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IMPORTANCE Uncertainty currently exists about whether the same genetic variants are
associated with susceptibility to low myopia (LM) and high myopia (HM) and to myopia
and hyperopia. Addressing this question is fundamental to understanding the genetics of
refractive error and has clinical relevance for genotype-based prediction of children at risk
for HM and for identification of new therapeutic targets.
OBJECTIVE To assess whether a common set of genetic variants are associated with

susceptibility to HM, LM, and hyperopia.
DESIGN, SETTING, AND PARTICIPANTS This genetic association study assessed unrelated
UK Biobank participants 40 to 69 years of age of European and Asian ancestry. Participants
40 to 69 years of age living in the United Kingdom were recruited from January 1, 2006, to
October 31, 2010. Of the total sample of 502 682 participants, 117 279 (23.3%) underwent
an ophthalmic assessment. Data analysis was performed from December 12, 2019, to
June 23, 2020.
EXPOSURES Four refractive error groups were defined: HM, −6.00 diopters (D) or less; LM,
−3.00 to −1.00 D; hyperopia, +2.00 D or greater; and emmetropia, 0.00 to +1.00 D. Four
genome-wide association study (GWAS) analyses were performed in participants of European
ancestry: (1) HM vs emmetropia, (2) LM vs emmetropia, (3) hyperopia vs emmetropia, and
(4) LM vs hyperopia. Polygenic risk scores were generated from GWAS summary statistics,
yielding 4 sets of polygenic risk scores. Performance was assessed in independent replication
samples of European and Asian ancestry.
MAIN OUTCOMES AND MEASURES Odds ratios (ORs) of polygenic risk scores in replication

samples.
RESULTS A total of 51 841 unrelated individuals of European ancestry and 2165 unrelated
individuals of Asian ancestry were assigned to a specific refractive error group and included
in our analyses. Polygenic risk scores derived from all 4 GWAS analyses were predictive of all
categories of refractive error in both European and Asian replication samples. For example,
the polygenic risk score derived from the HM vs emmetropia GWAS was predictive in the
European sample of HM vs emmetropia (OR, 1.58; 95% CI, 1.41-1.77; P = 1.54 × 10−15) as well
as LM vs emmetropia (OR, 1.15; 95% CI, 1.07-1.23; P = 8.14 × 10−5), hyperopia vs emmetropia
(OR, 0.83; 95% CI, 0.77-0.89; P = 4.18 × 10−7), and LM vs hyperopia (OR, 1.45; 95% CI,
1.33-1.59; P = 1.43 × 10−16).
CONCLUSIONS AND RELEVANCE Genetic risk variants were shared across HM, LM, and
hyperopia and across European and Asian samples. Individuals with HM inherited a higher
number of variants from among the same set of myopia-predisposing alleles and not different
risk alleles compared with individuals with LM. These findings suggest that treatment
interventions targeting common genetic risk variants associated with refractive error could
be effective against both LM and HM.
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efractive errors are associated with adverse effects, including amblyopia, strabismus, retinal detachment, and
myopic maculopathy.1-3 Myopia is an increasingly common cause of visual impairment and blindness, especially in
East and Southeast Asia.4 The rapid increase in myopia prevalence has occurred too quickly to be explained by positive
selection of myopia-predisposing risk alleles. Thus, this increased prevalence is likely associated most with lifestyle
exposures; the strongest support to date is for insufficient time
spent outdoors and additional years of education (which
may include insufficient time outdoors and/or greater levels
of near work).5-9 Nevertheless, the high heritability of refractive error underscores an important genetic contribution.10-13
A parsimonious explanation for these findings is that genetic
risk factors confer susceptibility to the effects of lifestyle risk
factors for myopia.13-15
Clinical studies often classify refractive error by severity
(eg, low myopia [LM], moderate myopia, and high myopia
[HM]). Coupled with the discovery of rare genetic variants that
cause monogenic HM or high hyperopia, these studies16-20 have
led some researchers to assume that the genetic risk for each
category of refractive error is distinct. The aim of the current
study was to evaluate the extent to which common genetic risk
variants are shared across refractive error categories. Past evidence led us to hypothesize that risk variants are shared across
refractive error categories.13,14,21

Methods
Participants and Phenotypes
UK Biobank is a prospective cohort study that investigates genetic and lifestyle influences on well-being and disease.22 Participants 40 to 69 years of age living in the United Kingdom
were recruited from January 1, 2006, to October 31, 2010. Data
analysis was performed from December 12, 2019, to June 23,
2020. All participants provided written informed consent. All
data were deidentified. Ethical approval was obtained from the
National Health Service Research Ethics Committee. This study
followed the Strengthening the Reporting of Genetic Association Studies (STREGA) reporting guideline.
Of the total sample of 502 682 participants, 117 279 (23.3%)
underwent an ophthalmic assessment.23 Noncycloplegic autorefraction (Tomey RC 5000; Tomey Corp) readings were averaged, and mean spherical equivalent (MSE) refractive error
was calculated as sphere power plus half the cylinder power.
MSE was averaged between fellow eyes. Refractive error categories were defined with a separation of at least 0.75 diopters (D) between groups to reduce misclassification: HM, −6.00
D or less; LM, −3.00 to −1.00 D; hyperopia, +2.00 D or greater;
and emmetropia, 0.00 to +1.00 D.
Participant selection is described in the eMethods in
Supplement 1. Briefly, 51 841 participants of European genetic ancestry met the inclusion criteria. A random sample of
approximately 10% of participants within each refractive error group were assigned as European ancestry replication
samples, whereas the remaining 90% were assigned as European ancestry discovery samples. A total of 2165 participants
E2

Key Points
Question Is susceptibility to high and low myopia and hyperopia
associated with a common set of genetic variants or with different
sets of variants for each refractive error category?
Findings In this genetic association study of 54 006 individuals,
polygenic risk scores derived from a genome-wide association
study for high myopia were predictive of high and low myopia and
hyperopia. Polygenic risk scores from a genome-wide association
study for hyperopia were predictive of high and low myopia.
Meaning These results support a single set of common genetic
variants being associated with susceptibility to high myopia,
low myopia, and hyperopia (in addition to rare mutations for
monogenic high myopia or high hyperopia, already known
to exist).

of Asian ancestry met the inclusion criteria (1921 who selfreported their ethnicity as Asian and 244 as Chinese). These
participants were assigned as the Asian ancestry replication
samples. (Because of limited numbers of individuals of
Asian ancestry, we did not create an Asian ancestry discovery
sample.)

GWAS and Creation of Polygenic Risk Scores
Four genome-wide association study (GWAS) analyses were
performed for the European ancestry discovery samples:
(1) GWAS for HM vs emmetropia, comprising 3164 HM cases
and 21 416 emmetropia controls; (2) GWAS for LM vs emmetropia, comprising 11 197 LM cases and 21 416 emmetropia controls; (3) GWAS for hyperopia vs emmetropia, comprising
10 828 hyperopia cases and 21 416 emmetropia controls; and
(4) GWAS for LM vs hyperopia, comprising 11 197 LM cases
and 10 828 hyperopia controls. Single-marker tests were performed with Firth logistic regression, a penalized likelihoodbased method for binary traits robust to unbalanced casecontrol ratios even for markers with low minor allele frequency,
implemented in PLINK, version 2.0.24,25 A total of 13 958 389
biallelic markers with a minor allele frequency greater than
0.1% and imputation quality metric greater than 0.6 were
tested. Age, age squared, sex, a binary indicator of genotyping array, and the first 10 ancestry principal components were
included as covariates. Genetic variants independently associated with the phenotype were identified by clumping and
thresholding to remove variants within 500 kb and in linkage
disequilibrium r2 ≥ 0.1 with the lead variant in each region.
Independently associated variants were then selected as meeting a series of increasingly stringent P value thresholds:
P < 1 × 10−2, P < 1 × 10−3, P < 1 × 10−4, P < 1 × 10−5, P < 1 × 10−6,
P < 1 × 10−7, and P < 1 × 10−8. Clumped GWAS summary statistics are presented in Supplement 2.

Predictive Performance of Polygenic Risk Scores
Individuals in the 4 European ancestry replication samples
were assigned a total of 28 polygenic risk scores (4 GWAS analyses × 7 P value clumping thresholds). A polygenic risk score is
the cumulative sum of the number of risk alleles of a variant
carried by a person multiplied by a weighting factor.26 Here,
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Table. Number of Markers Included in Each Polygenic Risk Score
No. of genetic variants included in polygenic risk score
P value
threshold

GWAS for HM
vs emmetropia

GWAS for LM
vs emmetropia

GWAS for hyperopia
vs emmetropia

GWAS for LM
vs hyperopia

1 × 10−2

38 512

35 490

36 345

38 354

1 × 10−3

5635

4048

4264

4690

1 × 10−4

884

471

525

653

1 × 10−5

164

67

81

156

1 × 10−6

45

15

26

67

1 × 10−7

17

8

14

31

1 × 10−8

11

4

9

22

the log odds ratio (OR) for variants in the GWAS analyses described above in the GWAS and Creation of Polygenic Risk
Scores section were used as weighting factors. The Table
lists the number of genetic variants that contribute to each
polygenic risk score. For each of the 28 polygenic risk scores,
a logistic regression analysis (R, version 3.6.3 [R Foundation
for Statistical Computing]) was performed for each of the
4 European ancestry replication samples: (1) 341 HM cases vs
2426 emmetropia controls, (2) 1242 LM cases vs 2426 emmetropia controls, (3) 1227 hyperopia cases vs 2426 emmetropia
controls, and (4) 1242 LM cases vs 1227 hyperopia controls.
Individuals in the 4 Asian ancestry replication samples were
similarly assigned 28 polygenic risk scores, as above, and logistic regression prediction analyses were performed for these
Asian ancestry samples: (1) 207 HM cases vs 1219 emmetropia controls, (2) 490 LM cases vs 1219 emmetropia controls,
(3) 249 hyperopia cases vs 1219 emmetropia controls, and
(4) 490 LM cases vs 249 hyperopia controls. The logistic regression models included the same covariates as in the GWAS
analyses. The OR for a 1-SD change in the polygenic risk score
in the logistic regression analysis was used as the measure of
predictive performance.
In a separate set of analyses, polygenic risk scores were calculated in the European ancestry replication samples as the
count of risk alleles (equivalent to setting the weighting factor equal to 1 for all variants). A Spearman correlation was used
to perform a 2-sided test for a monotonic trend of increasing
or decreasing counts of risk alleles across the HM, LM, emmetropia, and hyperopia groups. A 2-sided P < .05 was considered to be statistically significant.

Results
Participants and Phenotypes
A total of 51 841 unrelated individuals of European ancestry
and 2165 unrelated individuals of Asian ancestry were assigned to a specific refractive error group and included in our
analyses. The numbers of European ancestry participants in
each group were as follows: HM, 3505; LM, 12 439; hyperopia, 12 055; and emmetropia, 23 842. The numbers of Asian
ancestry participants in each group were as follows: HM, 207;
LM, 490; hyperopia, 249; and emmetropia, 1219. This left
43 073 European and 1887 Asian individuals who were not analyzed further because of relatedness or because their refracjamaophthalmology.com

Abbreviations: GWAS, genome-wide
association study; HM, high myopia;
LM, low myopia.

tive error did not fall within any of the 4 categories. Demographic characteristics of the participants are presented in
eTables 1 and 2 and eFigure 1 in Supplement 1.
A total of 46 605 European ancestry participants (90%)
selected at random from each refractive error group were assigned as European ancestry discovery samples for the GWAS
analyses. The remaining 5236 European ancestry participants (10%), along with the Asian ancestry samples, were used
to test the predictive performance of polygenic risk scores.

GWASs and Creation of Polygenic Risk Scores
Four GWAS analyses were performed (Figure 1). After P value–
based clumping and thresholding, 11 variants met the most
stringent threshold of P < 1 × 10−8 in the GWAS for HM vs
emmetropia, 4 for LM vs emmetropia, 9 for hyperopia vs emmetropia, and 22 for LM vs hyperopia. Increasing leniency in
the choice of P value threshold led to increasing numbers of
independently associated variants (Table). The log OR (β)
coefficients from the GWAS analyses were used as singlenucleotide variant weights for creating polygenic risk scores.
A total of 28 (4 × 7 = 28) polygenic risk scores were created,
corresponding to 4 GWAS traits and 7 P value thresholds.

Predictive Performance of Polygenic Risk Scores
The predictive performance of the 28 polygenic risk scores was
evaluated in the replication samples. The replication samples
were statistically independent of the GWAS samples (ie, the
individuals in the replication samples were not included in
the any of the GWAS analyses and composed of participants
unrelated to any person in the GWAS analyses). As shown in
Figure 2 and eTable 3 in Supplement 1, most of the 28 polygenic risk scores were effective at predicting all 4 categories
of refractive error in the European ancestry replication samples
(evident by 95% CIs for prediction that did not overlap with
an OR of 1.0). The best performance was for polygenic risk
scores derived from the GWAS for LM vs hyperopia. Not only
did these polygenic risk scores successfully predict LM vs hyperopia, they also were predictive of HM vs emmetropia, LM
vs emmetropia, and hyperopia vs emmetropia. For example,
the LM vs hypertropia GWAS polygenic risk score derived using
a P value threshold of P < 1 × 10−5 had ORs of 1.83 (95% CI,
1.62-2.06; P = 2.31 × 10 −23 ) for HM vs emmetropia, 1.27
(95% CI, 1.18-1.36; P = 4.19 × 10−11) for LM vs emmetropia, 0.74
(95% CI, 0.68-0.79; P = 1.16 × 10−15) for hyperopia vs emmetropia, and 1.72 (95% CI, 1.57-1.89; P = 6.90 × 10−31) for LM vs
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Figure 1. Refractive Groups of European Ancestry Samples
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hyperopia. There was an approximately linear association between the OR for prediction and the difference in refractive
error between groups (Figure 3). Polygenic risk scores derived from the GWAS for HM vs emmetropia and the GWAS for
hyperopia vs emmetropia also demonstrated good predictive
performance (Figure 2), being predictive of all 4 types of refractive error. However, predictive performance was lower for
polygenic risk scores derived from the GWAS for LM vs emmetropia. This GWAS examined the groups with the smallest
difference in refractive error (Figure 3 and eTable 1 in Supplement 1) and yielded polygenic risk scores with the lowest number of included variants (Table). However, even this polygenic risk score was effective in predicting comparisons other
than LM vs emmetropia (Figure 2).
Predictive performance of the polygenic risk scores was
worse in the Asian ancestry replication samples than in European ancestry replication samples (Figure 2 and eTable 4 in
Supplement 1). For example, the median OR was 1.24 in the
European sample and 1.13 in the Asian sample (after taking
the reciprocal of ORs for predicting hyperopia vs emmetropia, such that all ORs were in the same direction, ie, OR >1.0
rather than OR <1.0). Nevertheless, prediction of LM vs emmetropia and LM vs hypertropia in the Asian replication
samples was significantly better than chance (95% CI did not
overlap with an OR of 1.0 for polygenic risk scores derived from
at least 1 of the 7 P value thresholds tested) for polygenic risk
scores derived from all 4 GWAS analyses, and for 2 and 3 of the
GWAS analyses, respectively, for predicting hyperopia vs emmetropia and HM vs emmetropia (eTable 4 in Supplement 1).
An exploratory analysis was performed to count the number of myopia-predisposing risk alleles carried by participants
in the European ancestry replication samples. For allele counts
based on the GWAS for HM vs emmetropia, for instance, a decreasing number of risk alleles were being carried across groups
(HM greater than LM greater than emmetropia greater than
hyperopia) (eFigure 2 and eTable 5 in Supplement 1).
To evaluate the predictive capacity of individual genetic
variants across the 3 GWAS analyses for HM vs emmetropia,
LM vs emmetropia, and hyperopia vs emmetropia, we seE4

lected variants strongly associated with 1 phenotype (GWAS
P < 1 × 10−5) that also displayed some evidence of association
with one or both of the other 2 phenotypes (GWAS P < 1 × 10−2).
A scatterplot of GWAS effect sizes for these variants demonstrated a high degree of concordance (eFigure 3 in Supplement 1). This concordance constituted evidence that specific
individual genetic variants were associated with a shared
risk for HM, LM, and hyperopia. In addition, eTable 6 in
Supplement 1 provides GWAS summary statistics for individual variants reported by Tedja et al21 as genome-wide
significantly associated with refractive error.

Discussion
The results of this genetic association study support the concept that susceptibility to ocular refraction is associated with
many common variants that act across the distribution of the
trait.14,21,26,27 For example, as a group, individuals with HM
have a higher genetic predisposition to myopia than those with
LM, emmetropia, or hyperopia because of the inheritance of
a greater number of common myopia risk alleles (especially
risk alleles for variants with larger effect sizes). This concept
is not new (see, for example, Figure 3 in the article by Tedja
et al21). However, by demonstrating the efficacy of polygenic
risk scores across HM, LM, emmetropia, and hyperopia, the current work provides novel evidence to support this concept.
These findings are consistent, with some individuals
having monogenic HM because of a rare genetic variant. However, the fact that, as a group, individuals with HM are enriched for common LM-predisposing variants detected in
a GWAS for LM vs emmetropia implies that these common
LM-predisposing variants are enriched within the HM group.
Moreover, this phenomenon held true not only for the 4 top
GWAS variants identified in the GWAS for LM vs emmetropia
at the most stringent P value threshold; even the 35 490 LMpredisposing variants selected at the most lenient P value
threshold (Table) were enriched in individuals with HM. The
opposite holds true for individuals with hyperopia, who on
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Figure 2. Prediction of Refractive Error Categories Using Polygenic Risk Scores
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Figure 3. Association Between Odds Ratio for Prediction and Difference in Refractive Error Between Groups
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average inherit the lowest number of myopia risk alleles (again,
especially risk alleles for variants with larger effect sizes).
The cross-ancestry prediction results provide further support that genetic variants associated with refractive error are
shared across European and Asian ancestry groups and that
genetic differences are unlikely to explain the higher prevalence of myopia in East Asia compared with Europe.21 For example, the 471 variants selected at the P value threshold of
P < 1 × 10−4 from the LM vs emmetropia GWAS as predisposing to LM in the European sample were predictive of HM,
LM, and hyperopia in participants of Asian ancestry. Predictive performance in the Asian ancestry replication samples
was lower and had wider CIs than that in the European sample.
Previous studies28,29 that investigated a range of traits have
demonstrated that this consistently worse performance of polygenic risk scores in predicting traits in those of Asian ancestry
compared with those of European ancestry using a polygenic
risk score derived from individuals of European ancestry is
primarily attributable to differences in patterns of linkage
disequilibrium between individuals of Asian and European
ancestry.
Overlap of the variants that contribute to the inheritance
of ocular refraction has 2 additional implications. First, it
implies that gene-environment interactions will have effects
across the whole refractive error spectrum. Thus, time outdoors and near work likely contribute to refractive error in individuals with LM, HM, and hyperopia who inherit a myopiapredisposing risk allele.15 Second, the ability to predict HM
using commonly occurring variants identified in a GWAS for
LM vs hyperopia implies that rare variants are not usually the
cause of HM. As mentioned above, this conclusion is not in conE6
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flict with reports of rare mutations that cause HM or high hyperopia with a monogenic inheritance pattern.30-43 Such rare
genetic variants are expected even for a polygenic trait (the
apparent monogenic inheritance pattern occurs because
the massive effect of the specific risk allele swamps the background polygenic effect). However, the rarity of very largeeffect risk alleles means that they make no contribution to the
phenotype in many individuals with HM or high hyperopia.

Strengths and Limitations
This study has strengths and limitations. Strengths include
the standardized phenotyping and genotyping of all participants. Firth logistic regression, which has been recommended to appropriately control the type I error rate when
testing low-frequency genetic variants in imbalanced casecontrol samples,44 provided no evidence of systematic inflation of P values (eFigure 4 in Supplement 1).
One limitation of the current study was the modest size
of the GWAS analyses, which limited predictive accuracy for
the polygenic risk scores (being especially evident for the polygenic risk score derived from the GWAS of LM vs emmetropia) (Figure 3). Polygenic risk scores with much better predictive accuracy (eg, providing an OR >6 for detecting future risk
of HM) have been derived using larger GWAS samples.14,26
A second limitation was that our Asian ancestry replication
sample included both South Asian and East Asian participants and that these groups were imbalanced (1921 and 244
South Asian and East Asian individuals, respectively). This imbalance precluded an evaluation of the performance of polygenic risk scores in separate South Asian and East Asian
samples. Third, the analyses assumed that genetic variants
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risk scores (PRSs) selected using
a P value threshold of P < 1 × 10−5
in the clumping and thresholding
step. Prediction was assessed in
the European ancestry replication
samples. Error bars represent 95%
CIs. GWAS indicates genome-wide
association study; HM, high myopia;
LM, low myopia.
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acted additively, and they ignored the influence of geneenvironment and epistatic interactions.15,45,46
Previous work21,29 has demonstrated that genetic risk for
myopia is shared between individuals of European and Asian
ancestry. Coupled with the current findings, this suggests that
many recent molecular genetic studies of myopia are of limited
value.16-20 For instance, if a genetic variant is associated with refractive error in a large-scale GWAS in individuals of European
ancestry, then it can be assumed with high confidence that the
variant will be associated with the whole spectrum of refractive
error (hyperopia, emmetropia, LM, and HM) in that ethnic group.
Furthermore, interethnic replication is likely to be the rule for
alleles with similar frequencies in the relevant ethnic groups.

ARTICLE INFORMATION
Accepted for Publication: February 13, 2021.
Published Online: April 8, 2021.
doi:10.1001/jamaophthalmol.2021.0497
Author Affiliations: Department of
Ophthalmology, Erasmus Medical Center,
Rotterdam, the Netherlands (Tideman, Haarman);
Department of Epidemiology, Erasmus Medical
Center, Rotterdam, the Netherlands (Tideman,
Haarman); Gerontology Research Center and
Faculty of Sport and Health Sciences, University of
Jyväskylä, Jyväskylä, Finland (Pärssinen);
Department of Ophthalmology, Central Hospital of
Central Finland, Jyväskylä, Finland (Pärssinen);
NIHR Biomedical Research Centre, Moorfields Eye
Hospital National Health Service (NHS) Foundation
Trust and UCL Institute of Ophthalmology, London,
United Kingdom (Khawaja); Department of
Ophthalmology, University of Helsinki and Helsinki
University Hospital, Helsinki, Finland (Wedenoja);
Department of Public Health, University of Helsinki,
Helsinki, Finland (Wedenoja); Section of Academic
Ophthalmology, Faculty of Life Sciences and
Medicine, King’s College London School of Life
Course Sciences, London, United Kingdom
(K. M. Williams); Moorfields Eye Hospital NHS
Foundation Trust, London, United Kingdom
(K. M. Williams); Institute of Molecular Genetics,
National Research Council of Italy, Pavia, Italy
(Biino); State Key Laboratory of Ophthalmology,
Zhongshan Ophthalmic Center, Sun Yat-sen
University, Guangzhou, China (Ding, He); Faculty of
Medicine and Health Technology, Tampere
University, Tampere, Finland (Kähönen, Lehtimäki);
Department of Clinical Physiology, Tampere
University Hospital, Tampere, Finland (Kähönen);
Department of Clinical Chemistry, Fimlab
Laboratories, Tampere, Finland (Lehtimäki);
Department of Clinical Chemistry, Finnish
Cardiovascular Research Center, Tampere, Finland
(Lehtimäki); Centre for Population Health Research,
University of Turku and Turku University Hospital,
Finland (Raitakari); Research Centre of Applied and
Preventive Medicine, University of Turku, Turku,
Finland (Raitakari); Department of Clinical
Physiology and Nuclear Medicine, Turku University
Hospital, Turku, Finland (Raitakari); Duke-NUS
Medical School, Singapore, Singapore (Cheng);
Singapore Eye Research Institute, Singapore
National Eye Centre, Singapore, Singapore (Cheng);
Department of Ophthalmology, Medical Faculty
Mannheim, Heidelberg University, Mannheim,
Germany (Jonas); Beijing Institute of
Ophthalmology, Beijing Key Laboratory of

Original Investigation Research

Conclusions
This work provides further evidence that the genetic contribution to refractive error is primarily polygenic. Genetic
variants with risk alleles associated with myopia were common in individuals with LM, even more common in those
with HM, but less common in those with hyperopia. These
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