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Abstract

- .

To investigate how aging affects corneal geometry in Japanese adults, and the association between corneal geometry and |
astigmatism.

We included 421 participants who had undergone systemic and ophthalmological examinations in 2015 in Funagata town,
Yamagata, Japan. Corneal topographic data were obtained using anterior-segment optical coherence tomography (CASIA SS-
1000). Astigmatism was evaluated using power vector analyses where Jg represents the power of the orthogonal astigmatism.
Positive values of Jg indicate with-the-rule astigmatism, while negative values indicate against-the-rule (ATR) astigmatism.

Regarding age-related variations in corneal geometry, the anterior elevations at axis 0° and 180° decreased, and those at axis 90°
and 270° increased with increasing age in linear regression analyses, demonstrating horizontal steepening and vertical flattening of
the corneal surface. There were no significant age-related variations in posterior elevations and pachymetry findings, including central
corneal thickness. Regarding age-related variations in orthogonal astigmatism, the mean values of Jo and corneal Jq (cJo) decreased
by -0.014 and -0.015 per year of increase in age, indicating astigmatic shift toward ATR. Regarding the correlation between corneal
geometry and astigmatism, the shift toward ATR was positively correlated with horizontal steepening and vertical flattening, in
accordance with the age-related corneal variations. In addition, the posterior surface of the cornea also has an association with this
shift to some extent.

The results of our population-based study demonstrated that the age-related variation in astigmatism is associated with
geometrical changes in the cornea, especially those in the anterior surface of the cornea.

Abbreviations: AS-OCT = anterior-segment optical coherence tomography, ATR = against-the-rule, CCT = central corneal

thickness, cJo = comeal Jg, WTR = with-the-rule.
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1. Introduction

The human eye constructs an optical system that focuses visual
images onto the retina. Ocular aberrations including defocus,
astigmatism, and higher-order aberrations can deteriorate vision
quality in combination with other optical factors (eg, intraocular
scattering).['~*! Aberrations are caused by differential magnifica-
tion in each principal meridian of the anterior corneal surface and
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internal optics, posterior corneal surface, and crystalline lens.
Particularly, the anterior cornea is the main source of aberrations.
Aberrations in the anterior cornea are compensated by internal
aberrations.!* %!

Previous studies that investigated the age-related change in
astigmatism reported that the prevalence of astigmatism
increases’” "3 and that the axes of astigmatism shift from
with-the-rule (WTR) toward against-the-rule (ATR) with ag-
ing.">™°! Our report using power vector analysis also confirmed
astigmatic shift toward ATR with increasing age, and showed that
older age causes a larger change toward ATR and a larger corneal
astigmatic change over the subsequent 5 years.”°! However, the
mechanisms and processes involved in the age-related changes in
astigmatism are not yet fully understood.

Most studies concerning age-related astigmatic changes have
been investigated in terms of optical functions. However, the age-
related changes in whole corneal geometry and their influence on
astigmatism have been rarely investigated. Thus, the aims of the
present study were to investigate how aging affects corneal
geometry in Japanese adults and to determine whether there is an
association between corneal geometry and astigmatism.

2. Methods
2.1. Subjects

The present study was performed as a part of the Yamagata Study
(Funagata), a population-based epidemiologic study examining
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systemic and ophthalmologic disorders in adult Japanese
individuals aged 35 years and older. Details regarding the
study participants and research methodology have previously
been described.**1 Present investigation was conducted
using cross-sectional data. Systemic and ophthalmic data were
obtained from residents living in Funagata town via study
examinations in June 2015. Informed consent was obtained
from all study participants and the research adhered to the
tenets of the Declaration of Helsinki. The Yamagata
Study (Funagata) was approved by the Ethics Committee
of the Yamagata University Faculty of Medicine, Yamagata,
Japan.

Corneal topographic data from only the right eye were used to
avoid the use of interdependent data between two eyes from the
same subject. Patients were excluded from the current analyses if
they had a history of ocular or corneal surgery, corneal scarring,
or other corneal pathologies (eg, pterygium) on slit-lamp
examination. Subjects with missing or insufficient data were
also excluded.

2.2. Examination

Corneal topographic data were obtained using anterior-
segment optical coherence tomography (AS-OCT), CASIA
$S-1000 (Tomey Corp., Aichi, Japan). AS-OCT allows for
visualization of the entire anterior segment structures in a single
image and for performing the precise quantitative measure-
ments of these structures. SS-1000 facilitates imaging at a high
resolution (axial: 10 um; transverse: 30 um) and high-speed
scanning (30,000 A-scans per second)./*®! With a substantial
improvement in scan speed, the anterior segment structures
can be imaged 360° in 128 cross-sections (each with 512 A-
scans) inabout 2.4 seconds. We used the topographic data, such
as pachymetry findings, anterior elevation, and posterior
elevation, to evaluate corneal shape. Those indices measured
at the central area of cornea, and peripheral 6 mm diameter
areas, along the axes of 0°,45°,90°,135°,180°,225°,270°, and
315°. The anterior and posterior elevations were calculated by
the scanner software with respect to the best-fit sphere (the
sphere that best adjusts to the anterior or posterior surface of
the cornea). Positive values of anterior/posterior elevation
indicate that the actual corneal surface is in front of the best-fit
sphere (or flattening), while negative values indicate that
the actual corneal surface is behind the best-fit sphere (or
steepening).

Refractive spherical and cylindrical errors, corneal spherical
and cylindrical powers, and intraocular pressure were
measured using an auto ref/kerato/tonometer (Tonoref II;
Nidek Co., Ltd., Aichi, Japan). Axial length was measured via
partial coherence laser interferometry (OA-2000; Tomey
Corp.). Body indexes, such as height, weight, and waist size,
were measured while subjects were wearing light clothing and
no shoes.

2.3. Power vector analysis

In terms of statistical descriptions of optical characteristics,
separate analyses of the cylinder power and cylinder axis may be
insufficient. Therefore, we used the method of power vector
analysis. As described in previous reports, 132027281 e
converted the refractive and keratometric astigmatism from
the spherocylinder notation to the power vector notation. J,, one
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of the power vector components, represents the power of the
orthogonal astigmatism. Positive values of J, indicate WTR
astigmatism, while negative values indicate ATR. J, was
calculated by using the following equation:

Jo=(—C/2)cos 2A

C is negative cylinder power, and A is cylinder axis. To
analyze keratometric astigmatism, corneal J, (cJo) was also
calculated.

2.4. Statistical analyses

Data were analyzed using SPSS statistical software (SPSS
Statistics version 21.0, IBM Corp., Armonk, NY). Statistical
significance was defined as P <.05. Associations among age and
topographic data, and power vector components were examined
using simple and multiple adjusted linear regression analyses.
Sex, height, and weight were included in the multiple regression
models as potential confounders, as previously described.*!
Associations of corneal geometry with astigmatism were also
examined using linear regression analyses.

3. Results

3.1. Subject characteristics

According to the exclusion of participants, due to those corneal
pathologies or insufficient data, we included the 421 out of 544
subjects. Table 1 summarizes the characteristics of the subjects
(191 males [45.4%], 230 females [54.6%]) included in the
current study. The age range of the subjects was 36 to 89 (61.5 +
11.5) years.

3.2. Evaluation of age-related variations in corneal
geometry

Age-related variations in corneal geometry were analyzed using
linear regression and are summarized in Table 2. The anterior
elevations at axis 0° and 180° decreased, and those at axis 90° and
270° increased with increasing age in simple regression analyses,
demonstrating horizontal steepening and vertical flattening of the
corneal surface. In addition, multiple adjusted regressions
(adjusted for sex, body height, and weight) confirmed these
results. Although the posterior elevations indicated similar
tendency, they did not show significance. Pachymetry findings,
including central corneal thickness (CCT), did not change
significantly except for that at axis 0°.

3.3. Age-related variations in orthogonal astigmatism

Jo and cJo were examined to investigate the degree of the
orthogonal astigmatism in the whole eye and cornea. The
distributions of Jo and cJo are shown with scatter plots in
Figure 1, and both J, and cJo decreased with increasing age. In
linear regression analyses, the mean values of ], and cJ, decreased
by —0.014 and -0.015 per year of increase in age, respectively.
Sex, body height, and weight adjusted regression analyses also
revealed that the mean values of J, and cJ, decreased by —0.012
and —0.012 per year of increase in age, respectively (Table 3).
These results indicate that increasing age produces a shift toward
ATR astigmatism and that this shift is independent of those
indices.
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Demographic characteristics.

Mean Standard deviation

Age, y 61.50 11.50
Sex (male/female) 191/230

Height, cm 159.2 9.4
Weight, kg 60.1 10.9
IOP, mmHg 135 2.8
Axial length, (mm 23.78 1.37
CCT, pm 531.6 325
Spherical equivalent, D -1.07 2.80
Absolute cylinder, D 1.01 0.70
Corneal power, D 43.97 1.62
Kratometric absolute cylinder, D 0.80 0.57

CCT=central corneal thickness, D=diopter, IOP =intraocular pressure.

3.4. Associations of corneal geometry with orthogonal
astigmatism

The relationships of corneal geometry indices with Jo and cJg are
demonstrated in Table 4. All of the orthogonal indices of anterior
elevations were associated with Jo and cJo. Jo and cJo increased
(shift toward WTR) with an increase in the indices at the angle of
0° and 180° (horizontal flattening). In contrast, Jo and cJ
decreased with an increase in the indices at the angle of 90° and
270°. The indices of posterior elevations at the angle of 180° were
associated with Jo, and those at the angle of 0°, 180°, and 270°
were associated with cJo.

www.md-journal.com

4. Discussion

In the present study, we used data from the Yamagata Study
(Funagata), which included Japanese adults, to investigate the
association of aging with corneal geometry. To investigate
corneal geometry, we used pachymetry findings, including CCT;
anterior elevation; and posterior elevation as indices. Because the
anterior and posterior elevations were calculated with the best-fit
sphere of each subject, estimation of each sphere (Steep/Flat) was
lacking. Therefore, we could estimate corneal geometrical
variation independent of each corneal sphere.

Our results did not show an association between sex and CCT.
Although the correlation between sex and CCT has been pointed
out in the literature, it is still controversial.”**=2! Previous studies
considered that the hormonal changes in women may influence
CCT. It was shown that CCT was lowest in women at the
beginning of the menstrual cycle and highest at the end of the
menstrual cycle and during ovulation.®* In addition, CCT was
significantly decreased in postmenopausal women.*!

The findings of our study do not indicate a significant association
between age and pachymetry findings, including CCT. Some
reports have indicated age-related CCT decreases in individuals of
several ethnicities.[***5-%! Foster et al®*”/demonstrated that CCT
decreased by 5 pm in men and 6 wm in women every 10 years of
age. Similarly, Eballe et al®*! and Aghaian et al®*® reported a
decrease of 4.2 um and 3 um over the same period, in spite of
differences in ethnicity among individuals enrolled in this study.
Nevertheless, a few studies have concluded that CCT was not
associated with age.’”?! Although the association between age
and CCT remains controversial, we believe that our results must

Evaluation of age-related changes in corneal shape.

Linear regression analysis

*Multiple adjusted regression analysis

Dependent variables Change per year of age

95% Cl P

Change per year of age 95% ClI P

Pachymetry, pm Central area (CCT) —0.028
0° -0.210
45° —-0.011
90° 0.148
135° 0.092
180° 0.013
225° —-0.058
270° —0.047
315° -0.121

Anterior elevation, wm Central area —0.001
0° —-0.085
45° 0.011
90° 0.100
135° 0.019

180° —0.098
225° —-0.033
270° 0.103
315° 0.022

Posterior elevation, wm Central area 0.019
0° —0.034
45° —0.052
90° 0.063

135° -0.013
180° —0.094
225° —0.055
270° 0.034
315° 0.004

-0.303, 0.246 .838
-0.503, 0.083 159
-0.315, 0.293 944
-0.164, 0.460 .362
-0.223, 0.407 .565
-0.297, 0.324 933
-0.368, 0.251 712
-0.357, 0.263 167
-0.411, 0.168 411
-0.014, 0.013 .896

-0.135, -0.035 .001 -0.076 -0.140, -0.012 .019
-0.035, 0.057 646

0.042, 0.159 .001 0.034 -0.040, 0.108 .367
-0.025, 0.062 395
-0.152, -0.045 .000 -0.101 -0.170, -0.033 .004
-0.073, 0.006 .096

0.050, 0.156 .000 0.099 0.032, 0.167 .004
-0.013, 0.056 219
-0.006, 0.043 133
-0.096, 0.028 281
-0.125, 0.021 160
-0.021, 0.146 142
-0.094, 0.068 751
-0.173, -0.015 .020 -0.096 -0.197, 0.006 .064
-0.108, -0.001 .046 —0.052 -0.122, 0.017 137

-0.036, 0.104 341
-0.048, 0.056 884

*Adjusted for sex, body height (cm), and weight (kg).
CCT=central corneal thickness, Cl=confidence interval.
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Figure 1. Scatterplots of Jg (A) and cJp (B) show that these parameters significantly decrease with age.

Associations between power vector components and age at baseline evaluated via linear regression analysis.

Linear regression analysis

Sex, height, and weight adjusted linear regression analysis

Dependent variable  Change per 1 year of age at baseline 95% Cl P Change per 1 year of age at baseline 95% CI P
Jo -0.014 -0.018, -0.011  <.001 -0.012 -0.017, -0.007  <.001
clg -0.015 -0.018, -0.011  <.001 -0.012 —-0.016, -0.008  <.001

Cl=confidence interval.

have persuasiveness to a certain extent because of absence of a
certain direction in the pachymetry map. The results in the anterior
elevations manifest horizontal steepening and vertical flattening in
the corneal surface. In contrast, the posterior elevations did not
indicate any significance. Although the mechanism is still
uncertain, some hypotheses relating to histology have been

proposed. Germundsson et al®*! reported age-related thinning
of Bowman’s layer. A few researchers have indicated an age-related
reduction in keratocyte density, especially in the anterior
stroma.’*™2 Although the results regarding this continue to
remain controversial,*>*! reduction in keratocyte density may
result in the destruction of collagen fibers and affect corneal

Impact of corneal shape on orthogonal astigmatism.

Jo cJo

Independent Variables Regression coefficient 95% Cl P Regression coefficient 95% CI P
Pachymetry, pwm Central area (CCT) 0.000 -0.001, 0.001 977 0.000 —-0.001, 0.001 873
0° 0.000 -0.001, 0.002 524 0.000 —0.001, 0.001 662

90° 0.000 -0.002, 0.001 454 —0.001 —0.002, 0.000 192

180° 0.000 -0.001, 0.001 710 0.000 —0.002, 0.001 509

270° 0.000 -0.002, 0.001 507 0.000 -0.001, 0.001 605

Anterior elevation, pm Central area 0.046 0.017, 0.076 .002 0.038 0.012, 0.064 .004
0° 0.011 0.004, 0.019 .004 0.013 0.006, 0.020 .000

90° —-0.015 -0.021, -0.009 .000 -0.015 -0.021, -0.010 .000

180° 0.009 0.002, 0.016 .009 0.012 0.006, 0.018 .000

270° -0.012 -0.020, —0.005 .001 -0.014 —0.021, —0.007 .000

Posterior elevation, pm Central area —0.006 -0.022, 0.010 133 —0.006 —-0.021, 0.008 .380
0° 0.006 -0.001, 0.012 074 0.006 0.001, 0.012 .032

90° —0.004 -0.009, 0.001 092 —0.004 —0.008, 0.001 101

180° 0.005 0.005, 0.010 032 0.006 0.002, 0.011 .003

270° —0.005 -0.010, 0.000 .069 -0.007 —-0.011, —0.002 .007

*Adjusted for age, sex, body height (cm), and weight (kg).

CCT=central corneal thickness, Cl=confidence interval.
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structure and rigidity.*s! Other studies have shown that dimin-
ished eyelid tension caused by age-related dermatochalasis may
affect corneal geometry.[1®47]

Regarding age-related variations in orthogonal astigmatism,
both Jy and cJ, decreased with age. This observation indicates
that increasing age has an association with a shift toward ATR
astigmatism, which is consistent with our previous report.!*!
Although other groups have also published results regarding age-
related ATR shift, there seems to be a variation in the amount of
change. Liu et al'™*! reported that J, changed by —0.016 per year
of age, and Guan et al'"* showed a change of =0.017 per year of
age. The results of the study by Sanfilippo et al. demonstrated a
smaller shift toward ATR (—=0.003 per year of age in J,) than that
was observed in ours."'S! This difference may likely be due to
differences in the age distribution or ethnicity of the subjects
enrolled in these studies.

We also investigated the correlation between corneal geometry
and astigmatism. Positive values of Jo and cJo were positively
correlated with horizontal flattening and vertical steepening at
the anterior surface of the cornea. Therefore, an astigmatic shift
toward ATR (negative value of Jo and cJo) is positively correlated
with horizontal steepening and vertical flattening, which are
demonstrated as age-related variations in the present study. In
addition, the posterior surface of the cornea also has an
association with this shift to some extent. The results of our
population-based study suggest that aging has an association
with astigmatism through corneal geometrical variations.
However, corneal thickness might not be associated with this
shift. Although several previous studies have shown age-related
increase in shifting toward ATR,™*% only a small number of
studies have assessed corneal geometry, including posterior
surface geometry, in conjunction with astigmatism.*%*"!

Our study confirms that age-related alterations of the cornea
occur, and that these are associated with a change in astigmatism.
Age-related changes in visual function have been rarely
investigated in terms of both corneal structure and optics. The
present study provides baseline data regarding visual correction,
including refractive surgery. In addition, the present study is a
population-based study. As this study was a part of the Yamagata
Study (Funagata), we could reduce a correction bias. For
evaluation of age-related changes in geometry, we took potential
confounders into consideration.

Our study also had some limitations. First, because present
investigation is cross-sectional, we are not able to estimate age-
related geometrical changes in same individuals. Second, owing
to a lack of comprehensive medical examination data, we might
not be able to exclude some conditions. Those who had medical
conditions or a history of surgeries that may have an influence on
astigmatism were excluded on account of information gathered
during history taking. However, information regarding daily
wear of contact lenses, use of eye drops, or history of glaucoma
could not be obtained. Third, there were unmeasured factors that
are potentially associated with astigmatism, such as biological
measures excluded from serological tests, eyelid/cornea inter-
actions, or occupations.¢47:3!

In conclusion, aging has associations with corneal geometry, in
particular, horizontal steepening and vertical flattening, especial-
ly in the anterior cornea. In addition, these geometrical
alterations of the cornea are associated with astigmatic shift
toward ATR. Although we believe our study will improve the
understanding of astigmatism, the mechanism of astigmatic
change is not fully described. Further studies are needed.
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