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Purpose: To evaluate the distribution of the anterior—posterior corneal radius ratio (AP ratio;
anterior corneal radius/posterior corneal radius) in patients before cataract surgery, and inves-
tigate which parameters can affect this ratio. We also investigated the impact of the AP ratio
on the intraocular lens (IOL) power calculation error in cataract surgery.

Method: A total of 501 eyes of 501 consecutive patients who had no history of corneal diseases
and had undergone cataract surgery were enrolled in this study. The patients’ AP ratio was
measured before surgery using anterior segment optical coherence tomography; using these
data, we evaluated the correlation between the AP ratio and various parameters that can affect
the corneal radius. For subgroup analyses, we investigated the correlation between the AP
ratio and IOL power calculation error in 181 eyes of 181 patients. Stepwise multiple regression
analysis was performed with the IOL power calculation errors of the SRK/T, Haigis, Holladay 1,
and Hoffer Q formulas as the dependent variables and various parameters that can affect the
postoperative IOL power calculation error as the independent variables.

Results: The mean AP ratio was 1.1910.02, and it weakly correlated with corneal thickness,
horizontal corneal diameter, and posterior corneal radius. The correlations between the AP
ratio and IOL power calculation errors in the 4 calculation formulas were not statistically
significant. Stepwise multiple regression analysis could not detect any significant parameters
affecting this ratio.

Conclusion: The AP ratio has no major influence on IOL power calculation error in patients
with any history of corneal disease.

Keywords: cataract surgery, anterior-posterior corneal radius ratio, intraocular lens power

calculation

Introduction
Since the advent of premium intraocular lenses (IOLs) — such as the toric and multifocal
IOLs —and femtosecond laser-assisted cataract surgery, accurate biometry has become
increasingly important. Measurements of the posterior corneal radius were not consid-
ered essential previously, because none of the available examinations could measure
the posterior corneal shape and radius and because the refractive power in the posterior
cornea is smaller than that in the anterior cornea. Therefore, the total corneal refractive
power was estimated on the basis of the anterior corneal radius only, and was generally
calculated using a conversion refractive index of 1.3375.

Norrby et al reported that the IOL power calculation error in cataract surgery
is caused by measurement errors in axial length, as well as by inaccuracies in the
predicted postoperative IOL position and corneal refractive power calculations.!
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Table | Summary of studies reporting the AP corneal radius ratio

First author Year Instrument AP ratio
(Country)

Dubbelman et al? 2006 Scheimpflug photography 1.2340.02
(the Netherlands) (Topcon SL-45)

Fam et al® 2007 Slit-scan topography 1.22+0.03
(Singapore) (Orbscan II)

Ho et al* 2008 Rotating Scheimpflug photography 1.22310.034
(Taiwan) (Pentacam)

Tang et al® 2010 Fourier-domain OCT 0.836+0.016
(USA) (REVue) (1.20)
Montalban et al® 2012 Scheimpflug photography 1.19£0.02
(Spain) (Sirius: Costruzione Strumenti Oftalmici)

Savini et al’ 2017 Scheimpflug photography 1.20+0.03
(Italy) (Sirius: Costruzione Strumenti Oftalmici)

Note: “To allow comparison of our study, the result from the previous study was converted to a reciprocal value.

Abbreviations: AP, anterior—posterior; OCT, optical coherence tomography.

Specifically, ~8% of the IOL power calculation error is due
to inaccuracies in corneal power calculation, and 3.69% is
caused by miscalculations of the anterior—posterior corneal
radius ratio (AP ratio).

According to the Gullstrand schematic eye model, the
anterior corneal radius, posterior corneal radius, and AP ratio
(anterior corneal radius/posterior corneal radius) are 7.7, 6.8,
and 1.13 mm, respectively. However, previous investiga-
tions have found that the AP ratio in the normal population
ranges from 1.19 to 1.23 (Table 1),>” which implies that the
Gullstrand schematic eye model is not accurate in this regard.
It follows that the keratometric corneal refractive power
differs from the true value, since the conversion refractive
index of'the cornea is calculated on the basis of the Gullstrand
schematic eye model.

Recently, several techniques, such as anterior optical
coherence tomography (OCT) and Scheimpflug-based tomog-
raphy, have made it possible to measure the posterior corneal
radius. Previous reports have shown that these techniques are
highly accurate and repeatable in measuring anterior and pos-
terior corneal radii.® 1 Using these instruments, investigators
can measure the total corneal refractive power, which is known
as “Real power” in the Casia™ (Tomey, Nagoya, Japan),
and “True net power” in the Pentacam™ (Oculus Optikgerite
GmbH, Wetzlar, Germany). These calculations are also
performed by means of ray-tracing in some instruments,
such as the “Total corneal power” in the Galilei (Ziemer,
Allmendstrasse, Switzerland) and “Total corneal power” in
the Pentacam™. These values are calculated on the basis of
both the anterior and posterior radii of the cornea.

In the current study, we measured the anterior and pos-
terior corneal radii using anterior OCT in patients before

cataract surgery; in doing so, we demonstrated the distribution
of the AP ratio in the Japanese population with normal cornea.
We also evaluated the correlation between the AP ratio and
various parameters that can affect the corneal radius.

We hypothesized that, in cases where the keratometric
power differs greatly from the total corneal refractive power,
the posterior cornea has a greater effect on the total corneal
refractive power. The difference between the keratometric
and total corneal refractive power may cause errors in cor-
neal refractive power calculation. With these hypotheses
in mind, we evaluated the correlation between the AP ratio
and the difference between the keratometric and total cor-
neal refractive power. Furthermore, we investigated how
the AP ratio was correlated with IOL power calculation
errors after cataract surgery in patients without any corneal
abnormalities.

Materials and methods
Correlation analyses between the AP

ratio and various parameters

We retrospectively reviewed consecutive patients who
underwent cataract surgery between January and December
2012 at Japan Community Healthcare Organization Chukyo
Hospital. We then selected patients with no history of corneal
diseases and ocular surgery other than cataract surgery. Ulti-
mately, 501 eyes of 501 patients were enrolled in this study.
Before surgery, the anterior corneal radius, posterior corneal
radius, average keratometric power, total corneal refractive
power, anterior corneal astigmatism, posterior corneal astig-
matism, the total corneal astigmatism calculated from both
anterior and posterior corneal radii, and central corneal thick-
ness were measured using anterior OCT (SS-1000 Casia™,;
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Tomey). The parameter “Real corneal power” in the anterior
OCT software, which was the sum of the anterior and posterior
corneal keratometric powers adjusted for the central corneal
thickness, was considered the total corneal refractive power.
The corneal horizontal diameter was measured using the Lens
Star™ LS900 (HAAG-STREIT, Koeniz, Switzerland). The
anterior chamber depth was measured using IOL Master™
(version 5.4, Carl Zeiss Meditec, Jena, Germany). The
axial length was measured using IOL Master™ (Carl Zeiss
Meditec, Jena, Germany). If the measurement failed, ultra-
sound A-mode was used. The AP ratio was calculated from the
anterior and posterior corneal radii, and the distribution of the
AP ratio was investigated in patients before cataract surgery.

We also evaluated the correlation between the AP ratio
and age, horizontal corneal diameter, central corneal thick-
ness, anterior corneal radius, posterior corneal radius, anterior
corneal astigmatism, posterior corneal astigmatism, total
corneal astigmatism, anterior chamber depth, axial length,
and the difference between the keratometric and total corneal
refractive powers.

Correlation analyses between the AP
ratio and IOL power calculation errors

in subgroups

To investigate the influence of the AP ratio on IOL power
calculation error, subgroup analyses were performed on
181 patients (181 eyes) who met the following conditions:
1) They underwent only cataract surgery; 2) their axial length
was measurable with [OL Master™ before cataract surgery;
3) cataract surgery was performed using a 3.0-mm temporal
clear corneal incision; 4) IOL implantation in the capsule was
completed, and no complications occurred either during or
after the surgery; 5) one of the following IOLs was implanted:
AN6K, AU6K, or PN6 (KOWA, Nagoya, Japan), which
are basically the same model, but differ with respect to the
presence of coloration and a preset-type; 6) they finished the
examination 3 months after the surgery; 7) their postoperative
best spectacle-corrected visual acuity was over 20/28.

IOL power calculation error was defined as the differ-
ence between the manifest spherical equivalent 3 months
after surgery and the predicted refractive power. The SRK/T,
Haigis, Holladay 1, and Hoffer Q formulas were used to cal-
culate the IOL power. The constants of the SRK/T and Haigis
formulas were optimized to yield a zero mean prediction error
in refraction prediction. In the SRK/T formula, we optimized
the A-constant with 3 AL-based groups: AL <22 mm (N=79),
22 mm = AL <26 mm (N=531), and 26 mm = AL (N=73).

The final optimized A-constant was 118.9 for AL <22 mm,
119.1 for 22 mm = AL <26 mm, and 119.3 for26 mm = AL.
In the Haigis formula, we optimized the constants from
patients with AL <22 mm (N=33), 22 mm = AL <26 mm
(N=486), and 26 mm = AL (N=120), and the final optimized
constants were a0=—0.275, a1=0.243, and a2=0.200. We used
the constants of the User Group for Laser Interference
Biometry in the Holladay 1 and Hoffer Q formula.

Statistical analyses
Correlation was analyzed using the Spearman’s rank cor-
relation coefficient (). A P-value of <0.05 was considered
statistically significant. Stepwise multiple regression analysis
was also performed with the IOL power calculation error as
the dependent variable, and age, gender, AP ratio, horizon-
tal corneal diameter, anterior chamber depth, axial length,
central corneal thickness, corneal astigmatism, and anterior/
posterior corneal diameter as the independent variables.
The protocol of this study was approved by the Insti-
tutional Review Broad of Japan Community Health Care
Organization Chukyo Hospital, and the study procedures
conformed to the ethical principles for research involving
human subjects as outlined in the Declaration of Helsinki.
Requirement of individual informed consent was waived by
the ethics committee because this study was retrospectively
conducted and only used anonymous clinical data.

Results
Correlations between the AP ratio and

various parameters

The study included 215 eyes of 215 men, and 286 eyes of
286 women. The mean age of the patients was 72.0+11.5
years (range: 17-98 years). The mean AP ratio was 1.19£0.02
(range: 1.11-1.26) (Table 2). Figure 1 shows the distribution
of the AP ratio.

Figure 2 shows the correlation between the AP ratio
and corneal thickness (2A), anterior corneal radius (2B),
posterior corneal radius (2C), age (2D), horizontal corneal
diameter (2E), axial length (2F), anterior chamber depth
(2G), anterior corneal astigmatism (2H), posterior corneal
astigmatism (2I), and real corneal astigmatism (2J). The
AP ratio was significantly correlated with corneal thick-
ness (P<<0.0001; » =0.2233), horizontal corneal diameter
(P=0.0094; r =—0.1161), posterior corneal radius (»<<0.0001;
r ==0.465), age (P=0.008; » =—0.118), and posterior corneal
astigmatism (£<<0.0001; » =0.2923), but not with the anterior
corneal radius (P=0.1235), axial length (P=0.5615), anterior
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Table 2 Patient demographic information

Characteristics

Age (years) 72.0£11.5 (range: 17-98)

Gender Male: 215/female: 286
Anterior corneal radius (mm) 7.60+0.25
Posterior corneal radius (mm) 6.38+0.24
Central corneal thickness (um) 533.05£33.16
Horizontal corneal diameter (mm) 11.56+0.44
Axial length (mm) 23.71£1.51
Anterior chamber depth (mm) 2.98+0.53
Anterior posterior corneal radius ratio 1.19£0.02

(range: 1.11-1.26)
Corneal power (keratometric) (D) 44.47+1.50
Corneal power (posterior) (D) —6.28+0.23
Corneal power (total) (D) 43.38+1.48
Corneal astigmatism (keratometric) (D) 0.96x0.71
Corneal astigmatism (posterior) (D) 0.27+0.13
Corneal astigmatism (total) (D) 1.05+0.74
Difference between the keratometric 1.08+0.12

and real power (D) (range: 0.70-1.60)

Note: Values are presented as mean + SD.

chamber depth (P=0.7161), anterior corneal astigmatism
(P=0.6294), and total corneal astigmatism (P=0.7156).

Figure 3 shows a strong positive correlation between the
AP ratio and the difference between the keratometric and total
corneal refractive powers (P<<0.0001, r, =0.8809).
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Figure | Distribution of the AP corneal radius ratio in patients before cataract surgery.

Correlations between the AP ratio and

IOL power calculation error

Sixty-nine eyes of 69 men and 112 eyes of 112 women
were enrolled in the subgroup analyses. The mean age was
74.6%8.8 years (range: 43-98 years), and the mean AP ratio
was 1.1910.02 (range: 1.12—1.26) (Table 3). Table 4 shows
the results of the IOL power calculations and the correlations
between the prediction errors and AP ratios in the 4 formulas.
The AP ratio was not significantly correlated with the IOL
power calculation error (Figure 4A-D).

Stepwise multiple regression analysis was also performed,
with IOL power calculation error as the dependent variable,
and age, gender, AP ratio, horizontal corneal diameter, central
corneal thickness, anterior chamber depth, axial length,
corneal astigmatism, and anterior/posterior corneal radius as
the independent variables. The AP ratio was not identified
as influencing the IOL power calculation error in any of the
IOL calculation formulas (Table 5).

Discussion

We found that the mean AP ratio in patients before cataract
surgery was 1.1940.02. As shown in Table 1, the AP ratio
in previous literature ranged from 1.19 to 1.23,!7 which
shows that the AP ratio in our study was slightly lower than,
but similar to these values. Such a small discrepancy may

N=501
MeanzSD
1.19£0.02

40 50 60 70 80 9 100
Number of patients

Note: The mean AP ratio is 1.19£0.02, lower than that in the Gullstrand schematic eye model (1.13).

Abbreviation: AP, anterior—posterior.
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Figure 2 Correlation between the anterior—posterior corneal radius ratio (AP ratio) and the following parameters: corneal thickness (A; P<0.0001, r, =0.2233), anterior
corneal radius (B; P=0.485), posterior corneal radius (C; P<<0.0001, r, =-0.465), age (D; P=0.008, r =—0.118), horizontal corneal diameter (E; P=0.0094, r, =—0.1161), axial
length (F; P=0.2771), anterior chamber depth (G; P=0.6733), anterior corneal astigmatism (H; P=0.6294), posterior corneal astigmatism (I; P<<0.0001, r =0.2923), and total

corneal astigmatism (J; P=0.7156).
Abbreviation: AP, anterior—posterior.

be due to differences in the principles of the devices used
for measuring corneal curvatures. We also found that both
the current study and previous investigations have reported
that the measured AP ratio differs greatly from that of the
Gullstrand schematic eye model — 1.13.

On evaluating the correlation between the AP ratio and
the anterior corneal radius, posterior corneal radius, corneal
astigmatism, central corneal thickness, horizontal corneal
diameter, anterior chamber depth, axial length, and age,
we found a weak correlation with posterior corneal radius,

1.3
1.28
1.26
1.24
1.22

1.2 .

AP ratio

0.0 0.2 0.4 0.6 0.8

horizontal corneal diameter, central corneal thickness,
age, and posterior corneal astigmatism. Conversely, we found
no correlation with anterior corneal radius, anterior chamber
depth, axial length, anterior corneal astigmatism, and total
corneal astigmatism. Significant correlations with posterior
corneal radius, horizontal corneal diameter, and central cor-
neal thickness were consistent with the findings of previous
reports.’ Regarding the corneal thickness, we estimated that
a 100 um increase in central corneal thickness or a 2.0-mm
decrease in horizontal corneal diameter caused an increase

P<0.0001

r=0.8809

owe o
%

,.
o2

o eeen <t

N
o
oo

2

oo o0l

1.0 1.2 1.4 1.6 1.8 2.0

Difference between keratometric and
total corneal refractive power (D)

Figure 3 Correlation between the anterior—posterior corneal radius ratio and difference between the keratometric and total corneal refractive power.
Note: There was a significant correlation between the AP ratio and the difference between the keratometric and total corneal refractive power (P<<0.0001, r =0.8809).

Abbreviation: AP, anterior—posterior.
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Table 3 Patient demographic information for sub-group analysis

Characteristics

Age (years)
Gender

74.618.8 (range: 43-98)
Male: 69/female: 112

Anterior corneal radius (mm) 7.594+0.25
Posterior corneal radius (mm) 6.36+0.24
Corneal astigmatism (keratometric) (D) 0.82+0.54
Corneal astigmatism (posterior) (D) 0.26+0.13
Corneal astigmatism (total) (D) 0.95+0.58
Central corneal thickness (Lm) 535.33£31.42
Horizontal corneal diameter (mm) 11.55+0.43
Axial length (mm) 23.27+1.34
Anterior chamber depth (mm) 2.841+0.50

Anterior—posterior corneal radius ratio 1.1940.02 (range: 1.12—1.26)

Difference between keratometric and 1.0840.12 (range: 0.70-1.38)

real power (D)

Note: Values are presented as mean * SD.

of <0.02 in the AP ratio. Therefore, we posit that the clinical
impact of corneal thickness and horizontal corneal diameter
on the AP ratio is minimal. To our knowledge, there are no
studies reporting a correlation with age and posterior corneal
astigmatism. On the basis of the correlation coefficients,
these correlations were considered weak and not clinically
significant.

We hypothesized that the cases showing a major differ-
ence between the keratometric power and the total corneal
refractive power showed greater IOL power calculation
errors, and in cases with an AP ratio close to the average,
the keratometric refractive power differed slightly from the
total corneal refractive power. To confirm these hypotheses,
we investigated the correlation between the AP ratio and the
difference between the keratometric power and total corneal
refractive power, and found a strong correlation between
the 2 values. However, contrary to our expectations, the
difference between the keratometric power and total corneal
refractive power did not reach its minimum value when the
AP ratio was around the average value. In other words, for
a given posterior corneal curvature, a flatter anterior corneal

Table 4 The results of IOL power calculation and the correlation
between the PE and AP ratio in the 4 formulas

SRK/T Haigis Holladay | Hoffer Q
Mean PE  0.000386+0.451 0.0472+0.423 0.0822+0.425 0.0829+0.465
MedAE  0.300 0.298 0.288 0.335
P-value*  0.523 0.751 0.565 0.478

Note: “The correlation between the AP ratio and PE (the Spearman’s rank
correlation coefficient).

Abbreviations: AP, anterior—posterior; IOL, intraocular lens; PE, prediction error;
MedAE, median absolute error.

curvature (higher AP ratio) results in a larger difference
between the keratometric refractive power and total corneal
refractive power, and a steeper anterior corneal curvature
(lower AP ratio) results in a smaller difference between the
keratometric refractive power and total corneal refractive
power. According to the correlation analysis, the minimum
AP ratio was 1.11, which is close to the AP ratio in the
Gullstrand schematic eye model. Such results may have been
caused by a discrepancy between the average AP ratio in our
study and the AP ratio in the Gullstrand schematic eye model.
The difference between the keratometric power and total
corneal refractive power may reach a minimum value when
the AP ratio is closest to that of the Gullstrand schematic eye
model, because the keratometric value was designed on the
basis of the Gullstrand schematic eye model. Furthermore,
the AP ratio may greatly affect postoperative error when it
has deviated widely from the value in the Gullstrand sche-
matic eye model.

The difference between the keratometric refractive power
and total corneal refractive power showed large variation
(range: 0.7-1.6 D). Since a high AP ratio showed a larger
difference between the keratometric refractive power and
total corneal refractive power, we hypothesized that the
AP ratio is possibly correlated with IOL power calculation
errors, especially in the high AP ratio group. To investigate
this hypothesis, we performed a subgroup analysis to assess
the relationship between the IOL power calculation error
and the AP ratio. However, the AP ratio was not significantly
correlated with the IOL power calculation error in any of
calculation formulas. Even multiple regression analysis did
not reveal any correlation between the IOL power calculation
error and various possible influencing parameters, including
the AP ratio.

Savini et al reported a statistically significant correla-
tion between the AP ratio and IOL power calculation error
with the SRK/T and Holladay 1 formulas.” This discrepancy
from our result may have occurred because of differences in
measurement devices, since they used Scheimpflug photo-
graphy (Sirius; CSO). They reported that the mean difference
between the keratometric refractive power and total corneal
refractive power was 0.5610.23 (range: 0.07-1.95), which
showed a large discrepancy from our result (1.08+0.12
[range: 0.70—1.6]). Moreover, we optimized the IOL constant
in the SRK/T and Haigis formulas into 3 groups according
to the axial length. This difference in the IOL constants may
have caused the discrepancies.

Previous reports have shown that ~8% of the IOL power
calculation error is caused by errors in predicting corneal
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Figure 4 Correlation between the anterior—posterior corneal radius ratio and IOL power calculation error.
Notes: There was no significant correlation between the AP ratio and the IOL power calculation error. (A) SRK/T (P=0.5232); (B) Haigis (P=0.7514); (C) Holladay |

(P=0.5646); (D) Hoffer Q (P=0.4784).
Abbreviations: AP, anterior—posterior; IOL, intraocular lens.

power, while 3.69% is caused by errors in predicting the
AP ratio.! The discrepancies between this assertion and the
findings of the current study may have occurred because we
excluded patients with abnormal cornea, including corneal
opacity and keratoconus, and enrolled only those who had a
normal cornea; in doing so, our objective was to observe the
effects of the AP ratio in the normal population.

One limitation of this study is that it included few young
subjects, as we limited the subjects to patients with cataract.
Further studies are needed to ascertain the AP ratio in young
subjects. Another weakness is that several confounding
factors may have affected the IOL power calculation error:
the pre- and postoperative examinations were performed
with several different examiners, and cataract surgery was
performed by several surgeons. In addition, the increments
of the IOL power (0.5 D) may be a factor affecting the IOL
power calculation error.

When the cornea is abnormally shaped, it can affect
both the AP ratio and the postoperative error. For example,
Tamaoki et al reported cases of posterior keratoconus in

which the AP ratio was very high.!! In one case with an AP
ratio of 1.45, the same investigators found the IOL power
calculation error to be 1.51 D when using the keratometric
value to calculate the IOL power. However, when they used
total corneal refractive power in a similar manner, the mean
IOL power calculation error was 0.1 D. Therefore, in cases
of posterior keratoconus, the authors recommended using
the total corneal refractive power in IOL power calculations.
Another study showed that the mean AP ratio in probable
keratoconus, which could not be diagnosed using corneal
topography, was 1.3.!2 This value deviates widely from
that in the normal population. In such cases of an abnormal
corneal shape, the AP ratio certainly affects IOL power
calculation error.

In conclusion, when we used the optimized IOL con-
stant, the AP ratio did not affect the IOL power calculation
error after cataract surgery in patients without any history
of corneal diseases. Nonetheless, clinicians should assess
the corneal shape carefully before cataract surgery to detect
cases with an abnormal AP ratio.
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Table 5 Stepwise multiple regression analysis of factors influencing refractive prediction error after cataract surgery, performed with

postoperative refractive prediction error as the dependent variable, and age, AP ratio, anterior/posterior corneal radius, horizontal
corneal diameter, ACD, AL, and central corneal thickness as the independent variables

Independent Unstandardized Partial 95% CI VIF2 P-value
variables regression regression
coefficient coefficient

SRK/T Constant 5911 —7.865 to —3.952 <0.001
Corneal diameter 0.383 0.362 0.206 to 0.559 1.632 <0.001
AL —-0.098 -0.291 —0.149 to —0.047 1.358 <0.001
ACD 0.482 0.267 0.191 to 0.773 1.523 0.001
Astigmatism 0.133 0.16 0.023 to 0.244 1.032 0.018
(keratometric)
R*=0.233, P<0.001

Haigis Constant 0.944 —0.628 to 3.305 0.351
ACD -0514 —-0.309 —0.814 to —0.233 1.455 0.001
Corneal diameter 0.251 0.235 0.063 to 0.402 1.455 0.004
Astigmatism 0.125 0.16 0.014 to 0.237 1.014 0.028
(keratometric)
R*=0.096, P<<0.001

Holladay | Constant -3912 —5.509 to -2.316 <0.001
Corneal diameter 0.298 0.3 0.153 to 0.444 1.18 <0.001
Astigmatism 0.143 0.182 0.037 to 0.294 1.013 0.009
(keratometric)
ACD 0.152 0.179 0.028 to 0.276 I.168 0.017
R*=0.180, P<<0.001

Hoffer Q Constant =3.112 —4.206 to —2.017 <0.001
AL 0.11 0.318 0.055 to 0.166 1.526 <0.001
ACD 0.22 0.236 0.072 to 0.368 1.526 0.004

R*=0.245, P<0.001

Note: *VIF quantifies a multicollineality of each parameters. Generally, the value exceeding 4 needs further investigation, and exceeding |10 requires correction.
Abbreviations: ACD, anterior chamber depth; AL, axial length; VIF, variance inflation factor.
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