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Abstract

The impact of atropine on the ciliary muscle and its correlation with the choroid remain unclear. This study aimed to investigate changes in the ciliary muscle
before and after atropine treatment and its influencing factors. Children (3-12 years; 12 with myopia, 17 with emmetropia, and 19 with hyperopia) received
1% atropine for 1 week. Optometry and ocular biometry were performed before and after treatment, focusing on changes in the ciliary muscle. Nasal ciliary
parameters from 48 right eyes were analyzed. Paired t-tests assessed cycloplegia-induced changes; one-way analysis of variance compared refractive
groups. Pearson correlations and stepwise multiple linear regression evaluated associations and confounders. The Benjamini-Hochberg correction was
applied for multiple comparisons. At baseline, posterior ciliary muscle thickness correlated positively with axial length (r = 0.538, p = 0.0023) and negatively
with choroidal thickness (r = —0.396, p = 0.032). After atropine treatment, the ciliary muscles thickened with posterior displacement, particularly posteriorly
(myopia: 56.20 £ 40.10 pm; emmetropia: 104.49 + 77.94 um; hyperopia: 138.36 + 88.33 um; all p < 0.001). Thicker baseline ciliary muscle was associated with
less thickening (all p < 0.01). Baseline posterior ciliary muscle thickness increased with axial length and decreased with choroidal thickness; axial length
mediated the choroid-ciliary muscle association, supporting the choroidal stretching hypothesis. Atropine increased the spherical equivalent in all groups.
Contrary to the expected thinning, ciliary muscle thickened after treatment, indicating effects beyond cycloplegia.
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Introduction

Atropine, a muscarinic antagonist, is used in visual examinations,
for treating amblyopia, and for controlling myopial'2l. Atropine is
important in pediatric ophthalmology as a powerful cycloplegic
agent and myopia treatment. Compared with adults, children have a
greater maximum accommodative amplitude and a more pro-
nounced accommodative lagBl. Accommodation plays an impor-
tant role in children's refractive development and is closely related
to refractive errors. Near-distance work is a significant risk factor for
myopial*-¢l. Myopic eyes have been reported to take a longer time
to recover from the axial elongation caused by accommodation
than emmetropic eyesl’l.

During accommodation, the ciliary muscle contracts, which is
associated with myopic drift. In the 20th century, studies have ob-
served the forward movement of the ciliary muscle during accommo-
dation in histological sections!®-'"! and via goniovideography!'2-141,
Subsequently, the use of ultrasound biomicroscopes (UBMs) has
enabled direct visualization of the forward movement of the ciliary
musclel'>1%) and revealed the thickening of the anterior segment of
the ciliary muscle during accommodationl'-81. Currently, the high
resolution of anterior segment optical coherence tomography (AS-
OCT) facilitates more precise observation. Studies using AS-OCT
revealed that the posterior area of the ciliary muscle thinned during
accommodationl!7-23],

Ciliary muscle thickness (CMT) differs in individuals with different
refractive errors. Several studies have found that the ciliary muscle
became thicker with an increase in axial length (AL)2"24-26], Some
studies have suggested that myopia primarily affects the posterior
area of the ciliary musclel'92427-30 However, hyperopic anterior
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segment morphology and myopic posterior remodeling remain
mechanistically contested[25:283031],

While atropine's dual functions as a cycloplegic agent and a
myopia control intervention are widely recognizedB233], and its
choroidal thickening effect is documented33-39], recent studies indi-
cate diminished effects in hyperopic childrenB37)., Importantly,
morphological changes in the ciliary muscle after atropine adminis-
tration remain incompletely characterized. Furthermore, potential
relationships between the ciliary muscle and choroidal responses
have not been clearly examined. This study employed AS-OCT to
characterize morphological alterations in the ciliary muscle after 1%
atropine treatment. We aimed to document responses across refrac-
tive groups, identify factors influencing baseline ciliary parameters
and their changes, and provide clinical evidence elucidating
atropine's mechanisms of action.

Materials and methods

Study participants and atropine treatment

Children aged 3-12 years who visited the Shanghai Eye Disease
Prevention and Control Center, China, between December 2020 and
April 2021 were enrolled. The exclusion criteria included the follow-
ing: (1) allergy to atropine; (2) eye diseases other than refractive
errors; (3) any previous correction or treatment of refractive error
(including corrective lenses); (4) a history of ocular trauma or ocular
surgery; (5) systemic disease; and (6) patients who were unable to
cooperate with the inspection. The study was conducted in accor-
dance with the Declaration of Helsinki. The study protocol was
approved by the Ethics Committee of Shanghai General Hospital,
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Shanghai Jiao Tong University (2020KY018), and written informed
consent was obtained from the participants and their parents.

Forty-nine children aged 3-12 years (7.10 £ 1.49 years) were
screened, and 48 were enrolled (27 boys, 21 girls); one child was
excluded due to loss to follow-up. Each patient visit was assigned a
unique 10-digit code unrelated to identifiable information. All exam-
inations and image measurements were performed by technicians
masked to the study protocol. Technicians could only access the
patients' code and were unaware of the other examination results.

Parents administered one drop of 1% atropine to each eye of their
child every night for 7 consecutive days. Before the treatment's initi-
ation, ophthalmologists provided onsite instruction to the parents
and supplied instructional videos on proper atropine administra-
tion. Treatment commenced the day following the baseline visit,
and patients returned for re-examination the day after completing
the treatment course. Following the post-treatment examination,
ophthalmologists diagnosed and managed patients on the basis of
the findings. Adverse events were recorded for each child during the
study visit. All adverse events, regardless of their suspected relation-
ship to atropine use, were documented.

Examination

Each participant underwent a series of ophthalmic examinations
before and after atropine-induced cycloplegia. Refractive measure-
ments were obtained without cycloplegia at baseline and under
cycloplegia after atropine treatment. Objective refraction was
measured using an autorefractor (KR-8800, Topcon, Japan). Subjec-
tive refinement was then conducted using a phoropter (RT-3100,
Nidek, Japan) to determine the spherical equivalent (SE = sphere +
1/2 cylinder). Best-corrected visual acuity (BCVA) was assessed at
5 m and recorded in logMAR. AL and anterior chamber depth (ACD)
were measured using an IOLMaster 700 (Carl Zeiss Meditec, Dublin,
CA, USA), with the average of six measurements recorded. Intraocu-
lar pressure was measured using a non-contact tonometer (NT-510,
Nidek, Japan), and the average of three measurements was
recorded. Atropine was not administered if the intraocular pressure
exceeded 21 mmHg.

Choroidal thickness (CT) measurement

CT was measured using swept-source optical coherence tomogra-
phy (DRI OCT-1 Atlantis, Topcon, Japan). Layer segmentation was
performed automatically using built-in software, with manual
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correction applied when the software incorrectly identified layer
boundaries. The Early Treatment Diabetic Retinopathy Study grid
within the built-in software was used to calculate the average CT
within each grid sector. The diameters of the subfoveal, parafoveal,
and perifoveal circles were 1, 3, and 6 mm, respectively. CT was
measured in the subfoveal region and the parafoveal region (calcu-
lated as the average of the four quadrants; Fig. 1).

Ciliary muscle imaging and measurement

Ciliary muscle imaging was performed using AS-OCT (SS-1000,
Tomey, Japan). An external fixation target was used during imaging.
The fixation point was positioned using a goniometer at 55° and 30
cm from the device's central axis, with the patient's chin and head
stabilized at 0° (parallel to the AS-OCT axis). Images of the ciliary
muscle were acquired in the temporal, inferior, nasal, and superior
quadrants by having the patient fixate in the opposite direction.
Images with poorly defined ciliary muscle boundaries were reac-
quired. If satisfactory image quality could not be achieved after
three consecutive attempts, the image was recorded as missing.
Due to poor image quality, inferior and superior quadrant images
were excluded from subsequent measurements. A suitable imaging
plane was then selected by the technician using the built-in soft-
ware (Fig. 2). A suitable plane was defined as one where the scan
line passed through the pupil's center. A refractive index of 1.000
was applied to the entire image.

Ciliary muscle parameters for each quadrant were averaged from
three images. Measurements were performed using AutoCAD 2014
software. First, the exported image's built-in scale bar was used for
calibration to millimeters (Fig. 3a). Second, the 'curve fitting' tool
was used to manually trace the contour of the ciliary muscle
(Fig. 3b). Third, perpendicular lines were drawn perpendicular to the
scleral curvature at two points (the scleral spur and the point of
maximum ciliary muscle thickness). The distance from the thickest
point to the inner scleral border defined the maximum ciliary
muscle thickness (CMTmax) (Fig. 3¢, d). Subsequently, the 'Array-
path' function was used to generate additional perpendicular lines
spaced at 1-mm intervals along the scleral curvature, starting from
the scleral spur (Fig. 3c). The distance between the intersection
points of each perpendicular line with the inner and outer ciliary
muscle boundaries was measured as the CMT at that location
(Fig. 3d). The ciliary muscle's thickness at 1, 2, and 3 mm from
the scleral spur was termed CMT1, CMT2, and CMT3, respectively

Fig. 1

Choroidal thickness measurements using swept-source optical coherence tomography. (a) Baseline choroidal imaging. (b) Post-atropine

choroidal imaging. Representative images show a cross-sectional B-scan (below) with automated choroidal segmentation (green outline) and an en-face
view (above) with the Early Treatment Diabetic Retinopathy Study (ETDRS) grid overlay. The en-face map includes an orientation scale (1-12)
corresponding to the B-scan positions. Arrows indicate Orientation 1, corresponding to the B-scan displayed below. Subfoveal choroidal thickness was
measured vertically at the foveal center. Parafoveal choroidal thickness was calculated as the average of measurements in the four quadrants of the 3-
mm diameter ETDRS ring. A color-coded thickness map on the ETDRS grid shows the distribution of choroidal thicknesses (warmer colors indicate thicker

areas).
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Fig. 2

Imaging plane selection protocol for measuring ciliary muscles using anterior segment OCT (AS-OCT). Upper left: External view showing eye

positioning with the fixation target at 55° and 30 cm from the central axis of the device, while maintaining the chin and head at 0°. The green selection
box indicates the AS-OCT scan area. There are three lines in the green selection box; the cyan vertical line can move horizontally, and the red horizontal
line can move vertically. The yellow rotation line can be rotated around the intersection of the horizontal and vertical lines. A suitable plane can be
selected by adjusting the lines' positions. In this image, the rotation line is hidden behind the horizontal line (the rotation angle is 0°). Upper right: Vertical
cross-section corresponding to the cyan line's position. Lower left: Horizontal cross-section corresponding to the red line's position. Lower right:

Rotational cross-section corresponding to the yellow rotation line's position.

(Fig. 3d). A tangent line was drawn along the pigmented ciliary
muscle epithelium (the posterior ciliary boundary), originating from
the scleral spur. A perpendicular line was then dropped from the
thickest point to this tangent line (Fig. 3e). The distance along the
tangent line from the scleral spur to the foot of this perpendicular
defined the position parameter of the ciliary muscle's apex (CMAL)
(Fig. 3f).

Statistical analysis

The Kolmogorov-Smirnov test was used to assess normality for all
variables. Normally distributed data are presented as the mean *
standard deviation, and non-normally distributed descriptive data
are presented as medians (Quartile 1, Quartile 3). Because of signifi-
cant interocular correlation (p < 0.05), data from the right eye were
used for analysis. The parameters of the temporal and nasal ciliary
muscles were significantly correlated (p < 0.05). Therefore, nasal
ciliary muscle parameters were analyzed.

Paired t-tests were used for normally distributed data, and
Wilcoxon's signed-rank tests were used for non-normally distributed
data to assess changes before and after cycloplegia. One-way analy-
sis of variance was used to compare groups for normally distributed
data, with Bonferroni correction applied for post hoc pairwise
comparisons. The Kruskal-Wallis test was used for non-normally
distributed data to compare groups. Pearson's correlation coeffi-
cient was calculated to assess associations between normally
distributed parameters. Multiple linear regression models were used
to adjust for potential confounding factors. Stepwise multiple linear
regression was used to analyze factors influencing changes in the
ciliary muscle's biometry after cycloplegia. Sex was coded as male =
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1 and female = 0. Variables were entered into the model if p <0.05
and removed if p 2 0.10.

The Benjamini-Hochberg procedure was used to control the false
discovery rate for multiple comparisons. Statistical significance was
defined as p < 0.05 after correction. Statistical analyses were per-
formed using SPSS software (version 22, International Business
Machines Corporation, USA).

Results

Participants

Participants were categorized into three groups depending on
the SE after cycloplegia: myopia: SE < —0.5 D, n = 12; emmetropia:
-0.5 D <SE 0.5 D, n = 17; hyperopia: SE > 0.5 D, n = 19. There
was no significant difference in age among the groups (F = 1.54,
p=0.23).

Spherical equivalent, axial length, and anterior
chamber depth

Significant between-group differences were observed at baseline
for SE (H = 32.35, p < 0.001), AL (F =17.32, p < 0.001), and ACD (F =
14.13, p < 0.001). The hyperopia group had a significantly shorter AL
and shallower ACD compared with both the myopia and emme-
tropia groups (all p < 0.001). After atropine treatment, SE increased
(myopia: p = 0.002; emmetropia and hyperopia: p < 0.001), AL
decreased (all p < 0.001), and ACD increased (all p < 0.001) in all
groups. However, the magnitude of the change in ACD was signifi-
cantly greater in the hyperopia group compared with both the
myopia and emmetropia groups (both p < 0.001; Table 1).
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Fig. 3  Measurement of ciliary muscle parameters using anterior
segment optical coherence tomography. (a) An internal 1-mm ruler was
used for calibration (white scale bar). (b) Contouring: Manual tracing of
the ciliary muscle's contour (yellow curves). (c) Thickness landmark
placement: Placement of perpendicular measurement lines (yellow
straight lines) at 1-mm intervals along the scleral curvature (outer ciliary
muscle boundary) from the scleral spur. (d) Thickness parameters (red
double arrows and red labels): Ciliary muscle thickness at 1 (CMT1), 2
(CMT2), and 3 mm (CMT3) posterior to the scleral spur (SS), and maxi-
mum thickness (CMTmax). (e) Position landmark placement: Placement
of a tangent line (yellow horizontal line) along the pigmented ciliary
muscle epithelium (the posterior ciliary muscle boundary). (f) Position
parameter (red double arrows and red label): Distance along tangent
line from the scleral spur to the foot of the perpendicular from CMTmax
point was regarded as the CMAL. (g) Baseline thickness parameters (red
text). (h) Thickness parameters after atropine treatment (red text). (i)
Baseline position parameters (red text). (j) Position parameters after
atropine treatment (red text).

Choroidal thickness

At baseline, significant between-group differences were observed
for subfoveal CT (F = 7.24, p = 0.002) and parafoveal CT (F=7.03,p =
0.002). Subfoveal and parafoveal CT were significantly thicker in the
hyperopia group compared with the myopia group (subfoveal: p =
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0.018; parafoveal: p = 0.011) and the emmetropia group (subfoveal:
p =0.003, parafoveal: p = 0.006; Table 1).

In the myopia group, subfoveal CT (p = 0.026) and parafoveal CT
(p < 0.001) increased significantly after atropine treatment. In the
emmetropia group, only subfoveal CT increased significantly (p =
0.012); the change in parafoveal CT was not significant (p = 0.054). In
the hyperopia group, neither subfoveal CT (p = 0.986) nor parafoveal
CT (p = 0.763) changed significantly after treatment (Table 1).

Ciliary muscle biometry

At baseline, significant between-group differences were found for
CMT2 (F = 5.48, p = 0.008) and CMT3 (F = 5.54, p = 0.007), but not for
CMT1, CMTmax, or CMAL (all p > 0.05; Table 2). Both CMT2 and
CMT3 were significantly thinner in the hyperopia group compared
with the myopia group (CMT2: p = 0.026; CMT3: p = 0.026) and the
emmetropia group (CMT2: p = 0.02; CMT3: p = 0.018; Table 2).

After atropine treatment, CMT2 (all p < 0.001) and CMT3 (myopia
group: p = 0.001; emmetropia and hyperopia groups: p < 0.001)
increased significantly in all groups (Fig. 3g, h). CMAL increased
significantly in all groups (myopia group: p = 0.017; emmetropia
group: p < 0.001; hyperopia group: p = 0.009; Fig. 3i, j). CMT1
(myopia group: p = 0.105; emmetropia and hyperopia groups: p <
0.001) and CMTmax (myopia group: p = 0.157; emmetropia and
hyperopia groups: p < 0.001) increased significantly in the emme-
tropia and hyperopia groups but not in the myopia group (Table 2).

Factors influencing baseline ciliary muscle
parameters

Correlation analysis revealed no significant association between
age and baseline ciliary parameters (all p > 0.05; Fig. 4). No statisti-
cally significant differences in any ciliary muscle parameters (CMT1,
CMT2, CMT3, CMTmax, and CMAL) were found between the sexes
(all p > 0.05). AL was positively correlated with CMT2 (r = 0.538, p =
0.0023) and CMT3 (r = 0.491, p = 0.0082). No significant correlations
were observed between AL and CMT1, CMTmax, or CMAL (all p >
0.05; Fig. 4). CT values exhibited negative correlations with CMT2
(subfoveal CT: r = —0.396, p = 0.032; parafoveal CT: r = -0.409, p =
0.032). CMT1, CMT3, CMTmax, and CMAL showed no significant
correlations with CT values (all p > 0.05; Fig. 4).

Multiple linear regression analysis was performed using different
ciliary muscle parameters as the dependent variables and age, sex,
AL, subfoveal CT, and parafoveal CT as the independent variables.
This revealed that CMT1, CMTmax, and CMAL had no significant
associations with any independent variables (all p > 0.05). After
multivariate adjustment, CMT2 (standardized g = 0.619, p = 0.001)
and CMT3 (standardized f = 0.599, p = 0.003) were positively
correlated only with AL. Age, sex, subfoveal CT, and parafoveal CT
showed no significant associations (all p > 0.05) in these models.

Univariate regression demonstrated negative correlations be-
tween subfoveal CT and CMT2, and between parafoveal CT and
CMT2 (consistent with the correlation analysis results). In univariate
analyses, AL was negatively correlated with both subfoveal CT (stan-
dardized = -0.551, p < 0.001) and parafoveal CT (standardized =
—-0.512, p < 0.001). However, when AL was included in the regres-
sion models of CT (subfoveal or parafoveal) and CMT2, the regres-
sion coefficients for CT became nonsignificant (subfoveal CT:
standardized f = —0.134, p = 0.391; parafoveal CT: standardized f§ =
~0.172, p = 0.256).

Factors affecting changes in ciliary muscle
parameters after atropine treatment

Stepwise multiple linear regression analysis revealed that
changes in CMT parameters (CMT1, CMT2, CMT3, CMTmax; Supple-
mentary Fig. STa-d) and CMAL were negatively correlated with their
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Table 1. Anterior segment biometry before and after 1% atropine treatment in myopic, emmetropic, and hyperopic children.

Myopia (n=12) Emmetropia (n=17) Hyperopia (n=19)

Baseline Difference Baseline Difference Baseline Difference
Age (mean + SD, years)© 6.76 + 1.25 7.60+1.53 6.86 + 1.55
SE (median (Q1, Q3), D)4 —2.13(-3.19,-1.50) 0.88 (0.50, 1.00)P —0.75 (—0.88, -0.50)2  0.75 (0.50, 1.00)° 1.88(0.19,3.50) 1.13(1.75,2.50)°
AL (mean + SD, mm)°© 23.74 +0.93? -0.03 £0.02° 23.49 £ 0.89° -0.02 £ 0.02° 21.87£1.12 -0.03 +0.03°
ACD (mean + SD, mm)< 3.72£0.28 0.10 £ 0.04° 3.65 +0.23° 0.13£0.07° 3.29+0.23 0.30+0.15°
Subfoveal CT (mean + SD, um)© 24433 + 34.462 29.67 + 40.08P 240.29 +44.282 18.06 + 26.28° 291.00 £ 48.11 0.16 +£38.98
Parafoveal CT (mean + SD, um)© 239.00 +32.982 21.73+13.47° 241.18 £38.922 10.74 £21.33 283.95+42.63 2.55 +36.40

Table 1 lists the basic information and anterior segment biometry of the three groups. 'Baseline' refers to the parameters before atropine-induced cycloplegia, and
'Difference’ represents the change in each parameter after cycloplegia compared with before treatment (positive values indicate an increase, negative values indicate a
decrease). SE, spherical equivalent; Q1, Quartile 1; Q3, Quartile 3; AL, axial length; SD, standard deviation; ACD, anterior chamber depth; CT, choroidal thickness.
2 Significantly different compared with the hyperopic group at baseline, p < 0.05. ° Significantly changed after atropine, p < 0.05. < Normally distributed data represented
by the mean + SD; the paired t-test was used to test the differences before and after cycloplegia. d Skewed distribution data represented by the median (Q1, Q3); the
Wilcoxon test was used to test the differences before and after cycloplegia.

Table 2. Ciliary muscle parameters before and after 1% atropine treatment in myopic, emmetropic, and hyperopic children.

Myopia

Emmetropia

Hyperopia

Baseline

Difference

Baseline

Difference

Baseline

Difference

CMT1 (mean = SD, pm)
CMT2 (mean * SD, pm)
CMT3 (mean + SD, pm)
CMTmax (mean + SD, um)
CMAL (mean + SD, um)

728.62 +130.93
444.06 +91.77°
190.51 + 56.882
864.15 + 84.00
822.50 £ 181,62

59.58 + 116.77
56.20 + 40.10P
49,60 + 38.98°
36.73 £ 83.70

131.67 + 162.47°

755.50 + 126.36
435.61 + 104.38°
187.95 +51.162
838.81+106.84
774.71 £153.59

133.95 + 101.59°
104.49 + 77.94°
64.79 + 61.20°
133.95 +90.34

215.88 + 180.70°

751.98 +£89.74
343.65 +88.57
134.45+49.24
845.48 £110.74
750.59+£117.13

135.91 + 88.05°
138.36 + 88.33°
97.29 +53.91°
112.45 +71.82°
102.35 + 140.91°

Table 2 lists ciliary muscle parameters at baseline and after the atropine intervention in myopic, emmetropic, and hyperopic groups. 'Baseline' refers to the parameters
before atropine-induced cycloplegia, and 'Difference' represents the change in each parameter after cycloplegia compared with before the treatment (positive values
indicate an increase; negative values indicate a decrease). Ciliary muscle parameters are represented by the mean + SD, and the paired t-test was used to test the
differences before and after cycloplegia. CMT1, ciliary muscle thickness at 1 mm from the scleral spur; SD, standard deviation; CMT2, ciliary muscle thickness at 2 mm
from the scleral spur; CMT3, ciliary muscle thickness at 3 mm from the scleral spur; CMTmax, maximum ciliary muscle thickness; CMAL, tangent length from the ciliary

muscle apex to the scleral spur. 2 Significantly different compared with the hyperopic group at baseline, p < 0.05.? Significantly changed after atropine, p < 0.05.

respective baseline values (Supplementary Fig. S1e). Baseline SE was
positively correlated with the change in CMT1 (Supplementary
Fig. S1f) and negatively correlated with the change in CMAL
(Supplementary Fig. S1g) after atropine treatment (both p < 0.05).
Sex, age, subfoveal CT, and parafoveal CT were not significant
predictors in the final models (all p > 0.05; see the Supplementary
file 1 for detailed regression models).

Discussion

In this study, children were categorized into myopia, emmetropia,
and hyperopia groups. After atropine treatment, all groups exhib-
ited a hyperopic shift in refraction. Atropine is known to affect the
choroid, inducing thickening as observed in previous studies33-36],
At baseline, CT was significantly greater in hyperopic children. After
treatment, CT increased significantly in myopic children but
remained unchanged in hyperopic children. Jiang et al. reported
that 1 week of 1% atropine treatment increased CT in both myopic
patients and controls, with greater thickening observed in the
myopic groupt8l. This finding aligns with the more pronounced CT
increase we observed in our myopic group. Araki et al. found no
significant CT change after atropine in amblyopic eyes with higher
hyperopia, whereas the fellow eye showed an increasel39., Although
we also found no significant changes in CT in hyperopic children,
the underlying mechanism might be different, given that our
patients were not amblyopic (all BCVA < 0.155).

The mechanism of choroidal thickening caused by atropine is still
unclear. Zhang et al.l**] proposed the potential involvement of
mechanical traction from the ciliary muscle, tension in choroidal
nonvascular smooth muscles, and the blockade of related receptors.
Modulation of choroidal blood flow by atropine may also contribute
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to its mechanism. Choroidal blood flow is reduced in myopic eyes
compared with controlsi*%41l, Atropine increases choroidal blood
flow and inhibits the reduction associated with myopial*?], poten-
tially leading to increased CT. This mechanism may explain the
greater change in CT in myopic children. However, choroidal blood
flow in hyperopic children after atropine has not been well studied.
Therefore, the mechanism of CT changes in children with hyperopia
remains to be explored.

Using AS-OCT, we observed changes in the ciliary muscle after
short-term atropine treatment. We employed manual measurement
of the ciliary muscle's biometry to overcome the limitations of auto-
mated segmentation due to low contrast at the posterior ciliary
muscle boundary. Manual measurement is a well-established and
reliable method used in ciliary muscle studies[27:43-46l,

We found no significant between-group differences in anterior
ciliary muscle thickness, but the posterior region was thinner in the
hyperopia group. AL was positively correlated with posterior ciliary
muscle thickness but not with anterior thickness. A similar relation-
ship between CMT and AL has been observed in previous
studies!'®271. However, Bailey et al. also found that CMT1 was weakly
correlated with AL27), Wagner et al. found that the anterior ciliary
muscle of myopic eyes was thinner®l, Although we observed a
trend towards thinner CMT1 in myopic eyes, it was not statistically
significant, possibly due to the limited sample size. We also found an
association between CMT and CT: thicker posterior ciliary muscle
was associated with a thinner choroid. However, this association
was no longer significant after adjusting for AL, suggesting that
the relationship between choroidal and ciliary muscle thickness is
mediated by AL.

Our results are in line with the hypothesis that the choroid is
stretched[®’]. The anterior area of the ciliary muscle mainly com-
prises circular and radial fibers, whereas the posterior area mainly
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picture shows the relationship between color and correlation coefficient. Red dots represent positive correlations, and blue dots represent negative
correlations. The size of the dots represents the p-value of the Pearson correlation coefficient. The larger the dot, the more significant the correlation. AL,
axial length; CT, choroidal thickness; CMTT, ciliary muscle thickness at T mm from the scleral spur; CMT2, ciliary muscle thickness at 2 mm from the scleral
spur; CMTS3, ciliary muscle thickness at 3 mm from the scleral spur; CMTmax, maximum ciliary muscle thickness; CMAL, tangent length from the ciliary

muscle apex to the scleral spur.

consists of longitudinal fibers®-1". Thickening of the posterior
region appears to be more closely associated with myopia. As the
longitudinal fibers originate near the choroid and insert near the
limbus, their contraction during accommodation pulls the choroid
anteriorly, potentially contributing to choroidal thinning and axial
elongationl*”], Additionally, Bailey's theory of ciliary muscle hyper-
trophy may also contribute to explaining this mechanism2’l. The
hypertrophic ciliary muscle might serve as an equatorial growth
restriction, leading to myopic axial elongation®8l. Hypertrophic
smooth muscle may exhibit impaired contractility, and ciliary
muscle hypertrophy is thought to contribute to the characteristic
accommodation dysfunction in juvenile myopial?’l. However, the
causal relationship between accommodation lag and the onset of
myopia is still unclear“%59, Further longitudinal studies are needed
to elucidate the relationship between ciliary muscle hypertrophy
and the development of myopia.

We also investigated the influence of age on the ciliary muscle.
The correlation between age and CMT has been demonstrated in
previous studies!'26l, However, we found no correlation between
age and any ciliary parameter, likely attributable to the narrow age
range of our cohort.

After short-term atropine treatment, we observed outward dis-
placement and thickening of the ciliary muscle's apex. In most stud-
ies, the anterior ciliary muscle thickened during accommodation,
while the posterior ciliary muscle thinned or did not significantly
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changel'7-231, If atropine solely induces cycloplegia, anterior ciliary
muscle thinning would be expected. Zhou et al. reported a
decreased CMTmax after administration of 1% atropinel*®], consis-
tent with this expectation. However, the low resolution of the UBM,
direct contact, and differences in image analysis may affect the
measurement!3l, In another study using phenylephrine, no differ-
ence in CMT was observed after administration®®'l,

Our findings differ from those of Zhou et al. We found thickening
throughout the ciliary muscle (in the emmetropic and hyperopic
groups) and particularly in the posterior region (all groups),
suggesting that atropine may have effects beyond cycloplegia.
Potential mechanisms include enhanced unconventional aqueous
outflowl®2->4 and shared neurovascular regulation between the
ciliary muscle and the choroid[353955], However, the precise mecha-
nisms remain to be determined and require future investigation.

Multiple regression analysis was used to identify predictors of
changes in the ciliary muscle's biometry after administration of
atropine. We found that a thicker baseline ciliary muscle was associ-
ated with less thickening after atropine treatment. However, age,
sex, ACD, and CT were not significant predictors. Moreover, baseline
CMT1 and CMAL were independently associated with SE. For a given
baseline CMT1 value, a lower (more myopic) SE was associated with
a smaller change in CMT1. Wagner et al. observed that changes in
the ciliary muscle occurred more posteriorly during accommoda-
tion in myopic eyes than in emmetropic eyes[?3l. We speculate that

Xiang et al. Visual Neuroscience 2025, 42: €022



Effect of atropine on the thickness of the ciliary muscle

although the anterior ciliary muscle's morphology appeared to be
normal at baseline in myopic children, its contractility may have
been impaired. Furthermore, for a given baseline CMAL value, a
higher degree of myopia was associated with greater posterior
displacement of the ciliary muscle apex (ACMAL), supporting the
notion of more posterior changes in myopic ciliary muscle. However,
the differences in ACMT between groups might also reflect varying
degrees of accommodative reduction. Myopic children may have
accommodated less to viewing the fixation target prior to atropine
compared with hyperopic children.

We applied a refractive index of 1.00027! to the entire image,
resulting in an overestimation of the absolute thickness values.
Given the variations in the reported refractive index of human ciliary
musclel6=39, correction methodsl'8.202227.291 and measurement
techniques!'82056-581 across studies, a direct quantitative compari-
son of absolute ciliary muscle parameters between studies is diffi-
cult. However, all measurements in this study were obtained using
consistent equipment and procedures, ensuring comparability
within our dataset. Therefore, we focused on the qualitative results
of different studies.

Additionally, manual measurement introduces potential subjec-
tivity by the technician. To mitigate this effect, each patient visit was
assigned a unique code unrelated to identifiable information or visit
sequence. Another limitation was the relatively small sample sizes,
particularly for the myopic (n = 12) and hyperopic (n = 19)
subgroups, limiting the statistical power in group comparisons and
potentially increasing the risk of Type Il errors (false negatives).
Moreover, we assessed only morphological parameters. The lack of
functional assessments precluded a quantification of the ciliary
muscle—-accommodation relationship. Additionally, the short-term
atropine regimen used here differs from protocols for long-term
myopia control. The effect of atropine on the ciliary muscle needs to
be further explored under different conditions. Furthermore, our
results are confounded by cycloplegia. To isolate specific atropine
effects, comparisons with other cycloplegic agents are needed.
Furthermore, all participants were children without refractive
correction. Hyperopic children have higher accommodative
demands, and the observed changes after atropine treatment might
reflect greater release of accommodation in this group, potentially
confounding the results.

Conclusions

Before atropine treatment, CMT2 and CMT3 differed significantly
among the refractive groups and showed positive correlations with
AL. CMT2 was negatively correlated with CT, which is consistent
with the choroidal stretching hypothesis. Hyperopic drift was
observed after short-term atropine treatment. CT increased signifi-
cantly in myopic children but remained unchanged in hyperopic
children. Contrary to the expected thinning of the anterior ciliary
muscle with cycloplegia, the entire ciliary muscle thickened follow-
ing atropine treatment. Atropine might have other effects on the
ciliary muscle in addition to cycloplegia.
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