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Purrose. To estimate the genetic influences on corneal and ocular higher-order aberrations
(HoAs) in the Korean population.

MerHoDSs. This was a prospective, family-based twin cohort study. A total of 1272 adult twins
and their family members, who were part of the Korean Healthy Twin Study from 2007-2011,
were included. Corneal and ocular HoAs were measured. The genetic influences on HoAs
were investigated by using variance-component methods after adjusting for age and sex.
Narrow-sense heritability was calculated. Intraclass correlation coefficients (ICCs) were used
to calculate degrees of resemblance among different types of family relationships.

Resurts. A total of 269 monozygotic (MZ) twin pairs (including 176 MZ twin pairs and 93
orphan twins), 50 dizygotic (DZ) twin pairs (including 38 DZ twin pairs and 12 orphan
twins), and 739 adult first-degree relatives of twins in 358 families were included. For more
than half of corneal HoAs, the narrow-sense heritability estimates were not significant.
Horizontal coma was highly heritable among corneal HoAs. The ICCs of horizontal coma from
MZ twin pairs, pooled first-degree pairs, and spouse pairs were 0.41, 0.05, and 0.00,
respectively. Among ocular HoAs, the estimated narrow-sense heritability of SA was 0.71 with
the highest estimates. The ICCs of spherical aberration (SA) from MZ twins, pooled first-
degree pairs, and spouse pairs were 0.76, 0.25, and 0.00, respectively.

Concrusions. Both corneal and ocular HoAs demonstrated smaller heritability. Corneal HoAs
showed low heritability, suggesting individual environmental factors explain most of the
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variance of these HoAs in the Korean population. Ocular HoAs were moderately heritable.
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isual quality may be influenced by higher-order aberrations.

Therefore, such aberrations have attracted attention from
ophthalmologists for decades. Correcting higher-order aberra-
tions is considered one of the main approaches to improve
optical quality; therefore, it is important to clearly identify
common aberrations of the human eye.! There are several
ophthalmologic developments that correct higher-order aber-
rations, including wavefront-guided laser refractive surgery,
aspherical intraocular lenses, and personalized contact lenses.
These developments correct aberrations such as reduced
contrast sensitivity, and relatively common night vision
disturbances including glare and halos.

Previous studies have described ocular aberrations.?””
However, most of these studies only explore the age-related
changes and simple presentations of higher-order aberrations.
Very few studies (with limited sample sizes) have investigated
the genetic or environmental effects on higher-order aberra-
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tions.®® Yeh et al.® have investigated the genetic effects on
refractive errors and anterior corneal aberrations in 33
monozygotic (MZ) and 10 dizygotic (DZ) twin pairs. In the
Genes in Myopia Twin Study, Dirani et al.® evaluate the role of
genetics in lower- and higher-order aberrations in 46 twin pairs.
Further investigation is needed to understand the influences of
both environmental and genetic factors on higher-order
aberrations of human eyes.

In contrast, the heritability of refractive errors is well
documented through a few large cohort and twin studies.!®-15
There are both environmental and major genetic contributions
to the development of myopia.'® We have previously investi-
gated the heritability of myopia and ocular biometrics in
Koreans in the Healthy Twin Study.!”

Higher-order aberrations impact subjective visual satisfac-
tion. It is preferable to examine ocular and corneal higher-order
aberrations separately, because the crystalline lens and cornea
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are unique entities that can have their own optical aberrations.
We investigated the genetic influences and heritability of
ocular and corneal higher-order aberrations in the Korean
population through the Healthy Twin Study.

METHODS

Participants

The participants were part of the Healthy Twin Study, a
prospective cohort study that has recruited Korean adult twins
and their family members through advertisements at public
health agencies since 2005. Comprehensive ophthalmologic
examinations and follow-up examinations were conducted in
the Department of Ophthalmology at the Samsung Medical
Center in Seoul, South Korea, since 2007. In total, 1688
individuals (665 men and 1023 women) underwent detailed
eye examinations between 2007-2011.17 A more extensive
explanation of the Healthy Twin Study has been published
previously.!7-1° There were 1344 individuals with corneal
aberrations and 1262 individuals with ocular aberrations.
Subjects were informed to discontinue contact lens wear and
to bring their spectacles for ophthalmologic examinations.
Contact lens wearers were excluded. The twin pair zygosities
were determined with 16 short tandem repeat (STR) markers
(15 autosomal markers and one sex-determining marker) for
67% of the pairs. The twin pair zygosities of 33% of pairs were
unclear with the STR markers. Instead, a self-administered
zygosity questionnaire was used, which has a positive
predictive value of 97.2% for MZ and 95.0% for DZ twins.?®
Written informed consent was obtained from all participants.
The study was approved by the institutional review board of
the Samsung Medical Center and all procedures adhered to the
Declaration of Helsinki.

Corneal Higher-Order Aberrations

Exclusion criteria included a history of refractive surgery or of
optical disorders. Of the original 1344 patients, 119 individuals
who had undergone eye surgery (such as cataract surgery) or
refractive surgery, including laser-assisted in situ keratomileusis
(LASIK) or laser-assisted subepithelial keratomileusis (LASEK),
were excluded from corneal high-order aberrations analysis.
Additionally, 93 individuals who had a history of ocular
disorders, such as strabismus, keratoconus, glaucoma, or
cataracts, were also excluded. Corneal aberrations were
adjusted for pupil diameter with VOL-CT software (Sarver &
Associates, Carbondale, IL, USA), and therefore pupil diameter
was not considered in the exclusion criteria. The final sample
size with corneal aberrations was 1132 participants including
475 men and 657 women with a mean age of 42.80 = 12.52
(range, 17~79) years. Among these, there were 395 MZ twin
subjects (including 152 MZ twin pairs and 91 orphan twins),
78 DZ twin subjects (including 34 DZ twin pairs and 10 orphan
twins), and 659 singleton adult first-degree relatives of twins in
332 families. The distribution of first-degree relationships
included 573 parent-offspring pairs (100 father-son pairs,
130 father-daughter pairs, 162 mother-son pairs, and 181
mother-daughter pairs), 234 nontwin sibling pairs (68 sister
pairs, 43 brother pairs, and 123 sister-brother pairs), and 82
spouse pairs.

Ocular Higher-Order Aberrations

Participants with a history of refractive surgery or optical
disorders were excluded. The excluded participants were 114
individuals who had undergone eye surgery (such as cataract
surgery), refractive surgery including LASIK or LASEK, and 86
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individuals with a history of ocular disorders such as
strabismus, keratoconus, glaucoma, or cataracts. Participants
(n = 417) with pupil diameters < 5.0 mm were also excluded.
The final sample size for ocular aberrations was 645
participants including 275 men and 370 women with a mean
age of 39.75 * 11.37 (range, 17~78) years. There were 232
MZ twin subjects (including 72 MZ twin pairs and 88 orphan
twins), 51 DZ twin subjects (including 15 DZ twin pairs and 21
orphan twins), and 362 singleton adult first-degree relatives of
the twins in 250 families. The first-degree relationships
included 174 parent-offspring pairs (41 father-son pairs, 35
father-daughter pairs, 46 mother-son pairs, and 52 mother-
daughter pairs), 106 nontwin sibling pairs (35 sister pairs, 19
brother pairs, and 52 sister-brother pairs), and 19 spouse
pairs.

Measurements

Corneal aberrations were obtained from corneal topographic
measurements. To obtain corneal aberration data, a converting
program was used to measure corneal aberrations from corneal
height measurements. In contrast, ocular higher-order aberra-
tions were measured by standardized commercial aberrometry
and showed the overall wavefront aberrations, including both
corneal and lenticular components.

Participants underwent computed corneal topographic
analysis (Orbscan IIz; Bausch & Lomb, Buffalo, NY, USA).
Corneal height data were computed by using conversion
software (VOL-CT) for higher-order corneal aberrations. The
VOL-CT program proposed by Thibos et al.?! allows to load
wavefront analysis files from various corneal topography and is
adopted as a standard for calculating and reporting optical
aberrations of eyes.>%21-23 Ocular higher-order aberrations
were measured by a wavefront aberrometer (WASCA; Carl
Zeiss Meditec, Jena, Germany) under mesopic condition
without cycloplegics, and the aberrometer reported the
magnitude and sign of each higher-order aberrations by a
string of Zernike coefficients.® In general, each aberration map
is expressed as the sum of basis functions, and the most
common basis functions are the Zernike polynomials. Each
Zernike coefficient was computed to root-mean-square (RMS)
values by being squared and summed and then taking the
square root. Zernike coefficients were scaled to a pupil
diameter of 5.0 mm and corrected to a common wavelength
of 550 nm. Nondilated refraction measurements were made by
an autorefractor (Topcon AT, Tokyo, Japan). The spherical
equivalent was calculated by using the following standard
formula: {spherical error + (cylindrical error/2)}. Axial length
was recorded by the corneal touch A-scan ultrasonography
(Model 820; Allergan-Humphrey, San Leandro, CA, USA), after
obtaining corneal topographic data and wavefront aberrometer
measurements. Anterior chamber depth and corneal astigma-
tism were obtained with corneal topographic analysis (Orb-
scan IIz).

Statistical Analysis

The left eye was used for analysis because there was no
significant difference in higher-order aberrations between right
and left eyes (P > 0.05). The values of corneal and ocular
higher-order aberrations were considered as a continuous
scale. Higher-order aberrations were analyzed for both Zernike
coefficients (Z,”") and RMS. The following ocular higher-order
aberrations were included in the analysis: vertical coma (Z3 1),
horizontal coma (Z31), oblique trefoil (Z33), horizontal trefoil
(Z5%), spherical aberration (Zs%) and RMS of coma (Z; ! and
Z3! combined), trefoil (Z3> and Z3* combined), and spherical
aberration (Z4%). The corneal higher-order aberrations were
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analyzed more specifically. The same methods used for ocular
aberrations were used to calculate vertical coma (Z3;™)),
horizontal coma (Z3), oblique trefoil (Z3), horizontal trefoil
(Z5®), spherical aberration (Z;°) for corneal aberrations.
Additionally, coma-like aberrations (Z3;7', Z3', Zs7', Zs!
combined), spherical-like aberrations (Z;° and Zs° combined),
and higher-order aberrations from three to six orders were
calculated. For the RMS values of corneal higher-order
aberrations, coma (Z3 ! and Z;' combined), trefoil (Z;> and
73> combined), and spherical aberration (Z;°) were calculated
in the same way as were ocular aberrations. Additionally, RMS
of coma-like aberrations (Z3 !, Z;!, Zs!, Zs! combined),
spherical-like aberrations (Z4° and Zs° combined), and third- to
sixth-order aberrations were included. Higher-order aberra-
tions were calculated by combining three to six orders. Total
order aberrations were calculated by including lower-order and
higher-order aberrations by combining zero to six orders. Since
RMS values are positive values, log transformation was used to
obtain a normal distribution. Student’s #test and analysis of
variance were used to evaluate significant differences of
higher-order aberrations between men and women and among
age groups, respectively.

Intraclass correlation coefficients (ICCs) were used to
investigate the degree of resemblance among different types
of family relationships. Intraclass correlation coefficients were
estimated for specific relationship types including MZ twins,
DZ twins, sibling pairs, parent-offspring pairs, pooled pairs
with DZ twins, sibling pairs, parent-offspring pairs, and
spouse pairs. While MZ twins share the same genetic
information, members of pooled pairs with all first-degree
relatives share 50% of genetic information and spouse pairs do
not share any genetic information. Thus, pooled first-degree
relative pairs were separately analyzed. The ICCs were
calculated as the proportion of covariance within a specific
family relationship over the total variance, which is a sum of
within-group and residual variance. The ICCs were calculated
with a mixed model after testing normality and adjusting for
age and sex in the nontwin pairs.

Variance-component methods were used to quantify the
genetic contributions to higher-order aberrations. Extended
families including twins and their family members were used to
estimate heritability, ruling out the dominant genetic effects
and considering all types of family relationships.?* Narrow-
sense heritability was calculated as the proportion of the
variance explained by additive genetic effects over the total
phenotypic variance (after adjusting for age, sex, age?, age-by-
sex interaction, and ageby-sex interaction). A high kurtosis
was adjusted by assuming the multivariate fdistribution, and
traits for which standard deviation is below 0.5 were
transformed by multiplying appropriate values.?> The genetic
models used include additive genetic effects, shared environ-
ment effects, and unique environment effects. The best-fitting
model was selected on the basis of maximum likelihood.

Descriptive statistics and ICC calculations were carried out
by using SAS (version 9.3; SAS, Inc., Cary, NC, USA). A variance-
components model implemented in the Sequential Oligogenic
Linkage Analysis Routines (SOLAR) software package (version
4.2.7; http://solar.txbiomedgenetics.org/; provided in the
public domain by Texas Biomedical Research Institute) was
used to calculate heritability.

RESULTS

The basic characteristics of the study participants by age group
are shown in Table 1. Biometrics such as the spherical
equivalent, axial length, anterior chamber depth, and corneal
astigmatism are also shown in Table 1. As age increased, the
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spherical equivalent was less myopic. Corneal astigmatism,
axial length, and anterior chamber depth all decreased
significantly with increased age (P < 0.0001). All biometrics
were significantly different between males and females (P <
0.0001). Corneal higher-order aberrations (except for spherical
aberrations, spherical-like aberrations, and RMS values of both
of them) were statistically different among age groups (P <
0.05). While Zernike coefficients of corneal higher-order
aberrations did not show a consistent change along with age
groups, RMS-formed aberrations increased with older age
groups consistently. Sex differences were found in corneal
higher-order aberrations including horizontal trefoil, spherical
aberration, spherical-like aberrations, RMS of spherical aberra-
tion, and RMS of spherical-like aberrations (P < 0.05). Ocular
higher-order aberrations were statistically different among age
groups (P < 0.05). Horizontal coma was not significantly
different among age groups but increased slightly with
increased age. Spherical aberration and RMS of spherical
aberration in ocular higher-order aberrations were significantly
different across the age groups (P < 0.0001), contrary to those
in corneal higher-order aberrations. The sex difference of
Zernike value and RMS of spherical aberration in both ocular
and corneal higher-order aberrations were significant (P <
0.05).

Intraclass correlation coefficients for corneal and ocular
higher-order aberrations are presented in Table 2. Age and sex
were adjusted where necessary. For the corneal higher-order
aberrations, 152 MZ twin pairs, 34 DZ twin pairs, 234 sibling
pairs, 573 parent-offspring pairs, and 82 spouse pairs were
included in ICC analysis. There was a higher correlation of
corneal higher-order aberrations among MZ twin pairs than
there was in other family pairs. This finding suggests that there
is a genetic influence on corneal higher-order aberrations.
Interestingly, most of spherical aberration-related variables
(including spherical aberration, spherical-like aberrations,
fourth-order aberrations, sixth-order aberrations, RMS of
spherical aberration, RMS of sphericallike aberrations, and
RMS of fourth-order aberrations) showed relatively higher
correlations among MZ twin pairs (0.35, 0.33, 0.24, 0.27, 0.33,
0.45, and 0.27, respectively) than they did among other family
pairs (pooled first-degree relatives with DZ twins, siblings, and
parent-offspring: 0.01, 0.00, 0.02, 0.02, 0.03, 0.00, and 0.07,
respectively; spouse: 0.02, 0.19, 0.01, 0.01, 0.04, 0.11, and
0.00, respectively). For ocular higher-order aberrations, 72 MZ
twin pairs, 15 DZ twin pairs, 106 sibling pairs, 174 parent-
offspring pairs, and 19 spouse pairs were included. Ocular
aberrations among MZ twin pairs showed higher ICCs than
corneal aberrations among MZ twin pairs. Other than the RMS
of trefoil, the ocular higher-order aberrations were highly
correlated among MZ twins compared to other family pairs.
The correlation of the RMS of trefoil in corneal higher-order
aberrations (0.24) was much higher than it was in ocular
higher-order aberrations (0.04) among MZ twin pairs. Spherical
aberration had a correlation of 0.76 among MZ twin pairs,
while those among other family pairs ranged from 0.37 to 0.55.
The narrow-sense heritability estimates for corneal and ocular
higher-order aberrations are graphically shown in Figures 1 and
2. Detailed descriptions of heritability estimates are included in
Table 3. In general, the ocular higher-order aberrations had
larger genetic effects than did the corneal higher-order
aberrations. Most of the ocular higher-order aberrations were
colored by yellow (heritability estimates [h?] ranging from 0.2-
0.4), while most of corneal higher-order aberrations were
colored by gray (h? under 0.2). In other words, corneal higher-
order aberrations are more influenced by environmental
effects than are ocular higher-order aberrations.

With regard to the corneal higher-order aberrations, there
were statistically significant heritability estimates found in
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Tasie 1. Basic Characteristics of Participants in the Healthy Twin Study
Age Group, y Total
Trait ~29 30~39 40~49 50~59 60~ P Value* Male Female
Biometrics
Spherical equivalent, D —2.77 (2.18) —1.84 (2.19) —1.07 (1.83) —0.45 (2.36) 0.65 (1.61) <0.0001 —1.03 (2.01) —1.39 (2.46)
Axial length, mm 24.64 (1.28) 24.29 (1.29) 23.58 (1.23) 23.67 (1.29) 23.44 (0.79) <0.0001 24.29 (1.16) 23.79 (1.34)
Anterior chamber depth, mm  3.18 (0.29)  2.95 (0.35) 2.78 (0.41)  2.60 (0.37)  2.57 (0.53) <0.0001  2.92 (0.45)  2.77 (0.40)
Corneal astigmatism, D 1.27 (0.85) 097 (0.67) 0.83 (0.78) 0.78 (0.55) 0.80 (0.52) <0.0001  0.86 (0.73)  0.97 (0.69)
Corneal aberration, pm
N 147 363 299 185 138 475 657
Zernike coefficients
Vertical coma —0.03 (0.14) —0.01 (0.16) —0.04 (0.17) —0.01 (0.18)  0.04 (0.19) <0.0001 —0.02 (0.17) —0.01 (0.18)
Horizontal coma 0.01 (0.13) 0.02(0.12)  0.00 (0.12) —0.03 (0.13) —0.01 (0.16)  0.001 0.00 (0.12)  0.00 (0.13)
Oblique trefoil 0.01 (0.10) 0.02 (0.10) 0.01 (0.11) 0.02(0.13) 0.04 (0.13)  0.063 0.01 (0.11)  0.02 (0.1D)
Horizontal trefoil —0.01 (0.09) —0.02 (0.08) —0.04 (0.09) —0.04 (0.11) —0.05 (0.11) <0.0001 —0.04 (0.09) —0.03 (0.09)
Spherical aberration 0.06 (0.03) 0.06 (0.03) 0.06 (0.03) 0.05 (0.04) 0.05(0.09)  0.600 0.05 (0.04)  0.06 (0.09)
Comarlike aberrations —0.02 (0.11) —0.02 (0.11) —0.05 (0.11) —0.05(0.13) —0.01 (0.17)  0.001 —0.04 (0.12) —0.03 (0.13)
Spherical-like aberrations 0.05 (0.04)  0.05 (0.04) 0.06 (0.0 0.06 (0.0 0.06 (0.05) 0.159 0.05 (0.04)  0.06 (0.04)
Third-order aberrations —0.01 (0.25)  0.00 (0.27) —0.08 (0.30) —0.05 (0.39) 0.02 (0.37) 0.001 —0.05(0.29) —0.02 (0.31)
Fourth-order aberrations 0.04 (0.09) 0.02(0.11) 0.03(0.11) 0.05(0.13) 0.04 (0.13)  0.047 0.03 (0.12)  0.03 (0.1D)
Fifth-order aberrations —0.02 (0.14) —0.04 (0.16) —0.01 (0.17) —0.04 (0.19) —0.07 (0.20)  0.001 —0.02 (0.17) —0.04 (0.17)
Sixth-order aberrations 0.01 (0.05) 0.02 (0.06) 0.03 (0.06) 0.01 (0.07) 0.00 (0.09)  0.000 0.02 (0.06)  0.02 (0.06)
HoA 0.02 (0.17)  0.00 (0.18) —0.04 (0.22) —0.04 (0.24) —0.01 (0.28) 0.026 —0.03 (0.21) —0.01 (0.22)
Root-mean-square
Coma 0.16 (0.11) 0.17 (0.11)  0.18 (0.11)  0.20 (0.11)  0.22 (0.12) <0.0001 0.18 (0.11)  0.19 (0.11)
Trefoil 0.11 (0.08) 0.12(0.07) 0.12(0.08) 0.15(0.09) 0.15 (0.09) <0.0001  0.13 (0.08) 0.13 (0.08)
Spherical aberration 0.06 (0.03)  0.06 (0.03) 0.06 (0.03) 0.06 (0.0 0.06(0.04) 0512 0.057 (0.03) 0.061 (0.03)
Coma-like aberrations 0.19 (0.11)  0.20 (0.12) 0.21 (0.12) 0.23(0.12) 0.26 (0.14) <0.0001  0.20 (0.12)  0.21 (0.13)
Spherical-like aberrations 0.06 (0.03)  0.06 (0.03) 0.07 (0.03) 0.07 (0.0 0.06 (0.04) 0.508 0.06 (0.03)  0.07 (0.03)
Third-order aberrations 0.21 (0.12) 0.22(0.11) 0.23(0.12) 0.26(0.12) 0.28 (0.13) <0.0001  0.23 (0.11)  0.24 (0.13)
Fourth-order aberrations 0.10 (0.04) 0.11 (0.04) 0.11 (0.09 0.12 (0.05) 0.13 (0.05) <0.0001 0.11 (0.05)  0.11 (0.09)
Fifth-order aberrations 0.12 (0.07)  0.13 (0.08) 0.13 (0.08) 0.15 (0.09) 0.17 (0.09) <0.0001  0.14 (0.08) 0.14 (0.08)
Sixth-order aberrations 0.06 (0.03)  0.06 (0.03) 0.07 (0.03) 0.07 (0.03) 0.08 (0.04) <0.0001  0.07 (0.03) 0.07 (0.03)
HoA 0.27 (0.13) 0.29 (0.13)  0.30 (0.14) 034 (0.15) 0.37 (0.15) <0.0001 031 (0.13) 0.31 (0.15)
Ocular aberration, pm
N 108 249 151 97 40 275 370
Zernike coefficients
Vertical coma 0.04 (0.19) —0.01 (0.20) —0.05 (0.29) —0.12 (0.249) —0.20 (0.30) <0.0001 —0.03 (0.27) —0.05 (0.23)
Horizontal coma —0.15 (0.29) —0.12 (0.32) —0.08 (0.34) —0.10 (0.38) 0.02 (0.41) 0.086 —0.10 (0.33) —0.10 (0.3%)
Oblique trefoil —0.07 (0.22) —0.04 (0.21)  0.04 (0.30) 0.02(0.26) 0.07 (0.32) 0.0002  0.01 (0.29) —0.02 (0.22)
Horizontal trefoil —0.07 (0.27) —0.11 (0.27) —0.15 (0.26) —0.18 (0.36) —0.09 (0.39) 0.041 —0.12 (0.29) —0.13 (0.30)
Spherical aberration —0.07 (0.16) —0.10 (0.15) —0.15 (0.19) —0.18 (0.18) —0.17 (0.18) <0.0001 —0.10 (0.15) —0.14 (0.18)
Root-mean-square
Coma 0.32(0.19 0.33 (0.21) 0.38 (0.25) 0.41 (0.25) 0.48 (0.249) <0.0001 0.36 (0.24)  0.36 (0.22)
Trefoil 0.30 (0.20) 0.31 (0.18) 0.34 (0.26) 0.40 (0.26) 0.45 (0.26) <0.0001  0.34 (0.25)  0.33 (0.21)
Spherical aberration 0.14 (0.11)  0.14 (0.11)  0.19 (0.15)  0.21 (0.15)  0.20 (0.14) <0.0001  0.14 (0.11)  0.19 (0.14)
HoA 0.21 (0.08) 0.21 (0.08) 0.24 (0.11)  0.27 (0.09)  0.30 (0.08) <0.0001  0.23 (0.10)  0.24 (0.09)
Total aberration 296 (1.99) 2.00(1.65) 1.61 (.59 1.40(1.38) 1.11(0.57) <0.0001 1.85 (1.50) 1.98 (1.81)

Mean (SD).
* P value of age group difference.

vertical coma, horizontal coma, horizontal trefoil, spherical
aberration, spherical-like aberrations, fourth-order aberrations,
sixth-order aberrations, RMS of spherical aberration, RMS of
spherical-like aberrations, and RMS of fourth-order aberrations
(P < 0.05). These findings were identified with the AE (additive
genetic effects and unique environmental effects) model as the
best-fitting model. Although the ACE (additive genetic effects,
common environmental effects and unique environmental
effects) model was revealed in oblique trefoil, coma-like
aberrations, third-order aberrations, fifth-order aberrations, all
higher-order aberrations, and RMS of trefoil as the best-fitting
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model, both components of additive genetic effects and shared
environmental effects did not show statistical significance of P
< 0.05. Particularly, spherical aberration-related variables
showed significant heritability estimates: spherical aberrations
(0.18), spherical-like aberrations (0.12), fourth-order aberra-
tions (0.16), sixth-order aberrations (0.15), RMS of spherical
aberrations (0.22), RMS of spherical-like aberrations (0.17), and
RMS of fourth-order aberrations (0.19). Horizontal coma had
the highest heritability estimates of »* = 0.31 among the
corneal higher-order aberrations.
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Intraclass Correlation Coefficients for Corneal and Ocular Higher-Order Aberrations

First-Degree Relatives

Trait MZ DZ SB* DZ + SB* PO* DZ + SB + PO* Spouse*
Corneal aberration, pm

Pair 152 34 234 339 573 912 82

Zernike coefficients
Vertical coma 0.07 0.05 0.15 0.12 0.09 0.11 0.00
Horizontal coma 0.41 0.23 0.00 0.04 0.05 0.05 0.00
Oblique trefoil 0.05 0.09 0.00 0.03 0.05 0.05 0.07
Horizontal trefoil 0.20 0.07 0.15 0.10 0.09 0.11 0.14
Spherical aberration 0.35 0.00 0.06 0.04 0.00 0.01 0.02
Coma-like aberrations 0.15 0.09 0.13 0.12 0.00 0.03 0.02
Spherical-like aberrations 0.33 0.00 0.02 0.00 0.00 0.00 0.19
Third-order aberrations 0.00 0.05 0.06 0.06 0.00 0.03 0.05
Fourth-order aberrations 0.24 0.00 0.12 0.08 0.00 0.02 0.01
Fifth-order aberrations 0.06 0.01 0.01 0.03 0.08 0.07 0.01
Sixth-order aberrations 0.27 0.19 0.05 0.05 0.01 0.02 0.01
HoA 0.12 0.03 0.04 0.04 0.01 0.02 0.16

Root-mean-square
Coma 0.11 0.00 0.09 0.07 0.06 0.06 0.00
Trefoil 0.24 0.00 0.12 0.07 0.01 0.03 0.00
Spherical aberration 0.33 0.00 0.08 0.09 0.00 0.03 0.04
Comarlike aberrations 0.09 0.00 0.11 0.07 0.08 0.08 0.00
Spherical-like aberrations 0.45 0.00 0.00 0.00 0.00 0.00 0.11
Third-order aberrations 0.14 0.00 0.12 0.07 0.02 0.04 0.00
Fourth-order aberrations 0.27 0.00 0.00 0.03 0.08 0.07 0.00
Fifth-order aberrations 0.15 0.00 0.02 0.00 0.04 0.03 0.00
Sixth-order aberrations 0.02 0.00 0.06 0.02 0.08 0.08 0.00
HoA 0.14 0.00 0.10 0.05 0.03 0.05 0.00

Ocular aberration, pm

Pair 72 15 106 157 174 331 19

Zernike coefficients
Vertical coma 0.55 0.28 0.10 0.15 0.01 0.09 0.00
Horizontal coma 0.43 0.25 0.15 0.14 0.00 0.06 0.00
Oblique trefoil 0.46 0.20 0.21 0.17 0.15 0.17 0.00
Horizontal trefoil 0.37 0.00 0.13 0.16 0.19 0.17 0.30
Spherical aberration 0.76 0.57 0.24 0.27 0.25 0.25 0.06

Root-mean-square
Coma 0.32 0.00 0.07 0.00 0.03 0.02 0.00
Trefoil 0.04 0.04 0.11 0.13 0.00 0.05 0.00
Spherical aberration 0.54 0.13 0.00 0.00 0.00 0.00 0.00
HoA 0.37 0.00 0.16 0.11 0.10 0.11 0.00
Total aberration 0.74 0.42 0.31 0.41 0.00 0.19 0.07

PO, parent-offspring; SB, siblings.
* Adjusted for age and sex.

All ocular higher-order aberrations (except for RMS of coma
and RMS of trefoil) had a heritability that was statistically
significantly greater than zero (P < 0.001). Spherical aberration
produced the highest heritability estimate of 0.71 compared to
those of the other types of ocular higher-order aberrations,
which ranged from 0.31 to 0.39.

DIscuUsSION

We comprehensively investigated the heritability of both
corneal and ocular higher-order aberrations in the Korean
population. The overall heritability of higher-order aberrations
was much lower than that of lower-order aberrations. We had
previously found that all traits, including spherical equivalent,
axial length, anterior chamber depth, and corneal astigmatism,
are highly heritable.!” Therefore, we can infer that lower-order
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aberrations are highly influenced by genetic factors. In this
current study, we found that higher-order aberrations are less
strongly heritable than are lower-order aberrations. The
difference in heritability between lower- and higher-order
aberrations means more variation is explained by environmen-
tal factors. We found that ocular higher-order aberrations were
more heritable than were corneal higher-order aberrations.
Spherical aberration-related variables showed moderate heri-
tability estimates in both corneal and ocular higher-order
aberrations, ranging from 0.12 to 0.71. There were also
statistically significant differences between males and females
in spherical aberration-related variables. Both corneal and
ocular higher-order aberrations increased with age. This trend
is true for all aberrations except for corneal spherical
aberration-related variables and is consistent with previous
findings.2"%7 Our study not only analyzed the higher-order
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aberrations of the cornea and the whole eye in more detail, but
also was larger in sample size than were other studies.

Few past studies have investigated the genetic influence on
higher-order aberrations. No previous studies have evaluated
both corneal and ocular higher-order aberrations. In the Twin
Eye Study, Yeh et al.® have investigated the genetic effects on
refractive errors and anterior corneal aberrations in 33 MZ twin
pairs with mean age of 36.47 = 1.64 years and 10 DZ twin
pairs with mean age of 37.54 * 2.60 years. They find that the
heritability estimate of corneal spherical aberration is 0.56,
which is higher than that of other corneal aberrations. We
found a corresponding heritability estimate of 0.18. This
discrepancy may be attributable to the smaller sample size
and the different estimation method used in the previous study.
The classic twin models could cause the heritability estimate to
be inflated. In the Genes in Myopia Twin Study, Dirani et al.”
evaluated the genetic influence on lower- and higher-order
aberrations with a total of 32 MZ and 14 DZ twin pairs with a
mean age of 65.3 years.? All ocular higher-order aberrations are
found to have higher intrapair correlations in MZ twins than in
DZ twins, implying potential genetic influences; intrapair
correlations of MZ for coma, trefoil, and quatrefoil exceed
twice that of DZ, suggesting the role of nonadditive genetic
effects. The study estimates the crude heritability estimates of
ocular spherical aberration to be 0.08, which is much smaller
than our finding of 0.71. However, the previous study does not
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reach statistical significance between intrapair correlations in
MZ and DZ twin pairs. This discrepancy may again be
explained by a smaller sample size in the previous study.

As explained above, the discrepancies in heritability results
found between prior studies and the current study may be due
to different sample sizes and analyses used. Moreover, ethnic
differences have been reported in the distributions of higher-
order aberrations in human eyes.?°-3° We used the same
method as we had priorly to calculate the heritability of myopia
to quantify the genetic contributions to higher-order aberra-
tions.!” Dominant genetic effects were eliminated by using the
extended families, including twins and their family members,
in our analyses.?* After adjusting for age and sex, narrow-sense
heritability was calculated as the proportion of variance
explained by additive genetic effects over the total phenotypic
variance. The best-fitting genetic model was selected on the
basis of maximum likelihood. In the previous studies, the
genetic influences have been calculated with the equation
(rMZ — rDZ) X 2, where r is the correlation coefficient. The use
of this equation, along with smaller sample sizes, may
overestimate heritability compared to narrow-sense heritabil-
ity.

We found that the genetic influence on higher-order
aberrations is considerably different between corneal and
ocular aberrations. While corneal aberrations are relatively
dependent on environmental effects, ocular aberrations are
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moderately heritable with heritability estimates ranging from
0.31 to 0.71. More than half of the heritability estimates of
corneal higher-order aberrations were not significant, while
most ocular heritability estimates were strongly significant (P
< 0.001). Even those corneal higher-order aberrations that had
significant heritability estimates were lower than those of
ocular higher-order aberrations. The estimated narrow-sense
heritability of horizontal coma was 0.31 = 0.06 with the
highest estimates among corneal aberrations. The ICCs of
horizontal coma from MZ twin pairs, pooled first-degree pairs,
and spouse pairs were 0.41, 0.05, and 0.00, respectively.
Among ocular aberrations, the estimated narrow-sense herita-
bility of spherical aberration was highest at 0.71 * 0.06. The
ICCs of spherical aberration from MZ twin pairs, pooled first-
degree pairs, and spouse pairs were 0.76, 0.25, and 0.06,
respectively.

There are several reasons that may explain the much lower
heritability in corneal higher-order aberrations than in ocular
higher-order aberrations. The anterior corneal surface may be
the part of the eye that is most susceptible to physical change
by environmental factors. Little is known about the risk factors
that influence the shape of the cornea, except the tear film.
The “E,” unique environmental factor, is more likely to be
random or error or chance, which is not explained by any
covariates of this study. Random effect, including measurement
errors, can possibly affect the lower heritability of corneal
higher-order aberrations. Although Orbscan 11z is accepted as a
gold standard to map the corneal anterior surface, environ-
mental effect, including tear film instability, surface irregularity,
light scattering, and microsaccades, may give rise to measure-
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ment errors.331-33 Changes in the tear film may especially
influence the corneal higher-order aberrations. Several prior
studies have reported that disruption of the tear film leads to
increased corneal higher-order aberrations.3%3> These theories
may explain why we found that there are unique environmen-
tal effects on corneal aberrations. Another potential explana-
tion for the different heritability estimates between corneal and
ocular aberrations is the effect of the crystalline lens. The lens
thickness is more significant in ocular higher-order aberrations.
Previously, the potential genetic influence on the crystalline
lens has not been well established. However, recently, large
studies have been conducted to estimate heritability for
crystalline lens to suggest the possibilities of genetic effect
on cataract formation. Lyhne et al.3® have previously reported
that lens thickness is 90% to 93% heritable in Danish twins.
Recently, Shen et al.3” have evaluated the heritability of lens
thickness in 768 twin pairs in the Guangzhou Twin Eye Study.
They report that ICCs from MZ and DZ twin pairs are 0.90 and
0.39, respectively. The best-fitting model was AE with 89.5% of
additive genetic effects and 10.5% of unique environmental
effects. The study confirmed that lens thickness in young
subjects is predominantly genetically determined, and that
genetic factors may play a significant role in lens growth.
Further evaluation is necessary to investigate the difference in
heritability between corneal and ocular higher-order aberra-
tions.

Our results suggest that spherical aberration has the highest
heritability among ocular higher-order aberrations. Interesting-
ly, spherical aberration also had relatively higher heritability
among the lower values in corneal higher-order aberrations.
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Tasi 3. Heritability Estimates of Corneal and Ocular Higher-Order Aberrations*

Variance Component

Trait A C E Best-Fitting Model Variance of Covariates
Biometrics
Spherical equivalent, D 0.74% 0.26 AE 0.253
Axial length, mm 0.851 0.15 AE 0.248
Anterior chamber depth, mm 0.901 0.10 AE 0.427
Corneal astigmatism, D 0.501 0.50 AE 0.042
Corneal aberration, pm
Zernike coefficients
Vertical coma 0.18t 0.82 AE 0.010
Horizontal coma 0.31t 0.69 AE 0.018
Oblique trefoil 0.05 0.03 0.91 ACE 0
Horizontal trefoil 0.15t 0.85 AE 0.051
Spherical aberration 0.18t 0.82 AE 0.009
Coma-like aberrations 0.12 0.03 0.85 ACE 0.019
Spherical-like aberrations 0.121 0.88 AE 0.010
Third-order aberrations 0.05 0.02 0.92 ACE 0.002
Fourth-order aberrations 0.16t 0.84 AE 0.025
Fifth-order aberrations 0.07 0.02 0.90 ACE 0
Sixth-order aberrations 0.15t 0.85 AE 0.020
HoA 0.02 0.07 0.91 ACE 0.012
Root-mean-square
Coma 0.08 0.92 AE 0.037
Trefoil 0.06 0.01 0.93 ACE 0.043
Spherical aberration 0.221 0.78 AE 0
Coma-like aberrations 0.08 0.92 AE 0.045
Spherical-like aberrations 0.17t 0.83 AE 0.003
Third-order aberrations 0.04 0.96 AE 0.051
Fourth-order aberrations 0.19t 0.81 AE 0.031
Fifth-order aberrations 0.04 0.96 AE 0.041
Sixth-order aberrations 0.08 0.92 AE 0.058
HoA 0.04 0.96 AE 0.065
Ocular aberration, pm
Zernike coefficients
Vertical coma 0.39% 0.61 AE 0.026
Horizontal coma 0.371 0.63 AE 0
Oblique trefoil 0.311 0.69 AE 0.014
Horizontal trefoil 0.351 0.65 AE 0.030
Spherical aberration 0.711 0.29 AE 0.138
Root-mean-square
Coma 0.09 0.09% 0.81 ACE 0.015
Trefoil 0.07 0.93 AE 0.081
Spherical aberration 0.371 0.63 AE 0.071
HoA 0.347 0.66 AE 0.170
Total aberration 0.67t 0.33 AE 0.115

A, additive genetic effects; C, common environmental effects; E, unique environmental effects.
* Adjusted for age, sex, age?, age-by-sex interaction, and age®by-sex interaction.

T P < 0.001.
$ P <0.05.

There were sex differences of spherical aberration in both
corneal and ocular higher-order aberrations. The results
suggested that there are genetic influences on both corneal
and ocular spherical aberrations.

The present study had several strengths. First, we compre-
hensively investigated the genetic influence on corneal and
ocular higher-order aberrations and compared them. This
investigation enabled us to understand the genetic influences
and biological mechanisms of higher-order aberrations. Sec-
ond, the extended family study including twins and their first-
degree relatives allowed us to calculate the narrow-sense
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heritability estimates. As compared to studies with the classic
twin model including only MZ and DZ twins,%° we were able
to rule out the potential risk of inflating the heritability by
including extended family members. Another strength of our
study was its statistical power derived from the large number
of MZ and DZ twin pairs and family members included.
There were some limitations to the study. This study related
to Korean individuals and might differ in other populations; in
particular, most of the younger subjects are myopic, and
potential cohort effects exist with these family-based data.
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The Healthy Twin Study has established that corneal higher-
order aberrations have unique environmental influences, while
ocular higher-order aberrations are moderately heritable in the
Korean population. Compared to lower-order aberrations such
as myopia and corneal astigmatism, which showed heritability
between 0.70 and 0.78,'7 the heritability of higher-order
aberrations are smaller, suggesting less genetic influences on
higher-order aberrations. Both corneal and ocular spherical
aberrations were genetically influenced with sex differences.
Although ocular spherical aberrations also increased with age,
it was likely because of the effect of aging on the crystalline
lens. There had been no previous studies with large sample
sizes that investigated the genetic and environmental contri-
butions to both ocular and corneal higher-order aberrations. It
is of great interest currently to correct higher-order aberrations
to improve vision quality. Therefore, characterizing higher-
order aberrations of human eyes helps to promote better
understanding to improve visual performance in the future.
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