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A B S T R A C T

Purpose: To describe choroidal thickness measurements using a sequential deep learning segmentation in adults 
who received childhood atropine treatment for myopia control.
Design: Prospective, observational study.
Methods: Choroidal thickness was measured by swept-source optical coherence tomography in adults who 
received childhood atropine, segmented using a sequential deep learning approach.
Results: Of 422 eyes, 94 (22.3 %) had no previous exposure to atropine treatment, while 328 (77.7 %) had 
received topical atropine during childhood. After adjusting for age, sex, and axial length, childhood atropine 
exposure was associated with a thicker choroid by 32.1 μm (95 % CI, 9.2–55.0; P = 0.006) in the inner inferior, 
23.5 μm (95 % CI, 1.9–45.1; P = 0.03) in the outer inferior, 21.8 μm (95 % CI, 0.76–42.9; P = 0.04) in the inner 
nasal, and 21.8 μm (95 % CI, 2.6–41.0; P = 0.03) in the outer nasal. Multivariable analysis, adjusted for age, sex, 
atropine use, and axial length, showed an independent association between central subfield choroidal thickness 
and the incidence of tessellated fundus (P < 0.001; OR, 0.97; 95 % CI, 0.96–0.98).
Conclusions: This study demonstrated that short-term (2–4 years) atropine treatment during childhood was 
associated with an increase in choroidal thickness of 20–40 μm in adulthood (10–20 years later), after adjusting 
for age, sex, and axial length. We also observed an independent association between eyes with thicker central 
choroidal measurements and reduced incidence of tessellated fundus. Our study suggests that childhood expo-
sure to atropine treatment may affect choroidal thickness in adulthood.

Introduction

Myopia affects more than two billion individuals worldwide, and the 
development of high myopia is associated with sight-threatening com-
plications, such as myopic maculopathy, which can lead to irreversible 

vision loss.1–5 Topical atropine eye drops have been recognized as an 
effective intervention to slow the onset and progression of myopia in 
children, potentially reducing the future development of high myopia in 
adulthood.6–14 However, long-term studies on the effects and benefits of 
childhood myopia interventions are limited. The Atropine Treatment 
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Long-term Assessment Study (ATLAS) aimed to address this gap and 
demonstrated that short-term (2–4 year) childhood atropine treatment 
was insufficient to influence the final refractive error in adulthood, 
although it suggested long-term safety with no increased incidence of 
ocular complications.15

The choroid has long been of great interest in the field of myopia due 
to its important role in eye growth and emmetropization. It provides 
nutrients and oxygen to the sclera, retinal pigment epithelium, and outer 
retinal layers, and may also secrete retina-derived signals to the sclera.16

The choroid tends to thin in response to myopia-induced visual stim-
uli,17 and a thinner choroid has been associated with a higher risk of 
myopic maculopathy, myopic choroidal neovascularization, and lacquer 
cracks.17–19 Reduced choroidal thickness is also associated with a higher 
risk of myopic maculopathy progression, independent of axial length.20

Improvements in swept-source optical coherence tomography (SS-OCT) 
technology now allow for detailed, repeatable, in vivo analyses of 
choroidal thickness in the posterior pole.21,22 While deep learning ar-
chitectures have been utilized for segmentation in medical imaging,23,24

their use in choroidal layer segmentation has been limited to 
cross-sectional B-scans,25,26 which are prone to noise during the seg-
mentation process.

The short-term effects of various myopia control interventions on the 
choroid have been documented. For example, choroidal thickening was 
observed in eyes following orthokeratology treatment,27 with this 
short-term increase exhibiting a negative correlation with axial elon-
gation.28 An increase in choroidal thickness was also observed in chil-
dren who received 1 % atropine for one week29 or 0.01 % atropine for 
less than eight weeks.30,31 However, another study reported that while 
1 % atropine could increase choroidal thickness, 0.01 % atropine caused 
a decrease in choroidal thickness after six months of treatment.32

Despite these findings, the long-term effects and downstream implica-
tions of these choroidal changes, particularly in adults who received 
childhood atropine treatment, have not been extensively studied. Thus, 
we aim to describe the choroidal thickness profiles using sequential deep 
learning-enabled segmentation in adults who were treated with atropine 
for myopia control during their childhood.

Methods

Study population

All participants from the ATLAS study were eligible for inclusion in 
this study.8,33 The demographic characteristics of the ATLAS study have 
been previously detailed.8,9,13,15,33 Written informed consent was ob-
tained from all participants following eligibility screening. Each 
participant received a stipend of 50 Singapore dollars (approximately 
36.47 US dollars) per completed visit to cover transportation and other 
expenses associated with the examination. The study was conducted in 
accordance with the tenets of the Declaration of Helsinki, and ethics 
approval was granted by the Singapore Eye Research Institute Review 
Board (No. 2020/2249). This study adhered to the Strengthening the 
Reporting of Observational Studies in Epidemiology (STROBE) reporting 
guidelines.

Ocular examinations

Participants underwent a comprehensive ocular examination. 
Autorefraction was performed under cycloplegic conditions using a 
Topcon Auto Kerato-Refractometer (Topcon Corp., Tokyo, Japan), 
yielding three readings with a maximum range of 0.50 D. The mean 
values of the three readings were taken for further statistical analysis. 
The SE of the refractive error was calculated as the spherical refractive 
error plus half of the cylindrical refractive error. Ocular biometry 
measurements, including axial length, anterior chamber depth, and 
corneal curvature radius, were obtained using laser interferometry (IOL- 
Master, Carl Zeiss Meditec, Jena, Germany). Five readings were taken 

and averaged. The axial length measurements were not allowed to vary 
by more than 0.05 mm. Fundus photographs of the posterior fundus 
were taken using the DRI OCT Triton (Topcon, Tokyo, Japan) and 
assessed by two examiners (Y.L. and J.C.) to determine the degree and 
progression of tessellated fundus after the clinical trials.

Measurement of choroidal thickness

Choroidal thickness was measured using SS-OCT (Topcon DRI OCT 
Triton; Topcon Corp., Tokyo, Japan) with a wavelength of 1050 nm at a 
scanning speed of 100,000 A-scans per second. A 12-line radial scan 
pattern centred on the fovea, with a scan length of 6 mm and a resolution 
of 1059 × 400 pixels, was employed. Each image represented an average 
of 32 overlapped consecutive scans. The choroidal layers were auto-
matically segmented using the built-in software, with manual correc-
tions made when the software misidentified the layer boundaries. All 
images were inspected and manually corrected by two trained re-
searchers (Y.L. and J.C.) in a masked manner. Choroidal thickness was 
defined as the sagittal distance between Bruch’s membrane and the 
choroid-sclera interface (Fig. 1A).34 The Early Treatment Diabetic 
Retinopathy Study (ETDRS) grid was employed to calculate the average 
choroidal thickness within each grid sector using the embedded soft-
ware.35 The central foveal, parafoveal, and perifoveal circles had di-
ameters of 1 mm, 3 mm, and 6 mm, respectively, and were further 
divided into superior, inferior, temporal, and nasal sectors (Fig. 1B). 
Using the same ETDRS grid, another custom-built sequential deep 
learning algorithm was employed to process the SS-OCT scans seg-
mentation and obtain regional choroidal thickness readings within the 
macular region (6 mm in diameter) (Fig. 1C–D).36 Additionally, a more 
detailed grid was applied in the inner and outer nasal quadrants 
(Fig. 1E). The details of the sequential deep learning approach for 
choroidal layer segmentation, particularly in highly myopic eyes, have 
been previously described.36,37 The sequential segmentation achieved 
two-dimensional segmentation by taking the three-dimensional (3D) 
context between slices into consideration (Fig. 1C).36 The networks take 
a sub-volume consisting of a single B-scan slice and its neighbouring 
slices as input, learning the sub-volume’s 3D context in a sequential 
manner using bidirectional convolutional long short-term memory.38

Statistical analysis

All analyses were performed using the statistical software R, version 
4.1.0 (The R Foundation for Statistical Computing). Mean and standard 
deviation (SD) were calculated for continuous variables. Mean differ-
ences or odds ratios (ORs) with corresponding 95 % confidence intervals 
(CIs) were calculated. When comparing effects between groups in 
ATOM2, measurements from both eyes were pooled in a combined 
analysis using Huber-White robust standard errors to allow for the 
correlation between the two eyes of each participant.39 Analysis of 
covariance was used to estimate mean choroidal thickness in relation to 
atropine exposure. For each choroidal thickness parameter, two multi-
variable models were constructed. In model 1, age and sex, which are 
known determinants of choroidal thickness,40,41 were included to serve 
as a basic model with minimal adjustment. We conducted a univariate 
analysis of all potential factors with choroidal thickness. Axial length 
was found to be a determinant and was therefore included in model 2. In 
all statistical analyses, the mean and sectoral choroidal thickness were 
compared between atropine and placebo groups, as well as among 
different concentrations of atropine or durations of treatment. Multi-
variate multiple regression analysis was employed to assess the associ-
ation between central subfield choroidal thickness and the incidence of 
tessellated fundus. The Bland-Altman plot was used to evaluate mean 
differences between choroidal thickness measurements obtained using 
the Triton built-in software and the custom-built deep learning 
approach. A two-sided P value of less than 0.05 was considered statis-
tically significant.
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Results

A total of 229 participants (71 from ATOM1, 158 from ATOM2) 
participated in the study. We analysed associations between choroidal 
thickness in adulthood and previous childhood atropine treatment in 
422 eyes of 211 participants (63 from ATOM1, 148 from ATOM2) who 
had completed the initial two years of clinical trials. They were 

categorized according to the initial atropine treatment concentration 
(no atropine, 0.01 %, 0.1 %, 0.5 %, and 1 % atropine) or therapy 
duration (no atropine, 2 years, and 4 years) during childhood 
(Supplementary Table 1). Mean choroidal thickness readings, obtained 
using both the built-in measurement device (Fig. 1F) and the custom- 
built deep learning approach (Fig. 1G), are listed in Supplementary 
Table 2. Bland-Altman plots comparing the two measurements are 

Fig. 1. The measurement of choroidal thickness using swept-source optical coherence tomography. (A) Choroidal thickness was measured as the distance between 
the Bruch membrane (upper green line) and the choroid-sclera interface (lower green line). (B) The Early Treatment Diabetic Retinopathy Study grid with the Triton 
built-in software was applied to measure the mean choroidal thickness for each sector. (C) The segmentation of the choroid with a custom-built deep learning 
approach was applied to measure the choroidal thickness. (D) The Early Treatment Diabetic Retinopathy Study grid was masked to generate the mean choroidal 
thickness for each sector. (E) A further more detailed nasal grid was masked to generate the mean choroidal thickness within the nasal sectors. (F) The mean 
choroidal thickness generated by the built-in software. (G) The mean choroidal thickness generated by the custom-built approach. (H) The mean differences of the 
choroidal thickness of the two methods.
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presented in Fig. 2. The mean differences between these two measure-
ments varied less than 10 μm in most of the sectors, except for the outer 
temporal (12.2 (17.6) μm) and outer nasal (21.2 (21.1) μm) sectors 
(Fig. 1H).

Eyes treated with childhood atropine had a greater mean choroidal 
thickness in the inner inferior (mean difference, 32.1 μm; 95 % CI, 
9.2–55.0 μm; P = 0.006), outer inferior (mean difference, 23.5 μm; 95 % 
CI, 1.9–45.1 μm; P = 0.03), inner nasal (mean difference, 21.8 μm; 95 % 
CI, 0.76–42.9 μm; P = 0.04), and outer nasal sectors (mean difference, 
21.8 μm; 95 % CI, 2.6–41.0 μm; P = 0.03) compared to eyes that had not 
received atropine, after adjusting for age, sex, and axial length (Table 1). 
Eyes treated in childhood with a low dose (0.01 %) of atropine (150 
eyes) had a greater mean choroidal thickness in the outer superior 
(mean difference, 55.9 μm; 95 % CI, 2.4–109.5 μm; P = 0.04), inner 
inferior (mean difference, 66.7 μm; 95 % CI, 13.9–119.5 μm; P = 0.01), 
outer inferior (mean difference, 52.0 μm; 95 % CI, 1.2–102.9 μm; P =
0.04), and outer nasal (mean difference, 48.0 μm; 95 % CI, 2.6–93.4 μm; 
P = 0.04) compared to non-atropine-treated eyes, after adjusting for the 
same factors (Table 2). Additionally, 268 eyes were analyzed for the 
association between choroidal thickness in adulthood and four years of 
childhood atropine treatment. In this group, choroidal thickness was 
40–60 μm greater in the outer superior and one outer nasal (N6) sector 
compared to eyes without atropine treatment, following adjustment for 

the same factors (Table 3).
Multivariate multiple analysis, adjusted for age, sex, and axial 

length, showed an independent association between central subfield 
choroidal thickness and the incidence of tessellated fundus in all study 
participants (P < 0.001; OR, 0.97; 95 % CI, 0.96–0.98). A similar in-
dependent association between central subfield choroidal thickness and 
the incidence of tessellated fundus was observed in ATOM2 participants 
after adjusting for the same factors (P < 0.001; OR, 0.97; 95 % CI, 
0.96–0.98). Furthermore, eyes treated with 0.5 % atropine during 
childhood were found to be independently associated with a higher 
incidence of tessellated fundus compared to eyes treated with 0.01 % 
atropine (P = 0.04; OR, 3.02; 95 % CI, 1.10–8.90).

Discussion

In this study, we examined choroidal thickness profiles in adults who 
were treated with short-term (2–4 years duration) topical atropine 
eyedrops for myopia control during their childhood. To our knowledge, 
our study is the first to describe the association between childhood 
atropine treatment and choroidal thickness in early adulthood utilizing 
the ATLAS cohort, which followed subjects for 10–20 years after 
cessation of myopia control. Recent advancements in SS-OCT technol-
ogy for choroidal imaging, characterized by its longer beam wavelength, 

Fig. 2. BA plots of the mean choroidal thickness using the built-in and custom-built deep learning methods. (A) central subfield sector. (B) inner superior sector. (C) 
outer superior sector. (D) inner inferior sector. (E) outer inferior sector. (F) inner temporal sector. (G) outer temporal sector. (H) inner nasal sector. (I) outer 
nasal sector.
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reduced signal noise, and enhanced sweep depth, have significantly 
improved the visualization of choroidal layers. We improved the accu-
racy of choroidal segmentation and thickness measurements using a 
previously described novel sequential deep learning approach, which 
facilitated more precise segmentation of the choroid.36 We observed that 
eyes treated with atropine in childhood exhibited thicker choroids in 
certain sectors compared to those that did not receive atropine. Similar 
differences were also noted in subgroup analyses, particularly in eyes 
treated with 0.01 % atropine or those treated for four years, compared to 
eyes that did not receive treatment. The affected choroid sectors 
included the outer superior, inner inferior, outer inferior, inner nasal, 
and outer nasal regions. In conclusion, our findings indicate that 2–4 
years of topical atropine exposure during childhood was associated with 
choroidal thickness increases of 20–40 μm in certain sectors 10–20 years 
after treatment, compared to placebo, after adjusting for age, sex, and 
axial length. Furthermore, thicker choroidal measurements correlated 
with a reduced incidence of tessellated fundus in early adulthood. While 
our previous study demonstrated that childhood atropine treatment did 
not affect final refractive errors, this study provides new insights into the 
long-term effects of atropine on choroidal thickness. These findings 
contribute to the understanding of how atropine exposure during 
childhood may influence ocular development beyond refractive out-
comes, supporting the potential long-term benefits of atropine in the 
treatment of childhood myopia.

This choroidal analysis from our ATLAS cohort examined the po-
tential association between childhood exposure to atropine and 
choroidal thickness in adulthood, which may have implications for the 
long-term effects of atropine on myopia-related complications. Changes 
in choroidal thickness have been documented in children undergoing 
various myopia control interventions, such as orthokeratology,27,28,42,43

topical atropine eye drops,29,31,32,44,45 and combination therapy.30,46

These changes have been suggested as predictors for myopia progression 
or axial elongation.28 While studies have reported conflicting findings 
regarding choroidal thickness changes in response to myopic defocus in 
humans,47 the effects of these interventions on the choroid are likely due 
to optical defocus. Short-term exposure to myopic defocus typically in-
duces choroidal thickening, whereas hyperopic defocus results in 
choroidal thinning.48,49 However, these choroidal responses are often 
short-lived,50 with thickness measurements generally returning to near 
baseline levels after cessation of treatment or removal of the defocus.51, 

52 Interestingly, a recent study involving 46 participants demonstrated 
that choroidal thickness in children and adults does not significantly 
change in response to short-term, full-field myopic defocus, in contrast 
to several previously published studies.47 Notably, another study found 
that 1 % atropine increased choroidal thickness, while 0.01 % atropine 
led to a decrease after six months of treatment.32 Similar short-term 
effects on choroidal thickness have also been observed in young 
myopic adults who either wore orthokeratology lenses51 or received 
low-dose atropine.50 However, as most of these studies focused on 
short-term effects, our study contributes to the understanding of how 
childhood exposure to atropine treatment may have long-term effects on 
choroidal thickness.

Our results suggest that exposure to atropine during childhood may 
affect choroidal thickness in early adulthood; however, the differences 
in choroidal thickness measurements among the atropine treatment 
groups, averaging 20–40 μm, were less significant after adjusting for 
axial length. Subgroup analyses focusing on various concentrations and 
durations of atropine treatment found significant differences between 
the 0.01 % atropine group and those treated for four years (Tables 2–3). 
The relatively smaller sample size of the 1 % atropine-treated eyes and a 

Table 1 
Association of Choroidal Thickness in Adulthood with Childhood Atropine Treatment.

Mean (95 % CI)

CT at Different Sectors*, μm No Atropine 
(n ¼ 94)

With Atropine 
(n ¼ 328)

Mean Difference (95 % CI) P Value Adjusted R2

Model 1a

Central subfield CT 210.3 (190.0–230.7) 232.4 (223.6–241.2) 22.1 (− 2.4–46.5) 0.08 0.04
Inner superior CT 226.1 (206.3–245.9) 236.7 (228.0–245.5) 10.6 (− 13.4–34.6) 0.38 0.02
Outer superior CT 244.8 (224.9–264.8) 256.3 (247.5–265.1) 11.4 (− 12.6–35.5) 0.35 0.02
Inner inferior CT 198.3 (177.1–219.5) 235.3 (226.1–244.4) 37.0 (11.5–62.4) 0.005 0.06
Outer inferior CT 206.0 (186.6–225.4) 235.0 (226.5–243.6) 29.0 (5.6–52.4) 0.02 0.06

Inner temporal CT 224.6 (204.1–245.1) 244.1 (235.3–253.0) 19.5 (− 5.1–44.2) 0.12 0.03
Outer temporal CT 237.4 (218.1–256.7) 256.0 (247.7–264.3) 18.6 (− 4.6–41.8) 0.12 0.04

Inner nasal CT 190.4 (171.0–209.8) 215.6 (207.1–224.2) 25.2 (1.8–48.6) 0.04 0.05
Outer nasal CT 161.7 (144.5–179.0) 187.0 (179.4–194.7) 25.3 (4.5–46.2) 0.02 0.06

N1 CT 197.1 (177.7–216.5) 219.4 (210.9–228.0) 22.4 (− 1.0–45.7) 0.06 0.05
N2 CT 184.2 (164.8–203.6) 213.5 (205.0–222.1) 29.3 (6.0–52.7) 0.01 0.06
N3 CT 184.5 (164.4–204.5) 216.8 (208.0–225.7) 32.4 (8.3–56.5) 0.009 0.06
N4 CT 178.8 (160.3–197.3) 199.5 (191.3–207.6) 20.7 (− 1.6–42.9) 0.07 0.04
N5 CT 150.5 (133.4–167.6) 177.0 (169.4–184.5) 26.5 (5.9–47.1) 0.01 0.06
N6 CT 156.9 (138.7–175.1) 188.1 (180.1–196.1) 31.2 (9.3–53.1) 0.005 0.06

Model 2b ​ ​ ​ ​ ​ 
Central subfield CT 212.0 (193.6–230.5) 231.8 (223.9–239.7) 19.7 (− 2.4–41.8) 0.08 0.23

Inner superior CT 227.0 (208.6–245.4) 236.3 (228.2–244.3) 9.3 (− 12.9–31.5) 0.41 0.18
Outer superior CT 245.9 (226.9–264.8) 255.9 (247.6–264.2) 10.0 (− 12.9–32.9) 0.39 0.14
Inner inferior CT 202.1 (183.0–221.2) 234.2 (226.0–242.4) 32.1 (9.2–55.0) 0.006 0.26
Outer inferior CT 210.3 (192.4–228.2) 233.9 (226.1–241.7) 23.5 (1.9–45.1) 0.03 0.22

Inner temporal CT 226.5 (207.8–245.1) 243.4 (235.5–251.4) 17.0 (− 5.4–39.4) 0.14 0.22
Outer temporal CT 238.9 (221.0–256.8) 255.4 (247.8–263.0) 16.5 (− 5.0–38.0) 0.13 0.20

Inner nasal CT 193.0 (175.5–210.5) 214.8 (207.2–222.4) 21.8 (0.76–42.9) 0.04 0.25
Outer nasal CT 164.5 (148.6–180.4) 186.3 (179.3–193.3) 21.8 (2.6–41.0) 0.03 0.22

N1 CT 200.2 (182.6–217.8) 218.4 (210.7–226.1) 18.2 (− 3.0–39.5) 0.09 0.23
N2 CT 187.3 (169.8–204.8) 212.6 (205.0–220.2) 25.3 (4.2–46.4) 0.02 0.26
N3 CT 188.2 (170.2–206.1) 215.7 (207.9–223.6) 27.6 (6.0–49.2) 0.01 0.26
N4 CT 180.9 (163.8–198.1) 198.8 (191.3–206.3) 17.9 (− 2.7–38.5) 0.09 0.20
N5 CT 153.3 (137.6–169.1) 176.2 (169.4–183.1) 22.9 (3.9–41.9) 0.02 0.22
N6 CT 160.2 (143.4–177.1) 187.3 (179.9–194.6) 27.0 (6.7–47.3) 0.01 0.21

a Model 1 is adjusted for age and sex. Mean value: adjusted mean value.
b Model 2 is adjusted for age, sex, and axial length. Mean value: adjusted mean value. CT, choroidal thickness.
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possible rebound effect in the higher concentration groups (0.1 % and 
0.5 %) may have mitigated any potential impact on choroidal thickness. 
Future research is needed to explore whether longer durations of atro-
pine treatment during childhood or early adolescence exert a more 
substantial influence on the choroid.

The underlying mechanisms of the effects of atropine on choroidal 
thickness remain unclear. Previous animal studies suggested that nitric 
oxide may play a role in the choroidal thickening observed with atropine 
use,53–55 potentially by affecting blood flow and the stromal components 
of the choroid through the relaxation of both vascular and nonvascular 
smooth muscles in the choroid. Additionally, dopamine may also 
contribute to this thickening effect. For instance, intravitreal injections 
of atropine in chicks have been shown to increase dopamine release 
from the retina,56 and the use of D2 agonists has led to increased 
choroidal thickness in chicks fitted with negative lenses.57 Interestingly, 
research has noted choroidal thinning during the process of accommo-
dation,58 likely due to biomechanical forces exerted between the ciliary 
muscle and the choroid.59 Further studies are necessary to clarify these 
mechanisms underlying choroidal thickening.

We also demonstrated an independent association between thicker 
choroid and a reduced incidence of tessellated fundus in early adult-
hood. The presence of a tessellated fundus in early adulthood may serve 
as a crucial indicator for predicting the progression of pathological 
changes of the choroid.60 Choroidal thinning has been associated with 
various ophthalmic conditions,61 including myopic macular degenera-
tion (MMD), macular holes, and age-related macular degeneration 
(AMD).1 Studies suggest that the degree of fundus tessellation correlates 
with choroidal thickness rather than axial length.60 Particularly, thinner 
choroidal thickness in the inner and outer nasal sectors is associated 
with the presence of MMD, proving it to be a more precise biometric 

parameter than age or axial length.62 Our findings, which highlighted 
that differences in choroidal thickness among treatment groups were 
predominantly observed in the inner and outer nasal sectors, align with 
previous observations that these sectors are associated with MMD 
development. This may be attributed to the typical progression of 
myopic chorioretinal atrophy, which generally begins around the optic 
disc before extending toward the macular region and eventually 
affecting the entire area.62,63

This study has several limitations. First, our findings are based on 
follow-up data from participants in previous clinical trials, suggesting an 
association rather than a causative relationship. This indicates the need 
for further longitudinal studies to confirm our results. Nevertheless, our 
study is the first to investigate the association between atropine and 
choroidal thickness in adults, addressing an important gap in the liter-
ature. Second, the follow-up rate was only about one-quarter of the 
original participants from the trials, which may have introduced selec-
tion bias. However, the baseline characteristics of those recalled par-
ticipants were generally representative of the original cohort.15 Third, 
the adjusted R2 values in our models were relatively low, suggesting that 
other residual confounding factors might have influenced the observed 
associations. Nevertheless, our model 1 and model 2 adjusted for key 
confounders, including age, sex, and axial length. Fourth, we observed 
that differences in choroidal thickness were only confined to specific 
sectors, including the inner inferior, outer inferior, inner nasal, and 
outer nasal regions. These findings were consistent with previous studies 
on choroidal thickness and MMD development. Fifth, choroidal thick-
ness could be affected by other factors, such as circadian rhythms, 
caffeine intake, and exercise, which could be the confounding factors in 
our results.

In conclusion, this study demonstrated that 2–4 years of atropine 

Table 2 
Associations of Choroidal Thickness in Adulthood with 0.01 % Atropine Treatment in Childhood.

Mean (95 % CI)

CT at Different Sectors, μm No Atropine 
(n ¼ 94)

0.01 % Atropine 
(n ¼ 56)

Mean Difference (95 % CI) P Value Adjusted R2

Model 1a ​ ​ ​ ​ ​ 
Central subfield CT 213.5 (189.3–237.8) 267.7 (232.1–303.3) 54.2 (− 0.4–108.7) 0.05 0.03

Inner superior CT 225.5 (201.9–249.2) 271.4 (235.3–307.5) 45.9 (− 8.6–100.3) 0.10 0.02
Outer superior CT 237.1 (213.0–261.3) 305.0 (268.6–341.4) 67.9 (12.6–123.1) 0.02 0.03
Inner inferior CT 200.5 (176.0–224.9) 283.6 (247.7–319.5) 83.1 (28.0–138.3) 0.003 0.06
Outer inferior CT 207.0 (184.6–229.5) 276.0 (241.7–310.4) 69.0 (17.2–120.8) 0.009 0.05

Inner temporal CT 223.0 (198.8–247.2) 281.0 (245.5–316.5) 58.0 (3.5–112.5) 0.04 0.03
Outer temporal CT 235.2 (212.5–258.0) 288.7 (255.3–322.1) 53.5 (2.2–104.7) 0.04 0.03

Inner nasal CT 193.2 (170.3–216.1) 258.0 (223.4–292.6) 64.8 (12.3–117.3) 0.02 0.04
Outer nasal CT 164.9 (144.2–185.7) 228.0 (196.7–259.4) 63.1 (15.5–110.6) 0.01 0.05

N1 CT 201.1 (177.7–224.5) 259.2 (224.0–294.5) 58.1 (4.6–111.6) 0.03 0.03
N2 CT 189.0 (165.9–212.1) 254.6 (219.8–289.4) 65.6 (12.8–118.4) 0.02 0.05
N3 CT 189.3 (165.9–212.7) 260.2 (224.9–295.4) 70.9 (17.4–124.3) 0.01 0.05
N4 CT 183.2 (160.4–205.9) 238.0 (203.7–272.4) 54.9 (2.7–107.0) 0.04 0.02
N5 CT 154.0 (133.7–174.3) 216.5 (185.9–247.1) 62.5 (16.1–109.0) 0.009 0.05
N6 CT 157.6 (136.7–178.5) 229.4 (197.9–261.0) 71.8 (23.9–119.7) 0.004 0.07

Model 2b ​ ​ ​ ​ ​ 
Central subfield CT 220.2 (197.6–242.8) 256.6 (223.6–289.6) 36.4 (− 14.5–87.4) 0.16 0.21

Inner superior CT 230.1 (207.8–252.4) 262.6 (228.7–296.6) 32.6 (− 19.0–84.1) 0.21 0.17
Outer superior CT 241.4 (218.0–264.8) 297.4 (262.3–332.4) 55.9 (2.4–109.5) 0.04 0.15
Inner inferior CT 206.8 (183.4–230.1) 273.5 (239.3–307.6) 66.7 (13.9–119.5) 0.01 0.20
Outer inferior CT 213.6 (191.6–235.6) 265.7 (232.2–299.2) 52.0 (1.2–102.9) 0.04 0.15

Inner temporal CT 228.6 (205.9–251.2) 271.3 (238.1–304.4) 42.7 (− 8.5–93.9) 0.10 0.20
Outer temporal CT 239.1 (217.3–260.9) 281.5 (249.7–313.4) 42.5 (− 6.8–91.7) 0.09 0.16

Inner nasal CT 199.8 (178.5–221.2) 246.8 (214.8–278.9) 47.0 (− 1.9–95.9) 0.06 0.23
Outer nasal CT 170.8 (151.0–190.6) 218.8 (189.1–248.5) 48.0 (2.6–93.4) 0.04 0.19

N1 CT 207.8 (185.9–229.7) 247.8 (214.9–280.6) 40.0 (− 10.2–90.1) 0.12 0.21
N2 CT 195.5 (174.0–217.0) 243.7 (211.5–276.0) 48.3 (− 1.0–97.6) 0.06 0.23
N3 CT 196.1 (174.3–218.0) 248.9 (216.2–281.7) 52.8 (2.7–102.9) 0.04 0.22
N4 CT 188.6 (166.8–210.3) 228.9 (196.2–261.5) 40.3 (− 9.6–90.1) 0.11 0.17
N5 CT 160.4 (141.3–179.6) 206.4 (177.7–235.2) 46.0 (2.1–89.9) 0.04 0.21
N6 CT 163.2 (142.9–183.5) 220.9 (190.5–251.4) 57.8 (11.2–104.3) 0.02 0.18

a Model 1 is adjusted for age and sex. Mean value: adjusted mean value.
b Model 2 is adjusted for age, sex, and axial length. Mean value: adjusted mean value. CT, choroidal thickness.
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exposure during childhood was associated with a relatively thicker 
choroid—by 20–40 μm in certain sectors—10–20 years after treatment 
compared to placebo, after adjusting for age, sex, and axial length. 
Furthermore, the increased choroidal thickness correlated with a 
reduced incidence of tessellated fundus in early adulthood. While it 
remains unclear whether this association indicates a causal relationship 
or is influenced by confounding factors, the findings further support the 
potential long-term benefits of topically applied atropine eye drops for 
the treatment of childhood myopia.
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