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Introduction. Even though ocular refractive state is highly heritable and under strong genetic control, the identiﬁcation of
susceptibility genes remains a challenge. Several HGF (hepatocyte growth factor) gene variants have been associated with
ocular refractive errors and corneal pathology. Purpose. Here, we assess the association of an HGF gene variant, previously
reported as associated with hyperopia, and ocular biometric parameters in a multicenter Spanish cohort. Methods. An
observational prospective multicenter cross-sectional study was designed, including a total of 403 unrelated subjects
comprising 188 hyperopic children (5 to 17 years) and 2 control groups: 52 emmetropic adolescents (13 to 17 years) and 163
emmetropic young adults (18 to 28 years). Each individual underwent a comprehensive eye examination including cycloplegic
refraction, and topographic and ocular biometric analysis. Genomic DNA was extracted from oral swabs. HGF single
nucleotide polymorphism (SNP) rs12536657 was genotyped. Genotypic, allelic, and logistic regression analyses were performed comparing the diﬀerent groups. A quantitative trait association test analyzing several biometric parameters was also
performed using generalized estimating equations (GEEs) adjusting for age and gender. Results. No association between
rs12536657 and hyperopia was found through gender-adjusted logistic regression comparing the hyperopic children with
either of the two control groups. Signiﬁcant associations between mean topographic corneal curvature and rs12536657 for G/
A (slope � +0.32; CI 95%: 0.04–0.60; p � 0.023) and A/A (slope � +0.76; CI 95%: 0.12–1.40; p � 0.020) genotypes were
observed with the age- and gender-adjusted univariate GEE model. Both ﬂat and steep corneal topographic meridians were
also signiﬁcantly associated with rs12536657 for the G/A and A/A genotypes. No association was found between rs12536657
and any other topographic or biometric measurements. Conclusions. Our results support a possible role for HGF gene variant
rs12536657 in corneal curvature in our population. To our knowledge, this is the ﬁrst multicenter quantitative trait association study of HGF genotypes and ocular biometric parameters comprising a pediatric cohort.
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1. Introduction
Refractive errors are caused by a complex interaction between genetic and environmental factors, they are considered polygenic and multifactorial, and their etiology is not
fully understood [1]. Nevertheless, the majority of the
variance of refractive error within populations is thought to
be due to hereditary factors [2]. In fact, the heritability of
refractive errors has been estimated by several studies to be
between 71% and 88% [3–5]. Although refractive state appears to be highly heritable and under strict genetic control,
the identiﬁcation of susceptibility genes until now has been
challenging, with most studies focusing on myopia [6–10].
Hyperopia is the most common refractive error in
childhood [11] and may be classiﬁed as low (<+2.00 diopters
(D)), moderate (between +2.00 D and +5.00 D), or high
(>+5.00 D). Among children, moderate and high hyperopes
are a group of particular clinical relevance as signiﬁcant
hyperopia is clearly associated with some of the most frequent ocular conditions requiring multiple consultations at
these ages, including mainly (but not only) strabismus and
unilateral or bilateral amblyopia [12]. Levels of hyperopia
between +3.00 and ≤+4.00 posed more than a 23-fold increase in esotropia risk compared to children with 0 to
≤+1.00 D of hyperopia in a population-based sample of 9970
children aged 6 to 72 months [13]. Hyperopia is also a major
refractive risk factor for bilateral decreased visual acuity, the
odds of which increased substantially for levels of hyperopia
≥+4.00 D [14]. Moderately hyperopic refraction has also
been associated with astigmatism, anisometropia, abnormal
convergence, reduced accommodative response, abnormal
stereoacuity, self-reported eyestrain symptoms, and learning
diﬃculties with poorer near visual performance with increasing hyperopia [15–17]. In fact, the popular belief that
hyperopia diminishes with age appears not to be true for at
least some hyperopic children who may have problems
becoming emmetropic, and this is sometimes associated
with an increase of accommodative lag [18–20]. Therefore,
we wanted to focus our genetic study on moderate and high
hyperopic school-age children, a population that represents
a particularly vulnerable group for the conditions associated
with hyperopia at these speciﬁc ages, which may also have
eﬀects on the learning process.
The HGF (hepatocyte growth factor) gene was one of the
ﬁrst candidate genes to be studied in relation to refractive
errors and in fact the association of several single nucleotide
polymorphisms (SNPs) of the HGF gene with myopia has
been reported and replicated in independent studies on
adults in Chinese [21, 22] and Caucasian populations
[23, 24]. The ﬁrst positive genetic association for hyperopia
was published in 2010 when the association of SNPs
rs12536657 and rs5745718 of the HGF gene with hyperopia
was reported in a case-control study of the Australian
population comprising emmetropic, hyperopic, and myopic
adult subjects. These two SNPs showed strong linkage disequilibrium (LD) in the studied population [24]. Although
recent genome-wide association studies (GWAS) have focused on other genes related to refractive state and hyperopia [25], the association of the HGF gene with hyperopia
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has not been studied in other populations. In addition, the
HGF gene has been found to be associated not only with
hyperopia but also with corneal pathology in several studies
[26–28]. We therefore designed a study aiming to compare a
group of hyperopic children to an emmetropic group. A
speciﬁc problem when considering emmetropic children as a
control group in genetic refractive error studies is the
deﬁnition and frequency of childhood emmetropia. On the
one hand, mild physiological hyperopia is the most common
refractive state among neonates and infants [29, 30], even
though the proportion of infants with hyperopia decreases
by emmetropization from 6 months of age to a low point
between 2 and 2.5 years of age across all ethnicities [31, 32].
Mild hyperopia seems to be the natural state of refractive
development in children since the proportion of emmetropic (>−0.5 D but <+0.5 D) children between 5 and
15 years is scarce and in any case no more than 35% in any of
several diﬀerent sites around the world according to a large
multiethnic study [33]. In fact, children with <+0.75 D or
+0.50 D, depending on the age, are at increased risk of
developing myopia in the future because of the growth of the
eye [34]. Therefore, it is challenging to categorize these
children as bona ﬁde controls. Eye elongation decelerates in
the second decade of life stagnating between 13 and 18 years
[35]. Thus, we designed a study in which only older
emmetropic children (13–17 years) and young emmetropic
adults (18–28 years) were included as two separate control
groups. Importantly, two factors support this design. Firstly,
only adolescent and young adult controls present a bona ﬁde
set of nonmyopic subjects while still retaining childhood
genotypic information. This is further supported by the
impossibility of reverse causation in a genetic study, where
the genotype cannot be aﬀected by the phenotype [36].
Secondly, the speciﬁc statistical analyses employed are
designed to account for any confounding age- and sexrelated variation in this design.
Recently, several studies [6, 22, 37] have analyzed the
refractive power of the eye as a continuous spectrum of
refraction measurements instead of a binary trait (myopia
versus hyperopia). Total ocular refractive power is thought
to be modulated by a set of highly heritable underlying
quantitative components (endophenotypes). These intermediate traits are thought to have a simpler genetic architecture and may be more sensitive measures of notable
aspects of the disease process [5]. Quantitative trait association studies are ideally designed to analyze these endophenotypes. Recent GWAS has analyzed several
endophenotypes: axial length [10], corneal curvature [38–
42], and central curvature thickness [43]. Our main aim was
to perform a quantitative trait study analyzing the association of HGF variant rs12536657 with biometric ocular
measurements and several corneal parameters obtained by
topographic analysis in a population of hyperopic and
emmetropic children and emmetropic young adults.

2. Methods
2.1. Participants. An observational prospective multicenter
cross-sectional study was designed. The study included 403
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unrelated Spanish Caucasian subjects comprising 188 moderately or high hyperopic children aged 5 to 17, 52 emmetropic adolescents aged 13 to 17, and 163 emmetropic young
adults aged 18 to 28. The patients were recruited between 2012
and 2015 at four Spanish hospitals: Clı́nica Universidad de
Navarra (Pamplona), Hospital Universitario La Paz (Madrid),
Instituto Clı́nico Quirúgico de Oftalmologı́a (Bilbao), and
Hospital Universitario Miguel Servet (Zaragoza).
The inclusion criteria for the emmetropic groups were
patients aged 13 to 17 years (children emmetropic group) or
18 to 28 years (young adult emmetropic group), with an
uncorrected monocular visual acuity (UCVA) of at least 1.0
(on the Snellen visual acuity scale) and a spherical equivalent
(SE) of >−0.50 D <+1.25 in both eyes after cycloplegic refraction (cyclopentolate 1%). In the hyperopic children
group, patients were aged 5 to 17 years, with hyperopia in
both eyes with an SE of ≥+3.50 in the less hyperopic eye.
Several reasons lead us to design our study groups with
diﬀerent ages: (1) the main target population of our study
was the child population that suﬀers the consequences of the
hyperopic condition; (2) the diﬃculty to ﬁnd a bona ﬁde
control group of emmetropic young children (5 to 12 years)
since emmetropia is an evolving process over the years and
does not stabilize until the late teens or adulthood. On the
other hand, moderate or high hyperopia present at these ages
tends to have much less change, and therefore, its dioptric
amount frequently remains nearly the same until adulthood;
and (3) there are few studies on genetics comprising actual
emmetropic young adults veriﬁed with cycloplegic refraction. Several measures were taken to adjust for any
possible confounders in view of this speciﬁc design
(explained in detail in the statistical analysis section).
The exclusion criteria included any ethnicity diﬀerent
from Spanish Caucasian, astigmatism exceeding 3.00 D, and
any ocular conditions unrelated to the refractive error. Eyes
with prior surgical history or low data quality were excluded.
Children with systemic diseases were also excluded. Any
individual with a family history of other eye diseases, such as
high myopia, nanophthalmos, or keratoconus, was also
excluded from the study. Individuals had to have an available
DNA sample for inclusion in the study. All procedures were
performed in accordance with the Declaration of Helsinki.
All patients and caregivers received detailed information
about the nature of the research and provided written informed consent before study enrolment. All of the local
ethics committees of the participating centers approved the
study.
2.2. Clinical Exam. All participants received comprehensive
ophthalmic examination including best-corrected visual
acuity, slit-lamp biomicroscopy of anterior segment, and
retina with mydriasis. Cycloplegic autorefraction was
assessed approximately 30 minutes after instillation of the
last of 3 drops of 1% cyclopentolate given 5 minutes apart.
Spherical equivalent (SE) was calculated as spherical error
plus half the cylindrical error. Axial length, corneal curvature, white-to-white measurement, and anterior chamber
depth were measured using an IOL Master 500 (software
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version 7.1; Carl Zeiss Meditec, Jena, Germany); the average
of 5 measurements was taken into account for the analyses.
Topographic analysis was performed with Sirius (Phoenix
software version 1.0.5.72; CSO, Florence, Italy). The topographic measurements analyzed included corneal curvature
(SimK values: ﬂat corneal meridian keratometry, steep
corneal meridian keratometry, and mean keratometry),
mean central corneal thickness, apical corneal thickness,
white-to-white corneal diameter, anterior chamber angle,
and mean anterior chamber depth. Tests were repeated until
reliable measurements were obtained. Every test was performed in both eyes for each patient.
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2.3. SNP Genotyping. Genomic DNA was extracted from
oral swabs using QIAcube (Qiagen) in each of the participant centers. All the specimens were codiﬁed and sent to the
Clı́nica Universidad de Navarra (Pamplona, Spain) where
genotyping was performed by real-time PCR using TaqMan
SNP genotyping assays (Applied Biosystems, Inc. (ABI),
Foster City, CA) for SNPs rs12536657 of the HGF gene,
following the manufacturer’s instructions. An ABI 3730 realtime PCR machine (Applied Biosystems) was employed.
Since the two SNPs of the HGF gene that were reported as
associated with hyperopia (rs12536657 and rs5745718)
showed strong linkage disequilibrium (LD), we decided to
focus our analysis on the SNP rs12536657. Regarding the
rationale for choosing HFG rs12536657 instead of
rs5745718, we took into account several reasons: (1)
rs12536657 was associated with low myopia and with hyperopia in the study by Veerappan et al. [24] and also with
myopia in Yanovitch et al. [23], and therefore, it could be a
stronger candidate for refractive error association and (2) in
the study by Veerappan et al., when hyperopic and
emmetropic groups were compared for rs12536657 under an
additive model, each of the genotypes were found signiﬁcant
with an increasing odds ratio for each additional copy of the
risk allele (OR: G/G: 1; G/A: 1.88; A/A: 5.53). In the case of
rs5745718, only the C/A genotype was found to be associated
with hyperopia [24].
2.4. Statistical Analysis. Genotype and allele frequencies for
SNP rs12536657 were compared between diﬀerent groups
using the chi-squared test under an additive model. The
comparison groups were hyperopic children (n � 188)
versus all the emmetropic patients (n � 215); hyperopic
children versus emmetropic children; and hyperopic children versus emmetropic adults. Likelihood-ratio tests were
calculated to assess the agreement between observed genotype frequencies and Hardy–Weinberg equilibrium
(HWE). All genome coordinates described in the text are
from genome build hg19. Power calculations were performed using Quanto v1.2.4, considering a minor allele
frequency of 0.14 (averaged from previously reported frequencies by Veerappan et al. [24]). Power calculations indicated that 178 individuals per group were needed to detect
a minimum odds ratio (OR) of 1.8 with a power of 80% and
an alpha error of 0.05 under an additive genetic model,
assuming an equal sample size of cases and controls.

4
In addition, logistic regression was used for analysis of
hyperopia as a qualitative trait for SNP rs12536657 and the
same comparison groups. An additive genetic model was
used in all regression tests. Therefore, one allele was assigned
as the reference allele and the other the risk allele; the eﬀect
size per copy of minor allele was calculated for SNP
rs12536657. Age and sex were included as additional
covariates where appropriate, and conditional logistic regression was used to test if there was any association between
age and genotypes.
The univariate generalized estimating equation (GEE)
method was used to analyze the quantitative trait association
of refractive measurements: spherical equivalent (SE) and
astigmatism; IOL master biometric measurements: axial
length, corneal curvature, and anterior chamber depth; and
topographic measurements: corneal curvature, central corneal thickness, apical corneal thickness, horizontal corneal
diameter (white-to-white corneal measurement), and anterior chamber depth under an additive genetic model. The
age- and gender-adjusted GEE method was used to assess the
association of each biometric parameter and the HGF SNP
rs12536657 in the whole set of participants (without
grouping), and also separately for case and control groups.
Data from both eyes for each participant were used in this
analysis, considering them not as independent values but
taking into account the correlation between the two eyes of
the same patient (analyzed as a pair) through the GEE
method. GEE is an extension of linear regression that oﬀers
the advantage of keeping the data from both eyes for each
participant while taking into account the correlation between the two eyes [44]. All regression tests were implemented using SPSS (version 20.0; SPSS Inc.), and p values
<0.05 were considered statistically signiﬁcant.

3. Results
A total of 403 individuals (194 males and 209 females),
including 188 hyperopic children (5 to 17 years; SE:
≥+3.50 D), 52 emmetropic children (13 to 17 years; SE:
>−0.50 D <+1.25 D), and 163 emmetropic young adults (18
to 28 years; SE: >−0.50 D <+1.25 D), were included in the
analysis. There were signiﬁcant diﬀerences in the proportions of men and women between the emmetropic and
hyperopic groups, and therefore, all the subsequent analyses
were adjusted for gender. The mean SE was +5.79 ± 1.47 D
(+3.50 to +11.75) for the hyperopic group and +0.06 ± 0.45 D
(−0.50 to +1.13) for the emmetropic groups. Reliable corneal
topography could be achieved in 89.33% of the cases, and
IOL master biometry was achieved in 95.21% of cases.
Baseline refractive and biometric measurements for each
group are summarized in Table 1.
Genotype frequencies of rs12536657 were in agreement
with Hardy–Weinberg expectations in controls (p � 0.12).
Gene-condition associations were analyzed separately between all the emmetropic patients and the hyperopic children; between the emmetropic children group and the
hyperopic children group; and between the emmetropic
adult group and the hyperopic children. Genotypic tests did
not support an association between hyperopia and
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rs12536657 in any of the groups: either among emmetropic
and hyperopic patients (p � 0.28, chi-squared test), nor
among pediatric groups (p � 0.41, chi-squared test), nor
among hyperopic and adult emmetropic group (p � 0.27,
chi-squared test). Likewise, allelic tests yielded nonsigniﬁcant results for rs12536657 disease associations among
the diﬀerent groups (Supplementary Materials (available
here)). Gender-adjusted logistic regression analyses did not
detect signiﬁcant associations of the genotypes of
rs12536657 with hyperopia among children or adults (Table 2). Conditional logistic regression was performed between a set of exact age-matched case and controls to test if
there was any association between age and genotypes, and no
signiﬁcant association was found (p � 0.97, data not shown).
Since no diﬀerences in the distribution of the genotypes
or alleles were found among any of the groups, a total of 403
pairs of eyes were included in the age- and gender-adjusted
quantitative trait analysis. Signiﬁcant univariate associations
between mean topographic corneal curvature (Kmean) and
rs12536657 for the G/A (slope � +0.32; CI 95%: 0.04–0.60;
p � 0.023) and A/A (slope � +0.76; CI 95%: 0.12–1.40;
p � 0.020) genotypes were observed with the age- and
gender-adjusted GEE model. Both ﬂat and steep corneal
topographic meridians were also signiﬁcantly associated
with rs12536657 for the G/A and A/A genotypes. An additive eﬀect was observed in the corneal curvature in all
topographic measurements with a mean diﬀerence increase
between 0.31 D and 0.34 D for the G/A genotype and between 0.69 D and 0.76 D for the A/A genotype compared to
the homozygous genotype G/G (Tables 3 and 4). As expected, when IOL master keratometric measurements were
analyzed, signiﬁcant associations were also observed between Kmean biometric corneal curvature and rs12536657 for
the G/A (slope � +0.29; CI 95%: 0.02–0.56; p � 0.033) and A/
A (slope � +0.70; CI 95%: 0.08–3.75; p � 0.026) genotypes.
The G/A and A/A genotypes of rs12536657 were also signiﬁcantly associated with steep corneal biometric meridian.
A similar additive eﬀect was also observed for the heterozygous and homozygous minor genotypes in reference to the
homozygous major genotype. Therefore, based on the results
of the univariate tests, patients with the A risk allele tended
to have a steeper corneal curvature in both ﬂat and steep
meridians independently of the age and gender of the
subject. However, topographic and biometric astigmatism
were not associated with any of the genotypes. None of the
other refractive or biometric measurements were signiﬁcantly associated with the analyzed SNP. Multivariate association tests were not performed since corneal curvature
was the unique signiﬁcant variable found in the univariate
analysis. Nevertheless, corneal curvature parameters would
not remain statistically signiﬁcant after multiple testing
correction but showed a trend to signiﬁcance. Similarly,
when gender- and age-adjusted GEE was applied separately
in cases and controls, corneal curvature remained as the only
variable showing tendency towards a signiﬁcant association
with rs12536657 genotypes (Kmean: p � 0.07 in cases and p �
0.08 in controls, age- and gender-adjusted GEE method).
The presence of higher p values when analyses were performed separately in only case or control groups can be
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Table 1: Baseline refractive and biometric measurements for cases (hyperopic children) and controls (emmetropic children and emmetropic
adults).
Age (years)
Gender (female)

SE
Sphere
Cylinder
Kﬂat TOP
Ksteep TOP
Kmean TOP
ACD TOP
WW TOP
CCT TOP
AAA TOP
AL BIOM
Kﬂat BIOM
Ksteep BIOM
Kmean BIOM
ACD BIOM
WW BIOM

Hyperopic children (n � 188)
8.23 (2.62)
81 (43.1%)
Mean (SD)
RE
LE
+5.71 (1.47)
+5.87 (1.46)
+6.20 (1.57)
+6.39 (1.53)
−0.98 (0.88)
−1.05 (0.87)
41.99 (1.40)
42.03 (1.39)
43.54 (1.41)
43.61 (1.39)
42.76 (1.33)
42.82 (1.32)
2.88 (0.28)
2.89 (0.28)
11.99 (0.39)
11.97 (0.38)
564.39 (30.68)
564.81 (31.26)
40.51 (6.92)
40.49 (8.00)
21.20 (0.83)
21.11 (0.84)
42.06 (1.39)
42.08 (1.41)
43.69 (1.44)
43.79 (1.42)
42.88 (1.33)
42.94 (1.34)
3.28 (0.26)
3.28 (0.27)
12.19 (0.38)
12.16 (0.41)

Emmetropic children (n � 52)
16.48 (1.18)
25 (48.1%)
Mean (SD)
RE
LE
+0.07 (0.45)
+0.07 (0.46)
+0.14 (0.45)
+0.14 (0.45)
−0.14 (0.24)
−0.15 (0.26)
42.54 (1.46)
42.62 (1.42)
43.12 (1.47)
43.35 (1.46)
42.83 (1.45)
42.87 (1.46)
3.28 (0.31)
3.26 (0.30)
12.12 (0.37)
12.13 (0.36)
542.48 (34.64)
543.02 (34.82)
45.87 (6.82)
44.60 (8.31)
23.59 (0.73)
23.55 (0.72)
42.61 (1.45)
42.56 (1.45)
43.27 (1.44)
43.19 (1.48)
42.94 (1.44)
42.99 (1.43)
3.61 (0.32)
3.62 (0.30)
12.20 (0.31)
12.23 (0.28)

Emmetropic adults (n � 163)
22.26 (2.55)
103 (63.2%)
Mean (SD)
RE
LE
+0.05 (0.45)
+0.05 (0.44)
+0.16 (0.47)
+0.19 (0.45)
−0.22 (0.25)
−0.28 (0.25)
43.30 (1.37)
43.43 (1.30)
43.93 (1.38)
44.13 (1.32)
43.61 (1.36)
43.69 (1.33)
3.19 (0.25)
3.19 (0.25)
12.10 (0.37)
12.08 (0.38)
542.01 (37.67)
543.48 (36.42)
44.16 (6.16)
43.50 (6.61)
23.40 (0.71)
23.35 (0.72)
43.35(1.37)
43.36 (1.35)
44.03(1.35)
44.01 (1.35)
43.69(1.34)
43.78 (1.30)
3.62(0.25)
3.63 (0.24)
12.08(0.56)
12.15 (0.41)

LE: left eye; RE: right eye; BIOM: IOL master measurements; TOP: topography measurements; SE: spherical equivalent (diopters); Kﬂat: anterior ﬂat
keratometry (diopters); Ksteep: anterior steep keratometry (diopters); Kmean: anterior mean keratometry (diopters); AL: axial length (mm); ACD: anterior
chamber depth (mm); WW: white-to-white diameter (mm); CCT: central corneal thickness (microns); ACA: anterior chamber angle (degrees).

Table 2: Logistic regression gender-adjusted results for diﬀerent genotypes of HGF SNP rs12536657 under an additive genetic model of
hyperopic children compared with all emmetropic patients (a); hyperopic children compared with emmetropic children (b); and hyperopic
children with emmetropic adults (c).
SNP rs5712536657

Genotype

Hyperopic children (n � 185)∗

Emmetropic children
and adults (n � 214)∗∗

OR

GG
GA
AA

116 (62.70)
63 (34.05)
6 (3.24)

135 (63.08)
65 (30.37)
14 (6.54)

1.00
1.18
0.47

Genotype

Hyperopic children (n � 185)∗

Emmetropic children (n � 52)

OR

GG
GA
AA

116 (62.7%)
63 (34.1%)
6 (3.2%)

34 (65.4%)
14 (26.9%)
4 (7.7%)

1.00
0.76
2.26

Genotype

Hyperopic children (n � 185)∗

Emmetropic adults (n � 162)∗∗

OR

GG
GA
AA

116 (62.7%)
63 (34.1%)
6 (3.2%)

101 (62.3%)
51 (31.5%)
10 (6.2%)

1.00
1.16
0.45

95% CI
for OR

p
0.206

(a)

SNP rs12536657

0.76
1.82
0.17
1.27
95% CI for
OR

0.458
0.136
p
0.30

(b)

SNP rs12536657

0.38
1.52
0.607
8.47
95% CI for
OR

0.439
0.228
p
0.23

(c)

0.73
0.15

1.86
1.30

0.531
0.140

∗

Missing genotype data: in the hyperopic group, 3 genotypes were missing (n � 185). ∗∗ Missing genotype data: 1 genotype was missing in the emmetropic
adult group (n � 214 and n � 162).

attributed to the sample size diﬀerence caused by the
grouping.

4. Discussion
To our knowledge, this is the ﬁrst quantitative trait association
study of an HGF gene variant and ocular biometric parameters with a hyperopic pediatric, emmetropic adolescent, and
young adult European Caucasian cohort. We selected HGF

gene SNP rs12536657 that was previously reported as associated with hyperopia in an Australian adult population [24].
The most interesting ﬁndings we report are the trends towards
signiﬁcant associations that were observed for all corneal
curvature measurements and the minor A allele of the
rs12536657 of the HGF gene under an additive genetic model.
Of note, these associations were detected in an age- and
gender-independent manner, using two diﬀerent measurement methods (biometry and topography) and including data

6

Journal of Ophthalmology

Table 3: Univariate generalized estimating equation method of topographic measurements with HFG rs12536657 under an additive genetic
model adjusted for age and gender.
95% CI for slope
Lower
Upper

Genotype rs12536657

Coef.

G/G (ref.)
G/A
A/A

41.88
0.32
0.76

0.04
0.12

0.60
1.40

0.023
0.020
0.019

G/G (ref.)
G/A
A/A

40.89
0.31
0.69

0.02
0.06

0.60
1.31

0.036
0.031
0.007

G/G (ref.)
G/A
A/A

42.87
0.34
0.83

0.05
0.16

0.63
1.51

0.021
0.015
0.787

G/G (ref.)
G/A
A/A

2.80
0.00
−0.04

−0.06
−0.16

0.05
0.07

0.875
0.489
0.424

G/G (ref.)
G/A
A/A

11.98
−0.02
−0.13

−0.10
−0.32

0.07
0.07

0.703
0.195
0.191

G/G (ref.)
G/A
A/A

578.63
−6.39
0.04

−13.37
0.04

0.60
17.45

0.073
0.996
0.812

G/G (ref.)
G/A
A/A

610.27
−3.70
−0.98

−14.98
−23.72

7.58
21.77

0.520
0.933

p
0.010

Kmean (TOP) (D)

Kﬂat (TOP) (D)

Ksteep (TOP) (D)

ACD (TOP) (mm)

WW (TOP) (mm)

CCT (TOP) (µm)

Apical CT (TOP) (µm)

TOP: topography measurements; Kﬂat: anterior ﬂat keratometry (diopters); Ksteep: anterior steep keratometry (diopters); Kmean: anterior mean keratometry;
ACD: anterior chamber depth (mm); WW: white-to-white diameter (mm); CCT: central corneal thickness; apical CT: apical corneal thickness. For reference
categories, coeﬃcient presented is the intercept (mean of ref. category), and for other categories, it is the slope (mean diﬀerence).

from 806 eyes. We observed a mean increase in corneal
curvature in both meridians of between 0.31 D and 0.34 D for
the G/A genotype and between 0.69 D and 0.76 D for the A/A
genotype compared to patients with the homozygous genotype G/G. Therefore, patients with the A allele in their genotype (either homozygous or heterozygous) tended to have a
steeper corneal curvature. Corneal curvature and axial length
are the main biometric measures (endophenotypes) that establish the refractive status of the eye. The cornea is the most
important refracting element, and its curvature must be
thoroughly coordinated with the dimensions of the other
components of the growing eye during childhood. The heritability estimate for corneal curvature in the Beaver Dam Eye
Study was as high as 95% [45]. It is interesting to note that a
set of shared genetic variants is largely responsible for the
relative scaling of corneal curvature and axial length [40], and
a linear correlation between axial length and corneal curvature has been demonstrated. Shorter emmetropic eyes usually
have more peaked corneas to counteract the impact of axial
length on refraction in what is termed the “stabilizing factor”
[12]. On the other hand, corneal astigmatism was not found to
be associated with SNP rs12536657, similarly to what has been
reported for other genetic variants which, in spite of being

associated with corneal curvature in large GWAS [39], were
not associated with astigmatism [41, 42]. This ﬁnding highlights the fact that while corneal curvature is an ocular dimension, corneal astigmatism is an eye disorder which
probably involves a separate group of genes [46].
The HGF gene locus is linked to the control of normal
variation in eye size in mice, and HGF is also a potent
mitogen expressed in the cornea, retina, pigment epithelium,
and choroid [27, 47]. It would seem likely that HGF has some
role to play in corneal development and in the maintenance
of normal structure in the adult cornea [48]. Regardless of its
implication in several cellular roles within the cornea [28],
HGF with its receptor c-MET is known to be expressed in the
cornea in all three cellular layers [27]. Some gene variants for
c-MET have shown a suggestive genetic association with
corneal curvature although they did not remain statistically
signiﬁcant after multiple testing correction [49]. Several
HGF variants have been associated with keratoconus
[26, 27], and even increased HGF protein expression within
corneal epithelium has been reported for keratoconic patients [28]. The association of the HGF gene and corneal
curvature has been studied by Sahebjada et al. who analyzed
10 SNPs in the HGF gene in a case-control study on patients

Journal of Ophthalmology

7

Table 4: Univariate generalized estimating equation method to
analyze association of refractive and biometric measurements with
HFG rs12536657 under an additive genetic model adjusted for age
and gender.
Genotype
Coef
rs12536657

95% CI
for slope
Lower Upper

p
0.930

SE (D)

Cyl (D)

AL (BIOM) (mm)

Kmean (BIOM) (D)

Kﬂat (BIOM) (D)

Ksteep (BIOM) (D)

ACD (BIOM) (mm)

G/G (ref.) 8.50
G/A
0.04 −0.27
A/A
−0.07 −0.64

0.34
0.49

0.817
0.796
0.857

G/G (ref.) −1.38
G/A
0.01 −0.12
A/A
−0.05 −0.26

0.14
0.15

0.885
0.618
0.236

G/G (ref.) 20.29
G/A
−0.12 −0.28
A/A
−0.22 −0.58

0.05
0.14

0.166
0.231
0.016

G/G (ref.)
G/A
A/A

42.11
0.29
0.70

0.02
0.08

0.56
3.75

0.033
0.026
0.037

G/G (ref.)
G/A
A/A

41.04
0.31 −0.01
0.63 0.00

0.55
1.25

0.055
0.049
0.009

G/G (ref.)
G/A
A/A

43.17
0.31
0.78

0.03
0.15

0.59
1.41

0.027
0.015
0.319

G/G (ref.) 3.15
G/A
−0.01 −0.07
A/A
−0.08 −0.19

0.04
0.02

0.680
0.132

SE: spherical equivalent; Cyl: cylinder; BIOM: IOL master measurements;
AL: axial length (mm); Kﬂat: anterior ﬂat keratometry (diopters); Ksteep:
anterior steep keratometry (diopters); Kmean: anterior mean keratometry;
ACD: anterior chamber depth (mm). For reference categories, coeﬃcient
presented is the intercept (mean of ref. category), and for other categories, it
is the slope (mean diﬀerence).

with keratoconus. However, they could not detect any
signiﬁcant association of the chosen SNPs with corneal
curvature, although tag SNP rs2286194 was the closest to
signiﬁcance (p � 0.049) [26]. Interestingly, Yanovitch et al.
reported the same SNP as having a strong association with
mild to moderate myopia [23]. In any case, the association of
corneal curvature with the SNP rs12536657 that we have
uncovered had not been previously assessed.
On the other hand, our results did not support the association of this HGF gene SNP with hyperopia for the
Spanish pediatric population. The discrepancy between the
results of our study and that of Veerappan et al. [24] may
have occurred because our study focused on the Spanish
Caucasian population, whereas Veerappan et al. performed
their study on a population of Anglo-Celtic ethnicity. Since
SNP alleles show signiﬁcant geographical or ethnic group
variations in human populations, it is likely that diﬀerent
SNPs may be associated with refraction in individuals from

diﬀerent ethnicities. Besides, a diﬀerent study design was
employed. Although the association of HGF variants with
myopia had been previously reported and replicated in
several independent studies on adults in Chinese [21] and
Caucasian populations [23, 24], we were interested in
studying children with high and moderate hyperopia. Recent
studies point at age-speciﬁc eﬀects of genetic variants associated with refractive error and ocular biometry. In fact,
predisposing SNPs have been found to diﬀer in the age at
which eﬀects are present and in whether or not these eﬀects
get progressively stronger during later childhood [50]. For
example, in the case of myopia, a meta-analysis suggested
that speciﬁc loci have their greatest eﬀect in young children,
while others reach the greatest eﬀect during early teenage
years [51]. These are some of the reasons why we carefully
selected a group of moderate and high hyperopic children
instead of a group of hyperopic adults.
The strengths of the current study include being the ﬁrst
multicenter study of genetic association in Spanish pediatric
hyperopic individuals comprising a relatively large homogenous population of Caucasian ancestry. The cohort was
Spanish Caucasian based on family history and ethnicity
features. Since all the participants were from locations situated in nearby cities in the north and the centre of Spain, it
is less probable that large genetic variations have stratiﬁed
the population, thus aﬀecting the results. In any case, genotype frequency comparisons between diﬀerent hospital
sites providing most of the participants of the study were
compared, and no diﬀerences were found (p � 0.18, chisquared test). This allows for minimization of potential
eﬀects of population admixture and also addresses calls for
more diversity in genetic studies [52, 53]. In addition, a study
including cycloplegic refraction in a group of young
emmetropic adults is uncommon [54]. Besides, corneal
parameters have been extensively studied by topographic
corneal analysis including most of the important corneal
features and not only corneal curvature. Quantitative trait
analyses take the full spectrum of measures into account
and constitute a powerful tool to detect genetic contributions that has several advantages over case-control
studies [55]. Since fewer genes are likely to impact
endophenotypes such as axial length or corneal curvature
when compared to the composite phenotype of quantitative refraction [5], examining these intermediate traits
independently is likely to result in greater power to detect
variants associated with these phenotypes [45]. In addition,
for the present study, quantitative trait analysis was performed through GEE, an advanced statistical framework
that addresses unknown correlation structures within the
data. The primary interest in ophthalmic genetic studies for
quantitative traits is often to locate genetic loci that exert
eﬀects on both eyes. The use of averaged ocular measurements has been the convention in the study of
quantitative traits in the research community of refractive
error genetics. However, the GEE method allows us to
properly utilize information for both eyes and is considered to be more robust than to use the mean of the
measurements of both eyes or the data of one randomly
chosen eye [56].
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At the same time, several limitations have to be recognized in our work. First, only one HGF gene variant has
been analyzed in the present study, so very limited coverage
of HGF gene information was achieved. Veerappan et al.
performed tag SNP analysis and identiﬁed 9 tag SNPs that
included most of the genetic information for the HGF gene;
they also sequenced the coding regions of the HGF gene, and
other 6 SNPs were identiﬁed [24]. Of the 15 HGF, SNPs
analyzed in their cohort of emmetropes, hyperopes, and
myopes, they found 6 SNPs associated with myopia (rs1743,
rs4732402, rs12536657, rs10272030, rs9642131, and
rs5745646, all in high linkage disequilibrium with each
other) and 2 with hyperopia (rs5745718 and rs12536657, also
in high LD with each other). They admitted that it was
unclear how SNP rs12536657 could be associated with both
hypermetropia and myopia, but it is important to highlight
that Yanovitch et al. also detected an association of this SNP
with myopia [23]. Second, we decided not to include a
myopic group in order to focus our study on hyperopia as
children are by far the target population that is most aﬀected
by the main complications of hyperopia. Myopia, in contrast, presents a much lower morbidity in childhood. Third,
with respect to the case-control study, the diﬀerence in age
between cases and controls represents a source of potential
bias, and thus, we divided the gene-condition analysis
considering the two separated emmetropic groups (children
and adults). In addition to the fact that genotype does not
change during the lifespan, change-in-estimate criterion
analysis did not point to age as a confounder for study
ﬁndings, and we obtained similar conﬁrmation through
logistic conditional regression analysis. Nevertheless, association tests were adjusted by age and gender when appropriate. Although we included a group of emmetropic
children aged 13 to 17, we intentionally did not include any
children aged between 5 and 13 years in this group because
of the diﬃculty of having a stabilized emmetropic group of
this age due to the growing eyes of these children [33]. In any
case, a small proportion of the emmetropic children aged 13
to 17 may develop later onset myopia in the future, and thus,
we also performed the analyses with a young adult
emmetropic group. It is important to highlight that moderate and high hyperopia at these ages are considered to be
much more stable through time with much less refractive
changes. And last, even though the power calculation for this
study suggests that the current cohort size per group (188
hyperopes and 215 emmetropes) is adequate to detect
modest genetic eﬀects up to an OR of 1.8, we cannot rule out
the possibility that smaller eﬀect sizes may have been missed.
In any case, the size per group in our study is larger than that
of the cohort of Veerappan et al. in which a positive association was shown for SNPs rs12536657 and rs5745718
and hyperopia [24].
Since the publication of the ﬁndings of Veerappan et al.,
other genetic variants have been associated with corneal
curvature as well as with hyperopia in GWAS studies. Association of platelet-derived growth factor receptor alpha
(PDGFRA) with corneal curvature has been identiﬁed in
several diﬀerent populations [38–40]. Simpson et al. reported two genome-wide signiﬁcant associations with
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hyperopia for a case-control GWAS meta-analysis from 9
studies of European-derived adult populations. These regions overlapped with loci 15q14 (rs11073060) and 8q12
(rs10089517) [25]. The locus on 15q14 is within an intergenic
region in the vicinity of the genes gap junction protein delta
2 (GJD2) and actin alpha cardiac muscle 1 (ACTC1), two
genes that are expressed in the retina and are potential
candidate genes for refractive error [6]. Jiang et al. identiﬁed
several variants in the serine protease 56 (PRSS56) gene
associated with high hyperopia [57]. In any case, refractive
error and coordinated scaling of ocular component dimensions are such complex phenotypes inﬂuenced by so
many common genetic variants and environmental factors
that their study will remain challenging for years to come
[58, 59].

5. Conclusions
In conclusion, although our ﬁndings only cover one facet of
the complex polygenic nature of the studied phenotype, our
results indicate a potential role for rs12536657 in corneal
curvature in our population. To our knowledge, this is the
ﬁrst multicenter quantitative trait association study of an
HGF SNP and ocular biometric parameters comprising a
pediatric cohort. Further work studying variants in HGF and
other reported cornea-related genes is warranted to conﬁrm
these ﬁndings for diﬀerent ethnic groups.

Data Availability
The data used to support the ﬁndings of this study are
available from the corresponding author upon request.

Disclosure
Partial results of the present paper were presented at “3rd
World Congress of Paediatric Ophthalmology and Strabismus,” Barcelona, September 4–6, 2015.

Conflicts of Interest
The authors have no commercial or proprietary interest.

Authors’ Contributions
JBB and APG conceived and designed the study; JBB, EB,
APG, and JLS carried out statistical analyses. EB, MG, SN,
VP, and BA conducted clinical examinations and contributed to the collection and preparation of DNA samples; EB
performed SNPs analyses; SR contributed to the collection
and preparation of DNA samples and revised the current
paper; JBB and EB wrote the ﬁrst draft of the paper; CB
revised the paper and helped with analyses; JBB wrote the
current version of the paper. All the authors reviewed the
manuscript.

Acknowledgments
This study has been funded in part by a research grant within
the University of Navarra research program (PIUNA:

Journal of Ophthalmology

9

Programa de Investigación Universidad de Navarra
13108503).

Supplementary Materials

[15]

Genotypic and allelic test hyperopic children versus
emmetropic children and hyperopic children versus
emmetropic adults. (Supplementary Materials)

[16]

References

[17]

[1] T. L. Young, R. Metlapally, and A. E. Shay, “Complex trait
genetics of refractive error,” Archives of Ophthalmology,
vol. 125, no. 1, pp. 38–48, 2007.
[2] R. Wojciechowski, “Nature and nurture: the complex genetics
of myopia and refractive error,” Clinical Genetics, vol. 79,
no. 4, pp. 301–320, 2010.
[3] C. J. Hammond, H. Snieder, C. E. Gilbert, and T. D. Spector,
“Genes and environment in refractive error: the twin eye
study,” Investigative Ophthalmology & Visual Science, vol. 42,
no. 6, pp. 1232–1236, 2001.
[4] M. Dirani, M. Chamberlain, S. N. Shekar et al., “Heritability of
refractive error and ocular biometrics: the genes in myopia
(GEM) twin study,” Investigative Opthalmology & Visual
Science, vol. 47, no. 11, pp. 4756–4761, 2006.
[5] P. G. Sanﬁlippo, A. W. Hewitt, C. J. Hammond, and
D. A. Mackey, “The heritability of ocular traits,” Survey of
Ophthalmology, vol. 55, no. 6, pp. 561–583, 2010.
[6] A. M. Solouki, V. J. M. Verhoeven, C. M. van Duijn et al., “A
genome-wide association study identiﬁes a susceptibility locus
for refractive errors and myopia at 15q14,” Nature Genetics,
vol. 42, no. 10, pp. 897–901, 2010.
[7] P. G. Hysi, T. L. Young, D. A. Mackey et al., “A genome-wide
association study for myopia and refractive error identiﬁes a
susceptibility locus at 15q25,” Nature Genetics, vol. 42, no. 10,
pp. 902–905, 2010.
[8] V. J. M. Verhoeven, P. G. Hysi, R. Wojciechowski et al.,
“Genome-wide meta-analyses of multiancestry cohorts
identify multiple new susceptibility loci for refractive error
and myopia,” Nature Genetics, vol. 45, no. 3, pp. 314–318,
2013.
[9] A. K. Kiefer, J. Y. Tung, C. B. Do et al., “Genome-wide analysis
points to roles for extracellular matrix remodeling, the visual
cycle, and neuronal development in myopia,” PLoS Genetics,
vol. 9, no. 2, article e1003299, 2013.
[10] C.-Y. Cheng, M. Schache, M. K. Ikram et al., “Nine loci for
ocular axial length identiﬁed through genome-wide association studies, including shared loci with refractive error,”
American Journal of Human Genetics, vol. 93, no. 2,
pp. 264–277, 2013.
[11] B. Moore, S. A. Lyons, and J. Walline, “A clinical review of
hyperopia in young children. The Hyperopic Infants’ Study
Group, THIS Group,” Journal of the American Optometric
Association, vol. 70, no. 4, pp. 215–224, 1999.
[12] O. Uretmen, K. Pamukcu, S. Kose, and S. Egrilmez, “Oculometric features of hyperopia in children with accommodative
refractive esotropia,” Acta Ophthalmologica Scandinavica,
vol. 81, no. 3, pp. 260–263, 2003.
[13] S. A. Cotter, R. Varma, K. Tarczy-Hornoch et al., “Risk factors
associated with childhood strabismus: the multi-ethnic pediatric eye disease and baltimore pediatric eye disease studies,” Ophthalmology, vol. 118, no. 11, pp. 2251–2261, 2011.
[14] K. Tarczy-Hornoch, R. Varma, S. A. Cotter et al., “Risk factors
for decreased visual acuity in preschool children: the multi-

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

ethnic pediatric eye disease and baltimore pediatric eye disease studies,” Ophthalmology, vol. 118, no. 11, pp. 2262–2273,
2011.
J. M. Ip, D. Robaei, A. Kiﬂey, J. J. Wang, K. A. Rose, and
P. Mitchell, “Prevalence of hyperopia and associations with
eye ﬁndings in 6- and 12-year-olds,” Ophthalmology, vol. 115,
no. 4, pp. 678.e1–685.e1, 2008.
M. T. Kulp, E. Ciner, M. Maguire et al., “Uncorrected hyperopia and preschool early literacy,” Ophthalmology,
vol. 123, no. 4, pp. 681–689, 2016.
E. B. Ciner, M. T. Kulp, M. G. Maguire et al., “Visual function
of moderately hyperopic 4- and 5-year-old children in the
vision in preschoolers - hyperopia in preschoolers study,”
American Journal of Ophthalmology, vol. 170, pp. 143–152,
2016.
T. R. Candy, “Which hyperopic patients are destined for
trouble?,” Journal of American Association for Pediatric
Ophthalmology and Strabismus, vol. 16, no. 2, pp. 107–109,
2012.
T. R. Candy, K. H. Gray, C. C. Hohenbary, and D. W. Lyon,
“The accommodative lag of the young hyperopic patient,”
Investigative Opthalmology & Visual Science, vol. 53, no. 1,
pp. 143–149, 2012.
D. O. Mutti, “To emmetropize or not to emmetropize? The
question for hyperopic development,” Optometry and Vision
Science, vol. 84, no. 2, pp. 97–102, 2007.
W. Han, M. K. H. Yap, J. Wang, and S. P. Yip, “Family-based
association analysis of hepatocyte growth factor (HGF) gene
polymorphisms in high myopia,” Investigative Opthalmology
& Visual Science, vol. 47, no. 6, pp. 2291–2299, 2006.
J. H. Chen, H. Chen, S Huang et al., “Endophenotyping reveals diﬀerential phenotype-genotype correlations between
myopia-associated polymorphisms and eye biometric parameters,” Molecular Vision, vol. 18, pp. 765–778, 2012.
T. Yanovitch, Y.-J. Li, R. Metlapally, D. Abbott, K.-N. T. Viet,
and T. L. Young, “Hepatocyte growth factor and myopia:
genetic association analyses in a caucasian population,”
Molecular Vision, vol. 15, pp. 1028–1035, 2009.
S. Veerappan, K. K. Pertile, A. F. M. Islam et al., “Role of the
hepatocyte growth factor gene in refractive error,” Ophthalmology, vol. 117, no. 2, pp. 239.e2–245.e2, 2010.
C. L. Simpson, R. Wojciechowski, K. Oexle et al., “Genomewide meta-analysis of myopia and hyperopia provides evidence for replication of 11 loci,” PLoS One, vol. 9, no. 9,
Article ID e107110, 2014.
S. Sahebjada, M. Schache, A. J. Richardson, G. Snibson,
M. Daniell, and P. N. Baird, “Association of the hepatocyte
growth factor gene with keratoconus in an Australian population,” PLoS One, vol. 9, no. 1, Article ID e84067, 2014.
K. P. Burdon, S. Macgregor, Y. Bykhovskaya et al., “Association of polymorphisms in the hepatocyte growth factor gene
promoter with keratoconus,” Investigative Opthalmology &
Visual Science, vol. 52, no. 11, pp. 8514–8519, 2011.
J. You, L. Wen, A. Roufas, C. Hodge, G. Sutton, and
M. C. Madigan, “Expression of HGF and c-met proteins in
human keratoconus corneas,” Journal of Ophthalmology,
vol. 2015, Article ID 852986, 8 pages, 2015.
D. O. Mutti, G. L. Mitchell, L. A. Jones et al., “Axial growth
and changes in lenticular and corneal power during emmetropization in infants,” Investigative Opthalmology & Visual
Science, vol. 46, no. 9, pp. 3074–3080, 2005.
A. Kuo, R. B. Sinatra, and S. P. Donahue, “Distribution of
refractive error in healthy infants,” Journal of American

10

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Journal of Ophthalmology
Association for Pediatric Ophthalmology and Strabismus,
vol. 7, no. 3, pp. 174–177, 2003.
Multi-Ethnic Pediatric Eye Disease Study Group, “Prevalence
of myopia and hyperopia in 6- to 72-month-old african
american and Hispanic children: the multi-ethnic pediatric
eye disease study,” Ophthalmology, vol. 117, no. 1,
pp. 140.e3–147.e3, 2010.
G. Wen, K. Tarczy-Hornoch, R. McKean-Cowdin et al.,
“Prevalence of myopia, hyperopia, and astigmatism in nonHispanic white and Asian children: multi-ethnic pediatric eye
disease study,” Ophthalmology, vol. 120, no. 10, pp. 2109–
2116, 2013.
I. G. Morgan, K. A. Rose, and L. B. Ellwein, “Is emmetropia
the natural endpoint for human refractive development? An
analysis of population-based data from the Refractive Error
Study in Children (RESC),” Acta Ophthalmologica, vol. 88,
no. 8, pp. 877–884, 2010.
K. Zadnik, L. T. Sinnott, S. A. Cotter et al., “Prediction of
juvenile-onset myopia,” JAMA Ophthalmology, vol. 133, no. 6,
p. 683, 2015.
H. C. Fledelius, A. S. Christensen, and C. Fledelius, “Juvenile
eye growth, when completed? An evaluation based on IOLMaster axial length data, cross-sectional and longitudinal,”
Acta Ophthalmologica, vol. 92, no. 3, pp. 259–264, 2013.
E. Birney, G. D. Smith, and J. M. Greally, “Epigenome-wide
association studies and the interpretation of disease -omics,”
PLoS Genetics, vol. 12, no. 6, article e1006105, 2016.
M. Schache and P. N. Baird, “Assessment of the association of
matrix metalloproteinases with myopia, refractive error and
ocular biometric measures in an Australian cohort,” PLoS
One, vol. 7, no. 10, Article ID e47181, 2012.
S. Han, P. Chen, Q. Fan et al., “Association of variants in
FRAP1 and PDGFRA with corneal curvature in Asian populations from Singapore,” Human Molecular Genetics, vol. 20,
no. 18, pp. 3693–3698, 2011.
A. Mishra, S. Yazar, A. W. Hewitt et al., “Genetic variants
nearPDGFRAAre associated with corneal curvature in Australians,” Investigative Opthalmology & Visual Science, vol. 53,
no. 11, pp. 7131–7136, 2012.
J. A. Guggenheim, G. McMahon, J. P. Kemp et al., “A genomewide association study for corneal curvature identiﬁes the
platelet-derived growth factor receptor α gene as a quantitative trait locus for eye size in white Europeans,” Molecular
Vision, vol. 19, pp. 243–253, 2013.
Q. Li, R. Wojciechowski, C. L. Simpson et al., “Genome-wide
association study for refractive astigmatism reveals genetic codetermination with spherical equivalent refractive error: the
CREAM consortium,” Human Genetics, vol. 134, no. 2,
pp. 131–146, 2014.
S. Yazar, A. Mishra, W. Ang et al., “Interrogation of the
platelet-derived growth factor receptor alpha locus and corneal astigmatism in Australians of Northern European ancestry: results of a genome-wide association study,” Molecular
Vision, vol. 19, pp. 1238–1246, 2013.
Y. Lu, V. Vitart, K. P. Burdon et al., “Genome-wide association analyses identify multiple loci associated with central
corneal thickness and keratoconus,” Nature Genetics, vol. 45,
no. 2, pp. 155–163, 2013.
West BT WK & GA, Linear Mixed Models: A Practical Guide
to Using Statistical Software, Chapman & Hall/CRC, New
York, NY, USA, 2006.
A. P. Klein, B. Suktitipat, P. Duggal et al., “Heritability analysis
of spherical equivalent, axial length, corneal curvature, and

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]
[58]

[59]

anterior chamber depth in the beaver dam eye study,” Archives of Ophthalmology, vol. 127, no. 5, pp. 649–655, 2009.
Q. Fan, X. Zhou, C.-C. Khor et al., “Genome-wide metaanalysis of ﬁve Asian cohorts identiﬁes PDGFRA as a susceptibility locus for corneal astigmatism,” PLoS Genetics,
vol. 7, no. 12, article e1002402, 2011.
G. Zhou and R. W. Williams, “Eye1 and Eye2: gene loci that
modulate eye size, lens weight, and retinal area in the mouse,”
Investigative Ophthalmology & Visual Science, vol. 40,
pp. 817–825, 1999.
I. Grierson, L. Heathcote, P. Hiscott, P. Hogg, M. Briggs, and
S. Hagan, “Hepatocyte growth factor/scatter factor in the eye,”
Progress in Retinal and Eye Research, vol. 19, no. 6,
pp. 779–802, 2000.
M. Schache, C. Y. Chen, M. Dirani, and P. N. Baird, “The
hepatocyte growth factor receptor (MET) gene is not associated with refractive error and ocular biometrics in a Caucasian population,” Molecular Vision, vol. 15, pp. 2599–2605,
2009.
Q. Fan, X. Guo, J. W. L. Tideman et al., “Childhood geneenvironment interactions and age-dependent eﬀects of genetic variants associated with refractive error and myopia: the
CREAM Consortium,” Scientiﬁc Reports, vol. 6, article 25853,
2016.
J. W. L. Tideman, Q. Fan, J. R. Polling et al., “When do myopia
genes have their eﬀect? Comparison of genetic risks between
children and adults,” Genetic Epidemiology, vol. 40, no. 8,
pp. 756–766, 2016.
C. D. Bustamante, F. M. De La Vega, and E. G. Burchard,
“Genomics for the world,” Nature, vol. 475, no. 7355,
pp. 163–165, 2011.
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