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Stepwise low concentration 
atropine for myopic control: 
a 10‑year cohort study
Meng‑Ni Chuang, Po‑Chiung Fang & Pei‑Chang Wu*

The aim of this study was to analyze changes in refraction and evaluate the variables in school 
children who received atropine as myopic control for 10 years. Low-concentration atropine (0.05%) 
was prescribed initially, and the dose was increased in a stepwise manner if rapid myopic progression 
(≥ 0.5D per half year) was noted during the regular follow-up visit. 23 children with a mean age of 
6.96 ± 1.07 years were included. The initial spherical equivalent was − 1.25 ± 0.84 D. The overall mean 
myopic progression was − 0.30 ± 0.27 D/year. Younger initial age, female, higher initial spherical 
equivalent and the need of higher concentration of atropine were found to be risk factors for myopic 
progression in multivariate mixed-effect analysis (p = 0.013, 0.017, 0.024 and 0.014). Children who 
kept using a lower concentration of atropine (≤ 0.1%) tended to have slower myopic progression 
throughout the 10-year course than those who shifted to higher concentrations (> 0.1%) (p ≤ 0.001). 
Stepwise low concentration of atropine might be effective for long-term myopic control in school 
students. Those who had poor response to lower concentration of atropine may have the risk of faster 
progression, even with high concentration of atropine. Additional or alternative treatment might be 
considered.

Myopia is considered a global threat to vision and a rising public health issue. The worldwide prevalence of 
myopia and high myopia will increase to a proportion of 50% and 10%, respectively, which is equal to nearly 5 
billion and 1 billion people by 20501. The prevalence of myopia is noteworthy in East Asia. In Taiwan, Korea, 
Singapore, and Hong Kong, more than 80% of the young population has myopia, according to previous reports2–5. 
In non-Asian society, European Eye Epidemiology revealed a prevalence of 30% of middle-aged adults collected 
from 1990 to 20136. As for the United States, an increasing trend has been reported, with the prevalence almost 
doubling during the past three decades from 25 to 40%6. Epidemiology studies from different nations all point 
out that this “myopia boom” should be managed seriously7.

Pathologic myopia, defined as “myopic-related, excessive axial elongation, which causes a structural change 
in the posterior segment of the eye,” is frequently associated with the development of high myopia8. Complica-
tions include retinal detachment, myopic maculopathy, macular retinoschisis, and myopic optic neuropathy9. 
If myopia begins earlier, with a longer duration and rapid rate of myopic progression, a higher risk of having 
high myopia can be assumed10,11. With an irreversible axial length increase, their vision in the upcoming years 
is threatened. According to a study conducted in the Netherlands, by the age of 75 years, the cumulative risk of 
visual impairment (best-corrected visual acuity ≤ 0.3) was as high as 39% in high myopic group, compared to 
only 3.8% in non-high myopic group12.

Knowing how severe myopia could damage one’s vision, strategies were surveyed in order to prevent the 
rapid progression of myopia. Among them, atropine plays an important role in myopic control13. Although 
high concentrations were shown to control myopia efficiently, many patients were unwilling to maintain this 
management due to prominent photophobia14. Low concentration atropine offers a new opportunity for myopic 
children. The atropine for the treatment of childhood myopia 2 (ATOM 2) study disclosed the efficacy of 0.01% 
atropine, along with minimal side effects during a 2-year study period15. The 2-year result of the low-dose atro-
pine for myopic progression (LAMP) study found that 0.05% atropine had a better effect compared with 0.025% 
and 0.01% ones16,17. Nonetheless, myopic progression and subsequent axial length elongation lasts through the 
childhood and teenage years, which is much longer than one or two years. One study performed in Spain found 
that 0.01% atropine could reduce the myopic progression by 25% during a 5-year follow-up period18. For a 
longer trial, only one study in the United States applied high-dose atropine (1%) for a varied duration, ranging 
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from 6 to 15 years19. To the best of our knowledge, a longer term evaluation of low concentration atropine in 
myopic control is necessary. This study aimed to evaluate the long-term outcome of myopia control by stepwise 
low-concentration atropine use.

Methods
Participants were included based on the following criteria: children whose spherical equivalent at initial visit 
was ≤  − 0.5 D and had been regularly followed for ten years with an interval of 2–4 months, mostly 3 months 
between each visit during this period. Subjects with the following conditions were excluded from this study: (1) 
high astigmatism, ≥ 2.0 D, (2) congenital myopia, defined as SE ≤  − 5.0 D in children younger than six years old, 
(3) cases with other ocular diseases, such as amblyopia, strabismus, congenital glaucoma, congenital cataract, 
and ocular tumor according to chart review and ocular examination at every ophthalmic outpatient department 
visit, and (4) children who had been using or tried orthokeratology during the treatment course. The chart review 
started from January, 1999, till December, 2017. The study was approved by the Institutional Review Board of 
Chang Gung Memorial Hospital and adhered to the tenets of the Declaration of Helsinki. The IRB approves the 
waiver of the participant’s consent.

A stepwise strategy of atropine use in myopic control was applied to all subjects. Initially, a single drop of 
atropine with a concentration of 0.05% was applied every night. If the progression of myopia exceeded − 0.5 D 
in six months was considered as rapid progression, the concentration of atropine was stepwise increased. The 
amount of dose adjustment varied in different case individualized (Fig. 1). The concentrations of atropine were 
0.05%, 0.1%, 0.25%, and 0.5%. All subjects in this study received atropine concentrations lower than 1%. In the 
late adolescent period, the concentration was decreased stepwise, especially in who had stable myopia control. 
The way to achieve these concentrations was by diluting 0.25%, 0.5%, and 1% atropine ophthalmic solutions 
(Atropine Sulphate Eye Drops; Wu-Fu Lab. Co., Ilan, Taiwan) with distilled water.

At the first visit, a thorough ocular examination was performed, including visual acuity, slit-lamp examina-
tion, and fundoscopy in order to identify other ocular abnormalities before starting treatment. On every regular 
visit to our ophthalmic outpatient department, cycloplegic refraction was adopted to obtain the refractive error. 
Cyclopentolate (1%) was applied once, followed by instillation of 1% tropicamide twice at a 10-min interval. 
During the follow-up years, an autorefractor (KR-7000/8100/8900/800; Topcon, Tokyo, Japan) was used to 
measure SE and regularly calibrated. The patients were only prescribed single vision lenses if they had the need 
of correction. They did not receive the prescription of progressive addition lenses (PAL) or other peripheral 
correction interventions.

For homogenous comparison of eye refraction data, analyses were conducted on the SER of the right eye only, 
because refractive error was highly correlated between the right and left eyes (r = 0.92, p < 0.001). The software 
used was the Statistical Package for the Social Sciences software (SPSS version 22, Chicago, IL). Descriptive 
analysis was applied to calculate overall myopia progression rate. To determine if sex, initial age, initial SE and 
concentration of atropine would be associated with myopic progression, mixed-effect regression model was used. 
In addition, independent t-test were used to determine the difference between the stepwise lower concentration 
atropine group (≤ 0.1%) and the stepwise higher concentration group, which was defined as those who had ever 
received a dose higher than 0.1% of atropine. Clinical significance was defined as p value < 0.05.

Results
A total of 23 subjects who had been regularly followed-up at our ophthalmic outpatient department were included 
in the study. Among them, 9 cases were male (39.1%). The mean initial age was 6.96 ± 1.07 years, ranging from 
5 to 9 years. The initial SE after cycloplegia was − 1.25 ± 0.84 D. Figure 2 demonstrated the progression of SE and 

Figure 1.   Protocol of stepwise low concentration of atropine treatment.
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the age of individual case. During this 10-year period, 65% of patients kept treatment with lower concentration 
of atropine (Table 1).

Changes in spherical equivalent.  The mean progression of SE was − 0.30 ± 0.27 D/ year. During the 
10-year-period, the maximum mean annual progression rate was − 0.61 ± 0.73 D/year in the 1st and 5th year, 
and the minimum was − 0.05 ± 0.34 D/year in the 10th year (Fig. 3).

Characteristics of subjects and prediction of myopic progression.  The characteristics of the sub-
jects, initial age, sex, initial SE (grouping as ≤  − 1.0 D and >  − 1.0D) and the need of higher concentration of 
atropine treatment were analyzed to evaluate their effects on predicting the rate of myopic progression. Based on 
multivariate mixed-effect regression model analysis, younger initial age, female, higher initial SE and the need of 
higher concentration of atropine were related with faster myopic progression (p = 0.013, 0.017, 0.024 and 0.014; 
beta coefficient = 0.106, − 0.210, 0.073, and 0.293, respectively).

Concentration of atropine versus myopic progression.  The subjects were divided into two groups; 
one with a stepwise lower concentration of atropine (≤ 0.1%, n = 13), while the other group had a stepwise higher 
concentration group (> 0.1%, n = 10) during the 10-year course. The male to female ratio in the stepwise lower 
and high concentration group were 10:3 and 4:6, accordingly. The stepwise lower concentration had a mean 

Figure 2.   Spherical equivalence and the age of each individual subject.

Table 1.   The proportion of patients treated with stepwise concentrations of atropine.

Atropine

Year

Baseline 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th

Lower

23 (100%) 23 (100%) 20 (87%) 18 (78%) 14 (61%) 13 (57%) 13 (57%) 13 (57%) 15 (65%) 15 (65%) 15 (65%)

0.05% 23 (100%) 15 (65%) 8 (35%) 7 (30%) 6 (26%) 6 (26%) 7 (30%) 8 (35%) 10 (43%) 11 (48%) 11 (48%)

0.1% 0 (0%) 8 (35%) 12 (52%) 11 (48%) 8 (35%) 7 (30%) 6 (26%) 5 (22%) 5 (22%) 4 (17%) 4 (17%)

Higher

0 (0%) 0 (0%) 3 (13%) 5 (22%) 9 (39%) 10 (43%) 10 (43%) 10 (43%) 8 (35%) 8 (35%) 8 (35%)

0.25% 0 (0%) 0 (0%) 3 (13%) 5 (22%) 9 (39%) 9 (39%) 9 (39%) 9 (39%) 7 (30%) 6 (26%) 6 (26%)

0.5% 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (4%) 1 (4%) 1 (4%) 1 (4%) 2 (9%) 2 (9%)
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initial age of 7.31 ± 0.85 year-old, as for the higher group was 6.50 ± 1.18 year-old. The initial SE was − 1.51 ± 0.92 
and − 0.91 ± 0.60 D in the stepwise lower and higher concentration group, separately. These baseline character-
istics of the two groups had no significant difference (p = 0.07, 0.086, 0.09.) The myopic progression rate was 
slower in the stepwise lower concentration group with a mean progression rate of − 0.28 ± 0.43 D/year, and the 
higher-concentration group had an outcome of − 0.54 ± 0.58 D/year (p < 0.001) (Fig. 4). By the end of our study, 
13 cases (56.5%) were ended up as high myopia (SE ≤  − 5.0D,) and 15 cases (65.2%) had less than − 5.0D of 
myopic progression among the 10-year follow-up period. Further eyecare habits, annual refraction and dilated 
detail fundus examination were strongly suggested for them.

Discussion
Several studies have been performed to evaluate myopic progression under low concentration atropine in the 
past few years20. To our best of our knowledge, this study is the first long-term, throughout childhood and 
adolescents, up to 10 years study about how low concentration atropine works on myopic control in rea-world. 
The overall mean progression rate of myopia in this study was − 0.30 ± 0.27 D/year, which supports the effect of 
myopic control by long-term, low concentration atropine use. The subgroup analysis revealed that subjects in 
the stepwise lower concentration atropine group (≤ 0.1%) tended to have better control of myopia than those 
who required higher concentrations of atropine during the follow-up period. In other words, to achieve a more 
complete control of myopic progression, additional management or alternative treatment may be necessary.

In our study, the mean initial age was 6.96 year-old, younger than typical onset of myopia. In Taiwan, by 
6 year-old, the prevalence of myopia in preschool children was 12.2%, higher than the other countries21. The 
myopic prevalence of 7-year-old school children increased to 25.41% in 201722. Almost all the myopic population 
in this age was referred to ophthalmologist for medical intervention in Taiwan23.

Emmetropization is a concept that was introduced in 199724. With the development of ocular refractive sta-
tus, infants, who generally have hyperopic eyes, gradually evolve into emmetropia or stop at mild hyperopia25. 
Nonetheless, patients who develop myopia experience not only persistent changes in refractive status as they 
grow up but also structural changes, such as elongation of axial length. Generally, the rate of myopic progression 
decelerates with aging26. The results of this study showed a similar trend of myopia progression in the 10-year 
period, but the annular SE change and final SE of our study with stepwise low concentration of atropine treat-
ment were less than the results from the predicting equation without treatment from Donovan et al.26, (Fig. 5). 
In the end of 10 years follow-up, the estimated SE would be − 7.67D without treatment compared to the mean 
of − 5.59D in our subjects treated with atropine eye drops. In our study, the myopic progression rate was higher 
around the 5th year. We presumed that increased near works from junior high school with higher academic 
stress might contribute to this result. Meanwhile, even though we did not have a control group, the results of 
this study were quite promising when weighing between previous studies. The myopic progression rate varies 
between culture and ethnicities. While the annual progression rate of myopia for Caucasians was − 0.55 D, Asians 
had a result of − 0.82 D. In the ATOM 1 study performed in Singapore, the placebo group followed for two years 
reported a myopic progression rate of − 1.20 ± 0.9 Din 2 years27. Another two-year study conducted in Taiwan 

Figure. 3.   Mean annual myopic progression rate with stepwise concentrations of atropine treatment. D, diopter. 
Bars, standard error of the mean.
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Figure 4.   Spherical equivalence of stepwise lower concentration and stepwise higher concentration groups. D, 
diopter. Bars, standard error of the mean.

Figure 5.   Spherical equivalence status in the patients with atropine treatment in our study and the estimated 
controls by predicted equation for 10 years. D, diopter. Bars, standard error of the mean.
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showed that the rate of the control group was − 1.06 ± 0.61 D/year28. But in this study, the mean progression rate 
was − 0.30 ± 0.27 D/ year, which reached a more than 50% reduction compared to the outcomes above. According 
to a previous survey, with a more than 33% reduction in myopic progression, the number of high myopias could 
be decreased by as much as 75%29. In this study, the findings showed that atropine could effectively slow down 
the rate of myopic progression. The result supported that the stepwise method is effective in long-term myopic 
control and may even lower the risk of developing high myopia30.

The characteristics of subjects seem to play a role in determining the rate of myopic progression. A meta-
analysis in 2012 reported that females tend to have faster myopic progression as well as younger age at baseline26. 
The Correction of Myopia Evaluation Trial (COMET) study revealed that patients with younger age at initial 
and higher initial SEs were more likely to have greater myopic progression31,32. In this study, female, younger 
initial age and higher initial SE had a faster myopic progression. The result is compatible to the recent study, 
that younger children tend to have poor response to low-concentration of atropine while comparing to older 
children33. To prevent the occurrence of high myopia, early intervention may be beneficial. According to a previ-
ous study performed on premyopic children, 0.025% atropine can prevent the onset of myopia34. Further studies 
can be applied to evaluate the low concentration stepwise strategy in such cases.

In a previous study, they found that pediatric ophthalmologists worldwide have very different practice patterns 
when involved in myopic control35. It could affect the efficacy of decreasing myopic progression. Thus, determin-
ing whose myopia can be properly managed by atropine alone and the timing for applying additional manage-
ment may change their idea about coping with myopia. Previous studies found that the response rate of atropine 
varied. Rapid progression defined as > 1 D/year was found in 33% of children who received 0.1% atropine28. The 
ATOM 2 study applied a lower concentration of atropine in the two-year trial. However, in the 0.01%, 0.1%, and 
0.5% groups, 9.3%, 6.4%, and 4.3% of subjects still had poor responses to atropine, respectively36. Clark et al.37 
noted that 9% of children who received 0.01% atropine had rapid progression. Since a stepwise strategy was 
adopted in this study, the concentration of atropine may reflect how these subjects responded to pharmacological 
management. Those who kept using lower concentration atropine (≤ 0.1%) represented the “good responders,” 
while the stepwise higher concentration group (> 0.1%), who adjusted the concentration of atropine because of 
a faster progression rate, more than 0.5D per six months, were considered as “poor responders.” In other words, 
to achieve better control of myopia, when children who receive stepwise lower concentration atropine manage-
ment require more than 0.1% of atropine, alternative or combined management, for example, orthokeratology, 
may be considered. As for the point of time to stop or taper the dose of atropine, shared decision making with 
patients and parents could be adopted after high school since accommodation ability decreased with aging38.

With a 10-year regular follow-up, the strength of this study is that the clinical use of low concentration atro-
pine resulted in a positive effect on myopic control throughout the childhood and teenage period. The stepwise 
strategy of atropine use is a feasible method for managing myopic progression. In addition, the result offers a 
possible cut-off value of stepwise atropine use, and additional management could be considered, according to 
the concentration that the patient requires. Moreover, during the study period, no significant side effects were 
reported. The safety concern of low concentration atropine in a 10-year period is minimal, according to the 
outcome of this study. This study has some limitations. The study group was relatively small, and we did not 
have a proper control group. Another limitation was the evaluation about other myopia control interventions, 
such as orthokeratology or combined treatment, since these modalities were not common at that time of patient 
recruitment. Owing to the nature of a retrospective study, the lack of complete parameters, such as axial length, is 
the other limitation of this study. In this study, the initial low concentration of atropine treatment was similar to 
screening for drug response. Those who had higher concentration later were considered as the poor responders. 
The difference from those who kept receiving lower concentration may be contributed from the pharmacogenetic 
or environmental factors. This heterogenetic problem should have been solved by increasing the sample size and 
using randomization strategy. Lacking details of the subjects made it difficult to elucidate the underlying reasons. 
Due to the limitations of this study, a further prospective large sample size study is warranted.

Conclusion
The results of this study not only show the efficacy of stepwise low-concentration atropine treatment on myopic 
control, but also demonstrate the long-term effect of this pharmacological management. Children who have a 
poor response to lower concentration atropine treatment and require a concentration higher than 0.1% during 
the stepwise management may indicate that additional or alternative management could be considered to reach 
an ideal control of myopia.

Received: 27 December 2020; Accepted: 14 June 2021

References
	 1.	 Holden, B. A. et al. Global prevalence of myopia and high myopia and temporal trends from 2000 through 2050. Ophthalmology 

123, 1036–1042. https://​doi.​org/​10.​1016/j.​ophtha.​2016.​01.​006 (2016).
	 2.	 Dirani, M. et al. Prevalence of refractive error in Singaporean Chinese children: The strabismus, amblyopia, and refractive error 

in young Singaporean Children (STARS) study. Invest. Ophthalmol. Vis. Sci. 51, 1348–1355. https://​doi.​org/​10.​1167/​iovs.​09-​3587 
(2010).

	 3.	 Fan, D. S. et al. Prevalence, incidence, and progression of myopia of school children in Hong Kong. Invest. Ophthalmol. Vis. Sci. 
45, 1071–1075 (2004).

	 4.	 Jung, S. K., Lee, J. H., Kakizaki, H. & Jee, D. Prevalence of myopia and its association with body stature and educational level in 
19-year-old male conscripts in Seoul, South Korea. Invest. Ophthalmol. Vis. Sci. 53, 5579–5583. https://​doi.​org/​10.​1167/​iovs.​12-​
10106 (2012).

https://doi.org/10.1016/j.ophtha.2016.01.006
https://doi.org/10.1167/iovs.09-3587
https://doi.org/10.1167/iovs.12-10106
https://doi.org/10.1167/iovs.12-10106


7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:17344  | https://doi.org/10.1038/s41598-021-96698-6

www.nature.com/scientificreports/

	 5.	 Wu, P. C., Tsai, C. L., Wu, H. L., Yang, Y. H. & Kuo, H. K. Outdoor activity during class recess reduces myopia onset and progres-
sion in school children. Ophthalmology 120, 1080–1085. https://​doi.​org/​10.​1016/j.​ophtha.​2012.​11.​009 (2013).

	 6.	 Williams, K. M. et al. Prevalence of refractive error in Europe: The European Eye Epidemiology (E(3)) Consortium. Eur. J. Epide-
miol. 30, 305–315. https://​doi.​org/​10.​1007/​s10654-​015-​0010-0 (2015).

	 7.	 Morgan, I. G. et al. The epidemics of myopia: Aetiology and prevention. Prog. Retin Eye Res. 62, 134–149. https://​doi.​org/​10.​1016/j.​
prete​yeres.​2017.​09.​004 (2018).

	 8.	 Flitcroft, D. I. et al. IMI—defining and classifying myopia: A proposed set of standards for clinical and epidemiologic Studies. 
Invest. Ophthalmol. Vis. Sci. 60, M20–M30. https://​doi.​org/​10.​1167/​iovs.​18-​25957 (2019).

	 9.	 Ohno-Matsui, K. et al. Imaging of pathologic myopia. Asia Pac. J. Ophthalmol. (Phila) https://​doi.​org/​10.​22608/​APO.​20184​94 
(2019).

	10.	 Chua, S. Y. et al. Age of onset of myopia predicts risk of high myopia in later childhood in myopic Singapore children. Ophthalmic 
Physiol. Opt. 36, 388–394. https://​doi.​org/​10.​1111/​opo.​12305 (2016).

	11.	 Hu, Y. et al. Association of age at myopia onset with risk of high myopia in adulthood in a 12-year follow-up of a Chinese cohort. 
JAMA Ophthalmol. https://​doi.​org/​10.​1001/​jamao​phtha​lmol.​2020.​3451 (2020).

	12.	 Tideman, J. W. et al. Association of axial length with risk of uncorrectable visual impairment for Europeans with myopia. JAMA 
Ophthalmol. 134, 1355–1363. https://​doi.​org/​10.​1001/​jamao​phtha​lmol.​2016.​4009 (2016).

	13.	 Wu, P. C. et al. Update in myopia and treatment strategy of atropine use in myopia control. Eye (Lond.) 33, 3–13. https://​doi.​org/​
10.​1038/​s41433-​018-​0139-7 (2019).

	14.	 Yen, M. Y., Liu, J. H., Kao, S. C. & Shiao, C. H. Comparison of the effect of atropine and cyclopentolate on myopia. Ann. Ophthalmol. 
21, 180–182, 187 (1989).

	15.	 Chia, A. et al. 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 119, 347–354. https://​doi.​org/​10.​1016/j.​ophtha.​2011.​07.​031 (2012).

	16.	 Yam, J. C. 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 126, 113–124. https://​doi.​org/​
10.​1016/j.​ophtha.​2018.​05.​029 (2019).

	17.	 Yam, J. C. et al. Two-year clinical trial of the low-concentration atropine for myopia progression (LAMP) study: Phase 2 report. 
Ophthalmology 127, 910–919. https://​doi.​org/​10.​1016/j.​ophtha.​2019.​12.​011 (2020).

	18.	 Diaz-Llopis, M. & Pinazo-Duran, M. D. Superdiluted atropine at 0.01% reduces progression in children and adolescents. A 5 year 
study of safety and effectiveness. Arch. Soc. Esp. Oftalmol. 93, 182–185. https://​doi.​org/​10.​1016/j.​oftal.​2017.​12.​015 (2018).

	19.	 Kennedy, R. H. et al. Reducing the progression of myopia with atropine: A long term cohort study of Olmsted County students. 
Binocul Vis. Strabismus Q. 15, 281–304 (2000).

	20.	 Morgan, I. G. & He, M. An important step forward in myopia prevention: Low-dose atropine. Ophthalmology 123, 232–233. https://​
doi.​org/​10.​1016/j.​ophtha.​2015.​10.​012 (2016).

	21.	 Lai, Y. H., Hsu, H. T., Wang, H. Z., Chang, S. J. & Wu, W. C. The visual status of children ages 3 to 6 years in the vision screening 
program in Taiwan. J. AAPOS 13, 58–62. https://​doi.​org/​10.​1016/j.​jaapos.​2008.​07.​006 (2009).

	22.	 Tsai, T. H. et al. Evolution of the prevalence of myopia among Taiwanese schoolchildren: A review of survey data from 1983 through 
2017. Ophthalmology 128, 290–301. https://​doi.​org/​10.​1016/j.​ophtha.​2020.​07.​017 (2021).

	23.	 Wu, P. C. et al. Increased time outdoors is followed by reversal of the long-term trend to reduced visual acuity in Taiwan primary 
school students. Ophthalmology 127, 1462–1469. https://​doi.​org/​10.​1016/j.​ophtha.​2020.​01.​054 (2020).

	24.	 Wildsoet, C. F. Active emmetropization–evidence for its existence and ramifications for clinical practice. Ophthalmic Physiol. Opt. 
17, 279–290 (1997).

	25.	 Morgan, I. G., Rose, K. A., Ellwein, L. B. & Refractive Error Study in Children Survey, G. Is emmetropia the natural endpoint for 
human refractive development? An analysis of population-based data from the refractive error study in children (RESC). Acta 
Ophthalmol. 88, 877–884. https://​doi.​org/​10.​1111/j.​1755-​3768.​2009.​01800.x (2010).

	26.	 Donovan, L. et al. Myopia progression rates in urban children wearing single-vision spectacles. Optom. Vis. Sci. 89, 27–32. https://​
doi.​org/​10.​1097/​OPX.​0b013​e3182​357f79 (2012).

	27.	 Chua, W. H. et al. Atropine for the treatment of childhood myopia. Ophthalmology 113, 2285–2291. https://​doi.​org/​10.​1016/j.​
ophtha.​2006.​05.​062 (2006).

	28.	 Shih, Y. F. et al. Effects of different concentrations of atropine on controlling myopia in myopic children. J. Ocul. Pharmacol. Ther. 
15, 85–90. https://​doi.​org/​10.​1089/​jop.​1999.​15.​85 (1999).

	29.	 Holden, B. et al. Myopia, an underrated global challenge to vision: Where the current data takes us on myopia control. Eye (Lond.) 
28, 142–146. https://​doi.​org/​10.​1038/​eye.​2013.​256 (2014).

	30.	 Wu, P. C., Yang, Y. H. & Fang, P. C. The long-term results of using low-concentration atropine eye drops for controlling myopia 
progression in schoolchildren. J. Ocul. Pharmacol. Ther. 27, 461–466. https://​doi.​org/​10.​1089/​jop.​2011.​0027 (2011).

	31.	 Gwiazda, J. et al. Factors associated with high myopia after 7 years of follow-up in the Correction of Myopia Evaluation Trial 
(COMET) Cohort. Ophthalmic Epidemiol. 14, 230–237. https://​doi.​org/​10.​1080/​01658​10070​14864​59 (2007).

	32.	 Hyman, L. et al. Relationship of age, sex, and ethnicity with myopia progression and axial elongation in the correction of myopia 
evaluation trial. Arch. Ophthalmol. (Chicago Ill.: 1960) 123, 977–987. https://​doi.​org/​10.​1001/​archo​pht.​123.7.​977 (2005).

	33.	 Li, F. F. et al. Age effect on treatment responses to 0.05%, 0.025%, and 0.01% atropine: Low-concentration atropine for myopia 
progression study. Ophthalmology https://​doi.​org/​10.​1016/j.​ophtha.​2020.​12.​036 (2021).

	34.	 Fang, P. C., Chung, M. Y., Yu, H. J. & Wu, P. C. Prevention of myopia onset with 0.025% atropine in premyopic children. J. Ocul. 
Pharmacol. Ther. 26, 341–345. https://​doi.​org/​10.​1089/​jop.​2009.​0135 (2010).

	35.	 Zloto, O. et al. Current trends among pediatric ophthalmologists to decrease myopia progression—An international perspective. 
Graefes Arch. Clin. Exp. Ophthalmol. 256, 2457–2466. https://​doi.​org/​10.​1007/​s00417-​018-​4078-6 (2018).

	36.	 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 123, 391–399. https://​doi.​org/​10.​1016/j.​ophtha.​2015.​07.​004 (2016).

	37.	 Clark, T. Y. & Clark, R. A. Atropine 0.01% eyedrops significantly reduce the progression of childhood myopia. J. Ocul. Pharmacol. 
Ther. 31, 541–545. https://​doi.​org/​10.​1089/​jop.​2015.​0043 (2015).

	38.	 Chattopadhyay, D. N. & Seal, G. N. Amplitude of accommodation in different age groups and age of on set of presbyopia in Bengalee 
population. Indian J. Ophthalmol. 32, 85–87 (1984).

Acknowledgements
We thank Hsin-Yi Chien, Chih-Yun Lin, and the Biostatistics Center, Kaohsiung Chang Gung Memorial Hospital 
for statistics work.

Author contributions
M.N.C. wrote the main manuscript. All authors reviewed the manuscript.

https://doi.org/10.1016/j.ophtha.2012.11.009
https://doi.org/10.1007/s10654-015-0010-0
https://doi.org/10.1016/j.preteyeres.2017.09.004
https://doi.org/10.1016/j.preteyeres.2017.09.004
https://doi.org/10.1167/iovs.18-25957
https://doi.org/10.22608/APO.2018494
https://doi.org/10.1111/opo.12305
https://doi.org/10.1001/jamaophthalmol.2020.3451
https://doi.org/10.1001/jamaophthalmol.2016.4009
https://doi.org/10.1038/s41433-018-0139-7
https://doi.org/10.1038/s41433-018-0139-7
https://doi.org/10.1016/j.ophtha.2011.07.031
https://doi.org/10.1016/j.ophtha.2018.05.029
https://doi.org/10.1016/j.ophtha.2018.05.029
https://doi.org/10.1016/j.ophtha.2019.12.011
https://doi.org/10.1016/j.oftal.2017.12.015
https://doi.org/10.1016/j.ophtha.2015.10.012
https://doi.org/10.1016/j.ophtha.2015.10.012
https://doi.org/10.1016/j.jaapos.2008.07.006
https://doi.org/10.1016/j.ophtha.2020.07.017
https://doi.org/10.1016/j.ophtha.2020.01.054
https://doi.org/10.1111/j.1755-3768.2009.01800.x
https://doi.org/10.1097/OPX.0b013e3182357f79
https://doi.org/10.1097/OPX.0b013e3182357f79
https://doi.org/10.1016/j.ophtha.2006.05.062
https://doi.org/10.1016/j.ophtha.2006.05.062
https://doi.org/10.1089/jop.1999.15.85
https://doi.org/10.1038/eye.2013.256
https://doi.org/10.1089/jop.2011.0027
https://doi.org/10.1080/01658100701486459
https://doi.org/10.1001/archopht.123.7.977
https://doi.org/10.1016/j.ophtha.2020.12.036
https://doi.org/10.1089/jop.2009.0135
https://doi.org/10.1007/s00417-018-4078-6
https://doi.org/10.1016/j.ophtha.2015.07.004
https://doi.org/10.1089/jop.2015.0043


8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:17344  | https://doi.org/10.1038/s41598-021-96698-6

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.-C.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Stepwise low concentration atropine for myopic control: a 10-year cohort study
	Methods
	Results
	Changes in spherical equivalent. 
	Characteristics of subjects and prediction of myopic progression. 
	Concentration of atropine versus myopic progression. 

	Discussion
	Conclusion
	References
	Acknowledgements


