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Abstract

e AIM: To investigate the effect of 0.01% low-concentration
atropine (LA) on quantitative contrast sensitivity function
(qCSF) in children with myopia.

e METHODS: This paired case-control study included 90
eyes of 58 children who were sex-, age-, and refraction-
matched and equally divided into two groups: the 0.01%
LA group had undergone 6mo use of daily 0.01% atropine
and control group was naive to LA. Routine ophthalmic
examinations and qCSF test without refractive correction
were performed. Two groups were compared in monocular
and binocular qCSF parameters, including the area under
logCSF, CSF acuity, and contrast sensitivity (CS) at 1.0-18.0
cycle per degree (cpd).

e RESULTS: In the monocular comparison, the CSF
acuity of the LA group was significantly higher than that of
the control group (7.58+5.51 vs 6.37+4.22 cpd, P<0.05).
The subgroup analysis showed that in the 6-9y group, CSF
acuity was significantly higher in the LA group than the
control group (8.76+6.19 vs 6.54+4.25 cpd, P<0.05), and
in the Female group, low refraction sphere group, and high
refraction cylinder group, the CS at high spatial frequencies
(12.0 and 18.0 cpd) were significantly higher in the LA
group than in the control group (all P<0.05). In the binocular
test, CSF acuity and CS at 12.0 cpd were significantly higher
in the LA group than in the control group (10.95+£7.00 vs
8.65+5.12 cpd; 0.17+£0.33 vs 0.06+0.16, respectively; both
P<0.05).

o CONCLUSION: Use of LA may result in improved CS in
children with early onset myopia.

o KEYWORDS: low-concentration atropine; myopia;
quantitative contrast sensitivity function; Chinese children
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INTRODUCTION

yopia has become a global public health concern. In
M China, the prevalence is approximately 30.7% among
children aged 7-12y!". Tt is estimated that half of the world’s
population may suffer from myopia by 2050, with high myopia
reaching 10%". It is of great importance and necessity to
reduce the reliance on corrective methods and reduce global
visual impairments with active prevention and management
of myopia”’. Low-concentration atropine (LA) has been
reported to slow the progression of myopia, apart from outdoor
activities and optical interventions, such as orthokeratology™”.
Studies have found that atropine may increase the release of

9-10]

retinal dopamine", inhibit scleral remodeling”'”, and promote
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the thickening of the choroid to prevent axial elongation"'"?.

In a Meta-analysis, 0.01% LA was reported to reduce axial
elongation by 0.15 mm/y'"’!. A higher concentration may
provide better outcomes, but the rebound effect and incidence
of side effects, including anaphylaxis, poor near vision,
and allergy, would increase in a dose-dependent manner'",
Contrast sensitivity (CS) is a vital feature of visual function
that is influenced by optical conditions and neural processing
in the visual pathway'"”. CS refers to the contrast ratio required
to distinguish an object from its background?, and it is usually
represented as a CS function (CSF) to express the relationship
between contrast thresholds and spatial frequencies, which
reflects the ability of human eyes to detect objects in daily life.
Studies regarding the effect of LA on CS are still lacking, and
in particular CS has not been fully evaluated in children using
LA"™ Lesmes et al™ developed the quantitative CSF (qCSF)
test with the Bayesian adaptive algorithm, which accurately
and efficiently estimates the curve of the CSF””. The qCSF test

has been applied to assess eye diseases including glaucoma’",

2] and diabetic retinopathy'”. Given the potentially

amblyopia
wide biological effects of atropine in the eye, its long-term
safety deserves more attention, especially in the retina and
visual pathways. Several studies have shown that LA has no
significant effect on corrected distance visual acuity
(CDVA)™*>* while studies using electroretinography found
a potential effect of atropine on retinal neural activity™>",
especially on the inner layers of the peripheral retina to affect
neuronal responses to myopic defocus”®. The LA affected CS
in children with myopia might be the intermedium between
these two processes. In addition, a better understanding of the
effects of LA on children with different characteristics will
help with further investigation of its potential mechanisms
and provide a basis for screening possible LA-applicable
populations. Therefore, this study compared the results of the
qCSF test in myopic children using 0.01% LA and control
children and assessed the potential impact of 0.01% LA eye
drops on CSF.

PARTICIPANTS AND METHODS

Ethics Approval This case-control study was conducted
according to the principles of the Declaration of Helsinki and
was approved by the Ethics Committee of the Eye and ENT
Hospital of Fudan University (ID:2020107). After explaining
the risks and benefits of the study, all the participants and their
legal guardians provided informed consent.

Children aged 6-14y who were admitted to the Eye and ENT
Hospital of Fudan University from December 2021 to January
2022 were enrolled. Children who had been using 0.01% LA
eye drops every night for 6mo were included in the LA group.
For the control group, demographically matched children who
were naive to LA were selected. The matching criteria were:
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1) same sex; 2) age differences <ly; 3) differences in spherical
equivalent (SE)<0.25 D (differences in SE of both eyes
<0.25 D in the binocular analysis).

The exclusion criteria were as follows: 1) history of contact
lens use; 2) history of strabismus, amblyopia, or congenital
cataract; 3) history of ocular trauma or surgery; 4) history of
systemic diseases; 5) history of mental or psychological illness.
Examinations 1) Cycloplegic optometry: tropicamide
phenylephrine eye drops (Mydrin-P, Santen, Osaka, Japan) was
applied once every Smin for 5 cycles for cycloplegia. Thirty
minutes after the last application and when the light reflex
disappeared, the RT-5100 Refractor (Nidek Technologies,
Japan) was used to examine the refraction sphere (RS),
refraction cylinder (RC), cylindrical axis, and CDVA. 2)
The Humphery IOL Master700 (Carl Zeiss Meditec Ltd,
Jena, Germany) was used to measure the axial length (AL)
and corneal keratometry, including mean keratometry
(Km), keratometry of the flattest meridian and the steepest
meridian.

Quantitative Contrast Sensitivity Function Test The qCSF
test was carried out at least 30min after cycloplegia without
refractive correction. An NEC P403 monitor (Gension &
Waltai Digital Video System Co. Ltd. China) was adopted,
with the display area of 116.84 cmx77.89 cm, resolution of
1920%1080 pixels, brightness of 550 cd/m’, and contrast ratio
of 4000:1. The visual stimuli consisted of 10 digits in Sloan
fonts, with 128 contrast levels and 19 spatial frequencies”™ ",
The participants observed the stimuli horizontally at 3 m in a
mesopic environment. For each round of testing, three digits
with the same spatial frequency and decreasing contrast ratio
were presented on the screen, and the technician would input
the results into the control tablet according to the subject’s
response. The computer program automatically provided the
next round of visual stimuli until 25 rounds were completed.
First, the test was performed unilaterally with the other eye
covered, and then, the binocular test was conducted. A 1-minute
rest between each set of tests was given to reduce eye strain.
The results of the qCSF test were recorded for analysis, including
the area under log contrast sensitivity function (AULCSF), cutoff
spatial frequency (CSF acuity), and CS (log units) at 1.0, 1.5,
3.0, 6.0, 12.0, and 18.0 cycles per degree (cpd).

Statistical Analysis Continuous variables were presented as
meantstandard deviation (SD), while categorical variables
were expressed as frequencies. In the subgroup analysis,
subjects were classified according to age (6-9y and 10-13y),
sex (female and male), RS (high RS group: RS<-1.0 D; low RS
group: RS>-1.0 D), RC (high RC group: RC<-0.5 D; low RC
group: RC>-0.5 D), and SE (high SE group: SE<-1.0 D; low
SE group: SE>-1.0 D). The Kolmogorov-Smirnov test was
used as a normality test. The paired #-test and paired Wilcoxon
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signed-rank test were used to examine inter-group differences
between normal and non-normal paired samples, respectively.
The generalized estimating equation was used to compare the
inter-group differences in paired samples while controlling
confounding factors (inter-eye correlation, axial length, CDVA,
and keratometry, aside from matching factors). Analysis of
variance was used to compare differences among the three
groups (the classified age, sex and refractive error groups).
The Statistical Package for the Social Sciences (version 25.0,
SPSS, Inc., Chicago, IL, USA) was used for statistical analysis.
All data were tested two-sided, and P<0.05 was considered
statistically significant.
RESULTS
A total of 90 eyes of 58 subjects were enrolled. The LA group
included 45 eyes of 26 patients (male/female: 13/13) while the
control group included 45 eyes of 32 patients (male/female:
18/14). All subjects successfully completed the qCSF tests
without refractive correction, and the loss rate for all types of
data was less than 5%. The demographic data were shown in Table 1.
qCSF Characteristics Between Groups The mean values
and inter-group differences in the qCSF parameters in the LA
and control groups are shown in Table 2 and Figure 1. Pair
t-tests showed no significant differences between the two
groups (P>0.05).
Pearson’s correlation analysis showed that CSF acuity
was significantly and positively correlated with age and
RS (7=0.332, P=0.026; r=0.311, P=0.037) and negatively
correlated with RC (r=-0.308, P=0.040). AL was positively
correlated with CS at low spatial frequencies (1.0 and 1.5 cpd)
(r=0.437, P=0.005; »=0.389, P=0.014) and negatively
correlated with CS at high spatial frequencies (12.0 and
18.0 cpd; =-0.376, P=0.018; r=-0.353, P=0.017). The CS
at low and medium spatial frequencies (1.0, 1.5, and 3.0 cpd)
were negatively correlated with Km (r=-0.553, P=0.001;
=-0.518, P=0.001; =-0.368, P=0.030). The CS at high spatial
frequencies (12.0 and 18.0 cpd) were negatively correlated
with logMAR CDVA (r=-0.370, P=0.012; =0.417, P=0.004).
Generalized estimating equation (GEE) analysis showed that
CSF acuity in the LA group was significantly higher than that
in the control group (7.58+5.51 vs 6.374+4.22 cpd, P=0.039), while
other parameters were not significantly different (P>0.05).
Subgroup Analysis Table 3, Figures 2 and 3 show the
subgroup comparison of qCSF parameters according to age,
sex, and refractive error. In the 6-9y group, the CSF acuity in
LA group was significantly higher compared to control group
(8.76%6.19 vs 6.54+4.25 cpd, P=0.020). The CS at high spatial
frequencies (12.0 and 18.0 cpd) in the 6-9 years group (all
P<0.001), female group (P=0.001 at 12.0 cpd and P<0.001
at 18.0 cpd), low RS group (all P<0.001), high RC group
(P=0.035 at 12.0 cpd and P<0.001 at 18.0 cpd), and low SE

Table 1 Patient demographics mean+SD
Characteristics LA group Control group P
Age (y) 9.16+1.87 9.46%2.06 0.261
Gender (male/female) 13/13 18/14 -
Axial length (mm) 24.05+0.77 24.15+0.87 0.494
RS (D) -1.18+0.94 -1.03+0.96 0.019
RC (D) -0.46+0.54 -0.72+0.74 0.030
SE (D) -1.41+0.96 -1.39+0.94 0.368
K1 (D) 4279126  42.85+1.60  0.883
K2 (D) 44.02+1.48 44.26+1.46 0.552
Km (D) 43.41+1.36 43.56+1.48 0.707
CDVA (logMAR) 0+0.02 0£0.01 0.015

LA: Low-concentration atropine; RS: Refraction sphere; RC: Refraction
cylinder; SE: Spherical equivalent; K1: Keratometry of the flattest
meridian; K2: Keratometry of the steepest meridian; Km: Mean

keratometry; CDVA: Corrected distance visual acuity.

group (all P<0.001) were significantly higher in the LA group
compared to control group.

Comparison of Binocular Quantitative Contrast Sensitivity
Function Parameters Figure 4 show the differences in
binocular qCSF parameters between the two groups. The
GEE analysis showed that binocular CSF acuity and CS at
12.0 cpd were significantly higher in the LA group than that
in the control group (10.95+7.00 vs 8.65+5.12 cpd for CSF
acuity, P=0.031; 0.17+0.33 vs 0.06+0.16 for CS at 12.0 cpd,
P=0.025).

DISCUSSION

LA eye drop is a commonly used and effective method for
myopia control"”, which exerts extensive biological effects
on the eye™. Therefore, the safety of the long-term use of LA
in children requires evaluations from different perspectives.
CS demonstrates the ability to distinguish objects of different
sizes and is affected jointly by the optical properties and neural
processing of the visual pathway. The qCSF test can be applied
to the evaluation of visual function as an important feature'”.
The qCSF test developed in recent years provides a fast and
comprehensive assessment of CS, which is applicable in
9 This study firstly investigated the effect of
0.01% LA on qCSF parameters without refractive correction in

pediatric patients

children with myopia, which provides reference values for the
safety of applying LA in children.

No significant difference was found between the two groups
in the paired #-test, which was inconsistent with the results
of the GEE analysis (Table 2). A possible reason may be that
only age, sex, and SE were matched between the two groups;
however, correlation analysis showed that qCSF parameters
were significantly correlated with AL, corneal keratometry,
and CDVA, which may affect the results of paired tests, in
addition to the inter-eye correlation. GEE analysis included all

these confounding factors and showed a significant difference
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Table 2 qCSF results in LA and control groups mean+SD
Characteristic LA group NC group A (LA-NC) P (paired t) P (GEE)
AULCSF 0.35£0.28 0.3240.26 0.03+0.27 0.450 0.250
CSF acuity 7.5845.51 6.3744.22 1.21+5.49 0.146 0.039
CS (1.0 cpd) 0.92+0.26 0.88+0.33 0.04+0.31 0.356 0.476
CS (1.5 cpd) 0.82+0.29 0.77+0.37 0.05+0.36 0.330 0.406
CS (3.0 cpd) 0.49+0.38 0.49+0.4 0+0.40 0.949 0.626
CS (6.0 cpd) 0.23+0.31 0.19+0.28 0.04+0.28 0.406 0.213
€S (12.0 cpd) 0.05+0.17 0.02+0.06 0.03+0.19 0.237 0.149
CS (18.0 cpd) 0.02+0.07 00 0.02+0.07 0.126 0.072

gCSF: Quantitative contrast sensitivity function; LA: Low-concentration atropine; AULCSF: Area under logCSF; CS: Contrast sensitivity; GEE:

Generalized estimating equation.

Table 3 Comparison of qCSF results between LA group and control group in differently stratified groups

Age (y) Gender RS RC SE
Parameters
6-9 10-13 Female Male <-1.0D >-1.0D <-0.5D >-0.5D <-1.0D >1.0D

AULCSF

LA 0.42+0.30° 0.2330.19° 0.35:0.30  0.36%0.26  0.20+0.20° 0.51*0.26° 0.39+0.39  0.34#0.23  0.20#0.19° 0.56%0.24"

Control 0.35:0.28  0.29+0.21  0.27#0.23  0.37#0.27  0.15%0.17  0.47#0.22  0.37#0.28  0.29:0.23  0.16:0.15"  0.550.18"
CSF acuity

LA 8.76+6.19°  5.43%#3.15  7.38%6.14  7.75%5.01  4.70#3.01 10.58+5.96 8.93+7.97° 7.14#4.51° 4.62#2.85° 11.62+5.75"

Control 6.54+4.25°  6.09t4.28  5.30£2.95  7.30£4.95 3.96£3.23  8.48+3.87  7.40+4.96  554+3.39  3.98+2.93° 9.63+3.47°
CS (1.0 cpd)

LA 0.98+0.25"  0.82#0.26° 0.99+0.20° 0.86+0.30° 0.78+0.26° 1.07#0.17° 0.81#0.26  0.96+0.26  0.80£0.25° 1.09+0.17°

Control 0.87+0.36"  0.89#0.28°  0.86+0.29  0.90+0.36  0.68+0.35° 1.05+0.17° 0.88+0.31  0.88#0.34  0.73#0.35° 1.08+0.13°
CS (1.5 cpd)

LA 0.89+0.28"  0.70£0.27°  0.87+0.22  0.78+0.34  0.65:0.28" 1.00£0.17° 0.75#0.30  0.85:0.29  0.67£0.27° 1.030.15°

Control 0.78+0.39  0.75%0.33  0.71¥0.37  0.82#0.36  0.52+0.36° 0.99+0.20° 0.78+0.37  0.76%0.37  0.56+0.34"  1.05#0.13"
CS (3.0 cpd)

LA 0.58+0.39° 0.3330.32° 0.46x0.37  0.53¥0.40 0.27#0.33° 0.73:0.29° 0.49+0.44  0.50£0.37  0.27#0.31° 0.81%0.22°

Control 0.52+0.43  0.44+0.35  0.44:x0.40  0.530.41 0.21#0.28" 0.73:0.33° 0.55:0.44  0.45:0.37 0.22¢0.26"  0.860.23"
CS (6.0 cpd)

LA 0.29+0.34  0.10+0.19  0.20£0.35  0.24+0.27 0.08+0.21° 0.38+0.33°  0.30£0.44  0.20%0.25 0.07+0.19°  0.440.31°

Control 0.24+0.30  0.12#0.22  0.14+0.22  0.24+0.31  0.04+0.13° 0.33:0.30° 0.26£0.30  0.1330.25  0.03:0.12° 0.410.28°
CS (12.0 cpd)

LA 0.08+0.21° 0£0.01 0.08+0.23°  0.03+0.09 0£0.01°  0.10£0.24*° 0.15:0.31°  0.02%0.08 0£0.01°  0.12#0.25*

Control 0.02+0.06°  0.02+0.06 0£0° 0.04+0.07  0.01#¥0.04  0.03#0.07° 0.03#0.07° 0.01¥0.05  0.01x0.03  0.04%0.08"
CS (18.0 cpd)

LA 0.030.09° 020 0.030.10° 0£0.01 0£0° 0.03:0.10**  0.06£0.14° 0£0.01 0£0° 0.04£0.11*°

Control 0£0° 020 0£0° 020 020 0£0° 0£0° 020 020 0£0°

CSF: Contrast sensitivity function; qCSF: Quantitative contrast sensitivity function; AULCSF: Area under logCSF; CS: Contrast sensitivity; RS:

Refraction sphere; RC: Refraction cylinder; SE: Spherical equivalent; LA: Low-concentration atropine. °P<0.05, LA group vs control group; °P<0.05

between differently stratified groups in LA group or control group.

of higher CSF acuity in the LA group compared with the
control group (Table 2). In subgroup analysis, the CS at high
spatial frequencies (12.0 and 18.0 cpd) in the 6-9y group
were significantly lower in control group (Table 3), indicating
that LA may affect the CS at high spatial frequency, and that
this effect was more prominent in younger children without
refractive correction. Atropine has a wide range of biological
effects in the eye, including inhibition of pupil contraction,
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promotion of the release of retinal dopamine, and increasing
choroidal blood flow", which further causes an increase in
subfoveal choroidal thickness and shortening of the AL""*".
Shortening of AL may reduce the level of defocus in myopic
children, which may result in a higher CSF acuity in the LA
group than in the control group.

Studies indicate that nightly administration of 0.01% LA for

4wk had no significant impact on the best-corrected visual
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acuity (BCVA) in myopic adults'”. Yam et al*" demonstrated
that the use of 0.05%, 0.025%, and 0.01% LA for 2y did not
significantly influence distance or near BCVA in children.
On the one hand, our findings suggested that LA did not have
a significantly negative impact on children’s CSF function
without refractive correction, which was consistent with the
above findings. On the other hand, this study showed that
LA may improve CS in children, which was different from
previous studies. A possible reason may be that CS was

assessed without refractive correction, and the duration of
LA administration was 6mo in the present study. Previous
studies have revealed that atropine could improve CS in
mice and chickens for a short period of time, which was
presumably related to the increase in brightness of retinal
images resulting from pupil dilation or the increased release
of retinal dopamine™**!. Therefore, it is speculated that long-
term LA use may enhance this process and thereby improve
CSF acuity in children. In the present study, the CS in children
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Figure 4 Binocular qCSF parameters in the 0.01% LA group and
control groups CS at 12.0 cpd and CSF acuity were significantly
different between the LA and control groups. °P<0.05. qCSF:
Quantitative contrast sensitivity function; LA: Low-concentration

atropine; AULCSF: Area under log contrast sensitivity function; cpd:

Cycle per degree.

was examined without refractive correction. Compared with
the visual acuity test, the qCSF test can reflect the contrast
threshold at various spatial frequencies and represent the visual
function and its changes in children more comprehensively and
sensitively'”. As a result, this study suggested that LA did not
have a significantly negative effect on children’s CSF but may
improve it instead.

The female group was similar to the 6-9y group, in which CS
at high spatial frequencies (12.0 and 18.0 cpd) were higher in
the LA group than control group (Table 3). Younger age and
female sex were suggested to be risk factors for the natural

progression of myopia™*

, while our study found similar
changes in CS in the two subgroups. Although atropine
mediates choroidal thickness to control axial growth”, the
resulting changes in choroidal thickness were not significantly
correlated with sex, but mainly with the concentration of

[34-35

atropine”**”. Therefore, atropine may improve CS in children

through other mechanisms, and the different endocrine and
developmental characteristics between boys and girls™®
may lead to differences in the effects of atropine. Changes
in choroidal thickness were not evaluated in this study,
and it would be difficult to determine the reasons for the
differences in CS changes in different age and sex groups and
their correlation with myopia control. Therefore, this study
demonstrates that for myopic children of different ages and
sexes, there may be differences in the effects of LA on CS
without refractive correction, while the specific effects and
reasons still need to be clarified by further research.

In groups with RS or SE within -1.0 D, CS at high spatial
frequencies was improved in the LA group (Table 3), while
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in clinical practice, -1.0 D of sphere is usually defined as an
indication to prescribe spectacles for children. Our findings
indicate that 0.01% LA may improve visual performance at high
spatial frequencies in children with low myopia, which may be
explained by the subfoveal choroidal thickening and decreased
central myopic defocus induced by LA""*". At medium and
low spatial frequencies, LA use did not cause such changes,
which was speculated to be less sensitive to changes in myopic
defocus”™”. In children with myopia over -1.0 DS, LA had no
significant effect on qCSF parameters, probably because the
reduction in myopic defocus caused by LA was small relative
to the children’s refractive error, and thus the influence was not
apparent. In the high RC group, CS at high spatial frequencies
was higher in the LA group than in the control group (Table
3). Given that the influence of pupil dilation by atropine"™"
was minimized by full cycloplegia before the qCSF test and
LA did not have a significant impact on corneal or crystalline
curvature, the specific effect induced by LA and the reason
for changes in CS among children with different astigmatism
needs further investigation. Taken together, LA may improve
CS at high spatial frequencies in children with mild myopia
and may help improve visual performance without refractive
correction.

In both monocular and binocular comparison, the CSF acuity
and CS at 12.0 cpd were higher in the LA group than in the
control group. Treatment with 0.01% LA was reported to
have no significant impact on the vergence or accommodative
convergence to accommodation ratio”**". Our findings
confirmed that LA did not impair binocular CSF in myopic
children, and the increased CSF acuity and CS at high spatial
frequencies may be associated with choroidal thickening
induced by atropine™**".

This study has several limitations. First, the sample size
was relatively small, and future prospective studies with
large sample sizes are warranted to confirm the effect of LA
on CS in children. Second, atropine eye drops with higher
concentrations (0.025%, 0.05%, and 0.1%) have attracted
much attention in recent years”. Further research on different
concentrations of atropine will help reveal the dose-dependent
effects of atropine on qCSF parameters in children.

In conclusion, this study revealed the effect of 0.01% LA for
6mo on qCSF parameters in myopic children without refractive
correction, in which 0.01% LA may improve CSF acuity. The
CS at high spatial frequencies was higher in the LA group
among children with young age, female sex, low myopia and
high astigmatism. These findings suggest the use of LA may
result in improved CS in children with early onset myopia.
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