automatically segments
the choriocapillaris layer from 9 pm below to
31 um above Bruch’s membrane, and the
choriocapillaris flow (CCF) was calculated as the
average flow signal by automatic analysis func-
tion in a selected area of 3.142 mm? centered on
the fovea. The foveal avascular zone (FAZ) was
calculated automatically in mm? by the soft-
ware using the non-flow measure function on
the retina en face image, which was segmented
with an inner boundary at ILM and an outer
boundary set at 9 um beneath OPL.

Only the right eye of each subject was
included in the analyses. Primary outcomes
include structural and vascular parameters of
choroid and retina over 3 months. Secondary

outcomes were changes of SE and AL from
baseline to 3 months. A change in a parameter
was defined as the difference between the
baseline value and the corresponding follow-up
value. At baseline, a two-sample f-test or the
Mann-Whitney U test was used to test the group
differences in continuous data, and a % test and
Fisher’s exact test were used in categorical data.
A repeated-measure analysis was performed for
the longitudinal data on ophthalmic parame-
ters between two groups. The measurement
reproducibility of the ChT between two obser-
vers at each visit was assessed using the method
described by Bland and Altman [21]. Correla-
tion analyses were assessed by Pearson correla-
tion or Spearman’s rank correlation. Multiple
linear regression analyses were performed to
explore significant independent variables that
predicted changes in AL. A statistical signifi-
cance level of 0.05 was used throughout the
analysis. All statistical tests were performed
with STATA 13.0 (College Station, TX, USA).

RESULTS

A total of 48 participants were assessed for their
eligibility, and 40 participants were finally
recruited to the study: 21 participants were
allocated to the atropine group and 19 to the
control group. One participant in the control
group withdrew before 3-month visit.

Distributions of Structural and Vascular
Pattern of the Choroid and Retina
at Baseline Visit

The baseline characteristics of all participants
are summarized in Table 1, and a gender-strati-
fied analysis is presented in Table S2. Means of
ChT in 6-8-year-old, 9-11-year-old and 12-14-
year-old children were 253.22 + 48.40 pm,
243.33 £41.70 pm and 220.47 £ 36.40 pm,
respectively (Table S3). On the other hand, ChT
in mild (— 3.00 D < SE < — 0.50 D) was larger
than that in moderate myopes (— 6.00D <
SE < — 3.00 D) myopes (234.71 & 40.75 vs.
227.71 &+ 57.19 uym, P = 0.80) (Table S4). How-
ever, neither ChT stratified by age nor refraction
error showed significant difference.
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Table 1 Baseline values of primary ocular biometric parameters of two study groups
Atropine group Control group P value
Mean (SD), N = 21 Mean (SD), N = 19

Age (years) 9.90 (1.58) 9.89 (1.94) 0.99
Female, 7 (%) 8 (38.1) 12 (63.2) 0.11
SE (D) — 2.38 (1.46) —2.36 (1.87) 0.73
AL (mm) 24.45 (1.06) 24.70 (0.93) 0.43
BCVA (logMAR) 0.01 (0.03) 0.00 (0.00) 0.09
K1 (D) 42.79 (1.74) 4227 (0.81) 0.50
K2 (D) 43.99 (1.94) 43.64 (1.06) 0.69
AK (D) — 121 (0.47) — 1.37 (0.66) 0.87
CCT (um) 548.24 (36.79) 534.63 (29.32) 0.21
ACD (mm) 3.80 (0.18) 3.75 (0.17) 0.32
LT (mm) 3.42 (0.14) 3.37 (0.13) 0.18
ChT (um) 249.98 (38.26) 230.53 (45.53) 0.15
CCF (mm?) 2.15 (0.11) 2.20 (0.10) 0.18
RT-Fovea (jm) 244.33 (16.93) 238.26 (13.69) 0.22
sRVD-Fovea (%) 21.01 (7.43) 19.25 (6.05) 0.42
dRVD-Fovea (%) 37.20 (8.03) 35.24 (6.23) 0.40
FAZ (mm?) 0.26 (0.12) 0.29 (0.08) 0.42

SE spherical equivalent, AL axial length, BCVA best corrected visual acuity, K1 flat keratometry, K2 steep keratometry, AK
corneal astigmatism, CCT central corneal thickness, 4CD anterior chamber depth, L7 lens thickness, ChT' choroidal
thickness, CCF choriocapillaris flow, RT-Fovea retinal thickness of the fovea region, sRVD-Fovea foveal vessel density of the

superficial retinal layer, dRVD-Fovea foveal vessel density of the deep retinal layer, FAZ foveal avascular zone

As for RT, the central fovea area was the
thinnest of the three macular regions
(241.45 £ 15.59 um), and the RTs of the paraf-
ovea and perifovea regions were 315.73 + 11.64
and 278.93 + 11.04 uym. The RT varied across
quadrants within these two regions. The supe-
rior quadrant was the thickest of the parafovea
area, followed by nasal, inferior and temporal
quadrants. In the perifovea area, the thickest
region was the nasal quadrant, followed by
superior, inferior and temporal quadrants
(Fig. 1).

The RVD also varied across regions and
quadrants in two retinal layers. The parafoveal
vessel density of the superficial retinal layer

(SRVD) was 49.48 + 4.01%, which was the
highest of all three ETDRS grids, followed by
perifoveal = (48.47 £ 2.25%) and  foveal
(20.18 £ 6.79%) regions. Similarly, the vessel
densities of the deep retinal layer (dRVD) in the
parafovea region (53.20 + 4.13%) were higher
than in the perifovea (45.38 £+ 5.09%) and the
foveal area (36.27 + 7.21%). There was not a
regular pattern of SRVD and dRVD among dif-
ferent quadrants (Fig. 1). However, sRVD was
significantly correlated with dRVD in the foveal
region (P < 0.0001), temporal quadrant of par-
afoveal region (P =0.0283), perifoveal region
(P = 0.0069) and superior quadrant (P = 0.0002)

I\ Adis



838 Ophthalmol Ther (2022) 11:833-856

282.20
(10.57)

320.18
(11.84)
265.83 [ 307.05 (241.45Y) 320.00) 298.58
(1142) (15.59)) (12 (12.98)

268.80
(11.94)
|

B 7

Fig. 1 Variation of the whole retinal thickness (top left), retinal vessel density of superficial capillary plexus layer (top right)

(2.66)

50.41

(4.39)
20.18 | 48.79
(6.79) ) (5.19)

48.47
(4.70)

NT

and deep capillary plexus layer (bottom Left) in overall subjects at baseline. S superior, IV nasal, I inferior, 7" temporal

60 Fovea _ 65 Parafovea 65 Temporal portion of parafovea

S . R X
5T 5T 5T

o @ o
Z% a0 zz @ ze ®
zd = zJ
8 8g % 82 59
- =3 -]
e 2 5 e 5e
g% . 8% 50 . 2% g5
So R?=0.7538 P<0.0001 g & R?=0.0312 P=0.2758 g )

2 i g | - LY A 3 . R?=0.1203 P=0.0283

) 10 20 30 40 50 "35 40 45 50 55 60 "3 35 40 45 50 55 60
Vessel Density of Superficial Retinal Layer (%) Vessel Density of Superficial Retinal Layer (%) Vessel Density of Superficial Retinal Layer (%)
60 Perifovea 60 Superior portion of perifovea 65 Temporal portion of perifovea

S 55 ‘ 5S ) 55 60,
I 1 ST
z2 Z8 50 z% :
2] I I3
TN 53 fs
ac oc oc
3 5° 45 S8 40 338 5
b ?x 9z
K4 g",- 40 © R2=0.1769 P=0.0069 K4 § R2=0.2366 P=0.0015 L § 45 R?=0.3166 P=0.0002

a . hd [= I, (=T d

30 4
40 45 50 55 40 45 50 55 60 35 40 45 50
sup
Vessel Density of Superficial Retinal Layer (%) Vessel Density of Superficial Retinal Layer (%) Vessel Density of Superficial Retinal Layer (%)

Fig. 2 Scatter plots and regression lines depicting the relationship between the superficial vessel density and deep vessel
density at different retinal sectors in overall subjects at baseline

and temporal quadrant (P = 0.0015) of the per- Besides, we investigated the local correlation
ifoveal region (Fig. 2). between the RVD and RT of two layers. There

A\ Adis



Ophthalmol Ther (2022) 11:833-856

839

Fovea
;\? 60 -e- superficial
e R2=0.4404
£ o® % P<0.0001
g 40 S e deep
8 ® R?=0.5857
= | e . P<0.0001
$ 2
° [ ]
0
200 220 240 260 280

Retinal Thickness (um)

Fig. 3 Scatter plots and regression lines depicting the
relationship between the retinal thickness in the foveal
region and the superficial (gray dots and lines) and deep
vessel density (black dots and lines), respectively, in overall
subjects at baseline

was a significant positive correlation in the
foveal region of two layers (P < 0.0001) and the
nasal perifoveal subfield of SCP (P = 0.032)
(Fig. 3).

SE and AL were significantly correlated with
each other (r = — 0.571, P < 0.001), while only
AL showed correlation with whole, parafoveal
and perifoveal sRVD. There was significant cor-
relation between FAZ and vascular parametes of
retina, such as foveal RT, foveal sSRVD and foveal
dRVD (Table 2).

Changes in Spherical Equivalent, Axial
Length and Other Ophthalmic Parameters

A progression of myopia was observed in both
group at the end of 3 months, with subjects in
the control group showing a larger progression
of SE than those in the atropine group
(—0.26 £0.23 vs. —0.11 £ 0.26 D, P <0.05).
Comparing with the atropine-treated eyes, the
control eyes also showed a remarkable increase
in AL after 3 months (0.12 4+ 0.09 wvs.
0.04 £ 0.12mm, P < 0.01). The mean changes
in BCVA, other axial measurements (including
ACD, CCT and LT) and keratometry values (in-
cluding K1, K2 and AK) were similar between
the two groups at two follow-up visits.

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

The mean of the difference in subfoveal ChT
measurement between the two observers at
three visits was — 0.7 um and with 95% limits of
agreement was + 27.6 to — 29.0 pm, indicating
good intraobserver repeatability (Fig.4). Sub-
foveal ChT in the atropine group was increased
from 24998 £+ 38.26 um at Dbaseline to
261.10 + 43.25 um at 3-month (P < 0.001),
while  ChT  slightly  increased  from
229.78 £ 46.73 ym  to  235.31 £ 46.43 pm
(P = 0.096) in the control group. However, there
was no statistical difference in the mean change
over time between two groups (P =0.22)
(Table 3). No significant difference was detected
in CCF between two groups over 3 months.

In the atropine group, the thickening of the
choroid was negatively correlated with the
elongation of AL (r=—0.624, P =0.002) and
positively correlated with the change of SE
(r = 0.445, P = 0.043), but not correlated with
age, AL, SE or ChT at baseline (Table 4, Fig. 5).

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

In the atropine group, RT at all locations
increased about 1pum from baseline to the
3-month visit. However, none of the retinal
subfields showed statistically significant differ-
ence in the mean changes of RT between the
atropine group and the control group. Similarly,
the change of RVD in neither SCP nor DCP
showed significant difference between two
groups. The FAZ of the treatment group was not
affected by atropine use over time, and there
was no difference between two groups (Table 3).

In atropine group, there was significant cor-
relation between the elongation of AL and the
changes of some structural parameters of the
retina, such as whole RT, parafoveal RT and
perifoveal RT (P =0.002, P = 0.021, P = 0.004,
respectively) (Table 4), whereas in the control
group, the elongation of AL was negatively
correlated with the changes of other vascular
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Table 2 continued

SE AL

dRVD-
PeriF

dRVD-
ParaF

dRVD-

Fovea

dVRD-
‘Whole

sRVD-

PeriF

sRVD-
ParaF

sRVD-

RT- RT- RT- RT- sRVD-
Whole Fovea

ChT

Fovea ParaF PeriF

‘Whole

— 0.058 0.169 — 0.093 0.209 0.104 0.194 — 0.195 0.258 0.208 1.000

— 0225

— 0.293

— 0.011

0.051

SE

0.066 0.162 0.723 0.297 0.570 0.196 0.523 0.230 0.228 0.107 0.197

0.944

0.755

— 0.378 — 0.331 - 0.571 1.000

0.069

— 0.248 0.107 0.022 — 0238 —0.179 0.008 — 0.252 — 0.060 — 0.332

— 0.138

AL

< 0.001

0.512 0.892 0.139 0.270 0.959 0.117 0.711 0.036 0.671 0.016 0.037

0.124

0.397

— 0.011

0.078

- 0.763 0.440 0.252 0.145 — 0.924 0.257 0.163

0.198 — 0.751 0.137 0.236 0.248

0.021

FAZ

0.110 0.315 0.633 0.945

< 0.001

0.004 0.117 0.371

< 0.001

0.220 < 0.001 0.399 0.142 0.122

0.896

The upper row value of each cell represents correlation coefficient (7) and the lower row value represents statistical significance (P value)

SE spherical equivalent, AL axial length, ChT choroidal thickness, RT retinal thickness of different region, sRVD vessel density of the superficial retinal layer, ZRVD vessel density of the deep retinal layer,

FAZ foveal avascular zone. Each retinal parameter was calculated over the foveal (Fovea), parafoveal (ParaF) and perifoveal (PeriF), in superior (S), nasal (N), inferior (I), temporal (T) quadrants. Whole

means the overall average of retinal thickness or vessel density within central 6 X 6 mm macular area

Bold values represent a significant difference (P < 0.05)

parameters of retina, such as whole dRVD, par-
afoveal dRVD and perifoveal dRVD (P = 0.029,
P =0.028, P = 0.027, respectively) (Table SS5).

Prediction of Longitudinal Changes
in Axial Length

The multiple regression model included base-
line age, change in ChT, change in RT and
administration of atropine as independent
variables to predict changes in AL over
3 months. According to the model, the thick-
ening or less thinning of the subfoveal choroid
and retina within central 6 x 6 mm macular
area, administration of atropine 0.01% eye
drops and older age were associated with less
elongation of AL (Table 5).

DISCUSSION

It is important to evaluate the impact of myopia
upon the retinal and choroidal structure and
vasculature in children, as myopia typically
manifests and progresses in childhood. In this
study, the distribution and association profiles
of and the influence of atropine 0.01% eye
drops on the retinal and choroidal structure and
vasculature in myopic children were evaluated.

Evidence from both animal experiments and
clinical studies suggested that the choroid was
closely related with myopia. It was indicated
that the thickness of the choroid changed
rapidly to compensate for lens-induced myopic
defocus [22, 23] and to response to form depri-
vation [24] in animal models. The ChT was
dramatically thinner in highly myopic humans,
which may be attributed to degenerative chan-
ges owing to long-term biomechanical stretch-
ing by excessive elongation of axial length
[25, 26]. Besides, the area of flow deficit in the
choriocapillaris layer of myopic human eyes
was increased [27], while the density and
diameter of choriocapillaris were decreased in
myopic chick eyes [28].

Notably, the choroidal thickness measured
among different clinical studies exhibited dis-
crepant results. In the present study, the ChT at
baseline was relatively closer to the measure-
ments of studies on Asian children [29, 30]. In
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Fig. 4 Bland-Altman plot illustrating the repeatability of
the ChT measurement between the two observers at
baseline (circles), 1-month visit (black triangles) and
3-month visit (white triangles). The mean of observer 1

addition, the trend of choroidal thinning with
increasing age in this study was also consistent
with several previous studies in Asian children
[31, 32] instead of western children [33, 34].
Whether ethnic difference exists in the varia-
tion of ChT and whether this can partly explain
myopia predisposition in Asian population
warrant further study. Moreover, the large
standard deviation of the ChT in this study and
prior studies indicated the presence of consid-
erable individual differences in the absolute
thickness values.

The ChT tended to decrease with progression
of myopia, which was consistent with earlier
studies [29]. Notably, the measurement of
thickness alone is not able to reflect thorough
changes in the choroid during the progression
of myopia. Gupta et al. reported that the chor-
oidal thinning in highly myopic eyes might be
associated with reduction in both vascular and
stromal components [35]. However, the present
study found no significant correlation between
CCF and any of the parameters, which was
consistent with the prior study [36].

and 2 was plotted against the difference between two
observers (mean difference is shown with the solid line;
95% limits of agreement are shown with the dashed lines)

In the present study, the range of RT within
the ETDRS grids corroborated earlier studies,
and the RT exhibited topographic variations
among different regions and quadrants [29, 37].
Previous studies reported that RT was observed
to increase with age [38, 39]. Our study showed
that baseline RT of three ETDRS areas and
baseline overall average RT increased with age
as well, although the difference was neither
clinically nor statistically significant.

To date, the relationship between RT and
progression of myopia in children remains elu-
sive. Some studies demonstrated that foveal RT
was significantly decreased in highly myopic
subjects [40], and some studies found that
increasing axial myopia was associated with
increased foveal RT and reduced parafoveal and
perifoveal RT [37], or quadrant-specific RT
[41, 42], while others reported the absence of
any association [43]. The current study found
no significant correlation between baseline RT
and baseline AL or SE. The inconsistencies
between different studies could be attributed to
the differences in study designs, study cohorts
and measurement approaches.
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Table 3 Mean changes in structural and vascular parameters of the choroid and retina parameters from baseline over

3 months
Atropine group Control group P value
Mean (SD), N = 21 Mean (SD), N = 18

Spherical equivalent (D)

Mean change over 1 month ~0.07 (0.18) ~0.13 (021)F 0.43

Mean change over 3 months ~0.11 (0.26)1 ~026 (0.23)1 < 0.05*
Axial length (mm)

Mean change over 1 month 0.01 (0.05) 0.04 (0.05) 0.32

Mean change over 3 months 0.04 (0.12)F 0.12 (0.09)% <001°
BCVA (logMAR)

Mean change over 1 month ~0.01 (0.03)1 0.00 (0.00) 0.1

Mean change over 3 months ~0.01 (0.02) 0.01 (0.02) 0.09
K1 (D)

Mean change over 1 month ~0.02 (0.13) ~0.01 (0.12) 0.89

Mean change over 3 months 0.00 (0.13) ~0.03 (0.17) 0.48
K2 (D)

Mean change over 1 month 0.00 (0.13) 0.06 (0.14) 031

Mean change over 3 months 0.02 (0.15) 0.07 (0.23) 0.38
AKX (D)

Mean change over 1 month -0.02 (0.20) -0.07 (0.18) 0.42

Mean change over 3 months 0.02 (0.21) ~0.09 (022)F 023
CCT (pm)

Mean change over 1 month ~252 (3.84)1 ~ 133 (693) 0.49

Mean change over 3 months ~ 1.81 (4.60) — 2.44 (6.66) 0.71
ACD (mm)

Mean change over 1 month 0.01 (0.03) 0.01 (0.05) 0.84

Mean change over 3 months 0.02 (0.04)% 0.01 (0.05) 0.68
LT (mm)

Mean change over 1 month ~0.00 (0.03) ~0.01 (0.05) 0.79

Mean change over 3 months ~0.00 (0.03) ~0.01 (0.06) 0.62
Pupil (mm)

Mean change over 1 month 120 (0.63) 0.46 (1.02) T 0.02*

Mean change over 3 months 1.00 (1.08) 033 (1.16) 0.05*

ChT (um)
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Table 3 continued

Atropine group Control group P value
Mean (SD), N = 21 Mean (SD), N = 18

Mean change over 1 month 5.20 (10.86) 3.88 (8.86) 0.77

Mean change over 3 months 1112 (13.96)t 5.53 (16.86) 0.22
CCF (mm®)

Mean change over 1 month 0.01 (0.06) ~0.14 (0.08) 0.43

Mean change over 3 months 0.02 (0.06) ~0.01 (0.10) 0.26
RT-Whole (um)

Mean change over 1 month 1.00 (2.51) 0.61 (1.69) 0.63

Mean change over 3 months 1.76 (2.90)F 0.78 (2.44) 0.22
RT-Fovea (jtm)

Mean change over 1 month 0.29 (2.03) 0.44 (2.43) 0.83

Mean change over 3 months 0.90 (1.84) 0.72 (2.89) 0.81
RT-ParaF (um)

Mean change over 1 month 0.76 (2.66) 0.44 (2.59) 071

Mean change over 3 months 133 (2.50)% 0.94 (2.96) 0.65
RT-ParaF-S (um)

Mean change over 1 month 0.86 (2.61) 0.72 (2.80) 0.89

Mean change over 3 months 1.81 (3.01)% 150 (3.82)% 0.76
RT-ParaF-I (1um)

Mean change over 1 month 1.10 (2.61) ~0.28 (3.69) 0.17

Mean change over 3 months 171 (2.74)% 0.50 (4.08) 0.22
RT-ParaF-N (jm)

Mean change over 1 month 0.14 (2.57) 161 (3.38)% 0.14

Mean change over 3 months 0.86 (2.03) 1.67 (3.77)% 0.42
RT-ParaF-T (jim)

Mean change over 1 month 1.19 (3.12) 0.00 (0.51) 0.20

Mean change over 3 months 1.48 (2.84)t 0.11 (3.22) 0.14
RT-PeriF (um)

Mean change over 1 month 0.95 (2.44) 0.78 (1.70) 0.83

Mean change over 3 months 167 (2.56)% 128 (2.67)% 0.63
RT-PeriF-S (pm)

Mean change over 1 month 0.90 (2.96) 139 (2.00)% 0.61

Mean change over 3 months 1.81 (2.52)F 1.83 (3.03)t 0.98
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Table 3 continued
Atropine group Control group P value
Mean (SD), N = 21 Mean (SD), N = 18

RT-PeriF-I (um)

Mean change over 1 month 148 (2.14) 122 (3.06) 0.79

Mean change over 3 months 2,05 (3.02)F 1.89 (3.56)% 0.87
RT-PeriE-N (jm)

Mean change over 1 month 0.90 (2.91) 128 (2.56) 0.71

Mean change over 3 months 1.76 (291)% 1.83 (3.96)% 0.94
RT-PeriF-T (jum)

Mean change over 1 month 0.90 (3.10) -0.56 (1.95) 0.09

Mean change over 3 months 1.14 (3.05) ~0.17 (248) 0.13
sRVD-Whole (%)

Mean change over 1 month 0.54 (2.11) 0.79 (2.20) 0.75

Mean change over 3 months 0.17 (2.17) 0.46 (2.97) 0.71
sRVD-Fovea (%)

Mean change over 1 month 0.99 (2.29) 0.11 (3.49) 0.38

Mean change over 3 months 0.11 (2.87) 0.97 (4.16) 0.40
sRVD-ParaF (%)

Mean change over 1 month 0.94 (2.24) 115 (4.07) 0.87

Mean change over 3 months 0.25 (3.50) 1.11 (5.54) 0.50
SRVD-ParaF-S (%)

Mean change over 1 month 128 (2.95) 1.63 (5.15) 0.80

Mean change over 3 months 0.50 (3.93) 1.66 (5.62) 0.40
SRVD-ParaF-I (%)

Mean change over 1 month 1.61 (3.36) 0.99 (5.44) 0.66

Mean change over 3 months 0.70 (3.91) 0.93 (5.59) 0.87
sRVD-ParaF-N (%)

Mean change over 1 month 0.62 (3.52) 0.98 (4.71) 0.84

Mean change over 3 months ~ 0.04 (5.69) 0.12 (7.35) 0.93
sRVD-ParaF-T (%)

Mean change over 1 month 0.31 (2.09) 1.00 (4.52) 0.64

Mean change over 3 months -0.09 (3.71) 1.68 (6.58) 0.22
sRVD-PeriF (%)

Mean change over 1 month 041 (2.25) 0.84 (2.20) 0.57
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Table 3 continued

Atropine group
Mean (SD), N = 21

Mean change over 3 months
sRVD-PeriF-S (%)

Mean change over 1 month

Mean change over 3 months
sRVD-PeriF-I (%)

Mean change over 1 month

Mean change over 3 months
sRVD-PeriF-N (%)

Mean change over 1 month

Mean change over 3 months
sSRVD-PeriF-T (%)

Mean change over 1 month

Mean change over 3 months
dRVD-Whole (%)

Mean change over 1 month

Mean change over 3 months
dRVD-Fovea (%)

Mean change over 1 month

Mean change over 3 months
dRVD-ParaF (%)

Mean change over 1 month

Mean change over 3 months
dRVD-ParaF-S (%)

Mean change over 1 month

Mean change over 3 months
dRVD-ParaF-I (%)

Mean change over 1 month

Mean change over 3 months
dRVD-ParaF-N (%)

Mean change over 1 month

Mean change over 3 months

dRVD-ParaF-T (%)

0.17 (2.22)

0.77 (2.47)
0.43 (2.49)

027 (2.41)
- 0.16 (2.61)

- 0.06 (2.42)
- 0.16 (2.59)

0.72 (2.85)
0.53 (2.49)

043 (5.94)
0.82 (4.66)

~0.11 (5.34)
046 (2.51)

- 0.13 (4.68)
0.29 (4.09)

0.10 (5.65)
0.09 (6.23)

- 0.18 (6.60)
-0.27 (5.03)

030 (3.91)
1.09 (4.02)

Control group P value
Mean (SD), N = 18

0.54 (2.61) 0.63
126 (2.75)% 0.56
0.85 (2.47) 0.61
0.68 (2.55) 0.61
~027 (2.77) 0.89
0.87 (1.96) 0.22
0.35 (2.36) 0.50
0.54 (3.33) 0.86
1.15 (3.81) 0.57
- 1.89 (5.25) 0.19
0.09 (5.26) 0.68
~ 043 (2.78) 0.80
0.98 (2.96) 0.68
~ 1.87 (4.89) 0.24
- 025 (425) 0.72
~ 161 (7.30) 0.40
0.14 (5.45) 0.98
~0.38 (5.56) 0.92
0.81 (6.82) 0.58
-237 (6.35)F 0.08
~ 134 (453) 0.11
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Table 3 continued

Atropine group Control group P value
Mean (SD), N = 21 Mean (SD), N = 18

Mean change over 1 month -0.73 (4.49) -3.12 (4.34)F 0.09

Mean change over 3 months 0.25 (3.21) ~0.61 (4.18) 0.55
dRVD-PeriF (%)

Mean change over 1 month 0.58 (6.37) ~1.91 (5.80) 021

Mean change over 3 months 0.95 (5.14) 0.28 (5.69) 0.74
dRVD-PeriE-S (%)

Mean change over 1 month 0.95 (7.23) ~0.78 (7.14) 0.46

Mean change over 3 months 1.00 (6.84) 1.12 (6.06) 0.96
dRVD-PeriF-I (%)

Mean change over 1 month 127 (8.14) ~3.02 (7.09) 0.07

Mean change over 3 months 1.62 (5.17) - 093 (7.57) 0.28
dRVD-PeriE-N (%)

Mean change over 1 month 0.44 (6.79) ~2.24 (5.69) 0.19

Mean change over 3 months 0.46 (5.65) ~0.19 (5.93) 0.75
dRVD-PeriE-T (%)

Mean change over 1 month ~0.39 (5.39) ~1.62 (5.26) 0.51

Mean change over 3 months 0.57 (4.49) 1.04 (5.93) 0.80
FAZ (mm?)

Mean change over 1 month 0.00 (0.01) 0.00 (0.01) 0.35

Mean change over 3 months 0.00 (0.01) - 001 (0.02) 0.32

SE spherical equivalent, AL axial length, BCVA best corrected visual acuity, K7 flat keratometry, K2 steep keratometry, 4K
corneal astigmatism, CCT central corneal thickness, ACD anterior chamber depth, LT lens thickness, ChT" choroidal
thickness, CCF choriocapillaris flow, RT-: retinal thickness of different region, sSRVD-: vessel density of the superficial
retinal layer, dRVD vessel density of the deep retinal layer, FAZ foveal avascular zone. The mean of each retinal parameter
was calculated over the foveal (Fovea), parafoveal (ParaF) and perifoveal (PeriF), in superior (S), nasal (N), inferior (I),
temporal (T) quadrants. Whole means the overall average of retinal thickness or vessel density within central 6 x 6 mm
macular area

*Between—group significant differences at P < 0.05

TV(/'ithin—group significant differences with baseline at P < 0.05

Previous studies by various methods have However, few previous publications studying
revealed degenerated changes of retinal vessels retinal microcirculation in children are avail-
in highly myopic eyes, including decreased able. Two prior studies have observed that nar-
blood flow, narrowed vessel diameter [44] and rower retinal arteriolar and venular caliber was
altered microvascular network [45, 46]. associated with longer AL in children [47, 48].
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Fig. 5 Scatter plots and regression lines depicting the
relationship between the change of subfoveal choroidal
thickness and the change of spherical equivalent (black
dots and lines) and the change of axial length (gray squares
and lines), respectively, in atropine-treated subjects at
3-month visit

Another study found that foveal and parafoveal
sSRVD is decreased in myopic Caucasian chil-
dren [49]. In the current study, the researchers
found that baseline paratoveal dRVD, perifoveal
dRVD and overall average dRVD were nega-
tively correlated with baseline AL. Besides, there
were no significant correlations between base-
line dRVD values and SE. The results were partly
in accordance with findings from Cheng and
associates, which demonstrated perifoveal
dRVD was most associated with retinal capillary
loss related to myopia [50]. Note that the effect
of image magnification on OCTA-derived vari-
ables such as sRVD could result in about 5%
difference in eyes with AL in the range from
22.28 to 24.33 mm [51]. Thus, the comparison

of our results with aforementioned studies
should be interpreted with caution because of
the discrepancies in segmentation of the retinal
layers and the refractive status or axial length of
the study population.

In terms of topographical variation of VD at
different retinal locations, the sRVD was sig-
nificantly positively correlated with dRVD in all
three EDTRS regions.Other than that, a regular
pattern of RVD among different quadrants does
not exist. Milani et al. found positive correla-
tion between RT and sRVD in every portion of
the macular area, especially in the fovea [52]. In
contrast, we only observed positive correlation
in the foveal region of two layers and the nasal
perifoveal subfield of SCP. Further investiga-
tions are needed to confirm this finding and
explore underlying mechanisms.

In term of the association between FAZ and
myopia, one prior study demonstrated that the
FAZ area was significantly larger in myopic than
non-myopic children (0.258 mm? vs. 0.224
mm?, P =0.010) [49]. Another study found a
significant yet weak positive correlation
between FAZ and vessel density in the superfi-
cial plexus [53]. In this study, baseline FAZ was
not correlated with baseline SE or AL, whereas
significant negative correlation was observed
between FAZ and foveal RT, foveal sRVD, par-
afoveal sRVD and foveal dRVD.

Nickla et al. found that intravitreal injection
of atropine caused rapid increases in ChT and

Table 5 Multiple regression analysis for predicting elongation of AL over 3 months

Unstandardized Standardized t P value

Coefficients Coefficients

B (SE) B
Administration of atropine - 0.052 (0.020) - 0.230 - 2.536 0.016
Age at baseline - 0.026 (0.006) - 0.402 - 4.538 < 0.001
Change of ChT — 0.003 (0.001) - 0363 ~ 3760 0.001
Change of RT-Whole - 0.018 (0.004) - 0.440 - 4.559 < 0.001
Intercept 0.405 (0.058) 6.957 < 0.001

The cocfficient of determination (R*) was 0.734

ChT choroidal thickness, and RT-Whole means the overall average of retinal thickness
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inhibited the elongation of AL in myopic chick
eyes [54]. The effects of topical administration
of atropine on ChT in human were also evalu-
ated by several clinical studies. One drop of 1%
atropine gel administered twice daily for a week
significantly thickened the choroid under the
fovea by 15.48 + 16.13 pm [55]. One drop of
atropine 0.5% had no significant effect on ChT
22 h after instillation, but abolished a thinning
response of the choroid to 2.00 D of hyperopic
retinal defocus [56]. Jiang and colleagues
observed that the ChT in myopic eyes increased
from 279.91 4+ 47.15 to 306.80 + 44.97 pm
after administration of 1% atropine for 1 week
and gradually returned to baseline levels 7
weeks after the withdrawal [57]. As for low
concentration of atropine, two studies reported
by Sander indicated that atropine 0.01% could
also induce a slight thickening of the choroid in
myopic adults and inhibit the thinning of the
choroid caused by hyperopic blur [58, 59]. Zhao
et al. found that monotherapy with atropine
0.01% for 1 month induced significant thick-
ening of the choroid (5.49 4+ 9.38 ym) com-
pared with the single-vision glasses group
(-4.81 £ 9.93 um), although the combination
treatment with both orthokeratology and atro-
pine resulted in a lager increase in ChT
(14.12 +£ 12.88 um) [60]. One recent clinical
trial also found that the increase in ChT was
most in the combination group
(24.14 £+ 1.93 um), followed by the orthokera-
tology group (19.33 £ 2.63 um) and then atro-
pine group (8.09 £ 1.47 um) after 12 months
[61].

The thickening response of the choroid was
rapid and significant within only 1 month or
even 1 week of atropine treatment (1%, 0.3%
and 0.01% atropine) and became slower and
insignificant after that [61-63]. In the present
study, the thickening of subfoveal ChT in the
atropine group was 5.20 + 10.86 um at
1-month visit, which is comparable to the
aforementioned study. The ChT continued to
increase over 3 months (11.12 + 13.96 uym),
although the between-group difference was not
significant compared with the control group.
Notably, the degree of choroidal thickening was
not as significant as envisioned compared with

a mean amplitude of 33.7 pm in diurnal ChT
variation in healthy adults [64].

Results on the underlying mechanism of
choroidal thickening during atropine treatment
is so far inconclusive. On the one hand, atro-
pine might affect choroidal thickness via
antagonism of muscarinic receptors, such as
acting on choroidal perivascular plexus or non-
vascular smooth muscle cells, which could
directly influence choroidal thickness, or
changing contractile force of ciliary muscle,
which might transmitted backward to the
choroid and indirectly change its thickness. On
the other hand, atropine might affect choroidal
thickness in a muscarinic receptor-independent
manner. For instance, atropine could mediate
myopia inhibition by exhibiting off-target effect
at other receptors such as o2A-adrenergic
receptor [65] or inducing the synthesis and
release of neurotransmitters like dopamine or
nitric oxide [66, 67]. However, the muscarinic
manner of action appears to be more likely,
since significant increase in ChT was found after
administration of other anti-muscarinic agents,
such as cyclopentolate and homatropine
[68, 69], whereas opposite change in ChT was
observed after instillation of pilocarpine, a
classic muscarinic agonist [70].

Zhou et al. observed that peribulbar injection
of atropine inhibited form-deprivation myopia
and attenuated the thinning of the choroid and
reduction of choroidal blood perfusion [71].
Our study revealed that CCF remained
stable regardless of the treatment or observation
time, indicating that the choroidal capillary
layer was not affected by atropine 0.01%. Given
a recently proposed hypothesis that altered
choroidal vasculature and decreased choroidal
blood flow may lead to scleral hypoxia which
then triggers scleral remodeling and myopia
development [72], more evidence is required to
investigate the changes in choroidal structure
and function and its relationship with myopia
onset and progression [73].

Recent works by Khanal proposed that atro-
pine 0.1% could affect neural activity in the
inner retina, which suggested a potential
involvement of multiple retinal neural cells in
mediating the anti-myopia effects of atropine
[74, 75]. To date, there has been no detailed
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investigation of the effect of atropine 0.01% eye
drops on the structure and vasculature of the
retina in vivo in human. In this study, the
changes of all structural and vascular parame-
ters of the retina showed no significant differ-
ence between the atropine group and the
control group, which indicated the short-term
safety of atropine 0.01%.

Except for assessing the effect of atropine
0.01% on structural and vascular parameters of
the choroid and retina, another purpose of the
study was to identify the risk factors and pro-
tective factors for childhood myopia. Given
that myopia-related complications are primarily
attributed to excessive elongation of the eye
globe, we focused on finding predictive factors
of axial elongation instead of the refraction
change. In the current study, the elongation of
AL is negatively correlated with the thinning of
subfoveal ChT, whole RT, parafoveal RT and
perifoveal RT. As the change of whole average
RT was closely related with the changes of par-
afoveal and perifoveal RT, only the former one
was included into the regression model. By
adding the age at baseline and the administra-
tion of atropine 0.01% eye drops as two inde-
pendent variables into the multiple regression
analysis, we concluded that less elongation of
AL was associated with less thinning of the
subfoveal choroid and retina within central
6 x 6 mm macular area, atropine treatment and
an older age in myopic Chinese children.

Prospective  longitudinal investigations
might provide greater insights into the poten-
tial roles for the choroid and the retina in the
development of childhood myopia. A previous
1-year longitudinal study found that the chan-
ges in the AL were significantly negatively cor-
related with changes in the ChT, changes in the
SE, baseline AL and baseline SE [76]. One lon-
gitudinal assessment of retinal structure over
18 months indicated high stability of the mac-
ular retinal thickness in both myopic and non-
myopic adolescence in contrast to the signifi-
cant increases in AL and ChT [77]. Another
longitudinal study demonstrated that during
pediatric myopic shift, ChT decreased in all
regions, while most subfields of the retina
thickened or were unchanged, with only the
inferior perifoveal RT decreasing with SE [78].

In summary, our current study provided
detailed assessment of short-term effects of
atropine 0.01% on choroidal and retinal struc-
ture and vasculature over 3 months and pre-
sented an effective multivariable prediction
model for axial length elongation, which
incorporated both myopia-related clinical fea-
tures and demographic information.

Our study had a few limitations. First, it is a
single-center study, and the relatively small
sample size might limit the ability to reach
definitive conclusions. Second, the follow-up
period of 3 months is relatively short, and long-
term observations are required to expand the
knowledge about the effects of atropine 0.01%
on choroidal and retinal parameters. Third, the
performance of the prediction model in pre-
dicting axial elongation needs to be verified in
some validation cohorts in the future.

CONCLUSIONS

In conclusion, administration of atropine
0.01% eye drops demonstrated no significant
short-term effect on choriocapillaris flow, the
thickness and vessel density of the retina and
foveal avascular zone. A modest increase of
subfoveal choroidal thickness in the atropine-
treated eyes at 3-month visit was observed; thus,
a long-term follow-up is required to validate
this effect. Combined with its reduction in
spherical equivalent progression and axial
elongation, atropine 0.01% could be used as an
effective and safe treatment for myopia.
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