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Abstract

Despite numerous investigations into ocular or corneal astigmatism, the dynamic nature of
astigmatism remains poorly understood. To reveal potential associations between age and
astigmatism, 264 Japanese participants who underwent systemic and ophthalmological
examinations in Funagata Town (Yamagata Prefecture, Japan) were evaluated over a 10-
year period. Astigmatism was evaluated with regard to the cylinder power, cylinder axis, and
vector analyses. Whereas the refractive cylinders showed age-related increases in patients
in their 40s to 60s, the corneal cylinders did not change over 10 years. Nevertheless, cylin-
drical axis of the cornea demonstrated a continuous shift toward against-the-rule (ATR)
astigmatism. Vector analyses revealed that the astigmatic shift toward ATR progressed con-
tinually after patients reached their 40s, although the shift did not accelerate with age.
These novel insights may pave the way for the development of potential strategies for vision
correction, including refractive surgeries, and vision-quality maintenance in the elderly.

Introduction

The human eye functions as an optical system that focuses visual images onto the retina. Astig-
matism lowers the vision quality by distorting images and causing visual disturbances and
blurring in uncorrected or corrected eyes [1-3]. Previous findings have indicated that anterior
corneal astigmatism is compensated for by internal optics, and in part, by the posterior corneal
surface [4,5]. Previous data have also shown that the prevalence of astigmatism increases [6-9]
and that the axes of astigmatism shift from with-the-rule (WTR) toward against-the-rule
(ATR) with aging [10-17]. However, the underlying mechanisms and processes remain poorly
understood. It has been reported that analyzing data separately regarding the magnitude and
axis of astigmatism is insufficient to assess the dynamic changes in astigmatism. The dynamic
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nature of astigmatism has been investigated using graphical vector analysis [18], the polar
value method [19], and power vector analysis [20]. In present study, we addressed this problem
by vector analysis using the Alpins method. [21-23] Optical deterioration with age is expected
to cause severe problems in aging societies. The purpose of this study was to investigate astig-
matic changes in Japanese adults over a period of 10 years. From the perspective of optical cor-
rections, including surgical procedures, a better understanding of the causes of astigmatism
may reduce the likelihood of unfavorable results and should help in developing improved
strategies for maintaining vision quality in the elderly.

Methods

Subjects

This study was performed as part of the Yamagata Study (Funagata), a population-based epide-
miologic study examining systemic and ophthalmologic disorders in adult Japanese individu-
als aged 35 years and older. Details regarding the study participants and the research methods
used were described previously [17,24-30]. Systemic and ophthalmic data were obtained from
residents living in Funagata Town once every 5 years. Results obtained from 2005 to 2007
(phase 1), from 2010 to 2012 (phase 2), and from 2015 to 2017 (phase 3) were examined.
Before the examinations started, written informed consents were obtained from all study par-
ticipants. This study adhered to the tenets of the Declaration of Helsinki. The Yamagata Study
(Funagata) was approved by the Ethical Review Committee of Yamagata University Faculty of
Medicine, Yamagata, Japan. Patients were excluded from this study if they had a history of any
ocular surgery, corneal scarring, other corneal pathology (e.g. pterygium), or wearing contact
lenses upon slit-lamp examination. Patients who had conditions or a history of surgeries that
could potentially influence astigmatism were excluded from this study, based on information
gathered when obtaining patient medical histories. Subjects with missing or insufficient data
were also excluded. The subjects were divided into five age groups, i.e. < 39 years, 40-49 years,
50-59 years, 60-69 years, and > 70 years at the beginning of phase 1.

Examination

The refractive spherical and cylindrical power, corneal cylindrical power, and intraocular pres-
sure were measured with an auto-ref/kerato/tonometer (TONOREF II, Nidek Co., Ltd., Aichi,
Japan). Refractive and corneal astigmatisms were defined as being WTR when the steepest
meridian was within 90 + 30°, or as being ATR when the steepest meridian was from 0 to 30°
and 150 to 180°. Otherwise, the astigmatisms were defined as being oblique. The axial length
was measured by performing partial-coherence laser interferometry using an OA-1000 optical
biometer (TOMEY Corp., Aichi, Japan). Only the data obtained from the right eye of each
individual were included to avoid the influence of interdependence between eyes. Physical
characteristics, such as height and weight, were measured while subjects were wearing light
clothing, without shoes. To avoid the use of interdependent data between two eyes from the
same subject, data from only the right eyes were used.

Vector analysis

As described in previous reports [22], the refractive and keratometric astigmatism, at phase 1
and 3, were plotted on single-angle polar diagrams. Vector differences between phase 1 and 3
were also plotted. Additionally, double-angle vector investigations were performed to estimate
orthogonal astigmatism. The polar values of the refractive and keratometric astigmatism were
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calculated by the following equation on the double-angle diagram:

Polar value = K cos (180 — 20)

where K represents the refractive or keratometric cylinder magnitude (D, diopters), and 0 rep-
resents the steepest meridian (degree). Positive polar values indicate WTR astigmatism,
whereas negative polar values indicate ATR astigmatism.

Statistical analyses

The data were analyzed using statistical SPSS analysis software, version 21.0 (https://www.ibm.
com/analytics/spss-statistics-software, IBM Corp, Armonk, NY, USA). P-values less than 0.05
were considered to reflect significant differences. In cross-sectional investigation, the differ-
ence in astigmatism magnitudes and polar values of each age group were examined by Krus-
kal-Wallis tests. When performing longitudinal investigations of astigmatism, time-
dependent changes were estimated by Friedman tests. Changes in polar values between phase
1 and 2, and between phase 2 and 3 were compared by performing Mann-Whitney tests. Lin-
ear regression analyses were performed in investigating the association between baseline age
and change magnitude of astigmatism over 10 years.

Results
Demographic characteristics

The ophthalmological examinations included 1114 patients in phase 1. In those patients, 783
patients also attended in phase 2, and the 329 patients participated in all of the phase 1 to 3.
Forty-five patients were excluded for the reason of pseudophakia, pterygia, or other abnormal-
ities. From the mean value and standard deviation of spherical equivalent, -0.97 + 2.31 diopters
(D), we excluded additional 20 patients whose spherical equivalent were less than -5.59 D, and
more than 3.64 D. As a result, data from 264 subjects (118 men and 146 women) were available
for this study. The characteristics are summarized in Table 1. The mean age was 56.9 + 8.9
years.

Table 1. Patient demographics.

N (%) Mean Standard deviation
Age (years) 56.9 8.9
35-39 9 (3.4)
40-49 44 (16.7)
50-59 118 (44.7)
60-69 71 (26.9)
70-79 22 (8.3)
Sex
Male 118 (44.7)
Female 146 (55.3)
Height (cm) 157.2 9.5
Weight (kg) 59.7 11.3
BMI (kg/m*) 24.1 33
IOP (mmHg) 12.7 2.9
Axial length (mm) 23.5 1.1

Abbreviations: BMI, body mass index; IOP, intraocular pressure.

https://doi.org/10.1371/journal.pone.0261324.t001
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Table 2. Age-related variations and time-dependent changes in the refractive and keratometric cylinder magnitudes.

Age group Phase 1 Phase 2 Phase 3 P-value, Friedman test
Mean SD Mean SD Mean SD
RC (D) Total 0.75 0.59 0.98 0.70 1.06 0.69 < 0.001
35-39 0.83 0.50 0.81 0.53 0.67 0.50 0.497
40-49 0.63 0.59 1.05 0.85 0.86 0.66 0.001
50-59 0.69 0.51 0.90 0.59 0.99 0.60 < 0.001
60-69 0.87 0.68 1.04 0.69 1.31 0.80 < 0.001
>70 0.95 0.68 1.13 0.92 1.11 0.68 0.607
P-value, Kruskal-Wallis test 0.095 0.724 0.002
KC (D) Total 0.76 0.71 0.75 0.56 0.72 0.56 0.367
35-39 0.92 0.45 0.92 0.53 1.08 0.91 0.670
40-49 0.75 0.58 0.81 0.65 0.69 0.53 0.236
50-59 0.60 0.42 0.67 0.49 0.65 0.47 0.293
60-69 0.90 1.01 0.78 0.60 0.76 0.54 0.945
>70 1.10 0.92 0.85 0.64 0.84 0.84 0.348
P-value, Kruskal-Wallis test 0.032 0.469 0.391

Abbreviations: SD, standard deviation; RC, refractive cylinder; KC, keratometric cylinder; D, diopters.

https://doi.org/10.1371/journal.pone.0261324.t1002

Astigmatism magnitude and meridian

Table 2 demonstrates age-related variations and time-dependent changes that occurred in the
refractive cylinder (RC) and keratometric cylinder (KC) values. Cross-sectional investigation
showed that, although RC values increased in phase 3, the other values did not show certain
trends. Similarly, longitudinal investigation from phase 1 to 3 showed that KC values did not
change over the 10-year period, although RC values increased in three age groups (40-49, 50—
59, and 60-69 years). Fig 1 shows the time-dependent changes in the cylindrical axis
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Fig 1. Time-dependent changes in the distribution of the astigmatism during phase 1 (baseline; Base) and phase 3
(10 years later; 10 Y) among the different age groups. In accordance with the meridians, subjects were divided into
three astigmatism groups, namely the WTR, oblique, and ATR groups. (A) Changes in refractive astigmatism. (B)
Changes in keratometric astigmatism.

https://doi.org/10.1371/journal.pone.0261324.g001
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Fig 2. Single-angle polar plots of refractive and keratometric astigmatism. (A) Refractive astigmatism in phase 1.
(B) Refractive astigmatism in phase 3. (C) Refractive astigmatism difference between phase 1 and 3. (D) Keratometric
astigmatism in phase 1. (E) Keratometric astigmatism in phase 3. (F) Keratometric astigmatism difference between
phase 1 and 3. White box in each diagram indicates vector mean.

https://doi.org/10.1371/journal.pone.0261324.9002

distribution during phase 1 (baseline) and phase 3 (10 years later). Fig 1A shows the changes
in the refractive axis, with the axis changing rapidly toward ATR in subjects in their 40s and
50s. Investigating corneal astigmatisms (Fig 1B) revealed a continuous shift toward ATR,
except in the youngest group.

Investigating astigmatism

As described previously [21-23] we described refractive and keratometric astigmatism on single-
angle polar plots in accordance with Alpins method (Fig 2). The mean refractive cylinder was
0.23 D at an axis of 117" in phase 1, and 0.37 D at an axis of 137° in phase 3. The mean kerato-
metric astigmatism was 0.51 D at an axis of 84° in phase 1, and 0.8 D at an axis of 74° in phase 3.
The vector differences were 0.20 D at an axis of 118° and 0.26 D at an axis of 92°, respectively.

To investigate polar change over 10 years, polar analyses in double-angle plots were exam-
ined. Table 3 summarizes the mean polar values in each phase calculated as above. The results
for each age group are also presented. The keratometric polar values significantly decreased in
a time-dependent manner in subjects aged 40-49 (p < 0.001), 50-59 (p < 0.001), and 60-69
years (p < 0.001), as determined by Friedman tests. These data indicate that a time-dependent
shift toward ATR occurred. However, the refractive and keratometric polar values did not dif-
fer significantly in the group of subjects aged < 39 and > 70 years.

Change in the polar values between phase 1 and 2, and between phase 2 and 3 are summa-
rized on Table 4. Any polar values did not change between the two periods except for the
refractive value of subjects aged < 39, indicating that astigmatic shift toward ATR did not
accelerate with age.

Discussion

In this study, we investigated associations of astigmatism with age. Three main findings
resulted from this work, namely, (i) KC values did not increase with age, although RC values
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Table 3. Age-related variations and time-dependent changes in the refractive and keratometric polar values.

Age group Phase 1 Phase 2 Phase 3 P-value, Friedman test
Mean SD Mean SD Mean SD
Refractive polar values (D) Total -0.39 0.61 -0.51 0.71 -0.63 0.71 < 0.001
35-39 0.23 0.75 0.03 0.89 0.10 0.59 0.412
40-49 -0.32 0.55 -0.41 0.64 -0.53 0.60 0.002
50-59 -0.43 0.50 -0.58 0.62 -0.73 0.63 < 0.001
60-69 -0.54 0.55 -0.63 0.58 -0.82 0.68 0.001
>70 -0.37 0.74 -0.37 0.74 -0.52 0.64 0.943
P-value, Kruskal-Wallis test 0.121 0.023 0.001
Keratometric polar values (D) Total 0.25 0.63 0.06 0.67 -0.04 0.68 < 0.001
35-39 0.87 0.47 0.50 0.75 0.59 0.44 0.156
40-49 0.45 0.63 0.28 0.67 0.12 0.66 < 0.001
50-59 0.27 0.52 0.14 0.60 0.02 0.60 < 0.001
60-69 0.11 0.54 -0.03 0.60 -0.14 0.61 < 0.001
>70 0.02 0.53 -0.07 0.70 -0.23 0.51 0.099
P-value, Kruskal-Wallis test 0.004 0.060 0.007

Abbreviation: SD, standard deviation; D, diopters.

https://doi.org/10.1371/journal.pone.0261324.t003

did; (ii) the astigmatic shifts toward ATR were seen from 40s to 60s; and (iii) the astigmatic
shift toward ATR did not accelerate with age.

Previous studies focused on refractive astigmatism showed that the prevalence of astigma-
tism increased with age in adult subjects [6-9]. Similarly, in our cross-sectional and longitudi-
nal investigations, RC values showed age-related increases in subjects in their 40s, 50s, and
60s, indicating that the astigmatic magnitude increased in the whole eye. Nevertheless, KC val-
ues did not change with aging. The astigmatic magnitude of the cornea appeared to be stable.
Similarly, Sanfilippo et al. [12] showed that the prevalence of refractive astigmatism increases
with age after the age 50 years, although corneal astigmatism was stable until the age of 80.
Herein, the age-related changes in the astigmatic meridians were also estimated (Fig 1).
Although astigmatic meridians of the cornea and whole eye appeared to change with age, they
shifted differently. The keratometric meridian shifted continuously toward ATR, whereas the
refractive meridian changed rapidly toward ATR in subjects in their 40s and 50s. Therefore,
corneal astigmatism appears to shift toward ATR without an increase in the cylinder power,
whereas the cylinder power of the crystalline lens appears to increase with age. Nevertheless, in
terms of assessing dynamic changes in astigmatism, separate estimations of the cylinder power
and meridian must be insufficient.

To solve the problem, we used the Alpins vector analysis as recommended in the Journal of
Refractive Surgery. [21-23] Table 3 summarizes the mean polar values of the subjects, which
indicate the presence of refractive and keratometric orthogonal astigmatism. Both refractive
and keratometric values decreased with age during all three phases. Namely, astigmatism in
the whole eye and cornea shifted toward ATR in our cross-sectional investigation, consistent
with previous studies [10-17]. Longitudinal investigations also revealed time-dependent
decreases in both values in the groups of subjects aged from 40s to 60s. Although these findings
may have been caused by the small size of the subpopulation, the astigmatic shift toward ATR
appeared to start significantly after the subjects reached 40 years of age. Previous findings also
supported a general shift from a predominance of WTR astigmatism to a predominance of
ATR astigmatism in adults older than 40 years [12,13,15,16]. The age-related shift towards
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Table 4. Comparisons of changes in the polar values between two periods.

Age group Phase 1 to phase 2 Phase 2 to phase 3 P-value, Mann-Whitney U test
Mean SD Mean SD

Refractive polar changes (D) Total -0.12 0.59 -0.15 0.56 0.303
35-39 -0.20 0.83 0.08 0.76 0.040

40-49 -0.09 0.56 -0.11 0.51 0.856

50-59 -0.15 0.56 -0.15 0.54 0.463

60-69 -0.09 0.51 -0.19 0.53 0.446

70-79 0.00 1.02 -0.14 0.81 0.663

Keratometric polar changes (D) Total -0.15 0.52 -0.12 0.55 0.587
35-39 -0.37 0.71 0.08 0.70 0.694

40-49 -0.18 0.50 -0.16 0.59 0.829

50-59 -0.13 0.52 -0.12 0.54 0.966

60-69 -0.14 0.53 -0.11 0.53 0.540

70-79 -0.10 0.44 -0.16 0.47 0.597

Abbreviations: SD, standard deviation; D, diopters.

https://doi.org/10.1371/journal.pone.0261324.t1004

ATR was not seen in subjects aged > 70 years. Although the cause of these results is unclear, it
is possible that they might have been influenced by cataract progression in the refractive value.
Data from previous studies revealed that cataracts cause changes in orthogonal astigmatism,
which depend on the severity and type of the cataract [31,32] Diez Ajenjo et al. [32] reported
that nuclear cataracts or posterior subcapsular cataracts may lead to increased WTR astigma-
tism. Although our data showed that both the refractive and keratometric astigmatism shifted
toward ATR from phase 1 to phase 3, the mean polar changes did not differ among two conse-
cutive periods, i.e. from phase 1 to phase 2 or from phase 2 to phase 3 (Table 4). These findings
indicate that the shift toward ATR may progress continually and that they did not accelerate
with age, at least in periods examined in this research.

Previous data have shown that the shift towards ATR is due to a change in corneal curva-
ture [11,12-14,33], but the details of the underlying mechanism remain unclear. Some reports
have presented evidence suggesting that age-related changes in corneal physiology may influ-
ence the elasticity and rigidity of the cornea. For example, Daxer et al. [34] reported that the
mean radius, axial period, and intermolecular Bragg spacing of collagen fibrils is greater in
subjects older than 65 years than in younger subjects. These changes in collagen fibrils may
result from glycation-induced cross-linking of collagen molecules, which was described by
Malik et al. [35]. Thickening of Descemet’s membrane may also influence the corneal curva-
ture [33]. Additionally, data from many studies have suggested that eyelid tension may influ-
ence the corneal curvature [36-39]. Read et al. [36] reported associations between the angle of
the eyelid fissure and the corneal cylinder axis and sphere. In addition, Vihlen et al. [37]
reported that eyelid tension decreases with age, consistent with an astigmatic shift occurring
after 40 years of age. Thus, ophthalmologists should be prepared for performing refractive sur-
geries, considering these changes.

Questions arise, such as whether WTR or ATR is better for vision quality, or if the astig-
matic shift from WTR to ATR is favorable. Although previous studies were conducted in
attempt to answer these questions, they showed discordant results. Nevertheless, many studies
have shown that near vision tends to be better in individuals with low-myopic ATR astigma-
tism than in those with WTR astigmatism [40-42]. Rhim et al. [43] performed an experimental
study of pseudophakic eyes. They found that the focus moves nearer in subjects with ATR
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astigmatism and farther away in subjects with WTR astigmatism, based on eyelid squinting.
ATR astigmatism, induced by aging, may play a role in near vision in the elderly.

Our study provides a basis for considering age-related changes in visual function and astig-
matic changes in the years following refractive surgery. This study had strengths compared to
previous reports. First, previous reports included mostly cross-sectional studies, whereas our
study included a longitudinal investigation, enabling us to investigate age-related changes
observed in the same individual over time. Second, we evaluate astigmatism using vector anal-
yses. This allowed us to assess dynamic changes in astigmatism over a period. Our study also
had some limitations. First, due to some limitations in the patient histories, we were unable to
exclude some conditions. Except for the conditions revealed by slit-lamp or other ophthalmo-
logical examinations, we had no choice but to depend on taking the medical histories of
patients (e.g. habitual use of contact lenses, eye drops). Second, some unmeasured factors may
be potentially associated with astigmatism, such as sleeping habits, the frequency of near work,
or biological parameters not included in serological tests. Third, the data obtained by corneal
topography or tomography were not included in present study. To gain more detailed infor-
mation of astigmatism. Although we, and other researchers have reported cross-sectional data
[29,44], longitudinal studies are expected.

In conclusion, astigmatism of the cornea and whole eye shifted toward ATR with increasing
age. Therefore, we should pay attention to the shift that occurs after refractive surgeries,
including cataract surgeries using multifocal or toric intraocular lenses. Our results provide
baseline data for the maintenance and improvement of visual function, especially in elderly
individuals. Further studies are needed to understand dynamic astigmatic changes better, and
a wider range of data collected over an extended period of time will help in improving the
maintenance of vision quality.
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