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ABSTRACT
The prevalence of myopia, or nearsightedness, has skyrocketed in the past few decades, creating a public
health crisis that is commonly attributed to lifestyle changes. Here we report an overall increase in the
frequencies of myopia-associated mutant alleles over 25 years among participants of the UK Biobank.
Although myopia itself appears to be selected against, many of the mutant alleles are associated with
reproductive benefits, suggesting that reproduction-related selection inadvertently contributes to the
myopia epidemic. We estimate that, in the UK alone, natural selection adds more than 100 000 myopia
cases per generation, and argue that antagonistic pleiotropy be broadly considered in explaining the spreads
of apparently disadvantageous phenotypes in humans and beyond.
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INTRODUCTION
A number of human diseases have risen in preva-
lence in the last few decades [1]. Although the exact
causes are often unknown, several non-mutually
exclusive explanations exist. First, the increased
prevalence could result from improved medical
diagnosis. Second, it could be a consequence of
demographic changes [2,3]. For instance, many
diseases are age-dependent such that a change in the
population age structure could alter disease preva-
lence. Third, it could be caused by environmental
changes [4]. Fourth, it could be due to increases in
the frequencies ofmutant alleles causing the disease,
either because the disease phenotype actually
increases fitness [5] or because these alleles have
other phenotypic effects that are advantageous (i.e.
antagonistic pleiotropy) [6].

Myopia is the most common cause of distant
visual impairment. The prevalence of myopia has
approximately doubled in the past three decades,
and it is predicted that 49.8% of the world popula-
tion, or 4.9 billion people, will develop myopia in
2050 [7]. The global potential productivity loss due
to uncorrected myopia amounts to 244 billion US
dollars per year [8], and the global costs of facil-
ity and personnel for establishing refractive care ser-
vices are 20 billion dollars per year [9]. Environmen-
tal risk factors such as near-work intensity and lack
of outdoor activity are thought to play major roles

in the myopia epidemic [10], whereas the contribu-
tion of genetics is unclear. Given that genome-wide
association studies (GWAS) have identified a large
number of genetic variants associated with myopia
[11–14], we are interested in the possibility that the
rapid rise in myopia prevalence is at least in part at-
tributable to natural selection formyopia-associated
alleles. Specifically, we ask the following three ques-
tions. Are myopia-associated alleles under natural
selection? If so, is the selection acting on the my-
opia phenotype or some other phenotypes? What is
the quantitative impact of the selection on myopia
prevalence?

RESULTS AND DISCUSSION
Myopia prevalence increased over six
birth cohorts of UK Biobank participants
To address these questions, we analyzed a large
number of individuals with genotype and phenotype
data in theUKBiobank [15].We excluded individu-
als with invalid or unreliable refractive records, non-
European ancestry, or genetic kinship to others in
the Biobank, to reach the study set of 63 185 un-
related individuals of European ancestry born be-
tween1940 and1969 (seeMethods).Dividing these
individuals into six five-year birth cohorts (1940–
1944, 1945–1949, . . . , and 1965–1969), we found
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Figure 1. Prevalence of myopia increased over birth cohorts in UK Biobank. (a) My-
opia prevalence rose over six five-year birth cohorts. The light green curve shows the
uncorrected prevalence, whereas the dark green curve shows the adjusted prevalence
(at age 40) after the correction for the hyperopic effect of aging. The X-axis shows the
starting year of each birth cohort. The 95% confidential interval is too small to be visi-
ble. (b) Corrected spherical equivalent (SpE) measured in diopter (D) across the six birth
cohorts. The cross symbol represents the mean SpE, the band shows the median and
the box indicates the middle 50% of individuals.

that the myopia prevalence increased from 24.4% to
41.0%over these cohorts (light green line inFig. 1a).
Because all subjects were phenotyped between 2006
and 2010, which correspond to different ages for
different cohorts, we corrected the hyperopic effect
of aging on myopia [16] (see Methods) and esti-
mated that the myopia prevalence at age 40 rose
from 30.3% to 43.5% over 25 years (dark green
line in Fig. 1a), similar to the finding of Williams
et al.’s meta-analysis across multiple European pop-
ulations [17]. Spherical equivalent (SpE), a mea-
sure of myopia severity, similarly showed a myopic
shift over this period, both before (Fig. S1) and after
(Fig. 1b) the correction for the hyperopic effect of
aging.

Positive selection for myopia risk alleles
The Biobank genotype data included 471 single nu-
cleotide polymorphisms (SNPs) that had been re-
ported to be associated with myopia-related traits in
other samples, 213 of which remained after we veri-
fied their significant associations with myopia in our
sample and excluded those with high linkage dise-
quilibrium (seeMethods). In the above verification,
age, sex and the first 10 genetic principal compo-
nents provided by the Biobank were used as covari-
ates to guard against spurious associations. Among
the 213 verified SNPs, 32 exhibited significant allele
frequency changes over the six birth cohorts (false
discovery rate or FDR < 0.05 from linear regres-
sion; see Methods). Interestingly, more myopia risk
alleles rose than declined in frequencies (26 rose vs.
6 declined, P = 0.00054, two-tailed binomial test;
Fig. 2a). The speeds of allele frequency changes are

quite high for the 32 SNPs that had significant allele
frequency changes over the birth cohorts, especially
those with increased frequencies (Fig. 2a). For ex-
ample, the frequency of the myopia risk allele rose
at a speed of 0.0002 and 0.0006 per year at SNPs
rs2573232 and rs9295499, respectively (Fig. 2b).

As a negative control, we generated 100 random
sets of 213 SNPs with matched allele frequencies
(±1%) and recombination rates (±0.05 cM/Mb)
from genome-wide variants in the Biobank. But
none of these sets contained ≥32 SNPs with signif-
icantly altered allele frequencies over the six birth
cohorts. There is also no significant bias in allele
frequency increase or decrease in these sets (on
average, six significantly increased vs. five signif-
icantly decreased SNPs per set). One difference
between this negative control and the analysis of
myopia-associated SNPs is that we had removed
the SNP with the relatively high P-value when two
myopia-associated SNPs were in high linkage dise-
quilibrium. We found that our results would have
remained qualitatively unchanged had we randomly
removed one of the two SNPs. Thus, the detected
overall increase of the frequencies of myopia risk al-
leles is genuine.

At the timeof their Biobankparticipation, the age
of the earliest birth cohort considered was 67.1 ±
1.6 (mean±SD) yearswhile that of the latest cohort
was 42.9 ± 1.4 years. Hence, an allele frequency
increase detected above could be due to direct (or
linked) positive Darwinian selection for the allele
because it (or a linked allele) enhances viability be-
fore the age of ∼43 and/or reproduction (Fig. 2c).
Alternatively, the allele frequency increase over the
birth cohorts could be explained if the allele (or a
linked allele) lowers the survivorship from the age of
∼43 to∼67 (i.e. lifespan reduction) [18] (Fig. 2c).
To investigate the latter possibility, we tested the
associations between the 213 verified myopia-
associated SNPs and the lifespans of the parents of
Biobank participants (see Methods). Twenty-one
SNPs showed significant associations with the lifes-
pan of one or both parents (FDR < 0.05). Among
them, two SNPs had significantly altered allele
frequencies over the six birth cohorts; in both cases,
the direction of the allele frequency alteration is ex-
plainable by the direction of the lifespan association
(Fig. 2d). After the exclusion of these two SNPs,my-
opia risk allele frequencies increased at 25 SNPs but
decreased at only five SNPsover the six birth cohorts
(Table S1), revealing an overall spread of myopia
risk alleles drivenbypositive selection (P=0.00032,
two-tailed binomial test) for these alleles or linked
alleles.

The positive selections responsible for the fre-
quency increases of the 25 myopia risk alleles are
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Figure 2.More myopia-associated alleles increased than decreased in frequency over
birth cohorts in UK Biobank. (a) Changes in the frequencies ofmyopia-associated risk al-
leles over 25 years. Each dot represents one SNP, whose genomic coordinate is shown
on the X-axis (chromosome 1 to 22 for each interval from left to right). Blue and red
dots indicate SNPs with significant frequency changes, whereas gray dots indicate
those without significant changes. The horizontal line indicates no frequency change.
(b) Two examples of significant frequency increases of myopia-associated risk alleles
over the six birth cohorts. These alleles are subsequently found to be significantly as-
sociated with the age at first birth (AFB) or number of children ever born (NEB). Error
bars show 95% confidence intervals. β , effect size on AFB or NEB per allele. Slope
refers to the allele frequency change per year based on a linear regression. (c) Poten-
tial causes of an allele frequency increase over the birth cohorts. An upward arrow
indicates a positive effect of the focal allele or a linked allele, whereas a downward
arrow indicates a negative effect. Birth cohort ages shown are mean± standard devi-
ation. (d) Two myopia-associated risk alleles with significant allele frequency changes
over the six birth cohorts are associated with parental lifespans. β , effect size on lifes-
pan per allele. Slope refers to the allele frequency change per year based on a linear
regression.

strong. For example, for the aforementioned SNPs
rs2573232 and rs9295499 (Fig. 2b), we estimated
that the selective advantages of the risk (or linked)
alleles are respectively 0.006 and 0.022 per genera-
tion, under the assumption that the risk (or linked)
alleles are completely dominant over the corre-
sponding protective alleles in terms of fitness and
that the generation time is 25 years (see Methods).
In evolutionary terms, these selection coefficients
are huge. For comparison, the coefficient of selec-
tion for the classic human glucose-6-phosphate de-
hydrogenase (G6PD) deficiency allele that lowers
the risk of malaria is 0.02–0.05 in a region endemic
for malaria [19].

Myopia is selected against
Is the positive selection for myopia-associated alle-
les caused by a potential benefit of the myopia phe-
notype? To answer this question, we compared be-
tween myopic and non-myopic individuals in their
reproductive traits, including age at first live birth
(AFB) and number of children ever born (NEB).
Owing to improvements in hygiene and reduction in
prenatal, infant and child mortality in industrialized
societies, AFB and NEB have emerged as the gold
standard in measuring lifetime reproductive success
[20]. We found that myopia is associated with de-
layed reproduction (P = 2.5 × 10−55) and fewer
offspring (P = 8.2 × 10−110) (Fig. 3a). These ob-
servations are consistent with the previous finding
that myopia is highly positively correlated with edu-
cational attainment [21], which is in turn associated
with delayed reproduction and fewer offspring [22].
Thus, themyopia phenotype itself is actually selected
against, presumably indirectly.

Positively selected myopia risk alleles
are associated with reproductive
advantages
We then tested the associations between the
30 myopia-associated SNPs subject to (direct or
linked) natural selection and the above reproductive
traits at an FDR of 5% (Table S1). Again, age, sex
and the first 10 genetic principal components
provided by the Biobank were used as covariates to
guard against spurious associations (see Methods).
Of the 25 positively selected myopia risk alleles,
12 are significantly associated with at least one of
these traits, including eight alleles reducing AFB
(Fig. 3b) and five alleles increasing NEB (Fig. 3c)
with one overlap. Of the five negatively selected
myopia risk alleles, three are significantly associated
with at least one of these traits, including one
increasing AFB (Fig. 3b) and two reducing NEB
(Fig. 3c). In all of these significant associations,
the direction of the selection on an allele inferred
from allele frequency changes over the six birth
cohorts is explainable by the direction of the allele’s
association with reproduction (P < 10−4, binomial
test). Furthermore, for both reproductive traits, the
selection coefficient estimated from allele frequency
changes for an SNP correlates significantly with the
allele’s reproductive effect size among SNPs with
significant reproductive effects (AFB: Pearson’s
r= −0.67, n= 9, P= 0.049; NEB: r= 0.84, n= 7,
P = 0.017). The results in Fig. 3b and c generally
hold when myopic and non-myopic individuals
are separately examined (Table S1). As a negative
control, we randomly picked 30 SNPs withmatched
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Figure 3. Many myopia-associated alleles subject to natural selection are also asso-
ciated with reproduction. (a) Myopic people have significantly greater mean AFB and
smaller mean NEB than non-myopic people. The error bars showing the standard error
are too small to be visible. ∗∗∗, P< 0.001, two-tailed t-test. (b and c), Effects on AFB (b)
and NEB (c) of myopia-associated risk alleles that have significant frequency changes
over the six birth cohorts. Each circle represents an SNP, whose genomic coordinate
is shown on the X-axis (chromosome 1 to 22 for each interval from left to right). The
horizontal line indicates zero effect. Significant effects (FDR< 0.05) are shown by solid
circles, whereas non-significant effects are indicated by open gray circles. Among solid
circles, blue and red respectively indicate allele frequency increases and decreases.

allele frequencies and recombination rates, but
found only three SNPs associated with at least
one of the reproductive traits, a significantly lower
proportion than that in the actual data (X2 = 11.4,
P = 0.0007). That the myopia-associated SNPs are
also associated with reproduction means that these
SNPs have statistical pleiotropy [23]. Although
statistical pleiotropy may not represent biological
pleiotropy where one mutation causally affects
multiple traits [24], the impact of pleiotropy on
allele frequency changes is similar because of linked
selection. Thus, the positive selection on many
myopia risk alleles is probably owing to their (statis-
tically) pleiotropic effects on reproductive success.
It is possible that the 13 positively selected myopia
risk alleles that are not significantly associated with
reproductive success are associated with viability
prior to reproduction, but this hypothesis cannot be
tested using the Biobank data because of the lack of
participants before the age of 40.

Quantitative impact of the selection on
myopia prevalence
To assess the impact of the natural selection and re-
sulting genetic changes on myopia prevalence, we

predicted changes in myopia prevalence from geno-
type changes using GCTA-Simu under an additive
geneticmodel (seeMethods).Theprevalenceofmy-
opia at age 40 was set at 30.3% for the birth co-
hort of 1940–1944, as aforementioned. Because the
SNP heritability of myopia was reported to be be-
tween 35% and 40% [25,26], to be conservative,
we used a heritability of 35% in our simulation. We
found that, in 25 years, the genetic changes at 192
myopia-associated SNPs (upon the removal of 21
with lifespan effects) added a 0.211 percentage point
to myopia prevalence (Fig. 4), which equals 1.6% of
the overall increase in myopia prevalence during the
same time. Thus, our finding does not alter the pre-
vailing view about the importance of environmental
factors in the myopia epidemic. Nonetheless, based
on the UK population of 55 429 643 in 1969 [27],
the positive selection adds 116 957myopia cases per
generation in the UK alone, indicating that the se-
lection has a substantial impact on the number of
myopia cases. East Asia has themost seriousmyopia
epidemic among all regions [10], so future replica-
tion of the present study in East Asian populations
would be especially relevant.

Robustness of the positive selection
signal
Recent studies showed that population stratification
could lead to errors in GWAS-based inference of
natural selection, so using relatively homogeneous
samples such as the UK Biobank data is preferred
[28,29]. As mentioned, we have taken steps to fur-
ther reduce potential errors in the use of theBiobank
data by excluding individuals with non-European
ancestry or with genetic kinship to others in the
Biobank from all analyses and by using age, sex and
the first 10 genetic principal components as covari-
ates in association studies. In addition, negative con-
trols were used in the analysis of allele frequency
changes and that of association with reproductive
traits.

To further minimize the impact of potential geo-
graphic variations in genotypes and phenotypes and
technical biases, we performed a new test of associ-
ation by including the assessment center where par-
ticipants registered with the Biobank, the genotyp-
ing batch, and the local ancestry surrounding the
SNP being tested (see Methods) as additional co-
variates. This analysis verified 189 significant associ-
ations from the 471 SNPs previously reported to be
associated with myopia-related traits in other sam-
ples. Among these significant SNPs, 24 exhibited sig-
nificant allele frequency changes over the six birth
cohorts and more myopia risk alleles rose than de-
clined in frequencies (20 increased vs. 4 decreased,
P= 0.0015, two-tailed binomial test; Fig. S2).
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Figure 4. Impact of the positive selection on myopia preva-
lence. Shown are mean myopia prevalence inferred from
genotypes of each birth cohort. Standard errors are too small
to be visible.

To prevent potential contaminations of signals
between the analysis of genetic association and that
of allele frequency changes when the same sample is
used, we considered all 471 SNPs that were previ-
ously reported to be associated with myopia-related
traits in other samples. A total of 298 SNPs remained
after the exclusion of those with strong linkage dis-
equilibrium. Among these 298 SNPs, 41 exhibited
significant allele frequency changes over the six birth
cohorts; 34 increased while only 7 decreased in fre-
quencies (P = 0.000026, two-tailed binomial test;
Fig. S3).

Together, the steps taken in our main analyses
and the above additional analyses suggest that our
results are genuine and are not due to potential con-
founding factors.

Implications
In summary, we provided evidence that positive
selection has contributed to the rise of myopia
prevalence in the UK. Nevertheless, this selection
is not because myopia itself is beneficial, but is likely
because manymyopia-associated risk alleles are also
associated with reproductive success. That these
positively selected alleles are still unfixed despite
having substantial selective advantages suggests
the possibility that their (direct or linked) fitness
advantages had not been realized until recently,
probably as a result of environmental changes.
The underlying mechanism of the antagonistic
pleiotropy of myopia risk alleles is currently un-
known, but such statistical pleiotropy is prevalent in
humans [23]. For instance, alleles associated with
increased educational attainment are also associated
with decreased reproductive success even after the

control of the educational level [22]. Furthermore,
genetic manipulations of model organisms found
widespread biological antagonistic pleiotropy [30].
Hence, we suggest that biological or statistical
antagonistic pleiotropy be considered as a potential
cause in the study of other human diseases such as
cancer and type 2 diabetes that are quickly rising in
prevalence [1].

WorldWar II (WWII)maybe an additional, tem-
porary factor in the rise of myopia prevalence ob-
served in the Biobank. Presumably, myopic adults
had reduced probabilities to be drafted and hence
were spared from the tremendous British military
casualties in WWII that amounted to nearly 1% of
the total UK population. Due to the heritability of
myopia, there could be a short-term surge of my-
opia prevalence among the generation born dur-
ing or after WWII. Indeed, the increase in myopia
prevalence was greater for the birth cohorts cover-
ing 1945–1954 than later cohorts (Fig. 1a). Never-
theless, genotype-based prediction ofmyopia preva-
lence does not show a higher rate of increase in early
than late cohorts (Fig. 4), suggesting thatWWII was
unlikely a major driver of the increases of myopia-
associated risk alleles. Comparison between the UK
data and those from European countries with com-
paratively lower military casualties in WWII would
be required to rigorously test the war effect on the
myopia prevalence.

METHODS
Study participants and data used
The UK Biobank data comprise ∼0.5 million
participants aged from 40 to 70 years, recruited
between 2006 and 2010 in 22 assessment centers
throughout the UK, and followed up for a variety
of health conditions from their recruitment date
until 17 February 2016 or their date of death [15].
Informed consent was obtained from all participants
[15]. Participants provided a blood sample, from
which DNA was extracted and genotyped using the
UK BiLEVE Axiom array or Affymetrix Axiom array
[15].We used the imputed genotypes available from
the UK Biobank; full details can be found in the
official UK Biobank imputation document (http://
biobank.ctsu.ox.ac.uk/crystal/crystal/docs/impute
ukb v1.pdf, accessed on 23 April 2019). The
current study was approved by UK Biobank (refer-
ence no. 48678), and the analyses presented were
based on data from 488 377 individuals accessed
through the UK Biobank (http://www.ukbiobank.
ac.uk) on 23 April 2019.

The ophthalmic examination of refractive status
was conducted using non-cycloplegic autorefraction
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(TomeyRC5000;TomeyGmbHEurope,Erlangen-
Tennenlohe, Germany) [31]. SpE was calculated as
the sphere power plus half the cylinder power, and
the mean SpE of two eyes of each individual was
used in subsequent analysis.The presence ofmyopia
was defined by SpE< −0.5 diopters. Given that the
adult refractive error changes over time, we used the
five-year change in SpE determined from the Beaver
DamEye (longitudinal) Study of populations of Eu-
ropean ancestries to correct the hyperopic effect of
aging from 40 to 70 years [16]. Specifically, using
this effect and the age of the person at the eye exam,
we predicted each individual’s refractive error at the
age of 40.

From the entire set of 488 377 individuals with
genotype information, we removed individuals with
any of the following conditions: refractive error
not measured or not reliably measured, cataract
surgery history, refractive surgery history, cornea
graft surgery, eye surgery within four weeks, self-
report of non-white British ethnicity, genetic prin-
cipal components indicative of non-European an-
cestry, at least one relative in the data identified
by genetic kindship, and outlying level of genetic
heterozygosity. The remaining individuals were di-
vided into six five-year birth cohorts based on the
birth year: 1940–1944, 1945–1949, 1950–1954,
1955–1959, 1960–1964 and 1965–1969. Individ-
uals of following birth years were excluded be-
cause of the small sample sizes (n < 100): 1934
(n = 1), 1935 (0), 1936 (4), 1937 (30), 1938
(57), 1939 (92), 1970 (21) and 1971 (1). Our fi-
nal sample of unrelated individuals of European an-
cestry born between 1940 and 1969 included 63,185
individuals.

SNPs associated with myopia
The NHGRI GWAS Catalog [32] was downloaded
fromwww.ebi.ac.uk/gwas (assessed 16 April 2019).
We focused on 471 SNPs known to be associated
with myopia, refractive error, SpE, severe or patho-
logical myopia or age diagnosis of myopia. Because
these SNPs may not be associated with myopia
among Biobank participants, we used quantitative
association analysis of PLINK v2 [33] to verify the
associations of these SNPs with the refractive er-
ror of Biobank participants, while age, sex and the
first 10 genetic principal components provided by
the Biobank were fitted as covariates to avoid spuri-
ous associations. SNPs with minor allele count <5,
missing genotype rate >0.05 or imputation infor-
mation score <0.3 were excluded. A genetic rela-
tionship matrix was created using LDlink [34], and
for each SNP pair of strong linkage disequilibrium

(R2 > 0.8, based on the CEU population from the
1000 Genome Project, phase 3 [35]) the SNP with
the weaker myopia association measured by P-value
was discarded. The final list consisted of 213 SNPs
that are significantly associated with myopia among
the Biobank participants at FDR= 0.05. We further
confirmed at each of these SNPs that the reported
risk allele is associated with a more negative refrac-
tive error. The effect size of the risk allele was esti-
mated using the Biobank data.

Allele frequency changes due to positive
selection
Because deleterious alleles tend to be recessive, we
consideredbeneficial alleles subject topositive selec-
tion to be dominant. Let A and a be two alleles at an
SNP site, with allele frequencies of p and q = 1-p,
respectively. Let the fitness of the genotype aa be
1 and those ofAa andAAbe1+ s, where s is the coef-
ficient of selection. Using population genetic theory
[36], one can show that the positive selection causes
p to increase by�p≈ ps per generation.Thus, s can
be estimated by (�p)/p.

Allele frequency changes across birth
cohorts
At each SNP examined, we computed the frequency
of the myopia-associated risk allele in each birth co-
hort using PLINK v2 [33]. We then tested the exis-
tence of a significant linear change in the allele fre-
quency across the six cohorts at FDR < 0.05. We
considered linear allele frequency changes because
the formulation in the above section showed that, in
a short period of time such as within a generation,
the frequency of an allele subject to positive selec-
tion changes virtually linearly with a speed of ps/g
per birth cohort, where g is the number of five-year
birth cohorts per generation.

Associations with lifespan and
reproductive traits
Associations between SNPs and phenotypic traits
were examined using PLINK v2 [33]. Specifically,
to test the potential effect of an SNP on lifespan,
we associated the genotype of a Biobank partici-
pant with the lifespan (only when available) of the
participant’s mother and that of his/her father, re-
spectively. To test the potential effect of a SNP
on reproduction, we associated the genotype of a
Biobank participant with his/her AFB and NEB, re-
spectively. Age, sex and the first 10 genetic principal
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components provided by the Biobank were fitted as
covariates to avoid spurious associations.

Local ancestry considered in association
analysis
The local ancestry surrounding each of the 471
tested SNPs was estimated using LAMP-LD [37].
Specifically, the HapMap phase 3 [38] haplotype
panels from CEU individuals with European an-
cestries and YRI individuals with African ancestries
served as our reference populations to determine the
parameters for theHiddenMarkovModel (HMM).
The local ancestry was then estimated using the
HMMparameters within a 300-SNP slidingwindow
and was coded by the number of alleles of European
ancestries at each SNP at the individual level (i.e. 0,
1 or 2 standing for the number of alleles of European
ancestries).

Prediction of myopia phenotypes based
on genotypes
We used the Genome-wide Complex Trait Analysis
(GCTA) software [39] to predict the myopia phe-
notypes of 63 185 Biobank participants from their
genotypes. The prediction was based on the follow-
ing formula under an additive genetic model [39]:
y j = ∑

i wi j u i + ε j ,where wi j = (xi j − 2pi )/√
2pi (1 − pi ). Here, y j is the phenotypic score

of the jth individual, xi j is the number of reference
alleles for the ith SNP of the jth individual, pi is the
reference allele frequency of the ith SNP, ui is the
allelic effect of the ith SNP, and ε j is the residual
effect generated from a normal distribution with
mean of 0 and variance equal to the empirical vari-
ance of

∑
i wi j u i multiplied by ( 1

heritability − 1).The
myopia heritability was set at 35%. After excluding
21 SNPs with lifespan effects, we included 192
myopia-associated SNPs in the above formula. For
the birth cohort of 1940–1944, a threshold (y0) was
used such that the proportion of individuals with
y j > y0 equals the observed myopia prevalence
(30.3%) of the cohort. This same threshold was
used for calling myopia from y j for any individual
from any cohort, and the myopia prevalence was
estimated for each cohort.The process was repeated
100 times and the averages were reported.
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