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Abstract
Background: To investigate the relationship between corneal astigmatism and age, axial length (AL)
among Chinese over �fty years old.

Methods: This study enrolled 1,082 right eyes of age-related cataract patients over 50 years old in the
clinic of Peking University People’s Hospital, Beijing, China. Axial length, magnitude and meridian of
anterior corneal astigmatism were measured by IOLMaster. Restricted cubic splines and Spearman rank
correlation coe�cients were used to investigate the relationship of the magnitude of cornea astigmatism
to age and AL. Power vector analysis method and linear regression analysis were used to assess the
relationship of the meridian of astigmatism to age and AL.

Results: For this study , mean age, AL, and corneal astigmatism value were 72.45 ±9.28 years,
23.90±1.93mm, and 1.12±0.74D, respectively. The magnitude of corneal astigmatism was 0.75D or
higher in 63.8% eyes. The magnitude of corneal astigmatism increased with age after 65 years old. This
correlation was statistically signi�cant when AL was between 22.00mm and 26.00mm. The vector value
in J 0 was inversely correlated with age. The mean vector value change from with-the-rule (WTR) to
against-the-rule (ATR) corneal astigmatism was 0.22D/10 years during 50-65 years old and 0.15D/10
years during 65-85 years old, and was 0.22D/10 years in male and 0.12D/10 years in female, respectively.

Conclusions: A large proportion of elderly Chinese cataract patients over 50 years old have corneal
astigmatism more than 0.75D . There was a non-linear trend from WTR astigmatism towards ATR
astigmatism with age, which was more obvious in elder age and in male. When AL is between 22.00mm
and 26.00mm, the magnitude of corneal astigmatism increases with age after 65 years old.

Background
Nowadays, cataract surgery has become a refractive procedure and the patients acquire better
postoperative vision outcomes. Astigmatism is a common type of refractive error among cataract
patients. With advancements in intraocular lens (IOL) technology and cataract surgical techniques, those
who suffered from both cataract and corneal astigmatism can now expect a better postoperative visual
acuity with the implantation of a Toric IOL. As people are living longer than ever before, the surgeon
should think more about the long-term changes of corneal astigmatism to obtain a better vision outcome.
Therefore, it is important to study the characteristics of corneal astigmatism and its in�uencing factors
among the elderly population. However, most previous empirical studies on astigmatism enrolled all the
young, middle-aged, and elderly patients [1–13]. Studies focused on the elderly population are needed,
especially for patients over 50 years of age because they have a higher morbidity of cataract and
distinctive refractive characteristics compared to the younger adults.

Axial length (AL) is another potential in�uencing factor of corneal astigmatism. AL has always been a
hotspot in studies of refractive error in adolescence, but it is rarely mentioned in studies of elderly
cataract patients. Previous studies were mostly among elderly Caucasian cataract patients [2, 14]. A recent
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review [15] showed that the prevalence of myopia among urban Asian communities is over 80%, which is
much higher than the most studied non-Asian communities. However, there are very few correlative
reports about astigmatism and AL among elderly Chinese preoperative cataract patients.

Astigmatism is a vector with magnitude and meridian. In the previous studies, most researchers
described the different distributions of magnitude and meridian qualitatively. The power vector analysis
is a direct and concise method to describe the shift in meridian and the general trend simultaneously and
quantitatively. Power vector can represent the sphero-cylinder lens for numerical and graphical analysis,
and can be used to describe the statistical distribution of astigmatism [16].

In this study, we used power vector analysis method and restricted cubic splines to analyze the
relationship of corneal astigmatism to age and axial length in elderly Chinese cataract patients over
50 years old. We hope to provide more references about the long-term postoperative changes of corneal
astigmatism, and to help the surgeon select a better treatment to meet the patient’s need.

Methods
We reviewed and analyzed the preoperative biometry examination results of age-related cataract patients
at Peking University People’s Hospital located in Beijing, China. All patients included in this study had age
50 years or older, and they were diagnosed as age-relative cataract with no corneal diseases, retinal
diseases, ptosis, no history of eye surgery or ocular trauma, and no history of wearing contact lens.

All the biometry parameters were measured by IOLMaster 500 (Carl Zeiss Meditec AG, Jena, Germany)
and by the same technician. We collected the datum of age, axial length, magnitude of anterior corneal
astigmatism, and the meridian of steep keratometry (K2) of the right eyes. IOLMaster 500 uses the partial
coherence interferometry (PCI) principle for axial length measurements and a six-point telecentric
technique for K readings. We enrolled IOLMaster scans with signal-to-noise ratio (SNR) greater than 100.

The patients were divided into four groups by age (i.e. 50–59, 60–69, 70–79, and over 80 years) and four
groups by axial length (i.e. <22.00 mm, 22.00–24.00 mm, 24.00–26.00 mm, and ≥ 26.00 mm).

According to the meridian of steep keratometry (K2), anterior corneal astigmatism is designated as
against-the-rule (ATR) when the meridian of the steepest meridian is within 180 ± 30 degrees (equals to
the meridian of correcting minus cylinder within 90 ± 30 degrees), or with-the-rule (WTR) when the
meridian is within 90 ± 30 degrees [3, 14]. Oblique (OB) astigmatism is de�ned as Jackson cross-cylinder
with meridian within 45 ± 15 degrees or 135 ± 15 degrees [3].

The power vector analysis method was used to describe the statistic distributions of both the magnitude
and the meridian of corneal astigmatism. The use of the power vector analysis in refractive errors was
previously described by Thibos LN et al.[16] in June 1997 on Optometry and Vision Science. The following
two formulas convert the corneal astigmatism from sphero-cylinder notation to power vector notation by
a Fourier transformation:
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J0 = (C/2) × cos 2α (1)

J45 = (C/2) × sin 2α (2)

where C is the positive cylindrical power (C>0), and α is the meridian of minus cylinder (also equals to the
meridian of �at keratometry) [16]. J0 value is the cylinder power set at the orthogonally 90°and
180°meridians. The positive J0 value indicates WTR astigmatism and the negative J0 indicates ATR
astigmatism. J45 values the cross-cylinder set at 45°and 135°meridians and it refers to oblique

astigmatism[17].

Data were collected and analyzed using Excel (Microsoft, mac 2011, Version14.5.7), SPSS (IBM, SPSS
Statistics Version 20) and STATA (Version 14.2). Spearman rank correlation coe�cient was used to
evaluate bivariate correlation for non-normally distributed variables. Restricted cubic splines were used to
describe the relationships between J0 and age, J0 and AL, J45 and age, and J45 and AL. Mann-Whitney U
test and Kruskal-Wallis test for independent samples were also used in this study. P value less than 0.05
was considered statistically signi�cant.

This retrospective cross-sectional study was approved by the Peking University People’s Hospital Review
Board and adhered to the tenets of the Declaration of Helsinki and Health Insurance Portability and
Accountability Act. Written informed consent was obtained from all individual participants included in the
study.

Results
This study included the right eyes of 1,082 age-related cataract patients. 42.9% of them were male and
57.1% were female. The patients' demographics, anterior corneal astigmatism, and axial length are
summarized in Table 1. Mean age, AL, and corneal astigmatism were 72.66 ± 9.19 years, 23.88 ± 
1.89 mm, and 1.13 ± 0.75D, respectively. Males have axial length statistically signi�cantly longer than
females (Mann-Whitney U test for independent samples, P < 0.001). There was no statistically signi�cant
difference between genders in the parameter of anterior corneal astigmatism or age. The magnitude of
anterior corneal astigmatism was 0.75D or more in 64.6% eyes (Fig. 1) and was 1.0D or more in 47.1%
eyes.
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Table 1
Patient demographics

Characteristics Total Male Female P Value*

Eyes / Patients 1082 /1082 464 / 464 618/ 618 -

Sex, n (%)        

Male 464 (42.9) - - -

Female 618 (57.1) - - -

Age (y)        

Median 74 74 74  

Mean ± SD 72.66 ± 9.19 72.56 ± 9.65 72.73 ± 8.84 0.979

Range 50, 94 50, 93 50, 94  

Axial length (mm)        

Median 23.48 23.78 23.20  

Mean ± SD 23.88 ± 1.89 24.16 ± 1.88 23.67 ± 1.87 0.000

Range 20, 34 20, 34 21, 33  

Anterior corneal astigmatism (D)        

Median 0.96 0.95 0.98  

Mean ± SD 1.13 ± 0.75 1.09 ± 0.70 1.16 ± 0.78 0.259

Range 0.06, 4.83 0.06, 4.23 0.11, 4.83  

*Mann-Whitney U test for independent samples between male and female patients

Figure 2 shows the restricted cubic spline describing the distribution of the magnitude of anterior corneal
astigmatism at different age. The corneal astigmatism decreased with age before approximately
65 years old, and then increased with age (n = 1896, P < 0.01).

Patients were divided into four groups according to AL: <22.00 mm, 22.00–24.00 mm, 24.00–26.00 mm,
and ≥ 26.00 mm. The distribution of the astigmatism value at different age was shown in Fig. 3 with
polyline chart and Spearman rank correlation coe�cient. When AL is within 22.00–24.00 mm and 24.00–
26.00 mm, the magnitude of astigmatism increases with age statistically signi�cantly (P = 0.000). No
statistically signi�cant correlation was found between the magnitude of astigmatism and age when AL is
shorter than 22.00 mm (P = 0.232) or longer than 26.00 mm (P = 0.205).

Spearman rank correlation coe�cient was used to describe the relationship between age and the
magnitude of WTR, ATR, or OB astigmatism respectively in Table 2. The magnitude of ATR and OB
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astigmatism statistically signi�cantly increased with age (n = 578, P = 0.000 in ATR and n = 187, P = 0.019
in OB), while the magnitude of WTR astigmatism have no statistically signi�cant correlation with age (n 
= 317, P = 0.482).

Table 2
Relationship between astigmatism and age in terms of different astigmatism axes

  WTR ATR OB Total

n (%) 317 (29.3%) 578 (53.4%) 187 (17.3%) 1082

R coe�cient -0.040 0.267 0.171 0.189

P Value* 0.482 0.000 0.019 0.000

* Spearman rank correlation coe�cient between anterior corneal astigmatism and age.

Power Vector Analysis

The corneal astigmatism was converted from sphero-cylinder notation to polar Fourier notation by two
formulas as previously mentioned: J0=(C/2) × cos2α for WTR and ATR astigmatism, J45=(C/2) × sin2α for
OB astigmatism. Positive J0 value indicates WTR astigmatism and negative J0 indicates ATR
astigmatism. Positive J45 value indicates OB astigmatism with the meridian of steep keratometry in 45–
60°or 120–135°and negative J45 indicates OB astigmatism with the meridian of steep keratometry in 30–
45°or 135–150°.

Table 3 summarizes the power vector value J0 and J45 of anterior corneal astigmatism in different age
groups, AL groups, and genders. The mean value of J0 was − 0.14 ± 0.47D, and the mean value of J45

was 0.06 ± 0.27D. The percentages of WTR, ATR, and OB astigmatism were 29.3%, 53.4%, and 17.3%. The
mean vector value of J0 is inversely correlated with age (n = 895,β=-0.012, P < 0.001). There was no
statistically signi�cant difference between genders.
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Table 3
Vector values of corneal astigmatism in different age groups, AL groups and genders

  J0 (D) J45 (D)

  N Mean ± SD N Mean ± SD

N (n, %)
Positive
Negative

317 (29.3%)
578 (53.4%)

  87 (8.1%)
100 (9.2%)

 

Total 895 (82.7%) -0.14 ± 0.47 187 (17.3%) 0.06 ± 0.27

Age Groups (years)        

50–59 95 0.05 ± 0.47 19 0.0004 ± 0.24

60–69 218 -0.04 ± 0.42 42 0.05 ± 0.24

70–79 341 -0.17 ± 0.46 78 0.06 ± 0.32

≥80 241 -0.27 ± 0.49 48 0.11 ± 0.29

Linear regression β   -0.012   0.005

P Value*   0.000   0.056

AL Groups (mm)        

<22.00 58 -0.12 ± 0.46 15 0.09 ± 0.30

22.00–24.00 547 -0.14 ± 0.47 107 0.10 ± 0.28

24.00–26.00 190 -0.18 ± 0.47 48 0.03 ± 0.29

≥26.00 100 -0.11 ± 0.52 17 -0.05 ± 0.32

Linear regression β   -0.009   -0.025

P Value*   0.267   0.029

Sex        

Male 384 -0.14 ± 0.46 80 0.08 ± 0.27

Female 511 -0.15 ± 0.48 107 0.05 ± 0.30

P value**   0.752   0.355

* Linear regression coe�cient between power vector value and age, AL.
**Mann-Whitney U test for independent samples between male and female patients

Figure 4 shows the changes in J0 and J45 relative to age with ordinary least squares (OLS) linear
regression coe�cients and the corresponding con�dence intervals. The J0 values changed from positive
to negative at around 65 years of age, and OLS regression showed that the decrease in J0 value with age
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was statistically signi�cant (n = 895, β=-0.012, P = 0.000). This result indicated a trend from WTR towards
ATR astigmatism with age. There was no statistically signi�cant correlation between J45 and age (n = 
187, β = 0.005, P = 0.056), indicating that the prevalence of OB astigmatism did not change with age.

Then we used piecewise linear regression on vector value J0 (Fig. 5). It showed that WTR astigmatism
changed to ATR astigmatism at a rate of 0.17 D/10 years in total, and the rate was 0.22 D/10 years (P < 
0.001) during 50 to 65 years of age, and was 0.15 D/10 years (P < 0.001) during 65 to 85 years of age.
Besides, the rate was relatively faster in male with 0.22D/10 years than in female with 0.12D/10 years.

Figure 6 shows the relationship of J0 and J45 to AL with linear regression similar to Fig. 4. No statistically
signi�cant correlation was found between J0 and AL (n = 895, β=-0.009, P = 0.267), which means the
percentage of ATR and WTR astigmatism does not have a correlation with AL. However, OLS linear
regression shows a statistically signi�cant decrease in J45 with AL increasing (n = 187, β=-0.025, P = 
0.029), which means that the meridian of OB astigmatism change slightly with AL from 45–60°or 120–
135°to 30–45°or 135–150°.

Discussion
According to our study, up to 65% of patients over 50 years old had a corneal astigmatism ≥ 0.75D before
the surgery, which may in�uence their postoperative visual acuity. Since people are living longer today, it
is necessary to know the age-related changes of corneal astigmatism for a better long-term outcome.
This study investigated the in�uence of age, axial length, and gender on anterior corneal astigmatism in
elderly people over 50 years of age with restricted cubic splines and power vector analysis.

Power vector analysis is a direct and concise method to describe simultaneously and quantitatively the
shift in meridian and the general trend in magnitude of astigmatism. Compared to the Naeser polar value
method used in previous studies [6, 9, 18], which can report the changes in particular directions and is better
used to analyze surgically induced astigmatism, power vector analysis describes both astigmatic
magnitude and direction, which is better for describing the total astigmatic change [19]. For this reason,
we used power vector analysis in this study. As shown in Fig. 4, the vector value J0 is negatively
correlated with age (n = 895, β=-0.012, P = 0.000). Additionally, J0 becomes negative after around 60 years
of age, which indicates that the ATR astigmatism increases and WTR decreases with age, and ATR
astigmatism has a higher frequency after 60 years old. J0 value decreased signi�cantly with an average
decrease of 0.012D per year (P = 0.000). This result is smaller than previous studies: 0.015D per year in
Ferrer-Blasco T et al. study [20] in a Spanish population aged from 32 to 87 years old, 0.017D per year in
Guan Z et al. study [5] in a Chinese population aged from 16 to 98 years old, and 0.014D per year in Eun-
hye Oh et al. study [3] in a Korean population aged from 20 to 100 years old. Previous studies enrolled a
wide age range of patients, including the youth, the middle-aged and the elderly. In contrast, our study
focused on the elderly population over 50 years old. In a similar study focused on the population over
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65 years old, Liu et al. [17] found an average decrease of 0.016D per year in refractive J0 value other than
corneal J0 value. However, they could not exclude the in�uence of lens.

In our study, with the formula J0 = (C/2) × cos 2α mentioned above (C is the positive cylindrical power, α is
the meridian of �at keratometry), a 0.012D decrease per year in J0 value means a 0.24D/10 years
increase at 180-degree meridian (ATR astigmatism) and a 0.24D/10 years decrease at 90-degree
meridian (WTR astigmatism). This result suggests that among patients over 50 years old, ATR
astigmatism should be fully corrected and WTR astigmatism should be retained according to the
patient’s age and preoperative corneal astigmatism. Further studies are well needed to investigate the
cause of this change in age-related astigmatism and how much WTR astigmatism should be retained.

Bar charts were used in most previous studies but they can only describe the distribution of corneal
astigmatism for each age groups. In contrast, restricted cubic spline can describe more concisely and
more precisely the curve of corneal astigmatism value with age in a single chart by piecewise curve �tting
in non-linear models.

In our study, the magnitude of corneal astigmatism increases with age after 65 years old (P = 0.00). Up to
65% of patients had a corneal astigmatism ≥ 0.75D and 47% of patients had a corneal astigmatism ≥ 
1.0D, which was higher than most previous studies [1–13, 21](Table 4). The most possible reason is that
our study focused on patients over 50 years old. In other words, if the mean age is relatively higher than
the others, then we have a higher mean magnitude of corneal astigmatism. Another possible reason is
ethnic difference. As an illustration, the Caucasian populations in UK, Spain, Italy, and Ireland have lower
morbidity of astigmatism and lower mean magnitude of astigmatism than Asian populations [1, 8, 13, 20].
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Table 4
Previous clinical studies of corneal astigmatism in preoperative cataract patients

Pub.
Year

Author Eye/Patients Nation Mean
Age
(Range)

Mean
Astigmatism

≥ 
0.75D
%

≥ 1.0D
%

- Present 1082/1082 China 72.66 ± 
9.19
(50,94)

1.13 ± 0.75 64.6% 47.1%

2009 Ferrer-Blasco
T [20]

4540/2145 Spain 60.59 ± 
9.87
(32,87)

0.90 ± 0.93 41.2% 34.8%

2011 Khan [1] 1230/746 UK 75.54 ± 
0.71
(30,104)

1.03 ± 0.72 - 40.41%

2012 Guan Z [5] 1430/827 China 72.27 ± 
11.59
(16,98)

1.07 ± 0.73 - 45.45%

2013 Nemeth G [12] 1092/675 Hungary 69.64 ± 
15.25
(15,100)

0.89 ± 0.72 - 32.78%

2014 De Bernardo
[8]

757/380 Italy 71.8 ± 
10.87
(33,96)

1.02 ± 0.69 - 41.7%

2015 Oh EH [3] 2847/2847 Korea 66.64 ± 
12.06
(20,100)

0.79 ± 0.64 - 32.7%

2016 Curragh DS
[13]

2080/1788 Ireland 75.20 ± 
10.57
(15,99)

1.09 ± 0.83 - 41.3%

2016 Collier
Wake�eld O
[2]

2247/2247 UK 72.28 ± 
13.84
(10,109)

1.11 ± 0.88 60.12% 44.19%

2017 Shao Xu [6] 3769/3769 China 38.17 ± 
20.22
(18,92)

0.33 ± 0.16 - 43.59%

Few studies mentioned the relationship between corneal astigmatism and AL in cataract patients. Ninn-
Pedersen et al. [14] found that long eyes tended to have more WTR astigmatism. Collier Wake�eld O et al.
[2] found that ATR astigmatism was inversely correlated to AL. Cui Y et al. [7] and Jivrajka R et al. [22]

found that corneal power was negatively correlated with AL. In this study, we found that the magnitude of
astigmatism increases with age when AL is within 22.00–24.00 mm and 24.00–26.00 mm, while WTR
and ATR astigmatism have no correlation with AL. We also found that the value of J45 had a negative
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trend with AL increasing, which means the meridian of OB astigmatism shifts from 45–60°and 120–
135°to 30–45°and 135–150°with increasing AL. There were very few previous studies that mentioned the
relationship between OB astigmatism and AL and found no correlation between them [2, 8]. The proportion
of OB astigmatism is 17.3% in this study, 15% in Collier Wake�eld O et al. study (mean age 72.28 ± 1.84)
[2] and 4.0% in teenagers (mean age 13.41 ± 1.09), 8.7% in youth adults (mean age 23.21 ± 1.32) in
Pärssinen O et al. study [24]. There are so few OB cases that no meaningful conclusions have been drawn
till now and further investigations are needed.

Conclusions
In summary, a high proportion of the elderly Chinese cataract patients over 50 years old have corneal
astigmatism more than 0.75D. With aging, the magnitude of corneal astigmatism and the percentage of
ATR astigmatism increase, while the percentage of WTR astigmatism decreases. These results can
provide more references for the surgeons to make a more individualized surgery design for a better
postoperative refractive outcome. Further investigations about the age-related changes of corneal
astigmatism will be valuable.

Abbreviations

AL axial length

IOL intraocular lens

ATR against-the-rule

WTR with-the-rule

OB oblique

OLS ordinary least squares

PCI partial coherence interferometry

SNR signal-to-noise ratio

CI con�dence interval
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Figure 1

Distribution of corneal astigmatism
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Figure 2

Smooth �tting curve of the magnitude of anterior corneal astigmatism as a function of age (n=1082,
P<0.01, restricted cubic splines, the red curve represents the mean magnitude of anterior CA, the gray-
color area is 95% con�dence interval [95% CI] )



Page 17/20

Figure 3

The distributions of the magnitude of astigmatism and age in four AL groups: <22.00mm (n=73,
P=0.232), 22.00–24.00mm (n=654, P=0.000), 24.00–26.00mm (n=238, P=0.000), and ≥26.00mm
(n=117, P=0.205). (P value= Spearman rank correlation coe�cient)
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Figure 4

Left: J0 against age in right eyes, n=895, β=-0.012, P=0.000. Right: J45 against age in right eyes, n=187,
β=0.005, P=0.056. (J0=Jackson cross-cylinder, meridians at 90°and 180°; J45=Jackson cross-cylinder,
meridians at 45°and 135°)
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Figure 5

Piecewise linear regression on vector value J0 according to the turning points of age (50-65yrs: n=384,
β=-0.022, P=0.001<0.05; 65-85yrs: n=1111, β=-0.015, P=0.000<0.001; over 80yrs: n=87, β=0.062,
P=0.315>0.05)
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Figure 6

Left: J0 against AL in right eyes, n=895, β=-0.009, P=0.267. Right: J45 against AL in right eyes, n=187,
β=-0.025, P=0.029. (J0=Jackson cross-cylinder, meridians at 90°and 180°; J45=Jackson cross-cylinder,
meridians at 45°and 135°)


