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Purpose: The purpose of this study was to develop an Asian polygenic risk score (PRS)
to predict high myopia (HM) in Chinese children in the Singapore Cohort of Risk factors
for Myopia (SCORM) cohort.

Methods: We included children followed from 6 to 11 years old until teenage years
(12–18 years old). Cycloplegic autorefraction, ultrasound biometry, Illumina Human-
Hap 550, or 550 Duo Beadarrays, demographics, and environmental factors data were
obtained. The PRS was generated from the Consortium for Refractive Error and Myopia
genomewide association study (n = 542,934) and the Strabismus, Amblyopia, and
Refractive Error in Singapore children Study (n = 500). The Growing Up in Singapore
Towards healthy Outcomes Cohort study (n = 339) was the replication cohort. The
outcome was teenage HM (≤ −5.00 D) with predictive performance assessed using the
area under the curve (AUC).

Results: Mean baseline age ± SD was 7.85 ± 0.84 (n = 1004) and 571 attended the
teenage visit; 23.3% had HM. In multivariate analysis, the PRS was associated with a
myopic spherical equivalent with an incremental R2 of 0.041 (95% confidence interval
[CI]= 0.010, 0.073; P< 0.001). AUC for HM (0.77 [95% CI= 0.71–0.83]) performed better
(P = 0.02) with the PRS compared with a model without (0.72 [95% CI = 0.65, 0.78]).
Children at the top 25% PRS risk had a 2.34-fold-greater risk of HM (95% CI = 1.53, 3.55;
P < 0.001).

Conclusions: The new Asian PRS improved the predictive performance to detect
children at risk of HM.

Translational Relevance: Clinicians may use the PRS with other predictive factors to
identify high risk children and guide interventions to reduce the risk of HM later in life.
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Introduction

The prevalence of myopia is increasing globally and
is particularly high in urbanized East Asian countries
where up to 80 to 97% of young adults have myopia.1–3
Highmyopia (HM) is associated with potentially blind-
ing ocular complications, including myopic macular
degeneration and retinal detachment.4

Myopia is a complex trait, arising from environ-
mental factors, which include educational attainment
and intensity, that are likely mediated by increased near
work, and lack of outdoor time.5–9 Both genetic varia-
tion and gene-environment interactions are also impor-
tant risk factors for myopia.10–13

Several large-scale genomewide association studies
(GWAS) in Europeans and Asians have identified
hundreds of loci associated with refractive error and
myopia.14–16 These loci have enabled calculation of
polygenic risk scores (PRS) that provide overall risk of
individual genetic susceptibility to myopia. The PRS
aggregates the effect of several genetic influences using
single nucleotide polymorphisms (SNPs) allowing the
estimation of specific individual risk at birth.17 The
PRS in adult populations of European ancestry was
able to explain 7.9% and 12.1% of the interindividual
variation in spherical equivalent (SE) refractive error
and self-reported age of myopia onset (area under
the receiver-operating characteristic curve [AUC] of
0.75 to predict moderate myopia [MM],15,16 but it
remains unclear if these findings are generalizable to
populations of other ancestry and demographics. The
Avon Longitudinal Study of Parents and Children
(ALSPAC; n = 1516) found that individuals in the
top 10% of the PRS distribution (HM ≤−5 D) had
a 6.1-fold (95% CI = 3.4–10.9) higher risk than the
remaining individuals.17 In a retrospective analysis in
the ALSPAC (n = 2048), the combination of parental
myopia and a genetic risk score gave the best perfor-
mance to predict SE in children aged 7 and 15 years (P
< 0.001).18

Although these studies demonstrate the utility
of PRS to distinguish myopia risk in large-scale
studies of mainly European ancestry, few studies
have examined the generalizability of a PRS in East
Asian children with the trans-ancestry portability of
PRS remaining poor. In this study, we leverage data
from Chinese Singaporean children (n = 1004) and
summary statistics from the largest GWAS of myopia
in Europeans16 to date, to generate a new PRS in East
Asians.

We aim to develop a novel Asian PRS and use this
PRS to predict HM in Singapore Chinese children

in the Singapore Cohort of Risk Factors for Myopia
(SCORM) cohort.

Methods

Singapore Cohort of Risk Factors for Myopia

SCORM is a prospective cohort whereby children
from grades 1 to 3 were recruited from 3 Singa-
pore schools in 1999 and 2001 (n = 1979), and has
been described previously.19–21 Briefly, children were
excluded if they had serious medical or eye disor-
ders, such as congenital cataract. Institutional review
board (IRB)/ethics committee approval was obtained.
All human research was conducted according to the
Declaration of Helsinki.Written informed consent was
obtained after the nature of the study was explained.

Seven annual follow-up visits were conducted in the
schools and children aged 12 to 18 years were seen at
the last teenage follow-up (2007). Cycloplegic refrac-
tion was measured at every visit. After the instilla-
tion of 1 drop of 0.5% proparacaine, cycloplegia was
achieved with 3 drops of 1% cyclopentolate instilled
at 5-minute intervals. Subsequently, cycloplegic autore-
fraction was performed with a table-mounted autore-
fractor (model RK5; Canon, Japan) at least 30 minutes
after the last eye drop. SEwas calculated as sphere+1/2
cylinder. Individuals were further grouped into HM (≤
−5.00 D) and MM (−3.00 D to > −5.00 D). Axial
length (AL) measurements were obtained after instil-
lation of 1 drop of 0.5% proparacaine; contact ultra-
sound biometry was performed (Echoscan model US-
800, probe frequency 10 mHz: Nidek Co., Ltd., Tokyo
Japan).

Questionnaires were administered to ascertain
information, such as number of books read per week
and number of parents with myopia.20 Time outdoors
(hours per week) in teenagers was recorded separately
for school weekdays and school weekends using the
Sydney Myopia Study questionnaire, and was defined
as the sum of outdoor leisure and outdoor sporting
activities.22

Genotyping was performed using the Illumina
HumanHap 550 or 550 Duo Beadarrays23 data array
for Chinese children (n = 1004) in 2006, with 571
children (57.4%) continuing through the last teenage
follow-up. Quality control of the genotype data was
achieved by excluding SNPs with call rates <95%,
excluding minor allele frequencies (MAF) <0.05 and
using the Hardy-Weinberg equilibrium (HWE) test
P < 10−6. The East Asia (EAS) reference popula-
tion in the 1000 Genomes reference panel was used
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Figure 1. Multidimensional scaling analysis of SCORM. The genotype data from the SCORM cohort (n= 1004) was combined with data
from the 1000 Genomes (phase 1, version 3) comprised of 2504 individuals from 26 populations. Multidimensional scaling (MDS) analysis
was performed on the combined set of 3508 individuals and 568,974 HapMap3 SNPs that were filtered on minor allele frequency <0.05,
Hardy-Weinberg equilibrium test P < 10−6 and genotype call rate < 0.01. Shown are the first two components from the MDS analysis.

to identify and exclude variants with differences in
allele coding and SNPs with allele frequency differ-
ences >0.20. To ascertain and confirm genetic ances-
try, the genotype datawas combinedwith data from the
1000 Genomes comprised of 2504 individuals from 26
populations. Multidimensional scaling (MDS) analysis
was performed on the combined set of 3508 individ-
uals and 568,974 HapMap3 SNPs that were filtered
at MAF <0.05, HWE test P < 10−6 and a genotype
call rate of < 0.01. Figure 1 illustrates the first two
components from the MDS analysis. The SNP data
was then imputed to the 1000 Genomes reference panel
using the Sanger Imputation Service for imputation
with the “PBWT, no pre-phasing” pipeline. Quality
control of the imputed data retained data on the basis
of non-monomorphic (i.e. MAF > 0), biallelic SNPs
with HWE test P > 10−6, MAF > 0.05, and an INFO
score > 0.50.

Strabismus, Amblyopia, and Refractive Error
Study

Strabismus, Amblyopia, and Refractive Error Study
(STARS) is a population-based survey of Chinese
families with children aged 6 to 72 months residing
in the southwestern and western region of Singapore.
Details of the study design and methodology have
been previously described.24 Data on 550 children were
included in this study.

Growing Up in Singapore Towards Healthy
Outcomes Cohort Study

Growing Up in Singapore Towards Healthy
Outcomes (GUSTO) cohort study consists of offspring
of ethnic Chinese (60%), Malay and Indian pregnant
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women, aged≥18 years who attended the first trimester
antenatal clinic at the National University Hospital
(NUH) and the KK Women’s and Children’s Hospi-
tal (KKH) in 2009 to 2010.25 In this study, we only
included data forChinese children from the 9-year visit.
Myopia was measured with cycloplegic refraction.
Risk factors for myopia, including near work, time
outdoors, mother’s education, and parental myopia,
were ascertained using questionnaires. The study was
approved by the SingHealth Centralized Institutional
Review Board and National Health Group’s Domain
Specific Review Board. Written informed consent was
obtained from the parents after the nature of the study
was explained.

Genotyping was performed using Infinium
OmniExpressExome array. Quality control included
excluding SNPs with call rates < 95%, MAF < 0.05,
andHWE test P< 10−6. GUSTOChinese participants
were compared with the EAS reference population in
the 1000 Genome reference panel, where variants with
different allele codings than 1000 Genome as well as
SNPs with frequencies that differ more than 0.20 were
excluded. Following quality control, a total of 529,083
SNPs were available for analysis, and were pre-phased
using SHAPEIT version 2.837 with family trio infor-
mation. The SNP data was then imputed to the 1000
Genome reference panel using the Sanger Imputation
Service for imputation with “PBWT, no pre-phasing”
pipeline. Quality control of the imputed data retained
non-monomorphic (MAF > 0), biallelic SNPs with
HWE test P > 10−6, MAF > 0.05, and INFO score >

0.50.

Polygenic Risk Score

We used the input GWAS summary statistics from
Hysi et al., a large GWAS study on refractive error
conducted in individuals of European ancestry.16 The
SNPs were selected using the MAF (equal to or higher
than 0.01) in Chinese children and retained if they were
directly associated, or in high linkage disequilibrium
(LD) with SNPs significantly associated (P < 5e-10−8)
with refractive error in European adults.26 SNPs with
associations that were less statistically significant in the
European analysis were not considered. Presence of
multiple redundant signals in our subjects of Chinese
descent was subsequently verified and eventually recti-
fied with LD pruning as implemented in the PLINK
software.27 In all cases, an independent (i.e. not used for
the analyses whose results are described here) popula-
tion of ethnic Chinese ancestry, the STARS (n = 500),
was used to calculate MAF and LD between pairs of
SNP markers. SNPs were selected if they had a proba-
bility of conditional association P < 10−8.

Because the original meta-analysis association was
z-score based, linear logistic regression coefficients
(in standardized units) were calculated using effective
population sizes using the formula:

β = Zscore
(N.e f f ∗ p ∗ (1 − p))

where Zscore is the reported meta-analysis Z-score,
N.eff is the effective population number, and p is the
MAF at the locus.

A PRS was calculated using the 655 SNPs for
each individual in SCORM as the sum of risk
alleles weighted by the effect sizes described above
using the PRSice version 2.3.1.e (https://github.com/
choishingwan/PRSice) software.28 To determine if the
inclusion of additional SNPs in the PRS calculation
improved the prediction accuracy in SCORM, we
applied three recently developed methods (SbayesR,29
SbayesS, and SBayesRS30), which have been shown the
perform better than LDpred and clumping and thresh-
olding (P + T) approaches. These three approaches
are genomewide Bayesian methods that take as input
GWAS summary statistics from Hysi et al.16 and an
LD reference panel. Each method effectively shrinks
SNPs effect sizes while maximizing the variance
explained by binning SNPs into a mixture of normally
distributed priors while accounting for LD. Shrunk
sparse LD matrices generated by Lloyd-Jones et al.29
(downloaded from: https://cnsgenomics.com/software/
gctb/#Download) were used as the LD reference panel,
which were built using 1.09 million HapMap3 SNPs
from a subset of 50,000 unrelated Europeans from the
UKBiobank. Each method was run with the default
parameters: –pi 0.95, 0.02, 0.02, and 0.01; gamma 0,
0.01, and 0.1, 1; chain-length 50,000; burn-in 20,000;
out-freq 10, and using the –exclude-mhc flag. The PRS
was calculated for each individual in SCORM using a
total of 683,970 HapMap3 SNPs and multiplying the
best guess genotypes by the effect sizes reweighted by
SBayesR, SBayesS, and SBayesRS using the PLINK –
score function. The PRSs were subsequently standard-
ized to have a mean of zero and variance of one to aid
in the interpretation of results.

Statistical Analysis

Last teenage follow-up visit (children aged 12 to 18
years) SE and ALmeasurements (dependent variables)
were tested for association with the standardized PRS
by multivariable linear regression. First, we tested
a model without the PRS (basic model), including
age, sex, mother’s education, school, and 10 genotyp-
ing principal components. The 10 principal compo-
nents are the principal components derived from the
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genetic relationship matrix. Specifically, we calculated
the GRM using 5,285,015 imputed SNPs in SCORM
using the –make-grm command in GCTA.31 Princi-
pal components were then calculated using the –pca
command in GCTA. The inclusion of 10 genotypic
principal components in the analysis accounts for the
subtle correlation between individuals due to popula-
tion stratification and cryptic relatedness.32,33 Baseline
height was also included in the analysis for AL. Second,
we added the PRS to the basic model (basic model
+ PRS) and determined the incremental R2, defined
as the gain in adjusted R2 when the PRS was added
to the model. Third, we added parental myopia (basic
model + parental myopia), time outdoors (basic model
+ time outdoors), and books read per week (basic
model + books read per week) to the basic model and
determined the incremental R2 when parental myopia,
time outdoors, or books read per week were added
to the model. We also analyzed a full multivariable
model, adjusting for the basic model, time outdoors,
and number of books read per week. AL at the last
follow-up visit was additionally adjusted for baseline
height. ANOVA was performed on the basic model
versus a model with the inclusion of the PRS to deter-
mine the significance of the inclusion of the PRS in
the model. For the replication in the GUSTO cohort,
the basic model included sex and height (for analysis of
AL) as covariates. The full multivariate model included
the covariates from the basicmodel, time outdoors, and
near-work. The effect size (in standard deviation units),
standard error, 95% confidence interval (CI), P value,
and the adjusted R2 were used to assess the strength of
associations.

Logistic regression was performed with HM
(≤ −5.00 D) and MM (−5.00 D < SE ≤ −3.00 D)
at the last follow-up visit as a dichotomous outcome
and PRS as the independent variable in multivariable
models. Individuals with >−0.5 D at the last follow-up
visit were placed in the “no myopia” group.

Time-to-HM and MM analysis considered all eight
visits, where all subjects were measured consecutively
every year. We determined the visit number (number
between 1 and 8) at which each individual developed
HM and MM. For example, an individual with SE of
−3.00 D at baseline (visit 1) that progressed to−5.00 D
by visit 3 had time-to-HM equal to 3 and the time-to-
MMequal to 1. Individuals that did not developHMor
MMby visit eight were censored. Time-dependent Cox
proportional hazard models were then used to test for
association between the PRS and progression to HM
and MM in a multivariate model.

Classification accuracy was assessed byAUC, which
relates the false-positive rate (specificity) with the true-
positive rate (sensitivity). Risks factors were progres-

sively added comparing the discriminative ability using
AUC to obtain the best clinical model. The results
of 4 models were analyzed: model 1 with age, time
outdoors, and parental myopia; model 2, with age, time
outdoors, parental myopia, and PRS; model 3 only the
PRS; and model 4 only parental myopia. To compare
the AUC between two receiver operating characteris-
tic (ROC) curves, we used DeLong’s test implemented
in the roc.test command from the pROC library in R
version 3.6.0.

Finally, for each of the HM and MM groups,
odds ratios were calculated for individuals in the top
25th percentile of the PRS versus the bottom 75th
percentile, and the top 50th percentile versus the
bottom. The P values were calculated with a χ2 test
from the 2× 2 table of myopia level versus the PRS-risk
group. All analyses were performed using R version
3.6.0.

Results

Polygenic Risk Score

The PRS and cycloplegic auto-refraction data were
available for a total of 1004 Chinese children in
SCORM (mean age at baseline ± standard deviation
[SD] = 7.85 ± 0.84). Of these, 571 attended the last
follow-up visit with 22.8% having MM and 23.3%
having HM. The mean SE at the last visit was −2.99
± 2.57 D and mean AL at last visit was 24.75 ± 1.24
mm. The distribution of the PRS generated from the
655 SNPs in SCORM is illustrated in Figure 2.

A model without the PRS (basic model), including
age, sex, mother’s education, school, and 10 genotyp-
ing principal components explained 4.0% and 10.8%
of SE and AL variance, respectively (Table 1). Adding
the PRS to the basic model showed an incremental
R2 of 0.041 (95% CI = 0.010, 0.073) for SE (Fig. 3);
that is, inclusion of the PRS in the basic model
showed statistically significant improvement (ANOVA
P < 0.001) in the prediction (i.e. increase in adjusted
R2 of 4.1%) of SE. The PRS had an incremen-
tal R2 of 0.022 for AL (95% CI = −0.001, 0.046;
ANOVA P < 0.001; see Fig. 3). The incremental R2

values for parental myopia and number of books read
per week were lower (R2 ≤ 1%). The inclusion of
parental myopia and time outdoors to the basic model
showed statistically significant improvement over the
basic model, although, in both cases, the incremen-
tal R2 was less than that observed with the inclusion
of the PRS in the model (see Table 1). We found
a small increase in the prediction accuracy of SE
(i.e. incremental R2 of 4.1% vs. 6.7% with SbayesRS)
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Figure 2. Distribution of the raw polygenic risk score in SCORM (n= 1004).

Table 1. Multivariable Linear Regression Models of Polygenic Risk Score, Parental Myopia, Time Outdoors, and
Association With Teenage Spherical Equivalent and Axial Length, to Determine the Degree of Improvement in
Prediction Accuracy in SCORM (n = 1004)

Spherical Equivalent (D)a Axial Length (mm)b

Adjusted R2,
Full Model

Incremental
Adjusted R2

Incremental
R2 95% CI

ANOVA P
(vs. Basic)

Adjusted R2,
Full Model

Incremental
Adjusted R2

Incremental
R2 95% CI

ANOVA P
(vs. Basic)

Basic 0.040 – – – 0.108 – – –
Basic + PRS 0.082 0.041 0.010, 0.073 4.85 × 10−7 0.130 0.022 −0.001, 0.046 1.49 × 10−4

Basic + Parental myopia 0.051 0.011 −0.006, 0.027 7.16 × 10−3 0.112 0.004 −0.006, 0.014 0.065
Basic + Time outdoors 0.076 0.035 0.006, 0.064 3.36 × 10−6 0.133 0.026 0.0004, 0.051 5.06 × 10−5

Basic + books read per week 0.040 0 0, 0 0.466 0.106 0 0, 0 0.849

aBasic model for spherical equivalent included age, sex, mother’s education, school and 10 genotyping principal compo-
nents.

bBasic model for axial length included age, sex, height, mother’s education, school, and 10 genotyping principal compo-
nents.

and AL (i.e. incremental R2 of 2.2% vs. 3.7% with
SbayesRS and SbayesS) when 683,970HapMap3 SNPs
were used in the calculation of the PRS versus ourmain
approach that uses 655 SNPs from a GWAS of refrac-
tive error in Europeans.

The prediction accuracy of the full multivariable
model was better, explaining between 11.9% and 15.7%
of the variance for SE and AL, respectively (Table 2g),
as compared to lower prediction for parental myopia
(R2 = 8.3% for SE;R2 = 13.5% forAL). Time outdoors
provided similar accuracy to the PRS in relation to
SE (R2 = 11.9%) and AL (R2 = 15.7%). Number of
books read per week, an indicator of near work, was

not significant associated with SE or AL (P > 0.05;
data not shown).

The PRS was associated with both an altered risk to
time to HM (HR= 1.49; R2 = 12.8%) and time toMM
(HR = 1.39; R2 = 12.5%) with good R2 (full multi-
variable model; Table 3). An increase in the amount
of time outdoors corresponded to a decreased risk
in time to HM (HR = 0.58) and time to MM (HR
= 0.79). Parental myopia had similar risk and only
slightly lower R2. Books read per week, an indicator of
near work, was not significant associated with time to
MM (P= 0.17), but was nominally significantly associ-
ated with time to HM (P = 0.03; data not shown).
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Figure 3. Prediction accuracy (incremental R2) of polygenic risk scores, time outdoors, and parental myopia in SCORM (n= 1004).
Error bars represent 95% confidence intervals. Incremental R2 values represent the increase in R2 obtained by adding the PRS as predictor
to a model with covariates. Multivariate models were adjusted for baseline age, sex, mother’s education, school, time outdoors, number of
books read per week, and 10 genotyping principal components. AL at last visit was additionally adjusted for baseline height.

TheAUC approach was used to assess the ability for
the PRS to distinguish betweenHM (n= 133) andMM
(n = 129, versus n = 109 no myopia controls), where an
AUC of 1 and 0.5 represents a PRS with perfect and
no discriminatory power, respectively. Amodel without
the PRS (model 1: age, time outdoors, and parental
myopia) showed an AUC of 0.72 (95% CI = 0.65,

0.78) for HM and 0.60 (95% CI = 0.53, 0.67) for MM.
The AUC showed statistically significant performance
improvement for HM but not MM when the PRS
was added to the model (model 2: age, time outdoors,
parental myopia, and PRS) with AUC for HM of 0.77
(95% CI = 0.71–0.83, DeLong’s test P = 0.02; Fig. 4)
and 0.62 (95%CI= 0.55–0.69; DeLong’s test P= 0.36)
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Table 2. Multivariable Linear Regression Models of Polygenic Risk Score and Teenage Spherical Equivalent and
Axial Length in SCORM (n = 1004)

Spherical Equivalent (D) Axial Length (mm)

Univariate Multivariable n Univariate Multivariable n

Polygenic risk scorea 568 548
β −0.21 −0.22 0.18 0.17
Standard error 0.04 0.04 0.04 0.04
95% CI −0.30, −0.13 −0.30, −0.14 0.09, 0.26 0.09, 0.25
P 6.21 × 10−7 1.49 × 10−7 4.70 × 10−5 5.39 × 10−5

R2 0.041 0.119 0.038 0.157
Parental myopiaa 568 548
β −0.32 −0.23 0.30 0.15
Standard error 0.09 0.09 0.09 0.09
95% CI −0.49, −0.15 −0.41, −0.05 0.13, 0.47 −0.03, 0.33
P 2.10 × 10−4 0.01 6.05 × 10−4 0.10
R2 0.022 0.083 0.029 0.135
Time outdoorsb 568 548
β 0.16 0.21 −0.13 −0.18
Standard error 0.04 0.04 0.04 0.04
95% CI 0.08, 0.24 0.13, 0.29 −0.21, −0.05 −0.26, −0.10
P 1.08 × 10−4 8.77 × 10−7 2.09 × 10−3 1.94 × 10−5

R2 0.024 0.119 0.025 0.157

Caption: Association effect sizes (β); 95% confidence interval (95% CI); P value (P); Adjusted R2.
aMultivariatemodels were adjusted for baseline age, sex, mother’s education, school, time outdoors, number of books read

per week and 10 genotyping principal components. Axial length at last visit was additionally adjusted for baseline height.
bMultivariatemodels were adjusted for baseline age, sex,mother’s education, school, polygenic risk score, number of books

read perweek and 10 genotyping principal components. Axial length at last visit was additionally adjusted for baseline height.

for MM. A model with only the PRS (model 3: AUC
of 0.64 [95% CI = 0.57–0.71] for HM and 0.57 [95%
CI = 0.49–0.64] for MM) was more predictive than a
model with only parental myopia (model 4: AUC of
0.61 [95% CI = 0.55–0.67] for HM and 0.56 [95% CI =
0.50–0.63] for MM), but the best model included both
the PRS and parental myopia together with age and
time outdoors (model 2).We observed a small improve-
ment in the AUC for MM (e.g. 0.65 [95% CI = 0.58–
0.72] with SbayesS) when the PRS was generated using
683,970 HapMap3 SNPs versus our main approach,
but no significant improvement in the AUC was found
for HM (Supplementary Fig. S1).

We also analyzed the distribution of the PRS in our
fourmyopia groups: HM (SE≤ −5.00D),MM (−5.00
D < SE ≤ −3.00 D), myopia (−3.00 D < SE ≤ −0.5
D), and no myopia (SE > −0.50 D). The PRS varied
significantly across the fourmyopia groups (P< 0.001),
where the average PRS increased with the severity of
myopia. In particular, we found the PRS to be signif-
icantly higher in individuals with HM than children
with no myopia (P < 0.001). Further, we found that

individuals in the upper percentile of the PRS distri-
bution had increased odds of HM and MM. Individu-
als with PRS in the top 25% had 2.34 (95% CI = 1.53,
3.55; P < 0.001) and 1.76 (95% CI = 1.20, 2.59; P <

0.001) times higher odds of HM andMM, respectively,
as compared to individuals in the remaining 75% of the
PRS distribution (Fig. 5). Similarly, individuals with
time outdoors in the top 25% had 0.60 (95% CI = 0.37,
0.95; P= 0.032) times lower odds of HM, as compared
to the remaining individuals. Books read per week
could not distinguish between HM and MM (data not
shown). The results were similar when comparing the
top and bottom 50% of the PRS and time outdoors
distribution. Individuals with PRS in the top 50% had
1.50 (95% CI = 1.07, 2.09; P = 0.02) and 1.77 (95%
CI = 1.19, 2.64; P < 0.001) times higher odds of MM
andHM, respectively, as compared to individuals in the
bottom 50%. Further, individuals with time outdoors
in the top 50% had 0.68 (95% CI = 0.49, 0.95; P =
0.02) and 0.49 (95% CI = 0.33, 0.73; P < 0.001) times
lower odds of MM and HM, respectively, as compared
to individuals in the bottom 50%. Again, the number
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Table 3. Cox Proportional Hazard Regression Models of Time to Moderate Myopia and Time to High Myopia in
SCORM (n = 1004)

Time to High Myopia (−5.00 D) Time to Moderate Myopia (−3.00 D)

Univariate Multivariable n Univariate Multivariable n

Polygenic risk scorea 672 672
HR 1.42 1.49 1.33 1.39
Standard error 0.08 0.08 0.06 0.06
95% CI 1.21, 1.67 1.26, 1.75 1.18, 1.49 1.24, 1.56
P 1.97 × 10−5 1.84 × 10−6 1.19 × 10−6 1.25 × 10−8

R2 0.026 0.128 0.034 0.125
Parental myopiaa 672 672
HR 1.80 1.61 1.52 1.34
Standard error 0.19 0.21 0.12 0.13
95% CI 1.25, 2.61 1.07, 2.41 1.19, 1.93 1.03, 1.74
P 1.71 × 10−3 0.02 7.60 × 10−4 0.03
R2 0.016 0.106 0.018 0.089
Time outdoorsb 672 672
HR 0.71 0.58 0.89 0.79
Standard error 0.09 0.10 0.06 0.06
95% CI 0.59, 0.85 0.47, 0.70 0.79, 1.00 0.70, 0.90
P 1.41 × 10−4 8.30 × 10−8 0.04 2.80 × 10−4

R2 0.023 0.128 0.006 0.125

Caption: Hazard ratios (HR); 95% Confidence interval (95% CI); P value (P); Adjusted R2.
aMultivariatemodels were adjusted for baseline age, sex, mother’s education, school, time outdoors, number of books read

per week and 10 genotyping principal components.
bMultivariatemodels were adjusted for baseline age, sex,mother’s education, school, polygenic risk score, number of books

read per week and 10 genotyping principal components.

of books read could not distinguish between HM and
MM.

Growing Up in Singapore Towards Healthy
Outcomes Cohort Study

The association between PRS and SE and AL were
tested for replication in an independent dataset from
the GUSTO cohort. Genetic and cycloplegic auto-
refraction measurement information was available in
a total of 339 Chinese children from GUSTO (9-year-
olds). Among these children, 10.9% and 2.4% hadMM
and HM, respectively.

The prediction accuracy of the full multivariable
model in the GUSTO cohort was similar to SCORM
(Fig. 6), indicating good replicability across cohorts of
similar Chinese ancestry. For example, in the full multi-
variable model (which included sex, time outdoors, and
near-work), the association between the PRS and SE
was of similar effect size in SCORM (β = −0.22; R2

= 11.9%) and in GUSTO (β = −0.24; R2 = 4.6%; P
< 0.001), albeit with a much lower variation explained

in GUSTO for SE at 9-year-olds. Time outdoors was
associated with teenage SE in SCORM (β = 0.21; R2

= 11.9%) but was not significantly associated with SE
at 9-year-olds in GUSTO (P = 0.18). The associa-
tion between the PRS and AL in the full multivari-
able model (which included sex, height, time outdoors,
and near-work) was of similar effect size in SCORM
(β = 0.17; R2 = 15.7%) and in GUSTO (β = 0.19;
R2 = 16.7%; P < 0.001). Adding the PRS to the basic
model (which included sex as a covariate for SE, and
sex and height as covariates for AL) inGUSTO showed
an incremental R2 of 4.9% for SE (ANOVA P < 0.001)
and 3.3% for AL (ANOVA P < 0.001); that is, inclu-
sion of the PRS to the basic model showed statistically
significant improvement in GUSTO.

Discussion

In our study, we found that our newly developed
PRS based on the latest GWAS results was associ-
ated with HM. The model (model 2), including age,
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Figure 4. Receiver Operating Characteristic (ROC) curve for detecting highmyopia (≤ −5.00 D) andmoderatemyopia (≤ −3.00 D)
versus no myopia controls using the polygenic risk score in SCORM. ROC curve for high myopia (≤ −5.00 D, n = 133) and moderate
myopia (≤ −3.00 D, n= 129) versus nomyopia controls (n= 109) with PRS, age, time outdoors, and parental myopia as predictors. The area
under the curve (AUC) and 95% confidence interval corresponds to the PRS, age, time outdoors, and parental myopia model. The black line
represents an AUC of 0.5.

Figure 5. Odds ratios for teenage highmyopia (≤ −5.00 D) and
moderatemyopia (≤ −3.00 D) for children classified as high risk
using the polygenic risk score and time outdoors in SCORM (n=
1004).Odds ratioswere calculatedwith a 2× 2 table ofmyopia level
(high myopia, ≤ −5.00 D and moderate myopia, ≤ −3.00 D) versus
high-risk groupwhere error bars represent 95%confidence intervals.

time outdoors, parental myopia, and the PRS, had the
best predictive ability of HM. Clinicians may use the
PRS with other predictive factors to identify high risk
children and guide interventions to reduce the risk of
HM later in life.

Figure 6. Association effects size (β) from multivariate linear
regression of spherical equivalent (SE) and axial length (AL) on
polygenic risk score (PRS) in SCORM (n = 1004) and GUSTO (n =
339).

Our full multivariate model showed that the PRS
explained 11.9% of the variance for SE, whereas
parental myopia only explained 8.3%. We also found
that the PRS explained about 13% of the phenotypic
variance of time to HM. The PRS alone was able to
incrementally explain 2.2% to 4.1% of the phenotypic
variance for teenage AL and SE, respectively. These
results were lower than previous studies in subjects of
European ancestry that reported a genetic risk score
explaining 7.9%15 (Rotterdam Study I–III; n = 10,792)
and 12.1%16 of the interindividual variation in SE and
self-reported age of myopia onset in a group of adults
(AUC of 0.75 to predict MM). Thus, we hypothesize
that the performance of the PRS may be better, as
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the SNPs selected on the basis of effects in adults are
likely to perform better in predicting SE in adults. In
a previous study from the ALSPAC mother’s cohort
(n = 1516 aged 24 to 51 years), the best PRS result
was obtained for SE combined with age of onset of
spectacle wear.17 The author’s compared a genomewide
approach using LDpred to a clumping and threshold-
ing (P + T) approach applied to 1.1 million HapMap3
SNPs using a variety of P value thresholds tomaximize
the refractive error variance explained by the PRS.
They found that a PRS generated from the top GWAS
signals (R2 = 6.3% with 7372 top SNPs with P < 0.01
identified by the P+Tapproach)was less accurate than
one generated from the 1.1 million SNPs (R2 = 11.2%
by the LDpred approach). To our knowledge, this is
one of the highest prediction R2 for refractive error to
date.

Similar to our results, the ALSPAC birth cohort
study (n = 2048; age 7–15 years) reported that the
highest R2 value achieved using a genetic risk score
and parental myopia was less than ∼ 7% for SE.18
The ALSPAC birth cohort study results were the
first to demonstrate an independent effect of parental
myopia and genetic risk on myopia in children. In
our study, we found that the PRS, time outdoors,
and parental myopia each have an independent effect
on SE. This indicates that parental myopia may be
capturing the risk of myopia from common environ-
mental factors, and, in particular, is replicating the
result from the ALSPAC birth cohort study18 in Singa-
porean Chinese children from SCORM. Thus, combin-
ing genetic testing with parental myopia may provide
more accurate prediction of later HM and guide
treatment decisions. For example, younger children
with both parents having myopia may be targeted for
more aggressive treatment to avoid progression to HM
during their teenage years.

Our results showed acceptable accuracy of predic-
tion of the PRS combined with parental myopia to
predict HM, supporting the role of genetic factors in
the progression of myopia. The transferability of the
PRS across ancestry divergent populations has been
shown to be influenced by differences in allele frequen-
cies of casual variants, the magnitude and direction
of effect sizes, and variation in the patterns of linkage
disequilibrium between the training and target popula-
tions.34 Population-specific causal variants and gene-
environment interactions may also contribute to differ-
ences in prediction performance between populations.
Further, empirical and simulation studies have shown
that the prediction accuracy of a genetic predictor
decreases with greater genetic distance between the
training and target samples.35 Therefore, there is some
expectation that the prediction R2 generated in the

present study will be lower than those observed in
studies where the training and target samples are both
of European ancestry; that is, this study does not expect
to reach 11% to 12% prediction accuracy as demon-
strated in other European studies. However, future
large-scale GWAS studies in East Asians will likely
close this gap.

We also found that the PRS alone (model 3)
performed better in the prediction of HM than the
conventional measurement of parental myopia (model
4). However, combining both the PRS and parental
myopia with the other predictors (model 2) showed
better predictive performance than using parental
myopia alone to determine the risk of developing HM.
Previously, genetic factors have mostly been measured
by the number of myopic parents.10–12 Nevertheless,
in our study, including both the PRS and number of
myopic parents improved theAUC. The PRS explained
higher phenotypic variance of the SE at adolescence,
showing that parental myopia may be a less effec-
tive proxy for genetic factors then the PRS. For
example, myopic parents may raise their children in
a myopia-induced environment, with parental myopia
being an imperfect proxy for genetic factors, reflect-
ing gene-environmental interactions, such as with time
outdoors, whereas the PRS allows a more accurate
measurement of pure genetic risk.

In the current study, the best predictive perfor-
mance was found when the PRS was combined with
age, time outdoors, and parental myopia (AUC =
0.77). Although there are differences in the HM rates
in Asians compared with Europeans, the predictive
performance of the AUC was considered acceptable,
although not excellent. It is also important to note
that the PRS alone had an AUC of 0.64 for HM and
0.57 for MM, showing that accuracy of prediction for
the clinical setting must improve further. Thus, further
studies using large-scale GWAS studies of myopia in
East Asians are necessary to ascertain the predictive
performance of the PRS before translation to clinical
practice.

As our PRS may predict children who develop HM
later, future gene testing may be implemented using the
PRSwith early identification of myopic children at risk
of developing HM before the irreversible elongation of
the eye sets in. These childrenmay benefit from person-
alized counselling as well as treatment regimens to slow
the progression of myopia to HM. Genetic predic-
tions may be combined with information on child’s
age, parental myopia, and other lifestyle predictors,
such as time outdoors, to prevent the progression of
myopia to HM and later visually disabling complica-
tions. Clinically significant results should be commu-
nicated to families to aid in their decision making and
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taken into consideration by the eyecare professionals
in patient management and evaluation. For instance,
children at higher risk may be targeted for earlier and
more aggressive pharmacology and optical interven-
tions, such as atropine, novel myopia-control contact
lenses, or spectacles lenses.36,37 Other predictors, such
as time outdoors, may also have an impact on the
development of teenage HM. Thus, clinicians may also
advise parents that time outdoors in childhood can
influence the onset of myopia. The onset of myopia
usually occurs in childhood and thus early childhood
outdoor patterns may influence the development of
myopia later. A parent or clinician can advise their
children to spend more time outdoors in a feasible
and consistent sustained manner with the assistance
of available structured outdoor facilities and programs.
Nevertheless, it is important to note that the high
predictive value of time outdoors in the present study
may have resulted from the delayed onset of myopia.
Compared to age at myopia onset, time outdoors is a
much more changeable variable over time and harder
to collect. As we used a one-time measurement, time
outdoors may not be the most reliable measure in the
prediction model. Quantifying time outdoors through
verbal questioning is also more subjective compared to
other ocular predictors.

Strengths of our study include the assessment of
refractive error longitudinally with cycloplegic auto-
refraction in developing a novel Asian PRS from a
GWAS for refractive error with a large sample size,
including 542,934 participants.16 However, there were
several limitations to this work. In our cohort, there
was a high rate of HM (23.3% in children aged 12 to
18 years) even using a lower cut off of ≤ −5.00 D.
However, the prevalence of HM in teenagers and young
adults from urban Asian regions has increased. The
prevalence of HM (≤ −6.00 D) was 16.6% in students
from grade 12 (n = 43,858) in Fenghua (Eastern
China),38 19.5% in university students in Shanghai
(n = 5083),39 and 21.60% in 19-year-old men (n =
23,616) in Seoul.40 We acknowledge the biases of this
high rate, namely the participants who dropped out
that may have a different severity of myopia compared
with participants who were followed up (lost to follow
up bias). For example, children who continued in the
cohort are more likely to have high myopia compared
with children who drop out. The PRS-high myopia
relationship for children who were followed up may
also be different from children who drop out before
their teenage years. Nevertheless, having a relatively
high proportion of cases is not a factor that inflates
the predictive value and we have replicated our results
using an independent cohort (GUSTO). Additionally,
we also conducted time to event analyses that allowed

the analyses of children who may have been lost to
follow up, considering the time they remained in the
study (Cox models).

The approach used to generate the PRS in our
study included 655 SNPs in the PRS calculation. This
approachmay be limited due to the exclusion of poten-
tially informative SNPs. Our results were consistent
with those observed by Mojarrad et al.17 where a
PRS generated from the top GWAS signals (R2 =
6.3% with 7372 top SNPs with P < 0.01 identified
by the P + T approach) was less accurate than one
generated from the 1.1 million SNPs (R2 = 11.2% by
the LDpred approach). Nevertheless, the improvement
observed in the incremental R2 with the genomewide
Bayesian methods in our study was relatively small.
This was confirmed in the AUC/ROC analysis, which
did not show a notable improvement for classification
of individuals with MM or HM.

Another limitation was that SNPs for the PRS in the
current study were obtained from a GWAS conducted
in Europeans. The genetic structure between European
and Asian subjects has different haplotypic structure
arising from LD and different frequency of genetic
risk factors between these populations. Empirical and
theoretical studies have shown that there is an expected
decrease in performance (i.e. lower incremental R2)
of the PRS when transferred across ancestries.41–45
The difference in genetic structure of the European
and Asian population may have contributed to lower
predictive ability of the PRS in our Asian cohort
(SCORM and GUSTO). Further, there have also been
an increasing number of mixed marriages, so the PRS
based only on the highly significant SNPs may not
perform as well in other ethnic groups or admixed
ethnicity groups. There is therefore a strong need for
future large-scale GWAS studies of myopia in East
Asians and other non-European ancestries.

Conclusion

We found that adding the PRS to other clinical
information, such as child’s age, time outdoors, and
parental myopia, improves the prediction of HM risk
(AUC = 0.77) in teenagers. The PRS alone performed
well in the prediction of HM, with children in the
highest PRS risk percentile having increased odds of
developing HM. Our findings suggest the potential
clinical value of utilizing information on this newAsian
PRS together with parental myopia to improve the
predictive performance to detect children at risk of
HM. Clinicians may use the PRS with other predic-
tive factors to identify high risk children and guide
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interventions to reduce the risk of HM later in
life. Further predictive studies with genetic loci from
GWAS studies of myopia in East Asians, larger sample
sizes, and detailed analyses of ocular and lifestyle
factors may be important to increase the predictive
performance to a level acceptable for use in clinical
application.
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