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Abstract
Background To evaluate the toric intraocular lens (IOL) cal-
culation considering posterior corneal astigmatism, incision-
induced posterior corneal astigmatism, and effective lens po-
sition (ELP).
Methods Two thousand samples of corneal parameters with
keratometric astigmatism≥1.0 D were obtained using boot-
strap methods. The probability distributions for incision-
induced keratometric and posterior corneal astigmatisms, as
well as ELP were estimated from the literature review. The
predicted residual astigmatism error using method D with an
IOL add power calculator (IAPC) was compared with those
derived using methods A, B, and C through Monte-Carlo
simulation. Method A considered the keratometric astigma-
tism and incision-induced keratometric astigmatism, method

B considered posterior corneal astigmatism in addition to the
A method, method C considered incision-induced posterior
corneal astigmatism in addition to the B method, and method
D considered ELP in addition to the C method. To verify the
IAPC used in this study, the predicted toric IOL cylinder pow-
er and its axis using the IAPCwere compared with ray-tracing
simulation results.
Results The median magnitude of the predicted residual astig-
matism error using method D (0.25 diopters [D]) was smaller
than that derived using methods A (0.42 D), B (0.38 D), and C
(0.28 D) respectively. Linear regression analysis indicated that
the predicted toric IOL cylinder power and its axis had excellent
goodness-of-fit between the IAPC and ray-tracing simulation.
Conclusions The IAPC is a simple but accurate method for
predicting the toric IOL cylinder power and its axis consider-
ing posterior corneal astigmatism, incision-induced posterior
corneal astigmatism, and ELP.

Keywords Toric intraocular lens . Posterior corneal
astigmatism, Incision-induced astigmatism . Effective lens
position

Introduction

Toric intraocular lenses (IOLs) reduce corneal astigmatism,
resulting in improved uncorrected distance visual acuity and
increased spectacle independence [1]. It is important to select
ideal candidates and to precisely predict the corneal plane
effective cylinder power of toric IOLs [2, 3]. Many previous
studies have studied rotational stability as a way to evaluate
the outcomes of toric IOLs [4, 5]. However, in addition to toric
IOL rotation, there are various factors that affect corneal astig-
matism correction by toric IOL [6]. Recent studies have
shown the effect of posterior corneal astigmatism on corneal
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astigmatism correction by toric IOLs [7, 8]. Nemeth et al. [9]
demonstrated that the occurrence of incision-induced posteri-
or corneal astigmatism is not negligible, although the amount
of incision-induced posterior corneal astigmatism was smaller
than that of incision-induced keratometric astigmatism. The
corneal plane effective cylinder power of toric IOLs was
shown to be affected by the effective lens position (ELP)
[10, 11].

Although surgeons are aware of the factors related to toric
IOL calculations, such as posterior corneal astigmatism,
incision-induced corneal astigmatism, and ELP, predicting
corneal astigmatism correction by toric IOLs considering all
of these factors is still a difficult task. This study introduces
and evaluates the accuracy of an IOL add power calculator
(IAPC) that predicts the corneal astigmatism correction by
toric IOLs based on the anterior and posterior corneal radii,
incision-induced keratometric and posterior corneal astigma-
tisms, and ELP.

Materials and methods

Study population

This retrospective study included 376 eyes from 376 subjects
who underwent measurements using a single Scheimpflug
camera (Pentacam; Oculus Optikgeräte GmbH, Wetzlar,
Germany) for bootstrap sampling. Retrospective reviews were
performed on all subjects who underwent a single
Scheimpflug camera examination at our institution between
May 1, 2009 and January 31, 2015. In total, 928 healthy eyes
from 928 subjects 30 years of age or older were selected ac-
cording to the method described in detail in our previous study
[12]. Of 928 eyes, 376 with keratometric astigmatism≥1.0 D
were used in the bootstrap sampling. This study was approved
by the Institutional Review Board of Korea University Ansan
Hospital, Gyeonggi, Korea. All research and data collection
adhered to the tenets of the Declaration of Helsinki.

Bootstraping

From the dataset of 376 eyes analyzed with a single
Scheimpflug camera, this study took 2,000 bootstrap samples
with corneal parameters of keratometric and posterior corneal
power, keratometric and posterior corneal cylinder power, an-
terior and posterior corneal flat meridian, and central corneal
thickness. To obtain bootstrap samples, the INDEX() and
RAND() functions in Excel (Microsoft Inc., Redmond, WA,
USA) were used. The results of the bootstrap sampling were
then used to calculate the predicted residual astigmatism dur-
ing Monte-Carlo simulation.

Monte-Carlo simulation

In Monte-Carlo simulation, the random variables used were
incision-induced keratometric and posterior corneal astigma-
tisms, as well as ELP. The mean and SD values were used to
generate random variables. Mean (± SD) incision-induced
keratometric and posterior corneal astigmatisms were 0.49
±0.29 D and 0.32±0.29 D, rspectively [9]; and mean ELP
was 4.97±0.38 mm [3]. It was assumed that the corneal inci-
sion was an on-axis clear corneal incision that centered on the
steepest corneal meridian. To generate random variables with
a normal distribution, the RAND() and NORMINV functions
in Excel (Microsoft Inc.) were used. A total of 2,000 proba-
bility distributions, each with a random set of incision-induced
keratometric and posterior corneal astigmatism values and
ELP, were generated and matched at a ratio of 1:1 to 2,000
bootstrap samples, each with a set of corneal parameters of
keratometric and posterior corneal power, keratometric and
posterior corneal cylinder power, anterior and posterior corne-
al flat meridian, and central corneal thickness. The predicted
residual astigmatism of 2,000 bootstrap samples was calculat-
ed using a Monte-Carlo simulation.

Main outcome measure(s)

Predicted residual astigmatism

Predicted residual astigmatism was defined as the vectorial
difference between corneal astigmatism and the predicted cor-
neal plane toric IOL astigmatism [13–15]. Calculations of the
predicted residual astigmatism were completed using five
methods, as follows:

Method A used keratometric astigmatism and an intended
incision-induced keratometric astigmatism of
0.49 D.

Method B used total corneal astigmatism (see below) and
the intended incision-induced keratometric astig-
matism of 0.49 D.

Method C used total corneal astigmatism and the intended
incision-induced keratometric and posterior cor-
neal ast igmatisms (0.49 D and 0.32 D
respectively).

Method D used total corneal astigmatism, the intended
incision-induced keratometric and posterior cor-
neal astigmatisms (0.49 D and 0.32 D respec-
tively), and ELP.

Method E used total corneal astigmatism and the generated
variables of incision-induced keratometric and
posterior corneal astigmatisms and ELP. The re-
sidual astigmatism calculated by this method was
thought to be the actual residual astigmatism.
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In the calculation of toric IOL, it was assumed that the
anterior cylinder axis marks on the toric IOLs were accurately
placed at the steep meridian of total corneal astigmatism.

Total corneal astigmatism Total corneal astigmatism was
defined as the vectorial sum of the anterior corneal astigma-
tism and the anterior corneal plane value of the posterior cor-
neal astigmatism [13–15]. To consider the incision-induced
keratometric astigmatism, the vector components of incision-
induced keratometric astigmatism were added to keratometric
astigmatism using vector addition. When considering the
incision-induced posterior corneal astigmatism (methods C,
D, and E), the vector components of incision-induced poste-
rior corneal astigmatism were added to the posterior corneal
astigmatism using vector addition.

The vergence equation was used to calculate the anterior
corneal plane value of the posterior corneal astigmatism as
follows [16]:

KAnt Steep Post ¼ 1
1

KSteep Post
þ T

nCornea � 1000

KAnt Flat Post ¼ 1
1

KFlat Post
þ T

nCornea � 1000

MAnt Post ¼ KAnt Steep Post−KAnt Flat Post

where KAnt_Steep_Post is the anterior corneal plane value of the
steep posterior corneal power, KSteep_Post is the steep posterior
corneal power, T is the central corneal thickness, nCornea is the
refractive index of the corneal tissue (1.376), KAnt_Flat_Post is
the anterior corneal plane value of the flat posterior corneal
power, KFlat_Post is the flat posterior corneal power, and
MAnt_Post is the magnitude of the anterior corneal plane value
of the posterior corneal cylinder power.

Corneal plane effective cylinder power of toric intraocular
lens When the ELP was not considered in the toric IOL cal-
culation, the corneal plane effective cylinder power of the toric
IOL was estimated using a fixed ratio of 1.46 [17]. On the
other hand, when considering ELP, the refractive vergence
formula was used to calculate the predicted corneal plane ef-
fective cylinder power of the toric IOL using K and ELP as
follows [11, 18, 19]:

DCornea ¼ 1336
1336

1336
1336

K0
−ELP

þ DIOL

þ ELP
−K0;

where DCornea is the corneal plane effective cylinder power of
the toric IOL, K0 is the net corneal power, ELP is the effective

lens position, and DIOL is the IOL plane toric IOL cylinder
power. For K0, the net optical corneal power was obtained by
multiplication of the keratometric power using a refractive
index of 1.3375 and 0.98765431, or the total corneal power
was used [19].

Total corneal power was calculated using a thick lens for-
mula based on corneal thickness, anterior corneal radius, and
posterior corneal radius [16].

Predicted residual astigmatism error

The predicted residual astigmatism error was defined as the
vectorial difference between the predicted residual astigma-
tism derived using methods A to D and the actual residual
astigmatism derived using method E. The median magnitude
of the predicted residual astigmatism error using method D
was compared with those estimated using methods A to C.

IOL add power calculator

Excel was used to develop the IAPC (Supplemental material,
available at http://link.springer.com/journal/417). The
calculator determines the corneal plane toric IOL cylinder
power and the spectacle plane multifocal IOL add power
based on the ELP calculated with the Haigis [20], Hoffer Q
[21, 22], and SRK/T [23, 24] formulae. It also provides a
calculated total corneal astigmatism and a predicted residual
astigmatism from the anterior and posterior corneal radii,
incision-induced keratometric and posterior corneal astigma-
tisms, and ELP (Fig. 1). Our recent study demonstrated that
the predicted spectacle plane multifocal IOL add power based
on ELP is more accurate than the value presented by the man-
ufacturer [25].

Investigation of the IOL add power calculator
for calculating the toric IOL cylinder power and its axis

Zemax optical design software (Radiant Zemax, LLC,
Redmond, WA, USA) was used to model a three-
dimensional pseudophakic human eye with a toric IOL based
on the Arizona eye model (Table 1) [26, 27]. The analytical
solution (method E using the IAPC with subsequent mathe-
matical calculation to obtain the IOL plane toric IOL cylinder
power and its axis to fully correct the total corneal astigma-
tism) of the predicted toric IOL cylinder power and its axis
was compared to and confirmed with the independently cal-
culated results from ray-tracing simulation using Zemax soft-
ware. In order to obtain the IOL plane toric IOL cylinder
power and its axis to fully correct the total corneal astigmatism
using ray-tracing simulation, optimization (targeting a mini-
mum retinal spot radius root-mean-square) was performed
after the toric IOL cylinder power and its axis were set as
variables while the other parameters were fixed at nominal
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values. Values of keratometric astigmatism (range, 1.00–6.00
CD), posterior corneal astigmatism (range, 0.10–1.00 CD),
steep meridian difference between the anterior and posterior
corneal surfaces (range, 0–90 degrees), central corneal thick-
ness (range, 0.40–0.60 mm), and ELP (range, 4.00–6.00 mm)
were included in this study. These parameters were used to
consider and evaluate various cases using the IAPC and ray-
tracing simulation.

Statistical analysis

Descriptive statistics for all patient data and data from theo-
retical predictions were obtained using the Statistical Package
for Social Sciences version 12.0 (SPSS Inc., Chicago, IL,
USA). A Friedman test was performed to compare the median
magnitude of the predicted residual astigmatism error among
the four methods (A, B, C, and D). Linear regression analyses

to evaluate the goodness-of-fit between the predicted toric
IOL cylinder power and its axis needed to fully correct corneal
astigmatism by the IAPC and those by ray-tracing simulation
were performed. Agreement between the IAPC and ray-
tracing simulation was also analyzed using a Bland–Altman
plot.

Results

The mean (± SD) keratometric cylinder power was 1.63±0.71
D (range, 1.00–5.57 D), and the mean posterior corneal astig-
matism was 0.42±0.20 D (range, 0.01–1.33 D). The anterior
corneal flat meridian was horizontally aligned (180±30 de-
grees) in 75.9 % and vertically aligned (90±30 degrees) in
16.7 % of bootstrap samples. The posterior corneal flat me-
ridian was horizontally aligned in 94.5 % and vertically

Table 1 Nominal values used in
this study’s model of a
pseudophakic eye with a toric
intraocular lens

Surface Radius (mm) Thickness (mm) Conic constant Refractive index (λ= 555 nm)

Anterior cornea 0.400–0.600 −0.25 1.376

Flat surface 7.849–8.333

Steep surface 7.258–7.670

Posterior cornea 3.000–5.000 −0.25 1.336

Flat surface 6.553–7.075

Steep surface 6.012–6.448

Pupil 0 1.000 1.336

Anterior IOL 0.750 0.00 1.470

Flat surface 35.589–75.967

Steep surface 25.297–46.613

Posterior IOL −15.723 18.000 0.00 1.336

Retina −13.500 0.000 0.00

IOL= intraocular lens

Fig. 1 The intraocular lens add
power calculator used in this
study
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aligned in 2.4 % of bootstrap samples. Other parameters, in-
cluding keratometric corneal power, posterior corneal power,
and central corneal thickness, are shown in Fig. 2 and Table 2.
Probability distributions for incision-induced keratometric
and posterior corneal astigmatisms and ELP are shown in
Table 2.

The median magnitude of the predicted residual astigma-
tism error (interquartile range) derived using method D (0.25
D [0.12–0.43 D]) was smaller than that predicted using
methods A, B, or C (0.42 D [0.26–0.66 D], 0.38 D [0.17–
0.62 D], and 0.28 D [0.14–0.48 D] respectively; Table 3).
The percentages of eyes that achieved a magnitude of predict-
ed residual astigmatism error within 0.25, 0.50, and 0.75 D of
the predicted residual astigmatism determined using methods
A, B, and C were 24.3 %, 59.3 %, and 81.3 % respectively
with method A; 35.0 %, 64.8 %, and 83.3 % respectively with
method B; and 46.6 %, 78.3 %, and 93.7 % respectively with
method C. These percentages improved to 50.8 %, 82.8 %,
and 96.4 % respectively when the residual astigmatism was
predicted using method D (Table 3).

The mean vector difference between the actual residual
astigmatism (method E) and the predicted residual

astigmatism derived using methods A, B, C, and D was
0.11±0.39 @ 180°, 0.16±0.33 @ 91°, 0.01±0.26 @ 71°,
and 0.01±0.24 @ 16° respectively (Fig. 3).

Investigation of the IOL add power calculator
for calculating the toric IOL cylinder power and its axis

The toric IOL cylinder power required to fully correct the total
corneal astigmatism predicted by the IAPC had an excellent
goodness-of-fit with the value predicted by the numerical ray-
tracing data (Y=0.9846X–0.1153, R2 =0.999; Fig. 4a). There
was also an excellent goodness-of-fit between the toric IOL
axis needed to fully correct the total corneal astigmatism pre-
dicted by the IAPC and that predicted by ray-tracing simula-
tion results (Y=0.9998X–0.1083, R2=1.000, Fig. 4b).

The Bland–Altman plot showed that the difference in pre-
dicted toric IOL cylinder power between the IAPC and ray-
tracing simulation slightly increased as the mean value of the
two methods increased (Fig. 5a). However, in more than 99%
of calculations, the difference in predicted toric IOL cylinder
power between the IAPC and ray-tracing simulation was less
than 10% of the mean value of the two methods (Fig. 5a). The

Fig. 2 Distribution of corneal parameters resulting from bootstrap sampling. a Keratometric corneal power. b Keratometric cylinder power. c Anterior
corneal flat meridian. d Posterior corneal power. e Posterior corneal cylinder power. f Posterior corneal flat meridian. g Central corneal thickness
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difference in predicted toric IOL axis between the IAPC and
ray-tracing simulation appeared consistent over the range of
toric IOL axes tested. More than 99 % of calculations were
within 1 degree of the difference between the IAPC and ray-
tracing simulation (Fig. 5b).

Discussion

In this study, we introduced the IAPC for predicting residual
astigmatism using anterior and posterior corneal radii,
incision-induced keratometric and posterior corneal astigma-
tisms, and ELP. We showed that the toric IOL calculation
derived through the IAPC provides a more accurate residual
astigmatism prediction than those predicted using methods
that neglect one or more of posterior corneal astigmatism,

incision-induced posterior corneal astigmatism, and ELP
values. When predicting corneal astigmatism correction by
toric IOLs, neglecting the posterior corneal astigmatism can
lead to errors in the estimation of total corneal astigmatism [7,
8]. Neglecting incision-induced posterior corneal astigmatism
can lead to a deviation in the estimation of surgically-induced
astigmatism on the cornea [9, 28]. Inattention to the ELP can
lead to an underestimation or overestimation of the corneal
plane effective cylinder power of the toric IOL [11]. The
IAPC used in this study uses posterior corneal astigmatism,
incision-induced posterior corneal astigmatism, and ELP to
predict the residual astigmatism and corneal plane effective
cylinder power of toric IOLs. There was an excellent
goodness-of-fit between the IAPC predictions and those using
ray-tracing simulation. The regression coefficient was 0.9846
for toric IOL cylinder power and was 0.9998 for toric IOL

Table 3 The median magnitude
of the predicted residual
astigmatism error calculated using
four methods in a study of toric
intraocular lens calculation
(n = 2,000)

Method A Method B Method C Method D

Magnitude of RAE, D* 0.42 (0.26–0.66) 0.38 (0.17–0.62) 0.28 (0.14–0.48) 0.25 (0.12–0.43)

≤0.25 D, n (%) 486 (24.3) 700 (35.0) 931 (46.6) 1,015 (50.8)

≤0.50 D, n (%) 1,186 (59.3) 1,295 (64.8) 1,565 (78.3) 1,656 (82.8)

≤0.75 D, n (%) 1,625 (81.3) 1,666 (83.3) 1,874 (93.7) 1,928 (96.4)

>1.00 D, n (%) 144 (7.2) 94 (4.7) 26 (1.3) 7 (0.4)

RAE=predicted residual astigmatism error; D = diopters

RAEwas defined as the vectorial difference between the predicted residual astigmatism usingmethods A, B, C, or
D and the actual residual astigmatism.

Magnitude of RAE was defined as the magnitude of cylinder power of RAE

Method A used keratometric astigmatism and the intended incision-induced keratometric astigmatism to predict
residual astigmatism

Method B used total corneal astigmatism and the intended incision-induced keratometric astigmatism to predict
residual astigmatism

Method C used total corneal astigmatism and both intended incision-induced keratometric and posterior corneal
astigmatisms to predict residual astigmatism

Method D used total corneal astigmatism, the intended incision-induced keratometric and posterior corneal
astigmatisms, and effective lens position to predict residual astigmatism

* Values are median (interquartile range)

Table 2 Biometries of bootstrap
samples, and the probability
distributions of incision-induced
keratometric and posterior corneal
astigmatisms and effective lens
position in a study of toric
intraocular lens calculation
(n = 2,000)

Parameter Mean (SD) Range

Keratometric corneal power, D 43.88 (1.58) 38.15–48.32

Keratometric cylinder power, D 1.63 (0.71) 1.00–5.57

Anterior corneal flat meridian, Degrees 83 (72) 0–180

Posterior corneal power, D 6.44 (0.24) 5.78–7.13

Posterior corneal cylinder power, D 0.42 (0.20) 0.01–1.33

Posterior corneal flat meridian, Degrees 83 (80) 0–180

Central corneal thickness, mm 0.565 (0.038) 0.465–0.682

Incision-induced keratometric astigmatism, D 0.51 (0.27) 0.00–1.50

Incision-induced posterior corneal astigmatism, D 0.33 (0.23) 0.00–1.26

Effective lens position, mm 4.97 (0.44) 3.12–6.64

SD= standard deviation; D = diopters; IOL= intraocular lens
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axis. These results support the validity of the IAPC in
predicting corneal astigmatism correction by toric IOLs.

When incision-induced posterior corneal astigmatism was
considered in predicting corneal astigmatism correction by
toric IOLs, there was considerable improvement in the accu-
racy of the estimate of residual astigmatism (Method B vs C).
In contrast with the results of this study, a previous study that
investigated factors influencing the residual astigmatism after
toric IOL implantation showed that considering surgically-
induced corneal astigmatism in the toric IOL calculation did
not lead to a significant improvement [6]. However, the ob-
served surgically-induced corneal astigmatism in that study
was not incision-induced total corneal astigmatism, but rather
incision-induced keratometric astigmatism [6]. Although
incision-induced keratometric astigmatism has been used by
most cataract surgeons in predicting residual astigmatism after
cataract surgery with toric IOL, Cheng et al. [28] showed that
neglecting incision-induced posterior corneal astigmatism led
to an incorrect estimation of incision-induced total corneal
astigmatism. In addition, Nemeth et al. [9] also showed that
incision-induced posterior corneal astigmatism can have a sig-
nificant clinical impact in predicting residual astigmatism after

cataract surgery. If the intended incision-induced posterior
corneal astigmatism is obtained using data gathered from an
individual surgeon, this can be entered into the IAPC, and the
user can then predict a residual astigmatism that considers
incision-induced posterior corneal astigmatism.

In this study, it was assumed that the corneal incision was
made at the steep meridian of total corneal astigmatism.When
an on-axis corneal incision is made, incision-induced
keratometric astigmatism reduces the total corneal astigma-
tism; however, incision-induced posterior corneal astigmatism
might counteract the effect of incision-induced keratometric
astigmatism. The outcome of the use of on-axis corneal inci-
sion or temporal corneal incision might be changed if the
amount of incision-induced posterior corneal astigmatism is
greater than the amount of incision-induced keratometric
astigmatism. A previous study showed that the magnitude of
incision-induced posterior corneal astigmatism was 0.5 D or
greater in 25 % [9], and the more central location of the inner
end of the corneal incision might induce a greater change in
the radius in the central portion of the posterior corneal surface
[28]. Thus, the reverse situation might also be possible, al-
though the amount of incision-induced keratometric

Fig. 3 Double-angle plots of the
vector difference between the
actual residual astigmatism and
the predicted residual astigmatism
derived using methods A, B, C,
and D. aMethod A. bMethod B.
c Method C. d Method D.
Predicting methods are the same
as in Table 3
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astigmatism was greater than the amount of incision-induced
posterior corneal astigmatism in a previous study [9]. The
better method between on-axis corneal incision and temporal
corneal incision can also vary according to the amounts of
incision-induced keratometric and posterior corneal astigma-
tism. A more appropriate corneal incision location can be
determined by inputting data into the IAPC used in this study,
because the IAPC can calculate changes in total corneal astig-
matism considering both incision-induced keratometric and
posterior corneal astigmatisms.

The improvement in the accuracy of the estimate of resid-
ual astigmatismwas statistically significant, but smallest when
the ELP was also considered (method C vs D). A previous
study comparing the accuracy of the SRK/T and Haigis for-
mulas for predicting corneal astigmatism correction with a
toric IOL showed that the difference in the median absolute

magnitude of error between the two formulas was significant
but small [3]. In the IOL power calculation, modern IOL pow-
er calculation formulas provide similarly accurate estimates of
refractive outcomes in an eye with an average AL. On the
other hand, refractive outcomes become more inaccurate in
eyes that deviate from the average AL [29, 30]. Similarly,
the accuracy of estimate of residual astigmatism in eyes with
an average ELP might be similar between the method using a
fixed ratio of 1.46 for estimating corneal plane effective cyl-
inder power of the toric IOL and a method using ELP estimat-
ed from the IOL power calculation formula. On the other
hand, the difference in corneal plane effective cylinder power
of toric IOLs between the method using a fixed ratio of 1.46
and that using ELP tended to be larger in eyes with small or
large ELP [11, 17]. A previous study demonstrated that the
Haigis formula is more accurate than the SRK/T formula in

Fig. 5 Bland–Altman plot of the toric intraocular lens (IOL) cylinder
power and its axis needed to fully correct the total corneal astigmatism
predicted by the IOL add power calculator and that predicted by ray-
tracing simulation. a The toric IOL cylinder power. b The toric IOL
axis. Toric IOL cylinder power predicted by the IOL add power
calculator showed a bias toward lower values compared with that

predicted by ray-tracing simulation, averaging −0.20 diopters (D) (95 %
limits of agreement, -0.03 to−0.37D). The toric IOL axis predicted by the
IOL add power calculator showed a bias toward lower values compared
with that predicted by ray-tracing simulation, averaging −0.12 degrees
(95% limits of agreement, −0.23 to −0.47 degrees). The mean differences
and the 95 % confidence limits of the bias are shown as 3 lines

Fig. 4 Linear regression analysis
of the relationship between the
toric intraocular lens (IOL)
cylinder power and its axis
needed to fully correct the total
corneal astigmatism predicted by
the IOL add power calculator and
that predicted by ray-tracing
simulation. a The toric IOL
cylinder power. b The toric IOL
axis
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predicting both refractive outcome and corneal astigmatism
correction by toric IOLs [3]. The more accurate predictions
of refractive outcome lead to better predictions of corneal
astigmatism correction by toric IOLs. In specific cases, includ-
ing eyes with short or long AL, surgeons might prefer to use
the SRK/Tor Hoffer Q formulas rather than the Haigis formu-
la to calculate the IOL power. In addition, the Haigis formula
is not always applicable to all eyes and all clinics. Therefore,
the IAPC provides the predicted corneal plane effective cylin-
der power of toric IOLs and residual astigmatism according to
the Haigis, Hoffer Q, and SRK/T formulae.

Calculation of corneal astigmatism change is generally
conducted using vector analysis [13–15]. Errors in the
prediction of astigmatism change can be explained using
the magnitude of error and astigmatism correction index.
[11] This study used the median magnitude of the predict-
ed residual astigmatism error, because ophthalmologists
are familiar with the median absolute error, which is de-
fined as the median absolute value of the predicted refrac-
tive error in IOL power calculation. In previous studies,
we introduced the term ‘median magnitude of the predict-
ed residual astigmatism error’ and showed that this mea-
sure is effective for comparing the prediction of corneal
astigmatism correction by toric IOLs among different
methods [3, 12].

There are some limitations to the present study. First, it was
assumed that the anterior cylinder axis marks of toric IOLs
were accurately placed at the steep meridian of the corneal
astigmatism. Although previous studies have shown that the
toric IOL has good rotational stability, toric IOL axis errors
remain an issue [31, 32]. However, because the aim of this
study was to evaluate the accuracy of the predicted residual
astigmatism using anterior and posterior corneal radii,
incision-induced keratometric and posterior corneal astigma-
tisms, and ELP through the IAPC, this study did not consider
the predicted residual astigmatism error due to toric IOL axis
errors. Second, error occurrence is inevitable when using ac-
tual biometric measurement data, which can be noisy and
incomplete in the IAPC, even though the calculation method
was validated with the ray-tracing simulation. In particular,
questions have been raised about the accuracy and reliability
of the measurement from the Scheimpflug camera, and the
prediction of postoperative astigmatism using Scheimpflug
keratometry could be improved by alternate methods
[33–36]. Thus, the IAPC used in this study should be substan-
tiated in a clinical setting. More accurate biometric measure-
ment data might more accurately predict the amount of corne-
al astigmatism correction by toric IOLs in the IAPC. Third,
this study did not consider variations in the design of the IOLs
or the IOL thickness. In the future, a large-scale clinical study
that considers IOL design, thickness, and toric IOL axis errors
will be needed to improve the accuracy of the IAPC predic-
tions for astigmatism correction by toric IOLs.

In conclusion, the prediction of corneal astigmatism cor-
rection with the toric IOL based on anterior and posterior
corneal radii, incision-induced keratometric and posterior cor-
neal astigmatisms, and ELP was more accurate than that pre-
dicted when one or more of those parameters were not con-
sidered. The IAPC used in this study is a simple and accurate
method for predicting the toric IOL cylinder power and its axis
to correct total corneal astigmatism.
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