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Abstract: Myopia will affect half the global population by 2050 and is a leading cause of vision im-
pairment. High-dose atropine slows myopia progression but with undesirable side-effects. Low-dose
atropine is an alternative. We report the effects of 0.01% or 0.005% atropine eye drops on myopia
progression in 13 Australian children aged between 2 and 18 years and observed for 2 years without
and up to 5 years (mean 2.8 years) with treatment. Prior to treatment, myopia progression was
either ‘slow’ (more positive than −0.5 D/year; mean −0.19 D/year) or ‘fast’ (more negative than
−0.5 D/year; mean −1.01 D/year). Atropine reduced myopic progression rates (slow: −0.07 D/year,
fast: −0.25 D/year, combined: before: −0.74, during: −0.18 D/year, p = 0.03). Rebound occurred
in 3/4 eyes that ceased atropine. Atropine halved axial growth in the ‘Slow’ group relative to an
age-matched model of untreated myopes (0.098 vs. 0.196 mm/year, p < 0.001) but was double that in
emmetropes (0.051 mm/year, p < 0.01). Atropine did not slow axial growth in ‘fast’ progressors com-
pared to the age-matched untreated myope model (0.265 vs. 0.245 mm/year, p = 0.754, Power = 0.8).
Adverse effects (69% of patients) included dilated pupils (6/13) more common in children with blue
eyes (5/7, p = 0.04). Low-dose atropine could not remove initial myopia offsets suggesting treatment
should commence in at-risk children as young as possible.

Keywords: myopia; atropine; 0.01%; eye growth; refractive error; Australia

1. Introduction

Myopia (short-sightedness) is the leading form of refractive error, whereby the retinal
image is focused in front of the retina. The incidence of myopia is increasing worldwide
with half the global population predicted to be affected by 2050 [1]. High myopia, defined
as a refractive error more than −6.0 diopters (D) or ocular axial length of more than
26–26.5 mm [2], is associated with an increased risk of developing vision-threatening
retinopathies including retinal detachment, choroidal neovascularisation, chorioretinal
atrophy and macular atrophy [3,4]. Single vision corrective lenses can help restore vision
at distance, however they do not halt the progression of myopic eye growth.

Muscarinic receptor antagonists such as atropine are currently the most effective
pharmacological interventions for slowing (but not eliminating) both the advancement
of refractive error and axial growth [5]. The use of high concentration atropine eye-
drops (0.5–1.0%) for the treatment of myopia is well documented [6,7]. More recently,
the prescription of low-dose atropine eye-drop preparations (0.01%) for the treatment of
myopia in children has gained popularity [8–12]. Low-dose atropine has several advantages
over higher concentrations including lower rebound axial growth and refractive error
following treatment cessation and lower incidences of side-effects such as allergic reactions,
glare and near visual loss compared with higher concentration preparations whilst still
showing efficacy in slowing the progression of myopia [9,10,13–15]. Although encouraging,
these results represent a majority Asian [8,10,11,13] (67%) and Spanish [12] (15%) cohorts
with <18% Caucasian participants [11,14,15], for which no data exceeding one year of
treatment is available. It is also well known that Atropine binds to pigment in the iris and

J. Clin. Med. 2021, 10, 1444. https://doi.org/10.3390/jcm10071444 https://www.mdpi.com/journal/jcm

https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://doi.org/10.3390/jcm10071444
https://doi.org/10.3390/jcm10071444
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jcm10071444
https://www.mdpi.com/journal/jcm
https://www.mdpi.com/2077-0383/10/7/1444?type=check_update&version=2


J. Clin. Med. 2021, 10, 1444 2 of 15

would cause different release properties in dark versus pale coloured eyes [16]. We present
here a small retrospective study into a relatively long-running data set of Australian school
children receiving low-dose atropine (0.005–0.01%) for the treatment of myopia.

2. Experimental Section
2.1. Subjects

The present study was conducted as a retrospective analysis of 13 myopic Australian
children between 2 and 18 years of age prescribed low-dose atropine for the treatment
of myopia in subjects referred to an Ophthalmology clinic in Newcastle, NSW, Australia.
Patients with a minimum of −0.25D refractive error in one eye at the start were included in
the present study. Informed consent for analysis of the data was obtained from a parent or
guardian of the children. Half the patients were male and half female. Half the participants
had at least one parent with myopia (Table 1). All patients wore corrective eyeglasses,
except one patient who had been prescribed hard contact lenses. This latter patient was
excluded from analyses of refractive error and ocular measurements but was included for
analyses relating to eye colour and adverse side effects of atropine treatment.

Table 1. Patient Characteristics.

Parameters All Slow Fast p-Value

Number of Patients N 12 5 7

Gender M/F N/total 6/6 2/3 4/3

At least 1 parent with
myopia N/total 6/12 3/5 3/7

Age at Referral (years) Mean 7.9 ± 4.2 10.5 ± 3.5 6.6 ± 4.0 0.11
Range 2.0–15.8 7.25–15.8 2–13.8

Observation time prior to
treatment (years)

Mean 2.0 ± 2.3 1.9 ± 2.0 2.1 ± 2.7 0.89
Range 0–6.8 0–4.1 0–6.8

Age at Start of treatment
(years)

Mean 10.3 ± 3.0 12.4 ± 2.5 8.8 ± 2.5 0.03
Range 6.6–15.8 8.7–15.8 6.6–13.9

Observation time during
treatment (years)

Mean 2.8 ± 1.3 3.2 ± 1.2 2.5 ± 1.4 0.28
Range 1.1–5.0 2.1–5.0 1.1–4.7

Time between visits and
measures (months)

Mean 9.8 ± 6.0 10.1 ± 6.4 9.6 ± 5.8 0.62
Range 0.7–29.7 1.2–29.7 0.7–24.4

The speed of progression was based on the progression rate in refractive error prior to treatment. Slow and fast
progressing myopia is defined in the Methods. Range and mean time periods ± SD are indicated. N, number,
p-value (2-tailed) is the difference between slow and fast progressing myopic sub-groups.

2.2. Procedure

Measures were taken on average every 9 months and timing varied between patients
(Table 1). Patients’ refractive error was monitored for an average of 2 years (maximum
of 7 years, Table 1) prior to treatment. Treatment lasted on average 3 years (maximum
of 5 years, Table 1), and initially consisted of atropine sulphate monohydrate eye drops
(0.01% in saline, diluted from commercially available stock solution: Atropt 1%, Aspen
Pharma Pty Ltd., Dandenong, Australia) to be self-administered once daily in the evenings,
in addition to corrective eyeglasses. Note, Atropt 1% solution contained the preservative
benzalkonium chloride. Guardians and patients were asked about their compliance with
the daily protocol in regular visits to the clinic. Any patient experiencing persistent ocular
discomfort from 0.01% atropine was given the option to have their prescribed dose halved
to 0.005% (single use vials, Atropt 1%, Aspen Pharma Pty Ltd., Dandenong, Australia). At
each regular visit, measures were taken of refractive error, axial length and cornea power
in both eyes.
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2.3. Ocular Measures

Refractive error was determined using streak retinoscopy after induction of cyclople-
gia using 1% cyclopentolate hydrochloride (Cyclogyl eye drops 1.0%, Alcon Inc, Geneva,
Switzerland). Axial length and cornea power (K1, K2) were measured using a Zeiss
IOLMaster® 500 (Carl Zeiss Meditec Inc., Dublin, CA, Ireland). The average of five read-
ings for axial length and the average of three readings for corneal curvature were taken for
analysis. Corneal Power K was calculated as the average of K1 and K2.

2.4. Analyses

Patients were separated into two groups based on the rate of their myopia progression
(change in spherical equivalent over time) with and without atropine being less than or
equal to 1.5 standard deviations from the mean of the group. Two participants did not have
a recorded baseline rate of myopia progression, so only the rate during atropine treatment
was used. (These two participants were excluded from comparisons of the effect of atropine
on refractive error progression rates). This resulted in two distinct groups of myopes who
could be defined as having either a pre-treatment myopia progression rate of more positive
than −0.5 D per year, termed the ‘slow’ progressing group, or a pre-treatment myopia
progression equally or more negative than −0.5 D per year, termed ‘fast’ progressing
group. There were no subjects with a progression rate equal to −0.5 D/year. One notable
outlier was classed as ‘Ultrafast’ as they exhibited a rate of refractive error change during
treatment that was >3 standard deviations from the mean of the fast progressing group.
Note that these group segregations were based on refractive error progression rates, not
axial elongation rate.

Statistical analyses used IBM® SPSS® Statistics, Version 24 (IBM, Armonk NY, USA).
Seven patients across both the fast and slow groups were used for statistical comparison of
refractive error progression before and after atropine treatment. Four patients (numbers 2,
9, 10, 11 in Figure 1a) with insufficient observation time (less than six months) before or
after receiving treatment were excluded from this comparison. The ultrafast progressing
Patient 12 was also excluded. The rate of progression in refractive error prior to treatment
was based on linear regression fits over the pre-treatment period excluding subjects in
which the observation time was less than six months. During atropine treatment, the rate
of progression in myopia was based on linear regression fits from the commencement of
atropine treatment to the last visit in which treatment compliance had been confirmed, and
thus were calculated over the entire course of treatment to date (this method was also used
when calculated the rate of axial length growth). Data points collected prior to 5–6 years of
age were excluded from the fits as they would likely include an expected emmetropisation
based reduction in rate of refractive error change over this time period [17]. A 2 × 2 model
repeated measures ANOVA was used with individual eye measurements and treatment
included as within-subject variables.

To determine whether low-dose atropine influenced axial length growth, eye growth
data collected during treatment was compared to age matched data from the published
literature [18,19]. These two studies were selected because of the strength of their study
design and the use of Caucasian subjects making comparison with our Australian subjects
potentially more relevant. Specifically, the rate of growth was calculated for each patient’s
eye and then compared with the predicted growth at the same age and over the same
duration from models of growth in normal emmetropic school children [18] (n = 194,
age 6–14, Equations (1) and (2)), and in untreated myopes [18] (n = 247, mean baseline age
7.98 ± 2.1, Equations (3) and (4)). The models used were as follows.
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Figure 1. Patient refractive error prior to and during low-dose atropine treatment. (a) Individual patient refractive error
prior to atropine treatment (solid lines) and during atropine treatment (dotted lines) reported for both right (open markers)
and left eyes (closed markers). Triangle markers indicate 0.005% Atropine for patients 1, 5, 6, 8 and 11 (b) Patients were
segregated into slow (depicted by grey markers) and fast (depicted by black markers) progressing myopes based on the rate
of refractive error advancement prior to treatment. Linear fits were applied to untreated (solid lines) and atropine treated
(dotted lines) data points. Refractive error data from untreated myopes (green) and normal emmetropes (yellow) obtained
from the literature are included for comparison.

Model of axial length growth in emmetropic school children [19] when:
Age was ≤10.5 years:

Axial Length (mm) = 17.808 + 2.560 · ln(age), (1)

Age was >10.5 years:

Axial Length (mm) = 18.144 + 2.391 · ln(age), (2)

Model of axial length growth in untreated myopes [18] when:
Age was ≤10.5 years:

Axial Length (mm) = 20.189 + 1.258 · ln(age), (3)

Age was >10.5 years:

Axial Length (mm) = 21.353 + 0.759 · ln(age), (4)



J. Clin. Med. 2021, 10, 1444 5 of 15

Paired t-tests or related-samples Wilcoxon signed rank tests were used to determine
whether the rate of axial length change observed in myopes treated with low-dose atropine
were significantly different to rates predicted in untreated myopes and emmetropes.

Two-way mixed model ANOVA with individual eye measurements included as a
repeated measure were used to compare cornea power and the rate of axial growth between
slow and fast progressing myopes. In cases where there was a significant difference in the
age at measurement, age was included as a covariate. Wilcoxon signed rank tests were
used to compare the median rate of refractive error change to that of a published model
of untreated myopes [18]. Fisher’s exact tests were used to determine potential effects of
eye pigment on the incidence of ocular side-effects associated with atropine. Pearson’s
correlation coefficient was used for tests of correlation.

3. Results
3.1. Daily Low-Dose Atropine Reduced the Progression Rate of Myopia

Two distinct progression rates in refractive error were observed prior to treatment
(Figure 1a). Untreated myopes (solid lines in Figure 1a) with ‘slow’ and ‘fast’ progressing
myopia had a mean rate of refractive error progression of −0.19 ± 0.14 D/year (n = 4) and
−1.01 ± 0.56 D/year (n = 5), respectively, a five-fold difference (t = 3.459, p < 0.011, 2-tailed,
Power = 0.85). During treatment with atropine (dotted lines in Figure 1a), the mean rate of
refractive error progression in all 9 subjects was −0.09 D/year in the ‘slow’ progressing
group and −0.27 D/year in the ‘fast’ progressing cohort.

The mean refractive error progression in the seven patients with at least six-months
observation time prior to treatment was significantly reduced during atropine treatment
(before vs. during: −0.74 ± 0.57 D/year vs. −0.18 ± 0.28 D/year, F = 8.014, n = 7,
p = 0.030, Power = 0.68, Figure 2c). Amongst the included slow progressing myopes, the
rate of refractive error change significantly decreased in all eyes (6/6) during atropine
treatment (−0.25 ± 0.10 D/year vs. −0.07 ± 0.07 D/year, Figure 2a, T = −4.088, n (eyes)
= 6, 2-tailed p < 0.01, Table 2). This was also true for fast progressing myopes, with (8/8)
eyes showing a reduction in the rate of refractive error change during atropine treatment
(−1.10 ± 0.49D/year vs. −0.25 ± 0.35D/year, Figure 2b, T = −3.987, n (eyes) = 8, p <0.01,
Table 2).

The rate of refractive error progression prior to atropine treatment was not significantly
different than that predicted by the reference model of untreated myopes [18] (observed
median = −0.59, hypothetical median =−0.41, W =−1.014, 2-sided, p = 0.310, Power = 0.30),
however the rate of refractive error progression during atropine treatment was significantly
less than that predicted by the same model of untreated myopia (observed median = −0.06,
hypothetical median = −0.41, W = 2.419, 2-sided p = 0.016, Power > 0.99, green bars
Figure 2a,b).

Table 2. Rate of Change in Refractive Error (D/year) in current study compared to published data for emmetropes and
untreated myopes.

Group Eyes (N) Before
Atropine

During
Atropine

p Value
(Before vs. During)

Emme-
Tropia

Untreated
Myopia p Value

Slow+
Fast

22 −0.16 ± 0.24 −0.04 −0.41
7 † −0.74 ± 0.57 −0.18 ± 0.28 0.03 −0.04 −0.41 0.31 * 0.02 **

Slow 3 † −0.25 ± 0.10 −0.07 ± 0.07 <0.01 −0.04 −0.41
Fast 4 † −1.10 ± 0.49 −0.25 ± 0.35 <0.01 −0.04 −0.41

Refraction data from a linear fit. Data presented as mean ± SD. Comparison of current data to published control data: * Comparison
between before atropine and untreated myopia, ** Comparison between during atropine and untreated myopia. † Number of Participants
that met the minimum six-month baseline observation period.
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Figure 2. Refractive error progression rates in: (a) Slow-progressing myopes, and (b) Fast-progressing myopes. (a,b) show
the individual rates of change in refractive error before atropine (solid bars) and during atropine treatment (open bars) for
patients with greater than six months of observation time. The predicted rate of change in untreated myopes (green bars)
and emmetropes (yellow bars) are included from the literature for comparison. (a,b) show the corresponding mean rates
of change in refractive error for either group and (c) shows the corresponding mean rate of change in refractive error for
patients from both slow and fast groups, before and after atropine treatment, * p < 0.05.

It was observed that two patients who temporarily ceased atropine treatment experi-
enced a return to their original rate of refractive error progression in 3 out of 4 eyes (patients
1 and 8 in Figure 1, −0.51 ± 0.14 D/year during atropine treatment vs. −1.12 ± 0.28 D/year
after cessation, n = 3).

3.2. Axial Length in Myopes during Low- Dose Atropine Treatment

Patient axial lengths are shown in Figure 3a. Patients with ‘slow’ progressing myopia
receiving low-dose atropine displayed axial length growth that was significantly slower
than that predicted in untreated myopes over the same age range [18] (0.098 ± 0.043 vs.
0.196 ± 0.041 mm/year, T = −16.753, n (eyes) = 10, p < 0.001, Power > 0.99, Figure 4b), but
significantly faster than that predicted in emmetropes of the same age [19] (0.098 ± 0.043
vs. 0.051 ± 0.005 mm/year, Figure 4b, W = −2.701, n (eyes) = 10, p = 0.007, Power = 0.95).

In contrast, patients with ‘fast’ progressing myopia receiving atropine treatment did
not show slowed axial growth, being not significantly different on average to growth
predicted in untreated myopes matched in age (0.265 ± 0.143 vs. 0.245 ± 0.037 mm/year,
Figure 4d, W = −0.314, n (eyes) = 12, Power = 0.52, p = 0.754). ‘Fast’ progressing myopes
with atropine treatment also had axial growth rates that were 2.4 times faster than that
predicted in age-matched emmetropes (0.265 ± 0.143 vs. 0.111 ± 0.043 mm/year, Figure 4d,
W = −2.589, n (eyes) = 12, p = 0.010, Power = 0.69). These data are summarized in Table 3.
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Figure 3. Axial length in patients receiving low-dose atropine. (a) Axial length growth in each eye in 12 patients receiving
low-dose atropine. (b) Axial length data from the present study divided into those with ‘slow’ (unfilled grey markers), ‘fast’
(filled black markers) or ‘ultrafast’ (filled orange markers) progressing refractive errors. Axial length data from untreated
myopes and emmetropes from published literature are included for comparison [18,19].

Table 3. Rate of Change in Axial Length (mm/year) in current study compared to published data for
emmetropes and untreated myopes.

Group Eyes
(N)

During
Atropine Emmetropia Untreated

Myopia p Value

Slow + Fast 22 0.191 ± 0.136 0.084 ± 0.045 0.220 ± 0.045 0.07 *

Slow 10 0.098 ± 0.043 0.051 ± 0.005 0.196 ± 0.041 <0.01 *
<0.01 **

Fast 12 0.265 ± 0.143 0.111 ± 0.043 0.245 ± 0.037 0.75 *
0.01 **

Axial length data is from a logarithmic fit. Data presented as mean ± SD. * Axial rate during atropine compared
with untreated myopia, ** Axial rate during atropine compared with emmetropia.
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Figure 4. Rate of axial length change in patients receiving low-dose atropine. (a) Rate of axial length growth in slow
progressing myopes (measurements for individual eyes presented) prescribed low-dose atropine compared with equivalent
growth rates over the same age range as predicted in untreated myopes [18] and emmetropes [18,19]. (b) Box-plots
summarising data in part (a). (c) Rate of axial length growth in fast progressing myopes prescribed low-dose atropine
compared with equivalent growth rates at same age as predicted in untreated myopia and emmetropia. (d) Box-plots
summarising data in part (c), * p ≤ 0.05.

When our two groups were combined, 16 out of 22 eyes receiving low-dose atropine
(73%) had an axial growth rate less than what was observed in untreated myopes, however
this did not reach statistical significance (W = 1.477, n = 22, 1-sided p = 0.07, Power = 0.29).

3.3. Axial Length Largely Accounted for Refractive Development

Patient corneal power declined with age in 16 out of 24 eyes, however across all
patients the mean decline was not significant (−0.02 ± 0.09 D/year, T = −1.284, 1-sided
p = 0.106) (Figure 5a). There was no statistical difference between the fast and slow pro-
gressing groups in their corneal power after accounting for variation in age at their latest
visit (43.90 ± 1.73 vs. 44.46 ± 1.70 D, F = 1.789, n = 11, p = 0.218, Power = 0.26).

Patient refractive error was negatively correlated with axial length measured at their
latest visit (r = −0.713, n = 12, p < 0.01, Figure 6a), but was not correlated with corneal
power (r = −0.248, n = 12, p = 0.437, Figure 6b). The rate of axial elongation during atropine
treatment was not significantly different between ‘fast’ and ‘slow’ progressing myopes
after accounting for variation in age at the start of atropine treatment (0.265 ± 0.143 vs.
0.098 ± 0.043 mm/year, F = 3.839, n = 11, p = 0.086, Power = 0.41, Figure 6c).
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Figure 5. Corneal Power in patients receiving low-dose atropine. (a) Change in corneal power in patients receiving low-dose
atropine. (b) Corneal power data from the present study was separated into those with ‘slow’ (unfilled grey markers),
‘fast’ (filled black markers) or ‘ultrafast’ (filled orange markers) progressing refractive error prior to treatment as defined in
Figure 1. Corneal power in untreated myopes and emmetropes are included for comparison [18,19].

Figure 6. Relationship between Refractive Error and ocular parameters. (a) Negative correlation between axial length and
refractive error measured during the latest visit. (b) No significant relationship between refractive error and corneal power
measured during the latest visit. (a,b) contains data from the right eye only, segregated based on the rate of refractive error
change, i.e., ‘slow’ progressing myopia or ‘fast’ progressing myopia (c).
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3.4. Adverse Effects of Low-Dose Atropine Treatment

Of the 13 patients who received atropine treatment only four (31%) experienced no
side-effects (Table 4). The most common reported side effects of the atropine treatment
were dilated pupils (six cases) and dry or irritated eyes (five cases). There was one case of
sensitivity to light and two cases of headaches. Of those patients who were experiencing
side-effects, five chose to reduce their atropine eye drop prescription from 0.01% to 0.005%
(specifically Patients 1, 5, 6, 8, 11, see triangles in Figure 1) after which only one patient (#1)
continued to experience issues with pupil dilation. Pupil dilation was more common in
children with blue eyes, with five out of seven children (71%) compared to only one patient
with non-blue eyes (16.7%) experiencing dilation during treatment (Table 4, n = 13, 1-sided
p = 0.043). There was no significant association between eye colour and any other observed
side-effect in this small sample (Table 4).

Table 4. Adverse treatments effects of low-dose atropine.

Eye Colour Patients (n) Dilated
Pupils Photophobia Irritation Headaches Side-

Effects

All 13 6/13 (46%) 1/13 (8%) 4/13 (31%) 1/13 (8%) 9/13 (69%)
Blue 7 5/7 (71%) 1/7 (14%) 2/7 (29%) 0 5/7 (83%)

Brown 4 0 0 2/4 (50%) 1/4 (25%) 2/4 (50%)
Hazel 2 1/2 (50%) 0 0 0 1/2 (50%)

Fisher’s
Exact Test

p-value
13 0.043 0.296 0.391

Effect of eye pigment on incidence of adverse treatment effects tested using Fisher’s exact test.

Three patients (23%) ceased low-dose atropine treatment due to side effects. One
patient experienced frequent irritation and headaches, another experienced irritation and
pupil dilation and the last patient discontinued treatment because of photophobia which
caused them to squint in sunlight.

4. Discussion
4.1. Low-Dose Atropine for the Treatment of Myopia

Patients receiving low-dose atropine exhibited on average a 75% reduction in the
rate of refractive error progression. This large reduction in refractive error rate is likely
exaggerated due to our small sample size and the relatively long duration of observation.
Since measurements collected prior to 5−6 years of age would include an expected em-
metropisation based reduction in rate of refractive error change [17], only data points after
this age range were included in our analysis to ameliorate the effects of emmetropisation
on the rate of refractive error change. Ultimately, these factors could account for why the
change observed here was greater than the 27% and 38% reductions observed over one and
five years of treatment in the LAMP [8] and ATOM2 [9] studies, respectively (See Table 5).
However, these data may also suggest a difference in the efficacy of low-dose atropine or
higher instances of non-responders to atropine treatment amongst different ethnic pop-
ulations. Encouragingly, our results were similar to observations made in German [14]
and Italian [15] school children who exhibited a 62% and 55% reduction after one year of
treatment, respectively (compared within subjects), and were the same as the 75% reduction
in refractive error rate observed by Clark and Clark [11] in their ‘higher myopes’ category
and the 77% reduction observed by Diaz-Llopis and Pinazo-Durán [12] in Spanish school
children (compared to untreated control myopes) (Table 5). Mean refractive error trajectory
for each of these studies are included alongside our data for comparison in Figure 7.
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Table 5. Sample details of published studies on low-dose atropine.

Study Geographic
Location Age Range (years) Study

Duration (years)
Atropine Dose

(%)
N

(Final) Inclusion Criteria RE Rate Change
(0.01%)

Dan-Ning Hu, 1998 [20] China 9–18 1 1, 0.1, 0.01 536 −0.5 D < S.E < −3.0 D 26%

Chia et al., 2016 [9] Singapore 6–12 5 0.5, 0.1, 0.01 345 S.E ≤ −2.0 D each eye 38%

Clark and Clark, 2015 [11] USA 6–15 1.1 ± 0.3 0.01, control 60 −0.25 D < S.E < −8.0 D
Astigmatism < −2.0 D 75%

Diaz-Llopia and
Pinazo-Durán, 2018 [12] Spain 9–12 5 0.01, control 200 −0.5D < S.E < −2.0 D

Astigmatism < −1.5 D 77%

Yam et al., 2018 [8] Hong-Kong 4–12 1 0.05, 0.025, 0.01,
placebo 383 S.E < −1.0 D

Astigmatism < −2.5 D 27%

Moon and Shin, 2018 [10] Korea 5–15 1 0.05, 0.025, 0.01 285 S.E > −6.0 D
Astigmatism < −1.5 D 48%

Joachimsen et al., 2019 [14] Germany 6–17 1 0.01 56 ∆S.E > 0.5 D/year 62%

Sacchi et al., 2019 [15] Italy 5–16 1 0.01 102 ∆S.E > 0.5 D/year 55%

RE: Refractive Error. Rate change was calculated as change in S.E. per year. The study follow-up duration mean and SD is shown for the Clark & Clark stusy. LAMP = Yam et al., 2018, ATOM = Chia et al., 2015.
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Figure 7. Comparison of present study results with the published literature. (a) Fitted regressions from current study
(see individual data in Figure 1b) for patient refractive error for ‘slow’ (in grey), ‘fast’ (in black) and ‘ultrafast’ (in orange)
progressing myopia groups prior to (solid lines) and during low-dose atropine treatment (dotted lines). Refractive error
data from patients receiving low-dose atropine (0.01%) are included from the literature for comparison (coloured solid lines,
controls; dotted lines, during atropine treatment). (b) Corresponding axial length data from current study (see individual
data in Figure 3b) for ‘slow’, ‘fast’ and ‘ultrafast’ progressing myopes receiving low-dose atropine (dotted lines) compared
with axial length data from the literature for patients receiving low-dose atropine (0.01%) and age-matched untreated
controls (solid lines).

4.2. Effects of Low-Dose Atropine on Axial Length Progression Rates

The rate of axial length growth in ‘slow’ progressing myopes receiving atropine
was half that observed in untreated myopia, however ‘fast’ progressing subjects showed
no significant decrease compared to untreated myopes. Importantly, even in our slow
progressing group, the rate of axial growth was significantly higher (92%) than values
expected in normal emmetropia. This suggests that low-dose atropine does not reverse
axial growth in these individuals but reduces it by approximately 50% relative to that
observed in untreated myopes, a rate which was still higher than typically observed in
emmetropia. It’s important to note that patient axial length remained permanently offset
by their existing excess growth prior to treatment. This offset likely results from a period of
accelerated axial elongation which occurs prior to myopia onset [21,22]. Given the young
age of onset of some of our patients (notably patients 3 and 4, Figure 1), this suggests that
excessive axial growth can occur at a very young age and implies that children should
receive atropine treatment as young as possible to reduce this offset.
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The rate of axial length growth in ‘fast’ progressing myopes receiving low-dose
atropine was 2.4× that observed in emmetropia. Although axial length growth in this
group was not significantly different to growth in a model of untreated myopes [18], it is
important to note that prior to treatment, myopes enrolled in the present study in the fast
group displayed greater mean refractive errors and rates of refractive error advancement
than those enrolled in Jones’ study [18] (Figure 1b). As such, it could be seen as a positive
that axial length growth in children with rapidly advancing myopia was similar to that seen
in less severe myopes. For context, axial length data from our ‘fast’ progressing myopia
group aligned well with data reported in the ATOM2 and LAMP studies [8,13] (Figure 7b).

4.3. Side-Effects of Atropine Treatment

Low-dose atropine is gaining favour due to the low incidence of side-effects observed
in cohorts of Asian school children [8,10]. In the present study, results were positive where
only one patient experienced headaches associated with the use of atropine drops and
only one patient experienced photophobia. Minor side-effects including pupil dilation and
irritation were more common. It is known that iris pigmentation can affect the susceptibility
of the pupil to atropine induced mydriasis (dilation) [16] which could account for the over-
representation of pupil dilation observed in blue eyed children in this study. Loughman
and Flitcroft have previously postulated that the side-effects of atropine may be more
severe in light-eyed Caucasian patients and investigated the tolerability of 0.01% atropine
in university students over the course of five days [23]. They reported that although pupil
size and responsiveness was significantly affected, the treatment was generally ‘tolerable’.
However, the aforementioned study took place over a short duration and was conducted in
university students who would likely be more tolerant of ocular discomfort than children
as young as six receiving atropine treatment. These minor side-effects may be especially
distressing for parents when individual improvements in myopia progression associated
with atropine treatment are subtle.

4.4. Limitations

There were clear limitations of the present study. These include the lack of pre-data
baseline for axial length (although this was available for refractive error) and the small
number of individual patients. These issues reflect problems inherent in a retrospective
long-running data set. In several instances, patients were referred to the clinic to receive low-
dose atropine treatment, limiting the pre-treatment screening time and as such, the amount
of data recorded prior to atropine treatment. As a result, only seven participants with
>6 months of observation time prior to treatment were included in our direct comparison
of refractive error rate before and after atropine treatment. However, by comparing
measurements from both left and right eyes, before and after atropine treatment, we
were able to achieve a reasonable statistical power of 0.681. As mentioned previously, an
inherent limitation using a repeat measures comparison for comparing the rate of change
in refractive error is the potential effect of emmetropisation, particularly prior to 5–6 years
of age. We addressed this by excluding data points during this period and by including an
additional comparison to an age-matched data set of non-treated control myopes. Never-
the-less the data is of interest to report given the considerable period in which some of the
children have been under treatment, and relatively limited information available regarding
non-Asian cohorts.

5. Conclusions

The current study suggests that low-dose atropine (0.01%) may reduce the rate of
refractive error progression in myopic children if given as daily eye drops by as much
as 75%, but caution is warranted since such changes were observed to rebound when
treatment was discontinued. Furthermore, low-dose atropine did not reduce axial growth
to normal eye lengths even after up to 5 years of treatment, but for low myopes it may
offer some protective effects. Importantly, the data suggests that enhanced eye elongation
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occurs at very young ages and cannot be undone with low-dose atropine and speaks to the
probability that such treatments may need to be applied from a very young age to see truly
beneficial effects.

Author Contributions: Conceptualization, C.D. and S.A.M.; methodology, C.D., S.A.M. and W.M.;
formal analysis, W.M. and S.A.M.; investigation, C.D.; resources, C.D. and S.A.M.; data curation,
C.D. and W.M.; writing, W.M. and S.A.M.; supervision, S.A.M.; project administration and fund-
ing acquisition, C.D. and S.A.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Hunter Medical Research Institute HMRI 14–218 (SM)
and supported by the Lions Club, Newcastle.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki. Ethical treatment of patients was undertaken under the Australian Medical
Association (AMA) Code of Ethics for Doctors. Parts of this study was approved by the Human
Research Ethics Committee of The University of Newcastle, Australia (H-2017-0052).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available in the present article.

Acknowledgments: Support for this project was generously offered by staff at the Dunlop Surgery
and Care Foresight Pty Ltd., 2/46 Hudson St, Hamilton, NSW, Australia 2303.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Holden, B.A.; Fricke, T.R.; Wilson, D.A.; Jong, M.; Naidoo, K.S.; Sankaridurg, P.; Wong, T.Y.; Naduvilath, T.J.; Resnikoff, S. Global

Prevalence of Myopia and High Myopia and Temporal Trends from 2000 through 2050. Ophthalmology 2016, 123, 1036–1042.
[CrossRef]

2. Flitcroft, D.I.; He, M.; Jonas, J.B.; Jong, M.; Naidoo, K.; Ohno-Matsui, K.; Rahi, J.; Resnikoff, S.; Vitale, S.; Yannuzzi, L. IMI—
Defining and Classifying Myopia: A Proposed Set of Standards for Clinical and Epidemiologic Studies. Investig. Ophthalmol. Vis.
Sci. 2019, 60, M20–M30. [CrossRef]

3. Xiao, O.; Guo, X.; Wang, D.; Jong, M.; Lee, P.Y.; Chen, L.; Morgan, I.G.; Sankaridurg, P.; He, M. Distribution and Severity of
Myopic Maculopathy Among Highly Myopic EyesMyopic Maculopathy Among Highly Myopic Eyes. Investig. Ophthalmol. Vis.
Sci. 2018, 59, 4880–4885. [CrossRef]

4. Chen, H.; Wen, F.; Li, H.; Zuo, C.; Zhang, X.; Huang, S.; Luo, G. The types and severity of high myopic maculopathy in Chinese
patients. Ophthalmic Physiol. Opt. 2012, 32, 60–67. [CrossRef]

5. Huang, J.; Wen, D.; Wang, Q.; McAlinden, C.; Flitcroft, I.; Chen, H.; Saw, S.M.; Chen, H.; Bao, F.; Zhao, Y.; et al. Efficacy
Comparison of 16 Interventions for Myopia Control in Children: A Network Meta-analysis. Ophthalmology 2016, 123, 697–708.
[CrossRef]

6. Galvis, V.; Tello, A.; Parra, M.M.; Merayo-Lloves, J.; Larrea, J.; Julian Rodriguez, C.; Camacho, P.A. Topical Atropine in the Control
of Myopia. Med. Hypothesis Discov. Innov. Ophthalmol. 2016, 5, 78–88.

7. Chua, W.H.; Balakrishnan, V.; Chan, Y.H.; Tong, L.; Ling, Y.; Quah, B.L.; Tan, D. Atropine for the treatment of childhood myopia.
Ophthalmology 2006, 113, 2285–2291. [CrossRef]

8. Yam, J.C.; Jiang, Y.; Tang, S.M.; Law, A.K.P.; Chan, J.J.; Wong, E.; Ko, S.T.; Young, A.L.; Tham, C.C.; Chen, L.J.; et al. Low-
Concentration Atropine for Myopia Progression (LAMP) Study: A Randomized, Double-Blinded, Placebo-Controlled Trial of
0.05%, 0.025%, and 0.01% Atropine Eye Drops in Myopia Control. Ophthalmology 2019, 126, 113–124. [CrossRef] [PubMed]

9. Chia, A.; Lu, Q.S.; Tan, D. Five-Year Clinical Trial on Atropine for the Treatment of Myopia 2: Myopia Control with Atropine
0.01% Eyedrops. Ophthalmology 2016, 123, 391–399. [CrossRef] [PubMed]

10. Moon, J.S.; Shin, S.Y. The diluted atropine for inhibition of myopia progression in Korean children. Int. J. Ophthalmol. 2018, 11,
1657–1662. [CrossRef] [PubMed]

11. Clark, T.Y.; Clark, R.A. Atropine 0.01% Eyedrops Significantly Reduce the Progression of Childhood Myopia. J. Ocul. Pharmacol.
Ther. 2015, 31, 541–545. [CrossRef] [PubMed]

12. Diaz-Llopis, M.; Pinazo-Durán, M.D. Superdiluted atropine at 0.01% reduces progression in children and adolescents. A 5 year
study of safety and effectiveness. Archivos de la Sociedad Española de Oftalmología (Engl. Ed.) 2018, 93, 182–185. [CrossRef]

13. Chia, A.; Chua, W.H.; Cheung, Y.B.; Wong, W.L.; Lingham, A.; Fong, A.; Tan, D. Atropine for the treatment of childhood myopia:
Safety and efficacy of 0.5%, 0.1%, and 0.01% doses (Atropine for the Treatment of Myopia 2). Ophthalmology 2012, 119, 347–354.
[CrossRef] [PubMed]

14. Joachimsen, L.; Böhringer, D.; Gross, N.J.; Reich, M.; Stifter, J.; Reinhard, T.; Lagrèze, W.A. A Pilot Study on the Efficacy and Safety
of 0.01% Atropine in German Schoolchildren with Progressive Myopia. Ophthalmol. Ther. 2019, 8, 427–433. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ophtha.2016.01.006
http://doi.org/10.1167/iovs.18-25957
http://doi.org/10.1167/iovs.18-24471
http://doi.org/10.1111/j.1475-1313.2011.00861.x
http://doi.org/10.1016/j.ophtha.2015.11.010
http://doi.org/10.1016/j.ophtha.2006.05.062
http://doi.org/10.1016/j.ophtha.2018.05.029
http://www.ncbi.nlm.nih.gov/pubmed/30514630
http://doi.org/10.1016/j.ophtha.2015.07.004
http://www.ncbi.nlm.nih.gov/pubmed/26271839
http://doi.org/10.18240/ijo.2018.10.13
http://www.ncbi.nlm.nih.gov/pubmed/30364238
http://doi.org/10.1089/jop.2015.0043
http://www.ncbi.nlm.nih.gov/pubmed/26218150
http://doi.org/10.1016/j.oftale.2018.02.006
http://doi.org/10.1016/j.ophtha.2011.07.031
http://www.ncbi.nlm.nih.gov/pubmed/21963266
http://doi.org/10.1007/s40123-019-0194-6
http://www.ncbi.nlm.nih.gov/pubmed/31190219


J. Clin. Med. 2021, 10, 1444 15 of 15

15. Sacchi, M.; Serafino, M.; Villani, E.; Tagliabue, E.; Luccarelli, S.; Bonsignore, F.; Nucci, P. Efficacy of atropine 0.01% for the
treatment of childhood myopia in European patients. Acta Ophthalmol. 2019, 97, e1136–e1140. [CrossRef]

16. Salazar, M.; Shimada, K.; Patil, P.N. Iris pigmentation and atropine mydriasis. J. Pharmacol. Exp. Ther. 1976, 197, 79–88.
17. Flitcroft, D.I. Emmetropisation and the aetiology of refractive errors. Eye 2014, 28, 169–179. [CrossRef]
18. Jones, L.A.; Mitchell, G.L.; Mutti, D.O.; Hayes, J.R.; Moeschberger, M.L.; Zadnik, K. Comparison of ocular component growth

curves among refractive error groups in children. Investig. Ophthalmol Vis. Sci. 2005, 46, 2317–2327. [CrossRef]
19. Zadnik, K.; Mutti, D.O.; Mitchell, G.L.; Jones, L.A.; Burr, D.; Moeschberger, M.L. Normal eye growth in emmetropic schoolchildren.

Optom. Vis. Sci. 2004, 81, 819–828. [CrossRef]
20. Hu, D.N. Long-Term Treatment of Myopia with Atropine. In Myopia Updates: Proceedings of the 6th International Conference on

Myopia, Tokyo; Tokoro, T., Ed.; Springer: Tokyo, Japan, 1998.
21. Rozema, J.; Dankert, S.; Iribarren, R.; Lanca, C.; Saw, S.-M. Axial Growth and Lens Power Loss at Myopia Onset in Singaporean

Children. Investig. Ophthalmol. Vis. Sci. 2019, 60, 3091–3099. [CrossRef]
22. Mutti, D.O.; Hayes, J.R.; Mitchell, G.L.; Jones, L.A.; Moeschberger, M.L.; Cotter, S.A.; Kleinstein, R.N.; Manny, R.E.; Twelker, J.D.;

Zadnik, K. Refractive error, axial length, and relative peripheral refractive error before and after the onset of myopia. Investig.
Ophthalmol. Vis. Sci. 2007, 48, 2510–2519. [CrossRef]

23. Loughman, J.; Flitcroft, D.I. The acceptability and visual impact of 0.01% atropine in a Caucasian population. Br. J. Ophthalmol.
2016, 100, 1525–1529. [CrossRef]

http://doi.org/10.1111/aos.14166
http://doi.org/10.1038/eye.2013.276
http://doi.org/10.1167/iovs.04-0945
http://doi.org/10.1097/01.OPX.0000145028.53923.67
http://doi.org/10.1167/iovs.18-26247
http://doi.org/10.1167/iovs.06-0562
http://doi.org/10.1136/bjophthalmol-2015-307861

	Introduction 
	Experimental Section 
	Subjects 
	Procedure 
	Ocular Measures 
	Analyses 

	Results 
	Daily Low-Dose Atropine Reduced the Progression Rate of Myopia 
	Axial Length in Myopes during Low- Dose Atropine Treatment 
	Axial Length Largely Accounted for Refractive Development 
	Adverse Effects of Low-Dose Atropine Treatment 

	Discussion 
	Low-Dose Atropine for the Treatment of Myopia 
	Effects of Low-Dose Atropine on Axial Length Progression Rates 
	Side-Effects of Atropine Treatment 
	Limitations 

	Conclusions 
	References

