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Abstract
Purpose Worldwide, the most frequent cause of visual im-
pairment is uncorrected refractive error. This analysis focused
on the distribution and associations of refractive, corneal and
ocular residual astigmatism.
Methods As part of the Gutenberg Health study, a population-
based cross-sectional study was conducted in the general pop-
ulation of Germany. A comprehensive ophthalmological ex-
amination including refraction, tonometry, and Scheimpflug
imaging of the anterior cornea (Pachycam) was performed. In
addition to the magnitude and type (with-the-rule, against-the-
rule, oblique) of the refractive or corneal astigmatism, we
calculated the vector components (J0, J45) of both astigma-
tisms and calculated the ocular residual astigmatism. We per-
formed multiple quantile regression analysis to evaluate the

factors associated with refractive, corneal and ocular residual
astigmatisms.
Results A total of 13,558 subjects (49% female) with a mean
age of 54.0 years (range 35–74 years) were included in this
study. The prevalence of refractive astigmatism (>1.0D) was
13.0% in right eyes and 12.0% in left eyes, and 85% of these
subjects wore spectacles. The distribution of refractive astig-
matism showed a two-peak distribution with high astigmatism
for with-the-rule and against-the-rule astigmatism. The asso-
ciated factors were corneal curvature, age and sex for the
different astigmatisms (p < 0.001).
Conclusions We analyzed the prevalence of different astigma-
tisms within a European population. We confirmed a shift
with aging from with-the-rule to against-the-rule astigmatism
to refractive and corneal astigmatism. Astigmatism has a large
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impact on visual perception; more than 85% of people with
astigmatism over one diopter wore glasses for distance vision.

Keywords Astigmatism . Refractive . Corneal . Ocular
residual . Epidemiology . Distribution . Age

Introduction

Worldwide, the most frequent cause of visual impairment is
uncorrected refractive error [1]. The three most common rea-
sons are myopia, hyperopia and astigmatism, which show dif-
ferent distributions in various ethnic groups [2, 3]. In an astig-
matic eye, light is focused on two focal lines in different planes.
For instance, the image is sharply focused on the retina in the
horizontal orientation, but not in the vertical direction, requiring
cylindrical rather than spherical correction. As a result, a low
amount of astigmatism is known to improve uncorrected read-
ing ability due to increased pseudo-accommodation in
pseudophakic eyes, especially in the case of against-the-rule
astigmatism [4, 5]. Oblique orientations or increased amount
of astigmatism decrease reading ability [6]. With increasing
astigmatism, vision is reduced in all viewing distances, whereas
other forms of refractive error can be at least partially balanced
by accommodation of viewing distance.

It is known from previous studies that the prevalence of
refractive and corneal astigmatism increases with age [7, 8].
Additionally, a change in the astigmatic axis from with-the-
rule to against-the rule astigmatism occurs mainly based on
corneal changes, as analyzed in Asian populations [8, 9],
whereas so far little is known about the prevalence of astig-
matism and associated factors in Caucasians.

To fill this gap, this study analyzed the distribution of re-
fractive and corneal astigmatism, in amount and orientation, in
different age decades within a Caucasian population.
Furthermore, we aimed to analyze the factors associated with
different forms of astigmatism, including refractive, corneal
and ocular-residual astigmatism, and to evaluate the underly-
ing form for the shift in orientation over the years.

Materials and methods

The Gutenberg Health Study (GHS) is a prospective, popula-
tion-based, observational cohort study conducted in the
Rhine-Main region in Midwestern Germany that examined a
total of 15,010 participants. This study sample was recruited
from the GHS and included subjects with an age of 35 to
74 years at the time of examination between April 2007 and
March 2012. The sample was randomly drawn from local
governmental registry offices. The response rate was 60%.
The cohort was stratified by gender, residence and decade of
age. More details of the study setup are described in Höhn

et al. [10]. As part of the individual examination, a compre-
hensive ophthalmological work-up, including slit-lamp exam-
ination, was conducted. Objective refraction (Humphrey
Automated Refractor/Keratometer (HARK) 599, Carl Zeiss
Meditec AG, Jena, Germany) and corneal Scheimpflug imag-
ing (Pachycam, Oculus, Wetzlar, Germany) were completed
to analyze the refractive and corneal status of the participants.
Noncontact tonometry (Nidek NT-2000, Nidec Co, Japan)
was performed to measure intraocular pressure.

This study was approved by the Ethics Committee of the
state chamber of physicians of Rhineland-Palatinate and by
local and federal data safety commissioners. In accord with
the tenets of the Declaration of Helsinki, written informed
consent was obtained from all participants prior to entering
the study.

Exclusion criteria

Participants with previous intraocular or corneal surgery were
excluded from this study analysis. For this analysis, 13,558
subjects (13,521 right eyes and 13,527 left eyes) were included.

Data collection

Three different types of astigmatism were investigated: refrac-
tive astigmatism (RA), corneal astigmatism (CA) and ocular-
residual astigmatism (ORA). Analyses of astigmatism were
conducted using negative cylinder power as a distinct vari-
able. Refractive astigmatism was defined as astigmatism of
the total eye, measured by objective refraction. Corneal astig-
matism describes the astigmatic curvature of the cornea exam-
ined by Scheimpflug imaging, while ocular-residual astigma-
tism was calculated based on vector analysis and displays
astigmatism not being caused by corneal astigmatism.
Refractive and corneal astigmatism were decomposed into
vector components using the power vector approach proposed
by Thibos et al. [11]. This conversion of cylinder power and
axis into its constituent vector components reflects both astig-
matic characteristics and allows for the calculation of the
ocular-residual astigmatism and its axis. Refractive and cor-
neal astigmatism were decomposed into power vectors using
the following formulas:

J0 ¼ −C
.
2*cos 2αð Þ

J45 ¼ −C
.
2*sin 2αð Þ

where α is the cylindrical axis and C is the negative cylinder
power.

J0 represents the power vector matching the cylinder power
of the vertical (90°) and horizontal (180°) meridians. Positive
values correspond to with-the-rule (WTR) astigmatism,
whereas negative values reflect against-the-rule (ATR)
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astigmatism. J45 is the power vector corresponding to the cyl-
inder power of the oblique meridians (45° and 135°).

For determination of ocular-residual astigmatism, the dif-
ference in refractive and corneal astigmatism was calculated
using the power vectors. The cylinder power of ocular-
residual astigmatism was then computed using the following
formula:

Cyl power = −2 *
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
J 02 þ J 452

p
.

Statistical analysis

The data were processed using statistical analysis software (R
version 3.1.1 [2014–07-10]). Median, interquantile range,
minimum and maximum were calculated for all primary and
secondary variables. Mean and standard deviation were com-
puted for variables exhibiting approximately normal distribu-
tion. Spearman Rank-correlation coefficients were computed
for associations of vector components and for comparing right
and left eyes. The orientation of astigmatism was grouped for
180° +/− 30° as with-the-rule astigmatism (WTR), for 90° +/−
30° as against-the-rule astigmatism (ATR), whereas 45° +/−
15° and 135° +/− 15° were regarded as oblique astigmatism.

First, the age-specific prevalence of refractive, corneal and
residual ocular astigmatism was calculated. The age/sex-
distribution of the German population from the year 2014
was used to estimate the overall standardized prevalence [12].

Multiple quantile regression was performed to evaluate as-
sociated factors due to skewed distribution of dependent var-
iables. In the first model, age, sex and residence (urban/rural)
were included as independent variables; the dependent vari-
able was the amount of refractive, corneal or ocular residual
astigmatism for the different statistical analyses. In the second
model, age, sex, residence, refraction, corneal curvature (pow-
er of the steep axis), central corneal thickness and intraocular
pressure were included as independent variables. In a binary
logistic regression model, associated factors were investigated
using refractive astigmatism as the dependent variable (more

than −1.0 diopters of astigmatism), and age, sex, residence,
refraction, corneal curvature, central corneal thickness and
intraocular pressure as independent variables. Right and left
eyes were analyzed separately, and the results were compared.

We performed a sensitivity analysis and excluded all eyes
with corneal pathologies as observed in slit-lamp examination
of the anterior segment. The previously reported regression
models were carried out and results were compared.

This study was performed as an explorative study to ana-
lyze the prevalence of refractive, corneal and ocular residual
astigmatism and the factors associated with these conditions.
All p-values should be regarded as continuous parameters that
reflect the level of evidence and are therefore reported exactly.

Results

This study included 13,558 subjects (13,521 right eyes and
13,527 left eyes) with a mean age of 54.0 +/− 9.0 years (range
35 to 74 years). A total of 1142 subjects were excluded as they
had undergone previous ocular surgery, and data on 310 sub-
jects were missing. Within this study population, 49.3% were
women. The subjects with missing data did not differ from the
included subjects with respect to age and sex.

Refractive astigmatism ranged from −8.00 to 0 diopters
with a median of −0.50 diopter in both the right and left eyes.
The prevalence in our study cohort was 13.0% (95% confi-
dence interval (CI): 11.4% to 14.7%) for a refractive astigma-
tism of larger than −1.0 diopters in the right eyes and 12.0%
(95%-CI: 10.5% to 13.7%) in the left eyes. Spectacle use for
distance vision increased with refractive astigmatism and was
higher in women than in men (Table 1). For corneal astigma-
tism larger than −1.0 diopters, the prevalence was 36.2%
(95%-CI: 34.8% to 37.6%) for the right eyes and 36.9%
(95%-CI: 35.5% to 38.3%) for the left eyes.

Corneal astigmatismwas characterized by amedian of −0.60
diopters in the right eyes and −0.70 diopters in the left eyes, with

Table 1 Spectacle usage for distance vision in dependency on refractive astigmatism in the Gutenberg Health Study. Prevalence and 95% confidence
interval is reported in percentage

Refractive astigmatism
in diopters

Up to − 0.5D −0.5D > x ≥ −1.0D −1.0D > x ≥ −1.5D −1.5D > x ≥ −2.0D Over − 2.0D

a) For right eyes:

Men 57.7% [56.2%; 59.1%] 73.8% [71.4%; 76.1%] 84.1% [80.6%; 87.1%] 96.0% [92.0%; 98.1%] 90.7% [86.0%; 93.9%]

Women 61.8% [60.4%; 63.2%] 80.7% [78.3%; 82.9%] 87.1% [83.4%; 90.0%] 92.5% [87.0%; 95.9%] 88.8% [83.4%; 92.6%]

Total 59.8% [58.8%; 60.8%] 77.0% [75.3%; 78.6%] 85.5% [83.0%; 87.6%] 94.4% [91.4%; 96.5%] 89.8% [86.5%; 92.4%]

b) For left eyes:

Men 57.4% [56.0%; 58.9%] 75.5% [73.2%; 77.7%] 87.1% [83.6%; 90.0%] 91.8% [86.3%; 95.3%] 91.9% [87.5%; 94.9%]

Women 61.5% [60.1%; 62.9%] 80.9% [78.5%; 83.0%] 88.4% [84.8%; 91.2%] 96.1% [91.2%; 98.4%] 91.9% [86.9%; 95.1%]

Total 59.5% [58.5%; 60.5%] 78.0% [76.3%; 79.5%] 87.7% [85.3%; 89.8%`] 93.8% [90.4%; 96.1%] 91.9% [88.8%; 94.2%]
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a minimum of −7.80 -and −7.60 diopters, respectively. The
median ocular residual astigmatism was slightly lower, with
−0.56 diopters in the right eyes and −0.58 diopters in the left
eyes. Other refractive parameters are given in Table 1. The
distribution of refractive astigmatism showed an accumulation
of high astigmatism (more than −1 D) for with-the-rule (180°
+/− 30°) and against-the-rule (90° +/− 30°), whereas higher
corneal astigmatism (more than −1 D) mainly occurred in the
with-the-rule position and higher ocular residual astigmatism
(more than -1D) in the against-the-rule position (Fig. 1).
Refractive astigmatism increased with aging (Fig. 2).

Comparing the right and left eyes, there was a moderate to
high correlation in the amount of refractive astigmatism
(r = 0.53, p < 0.001), the amount of corneal astigmatism
(r = 0.59, p < 0.001) and the amount of ocular residual astig-
matism (r = 0.41, p < 0.001). The astigmatism orientations,
classified as with-the-rule, oblique or against-the-rule astig-
matism, were similar in both eyes, as described in Table 2.

Regarding the vector components (J0 and J45), J0 served as
an indicator of the amount of WTR or ATR astigmatism and
was highly correlated between both eyes for refractive astig-
matism (r = 0.67, p < 0.001), corneal astigmatism (r = 0.72,

Fig. 1 Distribution of refractive and corneal astigmatism in the Gutenberg Health Study. a right eyes: refractive astigmatism; b left eyes: refractive
astigmatism; c right eyes: corneal astigmatism; d left eyes: corneal astigmatism
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p < 0.001) and ocular residual astigmatism (r = 0.49,
p < 0.001). J45 was an indicator of the amount of oblique
astigmatism and showed a lower correlation between both
eyes (refractive astigmatism: r = −0.37, <0.001; corneal astig-
matism r = −0.45, <0.001; ocular residual astigmatism
r = −0.29, p < 0.05). Interestingly, the J0 vector component
of refractive and corneal astigmatism showed a negative cor-
relation with age (refractive astigmatism: OD: r = − 0.25,
p < 0.05, OS: r = −0.24, p < 0.05; corneal astigmatism: OD:
r = − 0.23, p < 0.05, OS: r = − 0.23, p < 0.05), whereas the J45

vector component was not associated with age. This reflects
the shift of with-the-rule astigmatism to against-the-rule astig-
matism in both refractive and corneal astigmatism.

The factors associated with refractive astigmatism were
examined by multiple quantile regression. The first model
showed age and sex as factors associated with refractive astig-
matism, whereas residence (rural/urban) was not associated
with refractive astigmatism. Women had a slightly lower rate
of refractive astigmatism (estimate of median in diopters for
right eyes: 0.03, p = 0.005; for left eyes: 0.04, p < 0.001), and
refractive astigmatism slightly increased with age (estimate
for median per 10 years of age: −0.05 for right eyes and
−0.05 for left eyes, p < 0.001). The second analysis model
revealed sex and sphere as positively associated factors,
whereas age and corneal power were negatively associated
(Table 3).

Similar associated factors were found for analysis of cor-
neal astigmatism, but with a different direction of association.
The first model showed age (estimate in right eyes: 0.05, in
left eyes: 0.06, p < 0.001) and sex (estimate in right eyes:
−0.10, in left eyes: −0.06, p < 0.001) as factors associated with
corneal astigmatism, whereas residence was not associated.
The second analysis model showed age and IOP as positively
associated factors, whereas sex and corneal power were neg-
atively associated (Table 4).

Regarding ocular residual astigmatism, the first quantile
regression model showed sex (estimate for right eyes: −0.05,
for left eyes: −0.04, p < 0.001) and age (estimate in both eyes
about −0.015, p < 0.001) as negatively associated factors. The

Fig. 2 Distribution of refractive
astigmatism in the Gutenberg
Health Study according to decade
of age and eye side (OD: right
eyes; OS: left eyes)

Table 2 Comparing the astigmatism of right (OD) to left eyes (OS)
according with-the-rule (WTR), oblique (OBL) and against-the-rule
(ATR) astigmatism – the Gutenberg Health Study

a) Refractive astigmatism:

OD

OS WTR OBL ATR

WTR 44.7% (6037) 5.4% (725) 6.7% (905)

OBL 5.5% (742) 2.4% (321) 2.8% (376)

ATR 7.9% (1067) 3.5% (469) 21.3% (2877)

b) Corneal astigmatism:

OD

OS WTR OBL ATR

WTR 61.5% (7326) 6.6% (781) 2.7% (320)

OBL 7.1% (842) 4.5% (534) 3.0% (363)

ATR 3.6% (425) 3.3% (399) 7.8% (928)

Numbers in the cells are the participants of the study; percentages refer to
the total study population
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second model revealed sex, corneal power and central corneal
thickness as negatively associated factors (Table 5).

Logistic binary regression analysis of a high refractive astig-
matism (larger than −1.0 diopters) revealed sex, sphere and cor-
neal curvature as associated factors. Women had a refractive
astigmatism of larger than −1.0 diopters with an OR = 0.7,
p < 0.001. Each positive diopter of refractionwas associatedwith
a decrease in high refractive astigmatism with an OR = 0.9,
p < 0.001, whereas a high corneal refractive power was associ-
ated with an increase in refractive astigmatism (Table 6).

Sensitivity analysis, excluding eyes with corneal patholo-
gies (237 eyes), showed comparable findings for quantile re-
gression analysis on refractive astigmatism, corneal astigma-
tism and ocular-residual astigmatism in the different models.

Discussion

This is the largest study within a European population analyz-
ing the prevalence of different astigmatisms. Our study has
shown that refractive astigmatism is prevalent in Europeans;

12.5% of the eyes studied had astigmatisms greater than one
diopter. The impact of astigmatism on visual impairment is
large; more than 85% of subjects with a refractive astigmatism
of more than −1.0 diopter or larger wore glasses for distance
vision. In addition, our study has demonstrated that refractive
astigmatism is distributed in a two-peak fashion: one peak is at
180° (with-the-rule astigmatism), with astigmatism values up
to –8.0 diopters, and the other peak is at 90° (against-the-rule
astigmatism), with astigmatism values up to −7.75 diopters.
Interestingly, these two peaks overlap with the distribution of
anterior corneal and ocular residual astigmatism; anterior cor-
neal astigmatism showed a peak in its distribution at 180°, and
ocular residual astigmatism had a peak at 90°. Refractive
astigmatism slightly correlated with age and increased by
0.05 diopters with each decade.

As previously shown in Asian and Australian populations
[7, 9, 13–15], we found a statistically significant relationship
between age and the orientation of refractive astigmatism,
indicating a shift from with-the-rule astigmatism to against-
the-rule astigmatism. Sanfilippo et al. published that this shift
occurs after the age of 50 years in individuals with a

Table 3 Association analysis of refractive astigmatism in the Gutenberg Health Study

Right eyes Left eyes

Estimate Lower 95% CI Upper 95% CI p-value Estimate Lower 95% CI Upper 95% CI p-value

Sex (Women) 0.079 0.056 0.10 < 0.0001 0.052 0.030 0.075 < 0.0001

Age [10y] −0.053 −0.064 −0.042 < 0.0001 −0.055 −0.066 −0.045 < 0.0001

Residence (Mainz-Bingen) −0.018 −0.041 0.0046 0.12 −0.027 −0.048 −0.0049 0.02

Sphere [dpt] 0.014 0.009 0.020 < 0.0001 0.017 0.012 0.022 < 0.0001

Corneal power of the steep axis [dpt] −0.049 −0.057 −0.042 < 0.0001 −0.039 −0.047 −0.032 < 0.0001

IOP [mmHg] −0.003 −0.007 0.002 0.29 0.000 −0.004 0.005 0.83

CCT [μm] 0.0000 −0.0003 0.0004 0.86 −0.0002 −0.0005 0.0002 0.40

Multiple quantile regression analysis was performed to determine factors associated with refractive astigmatism (in negative diopters). Non-standardized
beta estimates are calculated. p-values below 0.05 are presented in bold

Table 4 Association analysis of corneal astigmatism in the Gutenberg Health Study

Right eyes Left eyes

Estimate Lower 95% CI Upper 95% CI p-value Estimate Lower 95% CI Upper 95% CI p-value

Sex (Women) −0.055 −0.073 −0.037 < 0.0001 −0.059 −0.079 −0.040 < 0.0001

Age [10y] 0.054 0.045 0.062 < 0.0001 0.059 0.050 0.068 < 0.0001

Residence (Mainz-Bingen) 0.004 −0.014 0.021 0.68 0.002 −0.017 0.021 0.86

Sphere [dpt] 0.004 0.000 0.008 0.040 0.004 0.000 0.009 0.06

Corneal power of the steep axis [dpt] −0.075 −0.081 −0.069 < 0.0001 −0.055 −0.061 −0.049 < 0.0001

IOP [mmHg] 0.006 0.002 0.009 0.001 0.006 0.003 0.010 0.001

CCT [μm] −0.0005 −0.001 0.000 0.001 −0.0000 −0.0003 0.0003 0.78

Multiple quantile regression analysis was performed to determine factors associated with corneal astigmatism (in negative diopters). Non-standardized
beta estimates are calculated. p-values below 0.05 are presented in bold
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previously relatively stable refractive astigmatism [7], and we
were able to demonstrate this relationship over the entire study
population with an age range of 35 years to 74 years. This may
occur due to ocular changes summarized as either changes in
the anterior corneal or in ocular residual astigmatism. Vector
analysis of anterior corneal astigmatism showed a negative
correlation between the straight vector and age indicating a
shift from with-the-rule to against-the-rule astigmatism. In
addition, the distribution of ocular residual astigmatism
showed high astigmatic values for against-the-rule astigma-
tism, in contrast to the distribution of anterior corneal astig-
matism. This leads to the assumption that the different com-
ponents of ocular residual astigmatism [16], especially, (pos-
terior corneal surface, lens, retinal surface) are of greater im-
portance in high against-the-rule astigmatism and may gain
importance during aging.

In our analysis, we evaluated factors associated with high
refractive astigmatism (< −1.0 diopter). This analysis revealed
that sex, refraction and corneal curvature are associated fac-
tors. These results indicate that women have a smaller proba-
bility of having visual impairment from high refractive astig-
matism, whereas myopia and a steep anterior cornea are

associated with an increased refractive astigmatism.
Furthermore, data from the meta-analysis of genome-wide
analysis studies have led to several putative loci (VAX2,
PDGFRA) for astigmatism [17, 18] that are distinctly different
from those for myopia and hyperopia [19]. Further research
analyzing genetic associations with corneal astigmatism
or vector components may lead to additional loci.

Although our study is a representative sample for the
Rhine-Main region in Germany with an age range over three
decades and a sample size of 15,010 subjects, its nature as a
cross-sectional study may be considered to be a limitation. We
will analyze age-dependent changes in a follow-up to this
study. Second, we were not able to further analyze different
aspects of ocular residual astigmatism and, therefore, were not
able to distinguish between changes in the posterior cornea or
in the lens. Third, as in previous studies, we did not measure
cycloplegic refraction, which is a major limitation of our
study, and our measurements may not reflect true refractive
and residual astigmatism. Associations between refraction and
astigmatism might be attenuated. Nevertheless, because myo-
pic refraction is associated with increased refractive astigma-
tism, this might be of lesser importance. In addition, so far, we

Table 5 Association analysis of ocular residual astigmatism in the Gutenberg Health Study

Right eyes Left eyes

Estimate Lower 95% CI Upper 95% CI p-value Estimate Lower 95% CI Upper 95% CI p-value

Sex (Women) −0.016 −0.031 −0.002 0.030 −0.012 −0.026 0.003 0.12

Age [10y] −0.006 −0.013 0.001 0.097 −0.009 −0.016 −0.002 0.010

Residence (Mainz-Bingen) −0.015 −0.030 −0.001 0.041 0.001 −0.014 0.015 0.91

Sphere [dpt] −0.004 −0.007 0.000 0.034 −0.004 −0.007 −0.001 0.011

Corneal power of the steep axis [dpt] −0.045 −0.050 −0.040 < 0.0001 −0.035 −0.040 −0.030 < 0.0001

IOP [mmHg] 0.000 −0.003 0.003 0.93 0.002 −0.001 0.005 0.20

CCT [μm] −0.001 −0.001 −0.000 < 0.0001 0.000 −0.001 0.000 0.0075

Multiple quantile regression analysis was performed to determine factors associated with ocular residual astigmatism (in negative diopters). Non-
standardized beta estimates are calculated. p-values below 0.05 are presented in bold

Table 6 Logistic regression analyzing associated factors on refractive astigmatism larger than −1.0 diopters in the Gutenberg Health Study

Right eyes Left eyes

OR Lower 95% CI Upper 95% CI p-value OR Lower 95% CI Upper 95% CI p-value

Sex (Women) 0.665 0.593 0.745 < 0.0001 0.754 0.672 0.846 < 0.0001

Age [10y] 1.035 0.982 1.091 0.20 1.029 0.975 1.085 0.30

Residence (Mainz-Bingen) 1.115 0.999 1.244 0.053 1.116 0.998 1.249 0.054

Sphere [dpt] 0.945 0.925 0.965 < 0.0001 0.942 0.922 0.963 < 0.0001

Corneal power of the steep axis [dpt] 1.387 1.335 1.442 < 0.0001 1.284 1.236 1.335 < 0.0001

IOP [mmHg] 1.017 0.996 1.040 0.12 1.002 0.980 1.024 0.87

CCT [μm] 1.000 0.998 1.002 0.96 0.999 0.997 1.001 0.27

p-values below 0.05 are presented in bold
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could not measure axial length and could not incorporate this
factor into our analysis. To compensate for this, we incorpo-
rated refraction and corneal power in the multiple quantile
regression model reflecting both corneal properties and total
refraction. Fifth, our study had an age restriction from 35 to
74 years. Therefore, we can describe characteristics during
only this stage of life and not during childhood development,
youth or early adulthood. The study sample is undergoing a 5-
year follow-up assessment, and we therefore expect to be able
to answer questions concerning additional age-dependent
changes in the future.

In conclusion, our study is the largest population-based
study in Europe evaluating the distribution of refractive, corneal
and ocular residual astigmatism. The analysis revealed that age,
sex, spherical refraction and corneal power are factors associ-
ated with refractive astigmatism, whereas corneal astigmatism
was associated with age, sex, corneal power and intraocular
pressure. Considering previous findings from Asian and
Australian population-based studies, our study suggests that a
shift from with-the-rule astigmatism to against-the-rule astig-
matism in older persons may be universal in all ethnicities.
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