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Abstract 
Bac kground: My opia is a leading cause of visual impairment in Asia and w orldwide . How ever, accur ately predicting the progression 

of m y opia and the high risk of m y opia remains a c hallenge . This study aims to dev elop a pr edicti v e model for the dev elopment of 
m y opia. 

Methods: We first r etr ospecti v el y gather ed 612 530 medical r ecords fr om fiv e inde pendent cohorts, encompassing 227 543 patients 
ranging from infants to young adults. Subsequently, we developed a multivariate linear regression algorithm model to predict the 
pr ogr ession of m y opia and the risk of high m y opia. 

Result: The model to predict the pr ogr ession of m y opia ac hieved an R 

2 value of 0.964 vs a mean absolute error ( MAE ) of 0.119D [95% 

confidence interval ( CI ) : 0.119, 1.146] in the internal validation set. It demonstrated strong generalizability, maintaining consistent 
performance across external validation sets: R 

2 = 0.950 vs MAE = 0.119D ( 95% CI: 0.119, 1.136 ) in validation study 1, R 

2 = 0.950 vs MAE 
= 0.121D ( 95% CI: 0.121, 1.144 ) in validation study 2, and R 

2 = 0.806 vs MAE = −0.066D ( 95% CI: −0.066, 0.569 ) in the Shanghai Children 

Myopia Study. In the Beijing Children Eye Study, the model achieved an R 

2 of 0.749 vs a MAE of 0.178D ( 95% CI: 0.178, 1.557 ) . The model 
to predict the risk of high m y opia ac hieved an area under the curve ( AUC ) of 0.99 in the internal validation set and consistently high 

area under the curve values of 0.99, 0.99, 0.96 and 0.99 in the respective external validation sets. 

Conclusion: Our study demonstrates accurate prediction of myopia pr ogr ession and risk of high myopia providing valuable insights 
for tailoring str ate gies to personalize and optimize the clinical management of m y opia in children. 

Ke ywords: m y opia; pr ogr ession; machine learning; pr ev ention; pr ecision medicine 
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Introduction 

Myopia is the leading cause of visual impairment worldwide. In 

2016, the pr e v alence of myopia r eac hed nearl y 1.6 billion cases 
worldwide, a trend expected to surpass 5.6 billion cases within 

the next few decades [ 1 ]. In China alone, myopia affects nearly 
400 million people, exceeding the entire population of the USA. 

The distribution of myopia varies amongst different racial and 

envir onmental bac kgr ounds. Typical onset occurs between 5–15 
years of a ge; howe v er, r ecent Chinese r eports noted the de v el- 
opment of myopia within the first 6 months of life [ 2 ]. More- 
o ver, studies ha ve shown that children from China and Singa- 
por e hav e dr asticall y higher pr e v alence of myopia than their Eu- 
r opean counter parts, possibl y due to mor e pr olonged near work 
in a large majority of sc hool-a ge c hildr en [ 3 , 4 ]. In a r e vie w con-
ducted by Pan et al ., only 3.4% of 10–11-year-old school children 

in the UK presented with myopia, compared to 30.1% of 10-year- 
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ld urban Chinese school children [ 3 ]. Moreover, the distribution
f myopia among Chinese adults is shown to increase exponen-
iall y, further r aising public health concern. By age 15, 78.4% of ur-
an Chinese students have acquired myopia, and by age 18, this
r equency r eac hes 80% [ 3 , 5 ]. Similar tr ends hav e been noted in
ther Asian countries such as Republic of Kor ea, wher e the pr e v a-
ence of myopia has been reported in 96.5% in 19-year-old male
eoul university students [ 6 ]. Alongside the growing prevalence of
yopia, studies have also indicated increased prevalence of high 

yopia [ ≥−6.0 diopters ( D ) ], which is associated with increased
ife-time risk of retinal detachment, myopic retinal degeneration 

nd glaucoma [ 7 ]. 
This surge in myopia progression in Asian school children has

ed some to claim the emergence of a “myopic epidemic”, as reti-
al damage due to high myopia can be irreversible and cause
ignificant morbidity [ 6 ]. Meanwhile, myopia has gr aduall y been
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Table 1. Cohorts of myopic patients used for training and validation of an AI system. 

Cohort Training 
Internal 

v alida tion External v alida tions 

GMS GMS 
Validation 

study 1 
Validation 

study 2 SCMS BCES 

Medical records ( n ) 273 307 29 445 203 462 100 213 4 148 1 955 
Patients ( n ) 88 111 10 023 76 314 50 957 2 007 131 
Male ( n ) 49 993 5 778 43 418 29 031 1 072 68 
Female ( n ) 38 118 4 245 32 896 21 925 935 63 
Mean interval between visits ± SD ( years ) 1.99 ± 1.32 1.93 ± 1.26 1.99 ± 1.33 1.99 ± 1.33 0.72 ± 0.21 2.47 ± 1.26 
Mean age at first exam ± SD ( years ) 8.18 ± 3.54 8.14 ± 3.52 8.16 ± 3.54 8.19 ± 3.56 7.91 ± 3.19 7.71 ± 1.36 
SE a at first exam ± SD ( D ) −0.67 ± 3.45 −0.63 ± 3.44 −0.67 ± 3.45 −0.66 ± 3.45 −2.03 ± 1.81 −0.50 ± 1.37 

a SE ( spherical equivalent ) calculated for both eyes combined. 
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ecognized as a social problem due the high expenses associated
ith it. The av er a ge economic cost to stabilize myopia pr ogr es-

ion in Singa por e equates to $709 USD per patient per year [ 8 ].
he price of r efr activ e sur gery in Eur ope v aried between €3 075 to
3 123 ( equivalent to US$4 046 to $4 109 when adjusted for 2021

nflation ) [ 9 ]. A recent estimation indicates that the annual ex-
enditure for the treatment and prevention of myopia in China

s ∼US$10 billion [ 10 ]. The economic burden of correcting my-
pic visual impairment places a large population at risk of not
eeking treatment; an estimated $121.4 billion international dol-
ars are lost due to ongoing uncorrected visual impairment, as
educed visual acuity is correlated with reduced economic pro-
uctivity [ 11 ], quality of life [ 12 ], and increased mortality ( e.g.
r om incr eased risk of falls ) [ 13 ,14 ]. Ther efor e, pr oviding a pr edic-
ive model for myopic pr ogr ession could potentiall y help to iden-
ify those at high risk for de v eloping high myopia, enable timely
ntervention, and mitigate the socio-economic burdens of visual
mpairment. 

Due to ne w mac hine learning ( ML ) algorithms and their incor-
oration into the medical field, artificial intelligence ( AI ) is poised
o r e volutionize disease dia gnosis and pr ediction, potentiall y lead-
ng to an ov er all higher standard of care. With the exponential in-
rease in myopic cases within the last decade, large datasets can
e assembled and serve as a tool for studies to predict if myopia
ases will pr ogr ess and pr edict the risk of high myopia at specific
uture time points. We investigated the prediction of myopic pro-
r ession and de v elopment of high myopia in fiv e independent co-
orts of c hildr en with myopia. We demonstrate that ML-assisted
 v aluations can pr ovide informed pr edictions r egar ding my opia
r ogr ession and risk of high myopia. 

ethods 

redicting myopia progression 

ata collection 

e collected data from the following five independent cohorts:
uangzhou Myopia Study ( GMS ) from the Zhongshan Ophthalmic
enter of Sun Yat-sen University ( 302 752 medical records of
8 134 patients split 9:1 for training and internal validation; ex-
ernal validation study 1 was from Guangzhou Women and Chil-
ren’s Medical Center ( 203 462 medical records of 76 314 patients ) ;
xternal validation study 2 was from Guangzhou Medical Univer-
ity First Affiliated Hospital ( 100 213 medical records of 50 957
atients ) ; the Shanghai Children Myopia Study ( SCMS ) was from
he Eye and ENT Hospital of Fudan University ( 4 148 medical
ecords of 2 007 pediatric patients ) ; and the Beijing Children Eye
tudy was from Beijing Tongren Eye Center ( BCES ) ( 1 955 medical
ecords of 131 pediatric patients ) . The institutional review boards
f the EENT Hospital of Fudan University, Zhongshan Ophthalmic
enter, Guangzhou Women and Children’s Medical Center, Ton-
ren Eye Center, and Guangzhou Medical University First Affili-
ted Hospital a ppr ov ed the study pr otocols. All participants wer e
nformed about the study objectives and signed written informed
onsent. All pr ocedur es adher ed to the tenets of the Declaration
f Helsinki. The c har acteristics of the cohorts are summarized in
able 1 . 

The GMS data used for training provided a plethora of infor-
ation, consisting mainly of bilateral eye exams in both children

nd young adults. Right and left eyes wer e consider ed indepen-
ent data. The mean age at the time of baseline was 8.18 years

standar d deviation ( SD ) : 3.54 y ears]. The mean spherical equiv-
lent ( SE ) r efr action at baseline was −0.67 D ( SD: 3.54 D ) . The
ean interval between visits was 1.99 years ( SD: 1.32 years ) . For

he internal validation set, the mean age at baseline, SE at base-
ine, and visit interv al wer e 8.14 ( SD: 3.52 ) , −0.63 D ( SD: 3.44 D ) ,
nd 1.93 ( SD: 1.26 ) , r espectiv el y. The first external validation con-
isted mainly of bilateral eye exams in both c hildr en and young
dults from validation study 1, with the mean age at the time
f baseline being 8.16 years old ( SD: 3.54 years ) . The mean SE
 efr action at baseline was −0.67 D ( SD: 3.45 D ) and the mean
nterval between visits was 1.99 years ( SD: 1.33 years ) . The sec-
nd external validation also consisted mainly of bilateral eye ex-
ms in both c hildr en and young adults from validation study 2,
ith the mean age at the time of baseline being 8.19 years ( SD:
.56 years ) . The mean SE r efr action at baseline was −0.66 D ( SD:
.45 D ) and the mean interval between visits was 1.99 years 
 SD: 1.33 years ) . 

The SCMS data consisted of bilateral eye exams in c hildr en
ith mainly one follow-up visit, typically within 1 year after base-

ine. In this cohort, the mean age at baseline was 7.91 years ( SD:
.19 years ) . The mean SE r efr action at baseline was −2.03 D ( SD:
.81 D ) . The mean interval between visits was 0.72 years ( SD: 0.21
ears ) . The BCES cohort was composed of primary sc hool-a ged
 hildr en with six annual follow-ups between 2011 and 2016; re-
raction was measured only for the right eye at each visit. In this
ohort, the mean age at baseline was 7.71 years ( SD: 1.36 years ) .
he mean SE r efr action of the right eyes at baseline was −0.50 D
 SD: 1. 37 D ) . The mean time period between visits was 2.47 years
 SD: 1.26 years ) . 

The SE was calculated from the refractive error, defined by the
ollowing equation: 

Spherical Equivalent = Spherical Diopter + 

1 
( Cylindrical Diopter ) 
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The annual pr ogr ession of r efr activ e err or was calculated for 
each visit using the equation: 

Progression = 

Spherical Equivalen t baseline − Spherical Equivalent 

t baseline − t 

ML algorithms were used for myopia progression prediction 

For tr aining pur poses, r aw data wer e cur ated to include only pa- 
tients meeting the follo wing criteria: tw o or more visits; < 20 years 
old at the baseline visit; follow-up periods at least 6 months apart; 
baseline SE between 6.00 and −20.00 D with presence of myopic 
pr ogr ession, defined as endpoint SE < baseline SE. Myopia pro- 
gression > 3 D per y ear w as considered atypical and excluded. We 
also excluded patients with str abism us or ambl yopia in our study.
The same inclusion criteria wer e a pplied to all five external vali- 
dation data sets . Furthermore , we performed data pr epr ocessing 
on the all datasets, with two senior ophthalmologists responsible 
for the r emov al or corr ection of missing v alues , outliers , and erro- 
neous data from the original dataset. All participants’ names and 

personal identifying information have been anonymized. 
We used two distinct learning methods, r egr ession and clas- 

sification, to de v elop our ML models. We used m ultiv ariate lin- 
ear r egr ession to anal yze the linear r elationship betw een tw o or 
more explanatory variables . T his model was applied to our data 
to predict annual myopia pr ogr ession by exploring the linear re- 
lationship between the following featur es: a ge at baseline, SE at 
baseline, the time interval between baseline and follow-ups, and 

corresponding outputs: SE at subsequent follow-up sessions. We 
applied the same features to logistic regression, a form of classi- 
fication, to determine if a patient would pr ogr ess to high myopia,
defined as SE ≤ −6.00 D. 

GMS data were used for training and internal v alidation. P a- 
tients were split into a 9 : 1 training-to-testing ratio and simulta- 
neousl y e v aluated using 10-fold cr oss-v alidation. External v alida- 
tion was performed in four other independent cohorts to confirm 

the rate of progression. 
The metrics used to e v aluate the m ultiv ariate linear r egr ession 

model with internal validation for the GMS cohort and external 
validation cohorts [the first external validation study ( validation 

study 1 ) , the second external validation study ( validation study 2 ) ,
SCES, BCMS] were mean absolute error ( MAE ) and R 

2 value. MAE is 
calculated by taking of absolute errors, and is applied when need- 
ing to distribute equal weight across all err ors. To e v aluate the ef- 
ficacy of logistic r egr ession as a classification model of predicting 
high myopia cases, the following metrics were used: accuracy, sen- 
sitivity of predicting high myopia, specificity of identifying non- 
pr ogr essors, and ar ea under the r eceiv er oper ating c har acteristic 
( ROC ) curve ( AUC ) . The training and validation experiments uti- 
lized Python 3.6.9. 

Analysis of factors affecting high myopia progression 

To assess factors influencing the probability of pr ogr ession to 
high my opia, w e estimated surviv al curv es by the nonpar ametric 
Kaplan–Meier method. The log-rank test was used for univariate 
analysis of categorical variables to determine differences between 

curves. P < 0.05 was considered significant. The study data were 
analyzed using R version 4.0.3. 

Results 

Pa tient char acteristics 

We collected 612 530 medical records of 227 543 patients fr om fiv e 
Chinese cohorts r etr ospectiv el y ( Table 1 ) . All cohorts wer e com- 
osed of a wide range of patients from infants to young adults
ho underwent complete eye exam, including cycloplegic r efr ac-

ion and visual acuity measurements, at various follow-up time 
oints. A total of 273 307 clinical records of 88 111 patients ( 49 993
ale, 38 118 female ) with two or more visits from the GMS co-

ort were used to train the AI system. A total of 29 445 medical
ecords of 10 023 patients ( 5 778 male, 4 245 female ) were used
s the internal validation set. Clinical demographics for each co-
ort are listed in Table 1 . Four other patient cohorts were used to
xternall y v alidate the ML model ( see Methods ) . 

We e v aluated the myopic distribution data of the tr aining co-
ort, and a noticeable correlation was observed between age and
E fr om a ge 2 to 20 years ( supplementary Fig. 1, see online sup-
lementary material ) . The younger c hildr en of the GMS cohort
ho w ed mainl y hyper opic to plano r efr action err ors. At a ge 8
 ears, the median SE w as + 0.07D [interquartile range ( IQR ) : −1.74
o + 1.28D]; at age 16 years, the median SE was −3.40D ( IQR: −4.72
o −1.77D ) ; at age 20 years, the median SE was −3.77D ( IQR: −5.15
o −2.10D ) . These results indicate a pr ogr essiv e myopia shift over
ime . Furthermore , this progression trajectory is similar to other
emogr a phic population studies reported in the literature, sup-
orting the r epr esentativ e natur e of the cohort [ 2 ]. 

yopia progression prediction 

ultiv ariate linear r egr ession was performed to anal yze the pr o-
ression of SE over time. Scatter plot graphs of actual and pre-
icted SE for each instance in all cohorts and histograms of pre-
iction error were generated to further evaluate the accuracy of
he model for each cohort. 

The model produced high accuracies across all cohorts while 
tting the variability of each dataset. The internal validation of
he GMS dataset produced an R 

2 value of 0.964 ( Fig. 1 A ) and MAE
f 0.119D [95% CI: 0.119, 1.146], with predicted values within ± 1D
f the actual SE 86% of the time ( Fig. 1 B ) . 

We then tested the model on external independent cohorts 
rom other parts of China. When tested in the first external valida-
ion dataset ( validation study 1 ) , the model produced an R 

2 value
f 0.950 ( Fig. 1 C ) and a MAE of 0.119D [95% confidence interval ( CI ) :
.119, 1.136], with predicted values within ±1D 83% of the time
 Fig. 1 D ) ; whereas in the external validation study 2 ( validation
tudy 2 ) , the model produced an R 

2 value of 0.950 ( Fig. 1 E ) and
 MAE of 0.121D [95% CI: 0.121, 1.144], with pr edicted v alues
ithin ±1D 83% of the time ( Fig. 1 F ) . A third external independent

alidation using the SCES cohort was also performed, which pro-
uced an R 

2 value of 0.806 ( Fig. 1 G ) and a MAE of −0.066D [95% CI:
0.066, 0.569], with pr edicted v alues within ±1D 86% of the time

 Fig. 1 H ) . Furthermore, a fourth external independent validation
sing the BCES produced an R 

2 value of 0.749 ( Fig. 1 I ) with a MAE
f 0.178D [95% CI: 0.178, 1.557] and predicted values within ±1D
4% of the time ( Fig. 1 J ) . 

rediction of progression to high myopia 

igh myopia ( defined as SE ≤ −6.00 D ) has been associated with a
ange of ocular comorbidities, including glaucoma, myopic mac- 
lopathy, and r etinal detac hment [ 15 , 16 ]. In addition, the con-
ition places significant financial and healthcare burdens on the 
orking population, given the direct and indirect costs associ- 
ted with vision loss. To predict the onset of high myopia, lo-
istic r egr ession classifiers wer e tr ained to detect cases likely to
r ogr ess to high myopia, and ROC curves were built for all five
ohorts. In the internal validation cohort, our AI algorithm pro-
uced an accuracy of 94.31%, sensitivity of 98.96%, and specificity
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Figure 1. Training and validation of a ML model of myopia prediction. Scatter plots illustrating the linear regression model ( A , C , E , G , I ) and 
histograms displaying the prediction errors ( B , D , F , H , J ) for both internal and external validation cohorts . T he corresponding cohorts are as follows: 
internal validation cohort in GMS ( A , B ) , external validation study 1 ( C , D ) , external validation study 2 ( E , F ) , SCMS ( G , H ) , and BCES ( I , J ) . 
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f 93.70% ( Fig. 2 A ) in detecting high myopia pr ogr essors, and AUC
f 0.99, indicating high accuracy ( Fig. 2 B ) . Furthermore, exter-
al validation yielded comparable results. When evaluating the
alidation study 1 dataset, the model produced an accuracy of
3.95%, sensitivity of 96.28%, specificity of 93.62% ( Fig. 2 C ) , and
UC of 0.99 ( Fig. 2 D ) . Similar results were observed when classi-

ying high myopia in the external validation study 2 dataset: lo-
istic r egr ession pr oduced an accur acy of 93.93%, sensitivity of
6.29%, specificity of 93.59% ( Fig. 2 E ) , and AUC of 0.99 ( Fig. 2 F ) .
hen e v aluating the SCES cohort, the model ac hie v ed an accu-

acy of 89.54%, sensitivity of 90.91%, specificity of 89.49% ( Fig. 2 G ) ,
nd AUC of 0.96 ( Fig. 2 H ) . Similarly, an accuracy of 96.18%, sen-
itivity of 90.00%, specificity of 96.27% ( Fig. 2 I ) , and AUC of 0.99
 Fig. 2 J ) wer e pr oduced when e v aluating the BCES dataset. We fur-
her assessed factors influencing the probability of progression
o high myopia. We found that an ann ual m yopia pr ogr ession
ate > 1.00 D was associated with higher probability and shorter
ime frame for progression to high myopia. Specifically, the sub-
roup with annual progression rate > 1D had a median survival
ime of 3.39 years, which is faster than the survival time of 4.05
ears for the subgroup with annual progression rate ≤ 1D for de-
eloping high myopia ( χ2 = 122, P < 0.001, Fig. 3 A ) . In addition,
he subgroup of younger age of onset of myopia ( between 3–7
 ears ) w as more likely to progress to high myopia ( median sur-
ival time 3.13 years ) than the subgroup with older age of onset
 8–18 years, median survival time 4.01 years ) ( χ2 = 178, P < 0.001 )
 Fig. 3 B ) . 

iscussion 

y opia, commonly kno wn as short-sightedness, has become a
lobal e pidemic. Alread y the leading cause of visual impairment
lobally, m yopia contin ues to increase in pr e v alence, notabl y in
 hildr en and young adults in urbanized en vironments . T his preva-
ence is particularly concerning because myopia, and especially
igh myopia, is not only associated with the socio-economic bur-
ens relating to spectacle- or contact lens-dependence, but also
ith increased life-time risks of irreversible vision loss from glau-

oma, r etinal detac hment, and r etinal degener ation. 
In this study, we de v eloped ML models to pr edict myopic pr o-

ression and risk of high myopia in pediatric populations from
hina, where myopia is highly prevalent. We validated this model

n se v er al external v alidation cohorts fr om acr oss urban ar eas in
hina ( Guangzhou, Shanghai, and Beijing ) , the r esults of whic h
uggest that the model can consistently predict myopia progres-
ion with a high degree of accuracy and is applicable to different
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Figure 2. Prediction of progression to high myopia. Normalized confusion matrices ( A , C , E , G , I ) and ROC ( B , D , F , H , J ) of high myopia classification via 
a logistic r egr ession model for internal validation and external validation. The corresponding cohorts are as follows: internal validation cohort in GMS 
( A , B ) , external validation study 1 ( C , D ) , external validation study 2 ( E , F ) , SCMS ( G , H ) , and BCES ( I , J ) . 
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urban geogr a phic populations . Our study has some limitations ,
one of which is how it can be generalized and applied to other 
ethnic groups or in rural areas. A recent study investigated my- 
opia pr ogr ession in sc hool-a ge c hildr en in China and observed 

similar findings, which support our conclusions [ 17 ]. In addition,
their study included cohorts from rural and less-urbanized areas 
in China, suggesting this ML method may be generalizable in a 
wider range of populations in differ ent geogr a phic locations in 

China. 
We de v eloped a logistic r egr ession model that demonstr ated 

robust ability to predict children who were at a higher risk of 
de v eloping high myopia among the general myopic population.
Our analyses suggest that high myopia is associated with early 
age of onset of myopia ( under the age of 8 years ) and > 1.0D my- 
opia shift over 1 year. Stratifying myopic patients into early ver- 
sus late/fast versus slow progressors will help to identifying in- 
herent genetic risk and external environmental factors in myopia 
pr ogr ession, as the exact pathogenic mechanism remains largely 
nclear. Current modalities for preventing myopia progression in 

 hildr en r ange fr om low-risk str ategies suc h as lifestyle adjust-
ents ( e.g. increased outdoor activity time ) and light ther a py [ 18 ],

o more invasive treatments such as orthokeratology lenses and 

ail y administr ation of cycloplegic eye drops ( e.g. atropine ) [ 19 ].
iven the high prevalence of childhood myopia and the impor-

ance of parental participation and involvement in the admin- 
stration of any potential therapy or intervention, tailoring the 

anagement of myopia in a child at the highest risk of progres-
ion is critical. Ther efor e, our ML algorithm can have an impor-
ant clinical impact for identifying c hildr en at risk of de v eloping
igh/pathologically high myopia for early intervention to reduce 
heir risk of myopia-related morbidities. 

In summary, in this study we de v eloped a compr ehensiv e ML
r ame work for prediction of myopia pr ogr ession and the risk of
igh myopia. Our ML models will aid in identifying high-risk pa-
ients and help guide de v elopments in adv ancing ther a peutic in-
erventions for this common condition. 
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Figure 3. Analysis of factors affecting high myopia pr ogr ession. ( A ) Pr obability of pr ogr ession to high myopia according to annual pr ogr ession r ate ov er 
time. Table reports median survival time of different progression rate groups. Probability of progression to high myopia ( y -axis ) was measured over 
time ( x- axis ) in two groups with an annual progression rate > or ≤ 1.00D. The group with > 1.00 D annual progression rate ( blue line ) had a higher 
probability and a shorter time frame to progress to high myopia. Log-rank test was used to calculate P values. ( B ) Probability of progression to high 
my opia accor ding to a ge of onset ov er time. Table r e ports median survi v al time of differ ent a ge gr oups. Pr obability of pr ogr ession to high myopia 
( y -axis ) measur ed ov er time ( x -axis ) in two differ ent a ge gr oups . T he blue-line group ( 3 to 7 year-olds ) was more likely to progress to high myopia than 
the y ello w-line group ( 8 to 18 y ear-olds ) ( P = 0.0001 ) . Log-rank test w as used to calculate P values. 
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