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Objective: To identify factors associated with visual acuity regression following

successful treatment of anisometropic amblyopia.

Design and method: This was a retrospective cohort study. Database records

for 100 and 61 children with anisometropic amblyopia who met at least

one criterion for successful treatment proposed by the Pediatric Eye Disease

Investigator Group (PEDIG) and had at least 1 year of follow-up data available

after the criterion was met were analyzed. The study sample was split into two

groups, those who regressed within 1 year of successful treatment (no longer

met any of the PEDIG criteria for successful treatment) and those who did not.

A two-step analysis involving a least absolute shrinkage and selection operator

(LASSO) regression and a logistic regression were used to identify predictor

variables for increased risk of regression. A broad range of clinical, perceptual,

and demographic variables were included in the analyses.

Results: Sixty-eight (42.5%) children regressed within 1 year of successful

treatment. Among the 27 predictor variables considered within the statistical

modeling process, the three most important for predicting treatment

regression were the extent of amblyopic eye visual acuity improvement, age at

first hospital visit and sex. Specifically, lower risk of regression was associated

with larger amblyopic eye visual acuity improvement with treatment, younger

age at initiation of treatment and female sex.

Conclusion: Patients who received treatment at a younger age and responded

well to treatment had a lower risk of treatment regression. This pattern of

results suggests that early detection of amblyopia and strategies that enhance

treatment adherence may reduce the risk of treatment regression. The higher

risk of regression in boys than girls that we observed may reflect known sex

di�erences in brain development and /or sex di�erences in environment within

our sample of children from South China.
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anisometropic amblyopia, treated amblyopia, regression, risk factors, prediction

model

Frontiers inMedicine 01 frontiersin.org

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2022.1013136
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2022.1013136&domain=pdf&date_stamp=2022-10-31
mailto:lijingr3@mail.sysu.edu.cn
mailto:ben.thompson@uwaterloo.ca
https://doi.org/10.3389/fmed.2022.1013136
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmed.2022.1013136/full
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Jia et al. 10.3389/fmed.2022.1013136

Introduction

Amblyopia is defined clinically as reduced visual acuity in

an otherwise healthy eye combined with a history of disrupted

visual experience early in life (1). Typical causes of disruption

include bilateral refractive error, anisometropia, strabismus,

visual deprivation, or a combination of these conditions.

In childhood and adolescence, the visual acuity deficit that

characterizes amblyopia can be treated with refractive correction

and, where indicated, occlusion or penalization of the stronger

or non-amblyopic fellow eye for several hours each day (2–

5). These treatments alter visual input to the brain and,

via mechanisms that are not yet understood, improve neural

processing of information from the amblyopic eye.

Although available treatments for the visual acuity deficit

in amblyopia are effective, regression of visual acuity when

treatment is discontinued is a concern. Estimates of visual acuity

regression rates following treatment cessation vary substantially

from <10% (6) of patients to between 20 to 40% (7–9) and even

over 40% (10, 11) depending on the study population, definition

of regression and duration of follow-up. Regression may or may

not be influenced by tapering of treatment (8, 12) and is not

related to binocular status at the end of treatment (13).

Several prospective and retrospective follow-up studies have

explored factors that may predict visual acuity regression

following amblyopia treatment, but a clear pattern of risk factors

has yet to emerge. Risk factors that may be important include

greater patient age at diagnosis (14), younger age at cessation

of occlusion therapy (7), better visual acuity at the time of

treatment cessation (13, 14), poorer visual acuity at the start of

treatment (11, 15), larger visual acuity gains during treatment

(13, 14), high levels of anisometropia (10, 15, 16) combined with

microtropia (17) or strabismus (11, 18), and a prior history of

treatment regression (13).

In this study, we took advantage of criteria for defining

amblyopia treatment success used by the Pediatric Eye

Disease and Investigator Group (PEDIG) and a unique

database of amblyopia treatment records (19) to retrospectively

investigate risk factors for amblyopia regression in patients with

successfully treated anisometropic amblyopia. To determine

amblyopia treatment success, we combined criteria used

across different PEDIG amblyopia treatment studies. We

considered amblyopia treatment to be successful if any of

the following three criteria were met at 3–12 months follow-

up: interocular difference (IOD) in acuity <0.2 logMAR

(referred to as the IOD criterion) (4), best corrected visual

acuity (BCVA) improvement of 3 or more logMAR lines

(the BCVA improvement criterion) (20, 21) or, amblyopic

eye visual acuity ≤0.1 logMAR (the BCVA achievement

criterion) (20, 21). We applied the PEDIG amblyopia treatment

success criteria to records of patients with anisometropic

amblyopia within the Uniting Functions in Ophthalmology

and Optometry (UFOs) Database (19) that is held at

Zhongshan Ophthalmic Center, a major regional eye hospital

in Guangzhou, China. The database contains longitudinal

clinical and visual function data for every amblyopia patient

seen at the hospital. Once we had identified patients with

anisometropic amblyopia whomet the PEDIG treatment success

criteria, we were able to compare patients who regressed

(no longer met the PEDIG criteria) with those who did

not within a 1-year time window to identify risk factors

for regression.

Materials and methods

This study followed the tenets of the Declaration of Helsinki

and was approved by the Institutional Ethics Committee of

Zhongshan Ophthalmic Center, Sun Yat-Sen University.

Participants

The UFOs Database was searched for records of patients

with amblyopia treated between January 2019 and July 2021.

Inclusion criteria for our study were: (1) a diagnosis of

monocular amblyopia defined as an interocular difference in

best corrected visual acuity ≥0.30 logMAR that could not be

explained by pathology, (2) meeting at least one of the PEDIG

criteria for amblyopia treatment success following amblyopia

treatment, and (3) availability of follow-up data for at least

1 year after the PEDIG criterion was met. Participants in

the database all received amblyopia treatment in accordance

with AAO guidelines (1, 22). This involved the correction of

refractive error followed by occlusion or penalization of the

fellow eye if required. Patient records were excluded if they

included a history of strabismus, visual deprivation, cataract,

aphakia, pseudophakia or any other ocular or neurological

disorder. These exclusion criteria meant that only patients with

anisometropic amblyopia were included in the study sample.

Anisometropia was defined as the interocular difference in

refractive error ≥-2.0 D for myopia, ≥1.5 D for hyperopia and

≥2.0 D for astigmatism.

Vision measures

All participants underwent regular ocular health and

vision assessments at Zhongshan Ophthalmic Center (one visit

every 3 months was recommended). The assessments followed

standard operating procedures to reduce inter-tester variability.

Measurements included a routine ocular examination,

measurement of undilated spherical and cylindrical refractive

error (KR-8800, Topcon Corp, Tokyo, Japan; dilated refractive
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FIGURE 1

Flowchart depicting the statistical analysis procedure.

error measurements were available from the first hospital

visit), best corrected monocular distance visual acuity (logMAR

tumbling E), contrast sensitivity [psychophysical quick contrast

sensitivity function (qCSF) (23) for those older than 6 years, the

CSV-1000E for those 6 and under] and stereoacuity (Random

Dot Stereoacuity at near and the Randot Stereoacuity Test

at distance). Spherocylinder values were calculated as the

sum of the absolute sphere and cylinder values. Contrast

sensitivity measures were converted to measures of area

under the contrast sensitivity function (AUCSF) (24). Nil

stereopsis was recorded as 5,000 arc sec (25). Full details

of the standardized testing protocol have been reported

previously (19).

Statistical analysis

The statistical analysis procedure is summarized in Figure 1.

The predictor variables represented four different domains.

The first domain was patient demographics which included

age at first hospital visit (when amblyopia treatment, typically

spectacle wear, was started), age when treatment was successful,

treatment duration, and sex. The second domain was prior

treatment which indicated whether the patient had received

both patching and refractive correction or refractive correction

alone. The third domain was visual function. Monocular visual

acuity measures were included from the first hospital visit

and when the patient met the criteria for successful treatment.
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Improvement from the first hospital visit to the point at

which the criteria for successful treatment were met was also

calculated for the visual acuity measure. Monocular contrast

sensitivities were converted to a single area under the log

contrast sensitivity function (AULCSF) value (19). Monocular

visual acuity and AULCSF values were entered into the model

separately, as an interocular difference (amblyopic eye−fellow

eye) and as an absolute interocular difference. Additional

visual function measures included stereoacuity (near and far).

The fourth domain was refractive error. Variables included

spherical, cylindrical refractive error and spherocylinder (the

absolute sum of the sphere and cylinder values). Each refractive

error variable was entered in the analysis separately, as an

interocular difference (amblyopic eye−fellow eye) and an

absolute interocular difference.

Eligible participants were split into two groups. The no

regression group continued to meet at least one of the PEDIG

criteria for 1 year after becoming eligible for the study.

The regression group ceased meeting any PEDIG criteria

for successful treatment within 1 year of becoming eligible

TABLE 1 Potential predictor variables included in the LASSO regression.

Total No regression Regression P-value

N = 160 N = 92 N = 68

Sex 0.076

Male 87 (54.4) 44 (47.8) 43 (63.2)

Female 73 (45.6) 48 (52.2) 25 (36.8)

Previous Patching 0.014*

No 18 (11.2) 5 (5.4) 13 (19.1)

Yes 142 (88.8) 87 (94.6) 55 (80.9)

Age at first visit (years) 5.30 (4.50, 6.70) 5.00 (4.30, 5.82) 6.00 (5.00, 8.48) < 0.001*

Age when successfully treated (years) 6.10 (5.40, 7.53) 5.90 (5.27, 6.80) 6.60 (5.57, 9.20) 0.009*

Treatment Duration (years) 0.50 (0.29, 1.15) 0.65 (0.35, 1.29) 0.47 (0.03, 0.76) 0.002*

LogMAR at first visit 0.52 (0.40, 0.80) 0.70 (0.50, 1.00) 0.40 (0.22, 0.52) < 0.001*

LogMAR at first visit-IOD 0.36 (0.22, 0.69) 0.52 (0.34, 0.80) 0.25 (0.13, 0.36) < 0.001*

LogMAR at first visit-IODabs 0.36 (0.26, 0.70) 0.54 (0.35, 0.80) 0.26 (0.16, 0.36) < 0.001*

LogMAR when treated 0.30 (0.20, 0.44) 0.30 (0.20, 0.46) 0.24 (0.20, 0.40) 0.239

LogMAR when treated-IOD 0.20 (0.10, 0.30) 0.20 (0.10, 0.37) 0.18 (0.10, 0.20) 0.185

LogMAR when treated-IODabs 0.20 (0.10, 0.30) 0.20 (0.10, 0.40) 0.18 (0.10, 0.20) 0.100

LogMAR Improvement 0.30 (0.10, 0.40) 0.39 (0.30, 0.50) 0.09 (0.00, 0.25) < 0.001*

AULCSF 0.98± 0.32 0.98± 0.30 0.97± 0.36 0.846

AULCSF-IOD −0.15 (−0.31,−0.03) −0.14 (−0.29,−0.03) −0.16 (−0.40,−0.05) 0.631

AULCSF-IODabs 0.17 (0.07, 0.38) 0.16 (0.06, 0.30) 0.20 (0.10, 0.40) 0.342

Near Random dot (arcsec) 400 (160, 5,000) 400 (160, 5,000) 400 (100, 5,000) 0.339

Distance Randot (arcsec) 5,000 (5,000, 5,000) 5,000 (5000, 5,000) 5,000 (5,000, 5,000) 0.469

Sphere type 0.161

Positive (Hyperopia) 125 (78.1) 76 (82.6) 49 (72.1)

Negative (Myopia) 35 (21.9) 16 (17.4) 19 (27.9)

Sphere (D) 4.50 (2.00, 6.00) 4.50 (2.44, 5.81) 4.00 (1.44, 6.00) 0.462

Sphere-IOD (D) 1.50 (0.50, 3.50) 2.00 (0.75, 3.81) 0.88 (0.25, 3.00) 0.023*

Sphere-IODabs (D) 1.88 (0.50, 3.50) 2.00 (0.75, 3.81) 1.25 (0.50, 3.00) 0.017*

Cylinder (D) 1.00 (0.50, 2.00) 1.00 (0.50, 1.75) 1.38 (0.50, 2.31) 0.114

Cylinder-IOD (D) 0.38 (0.00, 1.00) 0.50 (0.00, 1.00) 0.00 (0.00, 0.75) 0.166

Cylinder-IODabs (D) 0.50 (0.19, 1.00) 0.50 (0.25, 1.00) 0.50 (0.00, 1.00) 0.235

Spherocylinder (D) 5.75 (3.44, 7.25) 5.75 (4.00, 7.06) 6.00 (3.00, 7.81) 0.784

Spherocylinder-IOD (D) 2.00 (0.75, 4.06) 2.75 (1.25, 4.50) 1.62 (0.25, 3.06) 0.015*

Spherocylinder-IODabs (D) 2.25 (1.00, 4.06) 2.75 (1.50, 4.50) 1.88 (0.75, 3.06) 0.007*

Data are presented as mean ± SD for normally distributed variables, median (IQR) for non-normally distributed variables, and n (%) for categorical variables. P values were calculated

using a t-test, Mann–Whitney U test, or χ2 test. logMAR, logarithm of minimum angle of resolution; AULCSF, the area under the log contrast sensitivity function; Spherocylinder, | sphere

|+ | cylinder |; IOD, value for the amblyopic eye – value for the fellow eye; IODabs, | IOD |; D, diopter. *Statistically significant difference.
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for the study. Predictor variables for treatment regression

that differed significantly between the no regression and

regression groups were identified using a three-step approach.

First, a list of potential predictor variables was created based

on available data and variables used in previous studies of

treatment regression in amblyopia (Table 1). Second, a least

absolute shrinkage and selection operator (LASSO) regression

analyses (26) was conducted to identify treatment regression

predictors for which a minimal binomial deviance (equal

to 0.804, lambda = 0.019) was achieved. This step was

necessary because many of the variables were expected to

be colinear. Third, predictors that met minimal binomial

deviance were included in a logistic regression model to assess

sensitivity and specificity for predicting treatment regression.

Sensitivity and specificity peak at a value of 1 with perfect

sensitivity indicating that no treatment regression cases were

labeled as no-regression and perfect specificity indicating

that no no-regression cases were labeled as regression cases.

For the logistic regression, the data were split into two

mutually exclusive datasets, with 70% of records assigned

to the training set (N = 112) and 30% assigned to the

testing set (N = 48). As an exploratory analysis, the

same statistical procedures were applied separately for each

PEDIG criterion. For example, for the interocular difference

in acuity <0.2 logMAR criterion (the IOD criterion), only

records that met this specific criterion were included in the

analysis and regression was defined as no longer meeting this

specific criterion.

FIGURE 2

A correlation heatmap of predictor variables. Red represents positive correlations and purple represents negative correlations.
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Descriptive statistics were used to summarize the dataset.

Categorical variables were expressed as frequencies (percentage),

continuous variables as mean ± standard deviation (SD) for

normally distributed data, and median (Q1, Q3) for non-

normal distributions. Comparisons between the no regression

and regression groups were made using t-tests or Wilcoxon-

Mann-Whitney tests. The chi-square test was used to compare

categorical variables. Correlations between included variables

were quantified using Spearman’s Rho. Differences were

considered to be significant at p < 0.05. No missing data

were reported for age, sex, best corrected visual acuity (BCVA),

AULCSF, or refractive error. Missing data for stereoacuity were

replaced with median values. All analyses were performed using

the R Programming Language (3.6.2).

Results

The database search identified 4120 patients with amblyopia

of whom 160 met the study inclusion criteria (Table 1). Of the

160 eligible patients, 68 (42.5%) regressed over the course of 1

year. Figure 2 shows a correlation heatmap illustrating the high

degree of collinearity between the 27 different predictor variables

and the need for two-stage regression analysis.

LASSO regression (Supplementary Figure S1) identified 3

predictor variables that reached minimal binomial deviance

(Figure 3A). These variables indicated that larger improvements

in amblyopic eye visual acuity and the initiation of treatment at

a younger age were associated with reduced risk of regression.

Female sex was also associated with reduced risk of regression.

The logistic regression model constructed using these variables

(Figure 3B) had good sensitivity (0.75) and specificity (0.93) for

predicting amblyopia treatment regression defined as no longer

meeting the PEDIG criteria (Table 2).

A breakdown of regression risk as a function of age at first

treatment is shown in Table 3. Relative to children who received

their first treatment prior to age 6, the odds ratio of regression

increased from 2.65 to >8 with increasing age. Notably, the

number of children each age bin reduced significantly with

increasing age.

To further explore the finding that female sex was associated

with reduced risk of regression, the demographic, clinical and

TABLE 2 Prediction model performance.

Logistic

regression

Sensitivity Specificity Kappa Accuracy AUC

(95%CI)

Testing set 0.75 0.93 0.69 0.854 0.955

(0.9–1)

AUC, area under curve; CI, confidence interval.

TABLE 3 Association between age and the risk of regression.

Age (years) N Events (%) OR (95%CI) p-value

<6 103 33 (32.0) Reference

6–8 27 15 (55.6) 2.65 (1.12, 6.29) 0.027

8–10 15 8 (53.3) 2.42 (0.81, 7.25) 0.113

≥10 15 12 (80.0) 8.48 (2.24, 32.12) 0.002

P for Trend <0.001

FIGURE 3

Construction of prognostic models. (A) Forest plots of the 3 variables selected by LASSO regression. (B) The logistic regression model using

variables selected by the LASSO regression (Left, variable importance ranking. Right, The model’s ROC curve). The * symbol indicates the

statistically significant di�erence.
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FIGURE 4

Histogram of time when regression occurs after met treated

criteria.

treatment data for the regression and no regression groups were

summarized by sex (Supplementary Table S1). There were no sex

differences in these variables that could explain the association

between female sex and lower risk of treatment regression.

Of the 160 records included in our study, 130 included an

assessment of treatment adherence by the treating physician.

There were no differences in the rates of clinician-judged good

or poor compliance between boys and girls (4 of 71 boys had

poor adherence, vs. 7 of 59 girls, X2 = 0.911, p= 0.34).

We conducted an additional analysis to identify the time

course of treatment regression within our 1-year regression

window. Figure 4 shows that most instances of regression

occurred within 3 months of successful treatment. There were

no differences in the time course of regression between boys and

girls (p = 0.71). We also examined the magnitude of amblyopic

eye visual acuity regression within the treatment regression

group. The median magnitude of regression was 1.1 logMAR

(IQR 0.04–0.28). The magnitude of regression did not differ as

a function of sex (p= 0.14).

As described above, the definitions of treatment success

and regression used within our primary analysis involved three

separate PEDIG criteria: visual acuity IOD <0.2 logMAR, best

corrected visual acuity (BCVA) improvement of 3 or more

logMAR lines and amblyopic eye visual acuity ≤0.1 logMAR.

Within the main analysis only one criterion had to be met

for treatment to be considered as successful. The treatment

regression label was applied when none of the criteria were

met by a case that had previously achieved treatment success.

Previous studies of treatment regression have used only one

criterion to define treatment success and regression. To facilitate

comparisons to previous work we conducted separate, pre-

planned regression analyses that each used only one of our

treatment success / regression criteria (Supplementary material).

For example, in the first analysis treatment success was defined

as IOD < 0.2logMAR and regression as IOD no longer <0.2

logMAR. As expected, the most important predictors varied

across these secondary analyses illustrating the importance of

using a well-established set of criteria for judging treatment

success and regression. However, younger age, greater visual

acuity improvement, and less severe spherical anisometropia

were each associated with a reduced risk of regression for at least

two separate criteria, although these factors did not always reach

statistical significance.

Discussion

In our primary analysis, improvement in amblyopic eye

visual acuity had by far the strongest association with risk

of regression whereby greater visual acuity improvement was

associated with reduced risk of regression. Amblyopic eye visual

acuity improved by an average of 0.3 logMAR more in the no-

regression group than the regression group. The no regression

group also had poorer starting visual acuity and therefore

had to exhibit a greater improvement to reach the PEDIG

criteria than the regression group. This result is not consistent

with previous findings that larger visual acuity improvements

were associated with an increased risk of regression (13, 14).

One reason for this inconsistency may be that we used a

fixed set of clinical thresholds (the PEDIG criteria) to define

both successful treatment and regression whereas previous

studies have often used relative measures such as defining

treatment success as a visual acuity improvement of at least

0.3 logMAR. Therefore, our sample characteristics may have

varied from other studies. Another possibility is that we only

included patients with anisometropic amblyopia in our sample.

This was because a preliminary database search conducted

to determine study feasibility indicated that very few patients

with other sub-types of amblyopia met the PEDIG criteria

for successful treatment. In addition, all participants in the

previous studies received patching treatment and treatment

was stopped when the treatment success criteria were met.

This was not the case for our study where all cases received

optical treatment, but only a sub-set received patching. In

addition, because this was a retrospective study, treatment

was not discontinued when the treatment success criteria

were met.

Although it contradicts previous studies (13, 14), our finding

that larger visual acuity gains are associated with a reduced risk

of regression is intuitive. A larger improvement in amblyopic

eye visual acuity indicates a more pronounced change in cortical

processing and larger changes in cortical processing may be

more robust. In addition, larger gains in visual acuity may

encourage subsequent wearing of refractive correction to correct

anisometropia which may, in turn, sustain treatment gains.
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The association between reduced risk of regression and

young age at the initiation of treatment is consistent with

previous observations of an inverse relationship between age

and treatment efficacy (14, 27). At least two factors could

be a play; increased neuroplasticity within younger brains

(28, 29) enabling more pronounced and lasting changes in

cortical processing and better treatment adherence in young

children. Further exploration of this effect revealed a clear

increase in the odds ratio of regression with increasing age

at first treatment along with a pronounced reduction in the

number of children in the older age groups. This change in

the number of children in each age group may reflect a smaller

proportion of older children reaching the criteria for treatment

success, possibly because of reduced neuroplasticity and / or

treatment adherence.

Female sex was associated with a reduced risk of regression.

Exploratory analyses did not identify any demographic or

clinical factors that could satisfactorily explain this effect. In

addition, the time course and magnitude of regression was

similar between females and males. If later studies replicate this

finding, there are several possible explanations. Sex differences

in childhood brain development are well established and

involve differences in the rate and magnitude of brain structure

changes (30–32). Amblyopia treatment, which relies critically

on neuroplasticity within the brain, may interact with these

developmental changes leading to sex-differences in the risk of

treatment regression. Alternatively, environmental differences

between boys and girls including engagement in activities with

varying visual demands may also influence treatment regression.

Sex differences in visual activities are affected by many factors

and in this regard our data only relate to children in southern

China. In general, little is known about sex differences in

human visual development and critical period visual cortex

neuroplasticity (33). Our result suggests that this knowledge gap

requires attention.

Our work builds upon previous studies of treatment

regression in several ways: (1) we had access to 27 different

potential predictors of treatment regression that included

unique measures such as psychophysical assessments of contrast

sensitivity, (2) we adopted an accepted set of clinical criteria

for identifying treatment success and regression, and (3) our

statistical approach allowed us to include each predictor in the

modeling process and identify those that explained the most

variance in treatment regression. This comprehensive approach

provided a robust identification of factors that predict treatment

regression in anisometropic amblyopia.

Conclusion

Multiple factors are associated with risk of regression

following successful treatment for anisometropic amblyopia.

However, larger visual acuity gains and a younger age

of treatment have the strongest association with reduced

regression risk. These findings highlight the importance of

vision screening for early detection and treatment of amblyopia.

In addition, our results suggest that male patients may require

additional monitoring to protect against a heightened risk of

treatment regression.

Data availability statement

The raw data supporting the conclusions of this article will

be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed

and approved by Institutional Ethics Committee of Zhongshan

Ophthalmic Center, Sun Yat-Sen University. Written informed

consent to participate in this study was provided by the

participants’ legal guardian/next of kin.

Author contributions

JLi and BT contributed to the project design, data analysis,

and the revision of the manuscript. YJ, JLiu, and QY contributed

to the project design, data analysis, and drafted the manuscript.

SZ, LF, ZX, YZhu, YH, YZho, XC, YY, and RJ contributed to data

collection andmanuscript discussion. All authors contributed to

the article, read, and approved the submitted version.

Funding

JL was supported by National Key Research & Development

Project (2020YFC2003905). BT was supported by the Hong

Kong Special Administrative Region Government and InnoHK,

CIHR grant 156174 and NSERC RPIN-05394. The sponsor or

funding organization had no role in the design or conduct of

this research.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those

of the authors and do not necessarily represent those

Frontiers inMedicine 08 frontiersin.org

https://doi.org/10.3389/fmed.2022.1013136
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Jia et al. 10.3389/fmed.2022.1013136

of their affiliated organizations, or those of the publisher,

the editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fmed.2022.1013136/full#supplementary-material

References

1. Wallace DK, Repka MX, Lee KA, Melia M, Christiansen SP, Morse CL, et al.
Amblyopia Preferred Practice Pattern R© . Ophthalmology. (2018) 125:P105–P142.
doi: 10.1016/j.ophtha.2017.10.008

2. Brin TA, Chow A, Carter C, Oremus M, Bobier W, Thompson B. Efficacy of
vision-based treatments for children and teens with amblyopia: a systematic review
and meta-analysis of randomised controlled trials. BMJ Open Ophthalmol. (2021)
6:e000657. doi: 10.1136/bmjophth-2020-000657

3. Holmes JM. Designing clinical trials for amblyopia. Vision Res. (2015) 114:41–
7. doi: 10.1016/j.visres.2015.01.029

4. ScheimanM,Hertle R, Beck R, Edwards A, Birch E, Cotter S, et al. Randomized
trial of treatment of amblyopia in children aged 7 to 17 years. Arch Ophthalmol.
(2005) 123:437–47. doi: 10.1001/archopht.123.4.437

5. Wallace D, Chandler D, Beck R, Arnold R, Bacal D, Birch E, et al. Treatment
of bilateral refractive amblyopia in children three to less than 10 years of age. Am J
Ophthalmol. (2007) 144:487–96. doi: 10.1016/j.ajo.2007.05.040

6. Group PEDI. Stability of Visual Acuity Improvement Following
Discontinuation of Amblyopia Treatment in Children Aged 7 to 12 Years.
Arch Ophthalmol. (2007) 125:655–9. doi: 10.1001/archopht.125.5.655

7. Bhola R, Keech RV, Kutschke P, Pfeifer W, Scott WE. Recurrence
of amblyopia after occlusion therapy. Ophthalmology. (2006) 113:2097–100.
doi: 10.1016/j.ophtha.2006.04.034

8. The Pediatric Eye Disease Investigator Group. Risk of amblyopia recurrence
after cessation of treatment. J Am Assoc Pediatr Ophthalmol Strabismus. (2004)
8:420–8. doi: 10.1016/S1091-8531(04)00161-2

9. Leiba H, Shimshoni M, Oliver M, Gottesman N, Levartovsky S. Long-term
Follow-up of Occlusion Therapy in Amblyopia. Ophthalmology. (2001) 108:1552–
5. doi: 10.1016/S0161-6420(01)00697-2

10. Levartovsky S, Oliver M, Gottesman N, Shimshoni M. Long term effect of
hypermetropic anisometropia on the visual acuity of treated amblyopic eyes. Br J
Ophthalmol. (1998) 82:55–8. doi: 10.1136/bjo.82.1.55

11. Levartovsky S, Oliver M, Gottesman N. Factors affecting long term results
of successfully treated amblyopia: initial visual acuity and type of amblyopia. Br J
Ophthalmol. (1995) 79:225–8. doi: 10.1136/bjo.79.3.225

12. Walsh LA, Hahn EK, LaRoche GR. The method of treatment
cessation and recurrence rate of amblyopia. Strabismus. (2009) 17:107–16.
doi: 10.1080/09273970903126709

13. Holmes JM, Melia M, Bradfield YS, Cruz OA, Forbes B, Group
PEDI. Factors Associated with Recurrence of Amblyopia on Cessation of
Patching. Ophthalmology. (2007) 114:1427–32. doi: 10.1016/j.ophtha.2006.
11.023

14. Saxena R, Puranik S, Singh D, Menon V, Sharma P, Phuljhele S.
Factors predicting recurrence in successfully treated cases of anisometropic
amblyopia. Indian J Ophthalmol. (2013) 61:630–3. doi: 10.4103/0301-4738.1
23144

15. Kadhum A, Simonsz-Tóth B, Rosmalen J, Pijnenburg SJM, Janszen BM,
Simonsz HJ, et al. Long-term follow-up of an amblyopia treatment study: change in
visual acuity 15 years after occlusion therapy. Acta Ophthalmol. (2020) 99:e36–e42.
doi: 10.1111/aos.14499

16. Kirandi EU, Akar S, Gokyigit B, Onmez FEA, Oto S. Risk
factors for treatment failure and recurrence of anisometropic
amblyopia. Int Ophthalmol. (2017) 37:835–42. doi: 10.1007/s10792-016-
0345-x

17. Nilsson J, Baumann M, Sjöstrand J. Strabismus might be a risk factor for
amblyopia recurrence. J AmAssoc Pediatr Ophthalmol Strabismus. (2007) 11:240–2.
doi: 10.1016/j.jaapos.2007.01.117

18. Tacagni DJ, Stewart CE,MoseleyMJ, Fielder AR. Factors affecting the stability
of visual function following cessation of occlusion therapy for amblyopia. Graefe’s
Arch Clin Exp Ophthalmol. (2006) 245:811–6. doi: 10.1007/s00417-006-0395-2

19. Jia Y, Ye Q, Zhang S, Feng L, Liu J, Xu Z, et al. Contrast sensitivity and
stereoacuity in successfully treated refractive amblyopia. Invest Ophthalmol Vis Sci.
(2022) 63:6. doi: 10.1167/iovs.63.1.6

20. Pediatric Eye Disease Investigator G, Repka MX, Kraker RT, Beck RW,
Holmes JM, Cotter SA, et al. A randomized trial of atropine vs patching for
treatment of moderate amblyopia: follow-up at age 10 years. Arch Ophthalmol.
(2008) 126:1039–44. doi: 10.1001/archopht.126.8.1039

21. Scheiman MM, Hertle RW, Kraker RT, Beck RW, Birch EE, Felius J, et al.
Patching vs atropine to treat amblyopia in children aged 7 to 12 years: a randomized
trial.ArchOphthalmol. (2008) 126:1634–42. doi: 10.1001/archophthalmol.2008.107

22. American Academy of Ophthalmology Pediatric Ophthalmology/Strabismus
Panel. Preferred Practice Pattern Guidelines. Amblyopia. Am Acad Ophthalmol.
(2012) 12–13.

23. Zheng H, Wang C, Cui R, He X, Shen M, Lesmes LA, et al. Measuring the
contrast sensitivity function using the qCSF method with 10 digits. Transl Vis Sci
Technol. (2018) 7:9. doi: 10.1167/tvst.7.6.9

24. Applegate R, HowlandH, Sharp R, CottinghamA, Yee R. Corneal aberrations
and visual performance after radial keratotomy. J Refract Surg. (1998) 14:397–407.
doi: 10.3928/1081-597X-19980701-05

25. Jeon HS, Choi DG. Stereopsis and fusion in anisometropia according to the
presence of amblyopia. Graefes Arch Clin Exp Ophthalmol. (2017) 255:2487–92.
doi: 10.1007/s00417-017-3798-3

26. Friedman J, Hastie T, Tibshirani R. Regularization Paths for generalized
linear models via coordinate descent. J Stat Softw. (2010) 33:1–22.
doi: 10.18637/jss.v033.i01

27. Holmes JM, Lazar EL, Melia BM, Astle WF, Dagi LR, Donahue SP, et al. Effect
of age on response to amblyopia treatment in children. Arch Ophthalmol. (2011)
129:1451–7. doi: 10.1001/archophthalmol.2011.179

28. Mitchell DE, Maurer D. Critical Periods in Vision Revisited. Annu Rev Vis
Sci. (2022) 15:291–321. doi: 10.1146/annurev-vision-090721-110411

29. Thompson B. Neural plasticity in amblyopia. Oxford: Oxford University
Press. (2021).

30. Bellis MDD, Keshavan MS, Beers SR, Hall J, Frustaci K, Masalehdan A,
et al. Sex differences in brain maturation during childhood and adolescence. Cereb
Cortex. (2001) 11:552–7. doi: 10.1093/cercor/11.6.552

31. Peterson MR, Cherukuri V, Paulson JN, Ssentongo P, Kulkarni AV, Warf BC,
et al. Normal childhood brain growth and a universal sex and anthropomorphic
relationship to cerebrospinal fluid. J Neurosurg Pediatr. (2021) 28:458–68.
doi: 10.3171/2021.2.PEDS201006

32. Reiss AL, Abrams MT, Singer HS, Ross JL, Denckla MB. Brain development,
gender and IQ in children. A volumetric imaging study. Brain. (1996) 119 (Pt
5):1763–74. doi: 10.1093/brain/119.5.1763

33. Horwood AM, Riddell PM. Gender differences in early accommodation
and vergence development. Ophthalmic Physiol Opt. (2008) 28:115–26.
doi: 10.1111/j.1475-1313.2008.00547.x

Frontiers inMedicine 09 frontiersin.org

https://doi.org/10.3389/fmed.2022.1013136
https://www.frontiersin.org/articles/10.3389/fmed.2022.1013136/full#supplementary-material
https://doi.org/10.1016/j.ophtha.2017.10.008
https://doi.org/10.1136/bmjophth-2020-000657
https://doi.org/10.1016/j.visres.2015.01.029
https://doi.org/10.1001/archopht.123.4.437
https://doi.org/10.1016/j.ajo.2007.05.040
https://doi.org/10.1001/archopht.125.5.655
https://doi.org/10.1016/j.ophtha.2006.04.034
https://doi.org/10.1016/S1091-8531(04)00161-2
https://doi.org/10.1016/S0161-6420(01)00697-2
https://doi.org/10.1136/bjo.82.1.55
https://doi.org/10.1136/bjo.79.3.225
https://doi.org/10.1080/09273970903126709
https://doi.org/10.1016/j.ophtha.2006.11.023
https://doi.org/10.4103/0301-4738.123144
https://doi.org/10.1111/aos.14499
https://doi.org/10.1007/s10792-016-0345-x
https://doi.org/10.1016/j.jaapos.2007.01.117
https://doi.org/10.1007/s00417-006-0395-2
https://doi.org/10.1167/iovs.63.1.6
https://doi.org/10.1001/archopht.126.8.1039
https://doi.org/10.1001/archophthalmol.2008.107
https://doi.org/10.1167/tvst.7.6.9
https://doi.org/10.3928/1081-597X-19980701-05
https://doi.org/10.1007/s00417-017-3798-3
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.1001/archophthalmol.2011.179
https://doi.org/10.1146/annurev-vision-090721-110411
https://doi.org/10.1093/cercor/11.6.552
https://doi.org/10.3171/2021.2.PEDS201006
https://doi.org/10.1093/brain/119.5.1763
https://doi.org/10.1111/j.1475-1313.2008.00547.x
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

	Factors predicting regression of visual acuity following successful treatment of anisometropic amblyopia
	Introduction
	Materials and methods
	Participants
	Vision measures
	Statistical analysis

	Results
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


