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Abstract: The aim of this study was to compare the effect of corneal

irregularity on astigmatism assessment using automated keratometry

(AK) (IOLMaster) versus ray tracing keratometry (Pentacam).

This is an observational case series approved by the institutional

review board of Dongguk University Hospital, Goyang, South Korea.

A total of 207 eyes of 207 cataract patients were included. Pre-

operative corneal astigmatism was measured by both IOLMaster and

Pentacam. Corneal irregularity index (IR) was calculated in Fourier

analysis map of Pentacam. AK by IOLMaster and total corneal

refractive power (TCRP, 3 mm and 4 mm zone analysis with pupil

centered) by Pentacam were selected and the difference between the 2

measurements (delta D) was calculated using vector analysis. Ocular

residual astigmatism (ORA) after cataract surgery was calculated by

subtracting 6-month postoperative refractive astigmatism (RA)

measurements from corresponding preoperative values (AK, TCRP3,

and TCRP4).

The mean irregularity index measured was 0.042� 0.019 mm

(mean� standard deviation) and was positively correlated with age

and magnitude of corneal astigmatism (P< 0.001 and P< 0.05). The

difference (D) between TCRPs and AK (DTCRPs-AK) was

0.43� 0.37 (TCRP3) and 0.39� 0.35 (TCRP4) diopters. Linear

regression analysis revealed that age (P< 0.001), IR (P< 0.001),

and AK (P< 0.001) were positively correlated with DTCRPs-AK.

In highly irregular corneas (IR over 0.77 diopters: meanþ 2 standard

deviation), postoperative ORAs calculated using TCRPs were signifi-

cantly lower than ORAs calculated using AK.

Corneal irregularities significantly impact astigmatism assessment

by IOLMaster (AK) and Pentacam (TCRPs). Compared with AK,

TCRPs were more accurate in predicting postoperative residual
y K. Lee, MD, and Choul Yong Park, MD, PhD
irregularity index, ORA = ocular residual astigmatism, RA =

refractive astigmatism, TCRP = total corneal refractive power.

INTRODUCTION

T he cornea is the most powerful refractive component of the
human optical system. It is a prolate ellipse, with progress-

ive flattening toward the periphery.1 Corneal shape and power
were first measured using keratoscopic discs by Placido in
1880.1 Since then, numerous methods have been developed
to measure corneal curvature, including manual and automated
keratometry (AK), computer-assisted videokeratography, rotat-
ing Scheimpflug imaging, and optical coherence tomography
(OCT).2,3–9

Curvature assessment of healthy corneas is highly repro-
ducible whether by conventional keratometry or by advanced
technology such as rotating Scheimpflug imaging or OCT.10

However, analyzing highly irregular corneas is challenging and
cannot be accurately measured by conventional technology.
Therefore, tomography-based corneal topography such as
Scheimpflug imaging or OCT may be a better option to assess
irregular corneas.6

Better interpretation of irregular corneas has become
paramount in modern cataract surgery. Various techniques to
minimize residual postoperative astigmatism are now available
including, but not limited to, limbal relaxing incisions and toric
intraocular lens (IOL). Minimizing residual astigmatism gener-
ally result in better visual acuity. However, applying these
techniques to a highly irregular cornea is very challenging
and often leads to unexpected refractive surprise.

Currently, it is not routine for cataract surgery candidates
to receive preoperative topographic evaluation using Scheimp-
flug imaging or OCT. However, there are some patients who
should be screened for corneal irregularity, including the
elderly, where irregularity is more common.11

In this study, we compared 2 different keratometric strat-
egies: AK from IOLMaster and total corneal refractive power
(TCRP) from rotating Scheimpflug imaging device (Pentacam).
We investigated which factors affect the discrepancy between
corneal astigmatism measurement by AK and TCRP. In
addition, by comparing the preoperative and postoperative
astigmatism measurements, we determined which keratometric
strategy, AK or TCRP, is better suited for astigmatism assess-
ment in highly irregular corneas.

MATERIALS AND METHODS

ed the tenets of the Declaration of

roved by the institutional review board
, Ilsan Hospital.
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Patients
A retrospective review of 435 eyes that underwent cataract

surgery from May 2011 to May 2013 was performed and 207
right eyes of 207 patients (84 males and 123 females) were
included in this study. Exclusion criteria included left eyes,
existence of pterygium, history of previous corneal surgery,
scars detected by slit lamp microscopy, poor data acquisition on
rotating Scheimpflug imaging, eyes with any missing data,
intraoperative complications including posterior capsule tears
and zonule lysis, and early development of posterior capsule
opacity before 6 months postoperatively.

Preoperative Astigmatism Measurement
Preoperative corneal astigmatism was measured using

IOLMaster (Carl Zeiss Meditec, Jena, Germany) and rotating
Scheimpflug imaging (Pentacam1 ver. 1.17r24; Oculus, Wet-
zlar, Germany). All measurements were performed in triplicate,
and mean values were used for analysis. Among several kerato-
metric values available in Pentacam, TCRP was selected and
used for the analysis. Detailed information about TCRP is
available at http://www.pentacam.com/sites/calc_corneal_po-
wer.php#ptop. TCRP is calculated by ray tracing, using a 3
(TCRP3) or 4-mm (TCRP4) diameter zone with the pupil center
(Figure 1). AK from IOLMaster was used for analysis. Corneal
irregularity index (IR) was automatically calculated in mm scale
in Fourier analysis map, whereas total corneal irregular astig-
matism at 4-mm zone is automatically calculated in mm scale in
Cataract Pre-Op map of Pentacam. Mean anterior and posterior
cornea curvature radii were measured by Pentacam at 3-mm
central zone. And anterior to posterior curvature ratio was
calculated. In the following, AK and TCRPs will be defined
as the astigmatism obtained by their respective modalities when
not otherwise specified.

Vector Analysis
Each astigmatic value is represented by vectors Ã (C�A,

where C is the positive cylinder value and A is the flat meridian)
and then expressed using vector notation (Jackson coefficients;
J0¼ (C/2)� cos (2A), J45¼ (C/2)� sin (2A). The J0 com-
ponent represents the astigmatism with axes of 0 or 90 degree
and the J45 component represents the astigmatism vector with
axes of 45 or 135 degree.

The difference (D) between TCRP and AK (D TCRP-AK)
between corneal astigmatisms was calculated using vectors:

D TCRP-AK ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðJ0 TCRP� J0 AKÞ2þ ðJ42 TCRP� J45 AKÞ2

p

Surgical Technique
Cataract surgery was performed using temporal clear

corneal incisions (2.75 mm). A nontoric aspheric IOL (Tec-
nisTM, Abbot Medical Optics, Irvine, CA, USA) was inserted
into the capsular bag after an IOL power was selected based on
the SRK/T formula in IOLMaster. Postoperative regimen was as
follows: topical 1% prednisolone and 0.5% levofloxacin applied
1 drop 4 times per day for 4 weeks, oral prednisone (10 mg) once
per day for 7 days, and cefuroxime (500 mg) 2 times per day for
5 days. In diabetic patients, oral prednisone was omitted.

Ocular Residual Astigmatism Measurement

Roh et al
Owing to the retrospective nature of this study, ocular
residual astigmatism (ORA) after cataract surgery was calcu-
lated using preoperative corneal astigmatism, postoperative

2 | www.md-journal.com
refractive astigmatism, and surgically induced astigmatism
(SIA). Postoperative manifest refraction was measured at least
6 months after surgery and was converted to the corneal plane
(Formula 1) by adjusting vertex distance (12 mm), and this was
designated as:

Formula 1: Fc¼ F / (1 – 0.012�F)
Where Fc is the power corrected for vertex distance and F

manifests refractive power.
SIA of temporal clear corneal incision by the surgeon

(CYP) was calculated previously as 0.40 diopters.12 Therefore,
the flattening vector effect of SIA (J0¼ 0.20 and J45¼ 0).
However, SIA is not always same even in single surgeon. To
compensate the lack of true SIA calculation using postoperative
keratometric data, we applied 2 SIAs (0.20 and 0.40 diopter) to
RA and the resulting values were designated as RA1 (SIA of
0.20 diopter) and RA2 (SIA of 0.40 diopter). ORA values were
calculated by using RA, RA1, and RA2, respectively.

ORAs were calculated by vector analysis. For example,
ORA calculated using AK and RA is as follows:

ORA AK� RA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðJ0AK� J0RAÞ2þ ðJ45 AK� J45RAÞ2

p

Subgroup Analysis
Previous study has shown that keratometric astigmatism of

IOLMaster overestimates total corneal astigmatism in eyes with
the rule (WTR) astigmatism and underestimates it in eyes with
against the rule (ATR) astigmatism.13 Merging WTR and ATR
eyes in single analysis can masquerade the differences. There-
fore, the eyes were divided as WTR group when steep axis of
astigmatism of AK was measured from 45 to 135 degree and as
ATR group when steep axis of astigmatism of AK was
measured otherwise.

In further analysis, eyes were divided according to irre-
gularity index (grouping 1 and grouping 2). Grouping 1 desig-
nated eyes as low irregular group when irregularity index is
<0.036 (median value of 207 eyes) and as high irregular group
when irregularity index is �0.036. Grouping 2 designated eyes
as low irregular group when irregularity index is <0.077
(meanþ 2 SD) and as high irregular group when irregularity
index is �0.077.

Statistical Analysis
Statistical power was calculated retrospectively based on

sample achieved. Sample size of 207 accomplished alpha error
probability <0.05 and power (1-beta error probability) of 0.95
in correlation test, student t test, Mann Whitney U test, paired t
test, and multiple linear regression analysis when calculated by
Gpower: statistical power analysis software (www.gpower.
hhu.de).

Statistical analysis was performed using SPSS software
ver.20.0 (SPSS Inc, Chicago, IL). Normality of data was
assessed by the Shapiro–Wilk test. Student t test or Mann
Whitney U test was used to compare means of different groups.
Paired t test was used to analyze 2 related variables in the same
group. The Pearson correlation coefficient (rho) was used to
perform correlation analysis. Multiple linear regression analysis
was used to determine the impact of various parameters.
P values (2-tailed) <0.05 were considered significant.

RESULTS

Medicine � Volume 94, Number 13, April 2015
The average age of 207 eyes was 68.25� 11.33 years
(mean� standard deviation). The clinical characteristics of
the eyes are shown in Table 1.

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 1. Clinical Characteristics of Total Study Eyes

Total (n¼ 207) WTR (n¼ 126) ATR (n¼ 81) P

Mean�SD Min Max Mean�SD Min Max Mean�SD Min Max

Age (year) 68.25� 11.33 35 92 65.12� 11.31 35 90 73.12� 9.57 49 92 <0.001
�

Sex (M:F) 84:123 51:75 33:48 0.504y

Mean keratometry (D)
AK 44.13� 1.52 39.30 48.61 44.29� 1.46 40.58 48.61 43.87� 1.60 39.30 47.57 0.06

�

TCRP3 43.98� 1.61 38.70 49.30 44.04� 1.50 40.40 49.30 43.88� 1.77 38.70 47.40 0.49z

TCRP4 43.99� 1.62 38.60 49.40 44.13� 1.56 40.50 49.40 43.77� 1.72 38.60 47.20 0.12z

Astigmatism (D)
RA

total 0.82� 0.75 0 4.91 0.65� 0.66 0 4.44 1.07� 0.82 0 4.91 <0.001
�

J0 0.13� 0.46 �2.24 1.86 �0.030� 0.40 �2.24 1.04 0.37� 0.43 �0.56 1.86 <0.001
�

J45 0.02� 0.29 �0.62 2.44 0.048� 0.22 �0.49 0.93 �0.01� 0.37 �0.62 2.44 0.18
�

AK
Total 0.99� 0.76 0.16 5.53 0.95� 0.75 0.16 5.53 1.06� 0.78 0.17 4.30 0.34

�

J0 �0.05� 0.56 �2.76 2.15 �0.33� 0.43 �2.76 0.49 0.38� 0.44 �0.40 2.15 <.001
�

J45 �0.03� 0.28 �1.01 0.95 �0.01� 0.27 �1.01 0.95 �0.07� 0.29 �0.94 0.54 0.11z

TCRP3 �
Total 0.95� 0.60 0 3.40 0.88� 0.55 0 3.00 1.07� 0.64 0.10 3.40 0.02

�

J0 0.01� 0.48 �1.69 1.50 �0.17� 0.40 �1.40 1.50 0.31� 0.44 �1.69 1.49 <0.001z

J45 0.04� 0.29 �0.91 0.85 0.05� 0.27 �0.91 0.85 0.04� 0.31 �0.64 0.70 0.90z

TCRP4
Total 0.96� 0.64 0 3.8 0.90� 0.65 0.10 3.80 1.06� 0.32 0 3.10 0.08

�

J0 �0.00� 0.50 �1.86 1.45 �0.24� 0.41 �1.86 0.73 0.36� 0.38 �0.86 1.45 <0.001
�

J45 0.05� 0.30 �0.96 1.06 0.05� 0.28 �0.96 0.71 0.05� 0.31 �0.72 1.06 0.96z

Irregularity index (mm) 0.042� 0.019 0.135 0.111 0.041� 0.019 0.013 0.111 0.043� 0.017 0.018 0.104 0.64
�

Irregular astigmatism
(mm)

0.27� 0.15 0.00 1.11 0.270� 0.159 0 0.96 0.290� 0.165 0 1.11 0.38
�

Spherical aberration
(mm)

0.35� 0.21 �0.51 0.98 0.326� 0.210 �0.51 0.97 0.407� 0.199 0 0.98 0.006
�

Pachymetry (mm) 540.37� 32.67 450.50 650.00 539.70� 31.63 450.50 610.00 541.42� 34.40 454.00 650.00 0.71z

DTCRP3-AK (D) 0.427� 0.373 0.03 2.64 0.406� 0.362 0.03 2.42 0.458� 0.389 0.03 2.64 0.32
�

DTCRP4-AK (D) 0.394� 0.352 0.04 2.72 0.374� 0.352 0.04 2.72 0.424� 0.352 0.346 2.38 0.32
�

AK¼ automated keratometry by IOLMaster, ATR¼ against the rule astigmatic eyes, D¼ diopter, RA¼ vertex adjusted refractive astigmatism,
SD¼ standard deviation, TCRP3 &4¼ total corneal refractive power measured by ray tracing in 3 or 4-mm central zone (pupil-centered), WTR¼with
the rule astigmatic eyes.�

ann
hi-s
uden
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IR of total study eyes was 0.042� 0.019 mm.
Age and total corneal irregular astigmatism correlated

significantly with IR (multiple linear regression analysis with
logarithmic transformation of IR, R2¼ 0.250; IR¼
�4.326þ 0.12� ageþ 0.683� total corneal irregular astigma-
tism) (Figures 2 and 3).

Difference (D) Between 2 Different Strategies of
Keratometry

The difference between TCRP and AK (DTCRP-AK) was
0.43� 0.37 (TCRP3) and 0.39� 0.35 (TCRP4) diopters and
showed positive correlation with age, IR, and magnitude of
astigmatism (AK).

Age, IR, and magnitude of AK correlated significantly

P values were calculated between WTR and ATR eyes by using M
yP values were calculated between WTR and ATR eyes by using C
zP values were calculated between WTR and ATR eyes by using st
with DTCRP3-AK (multiple linear regression analysis with
logarithmic transformation, R2¼ 0.303; DTCRP3-AK¼
� 0.388þ 0.007� ageþ 1.613� IRþ 0.201�AK).

4 | www.md-journal.com
Age, IR, and magnitude of AK correlated significantly
with DTCRP4-AK (multiple linear regression analysis with
logarithmic transformation, R2¼ 0.372; DTCRP4-AK¼
� 0.321þ 0.006� ageþ 2.222� IRþ 0.249�AK).

Subgroup Analysis with WTR and ATR
Astigmatism

The comparison between WTR and ATR group was
demonstrated in Table 1. ATR eyes were older (73.12 vs
65.12 years) and had greater magnitude of astigmatism (AK
and TCRPs) compared with WTR group. In vector analysis
using J0 and J45 component, ATR eyes had more positive J0
component than WTR eyes. And ATR eyes had more corneal
spherical aberration (0.407� 0.199 mm) than WTR eyes
(0.326� 0.210 mm). AK and TCRPs measured astigmatism

–Whitney U test.
quare test.
t t test.
greater than RA, especially in WTR eyes (Tables 1 and 2).
This discrepancy was more prominent in the measurement of J0
component rather than J45 component. TCRPs showed no

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
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difference in measurement of magnitude of astigmatism com-
pared to AK; however, some significant difference was found
when analyzing J0 and J45 component separately. TCRP3 and
TCRP4 showed no significant difference each other (Tables 1
and 2). DTCRP3-AK and DTCRP4-AK showed no difference
between WTR and ATR eyes (Table 1).

Subgroup Analysis with High and Low Corneal
Irregularity

The eyes were divided into 2 groups: high and low IR by 2
different grouping methods described previously. By grouping
method 1, eyes in high IR group (n¼ 97) showed higher
irregular astigmatism, age, mean keratometry (TCRPs), and
magnitude of astigmatism (RA, AK, and TCRP4). Both

FIGURE 2. Correlation between age and total corneal irregularity
index (IR). Age and IR were positively correlated. Spearman
rho¼0.413, P<0.001.
DTCRP3-AK and DTCRP4-AK were higher in high IR group
compared with low IR group (n¼ 110). The anterior to posterior
curvature ratio was lower in high IR group (Table 3).

FIGURE 3. Correlation between corneal irregularity index (IR) and
total corneal irregular astigmatism. Spearman rho¼0.473,
P<0.001.

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
Thirteen eyes were included in the high IR group by
grouping method 2. Irregular astigmatism and age were higher
in the high IR group. However, the magnitude of astigmatism
(AK and TCRPs) and mean keratometry values were not
different between the high and low IR groups. The magnitude
of astigmatism by RA was significantly higher in high IR
groups. Although the number of high IR group was small
(13 vs 194) in grouping 2, the higher values of both
DTCRP3-AK and DTCRP4-AK were repeatedly verified with
statistical significance. The anterior to posterior curvature ratio
was lower in high IR group (Table 3).

ORA Measurements
Because the comparison between WTR and ATR groups

showed no difference in DTCRP3-AK and DTCRP4-AK, ORA
comparison was performed only in subgroups divided by IR. As
mentioned previously, ORAs were calculated by using RA,
RA1, and RA2, respectively, and the results were shown in
Table 4. The mean ORAs ranged from 0.43 diopters to 0.51
diopters in 207 eyes.

When the eyes were divided into high and low IR groups,
ORAs were significantly higher in high IR eyes compared with
low IR eyes (Table 4). There was a tendency that ORAs were
measured smaller when TCRPs were used rather than when AK
was used for the calculation, especially in high IR eyes
(Table 4). Statistical analysis revealed that ORAs calculated
by using TCRPs were significantly smaller than ORAs calcu-
lated by using AK in high IR eyes (Table 5).

DISCUSSION
In this study, we found statistically significant differences

in corneal astigmatism measurements using 2 different mod-
alities, AK and TCRP, as shown as DTCRP-AK. This difference
increased as both corneal irregularity and corneal regular
astigmatism increased. In addition, by comparing postoperative
residual astigmatism, we found that preoperative TCRPs
resulted in significantly smaller postoperative ORAs in highly
irregular corneas, in other words, a better estimation of post-
operative refractive astigmatism.

Corneal astigmatism is very common in patients under-
going cataract surgery.14–16 Chen et al15 reported that 27.5% of
Asians with eyes of cataract age have corneal astigmatism
�1.25 diopters. De Bernardo et al16 reported that 41.74% of
eyes of whites have corneal astigmatism �1.0 diopters. The
residual refractive astigmatism after cataract surgery can sig-
nificantly decrease a patient’s uncorrected visual acuity after
cataract surgery.12 Toric IOL implantation can neutralize cor-
neal astigmatism and result in minimal ORA.17 However,
accurate measurement of corneal astigmatism, strict control
of SIA, and correct choice of toric IOL power are all prere-
quisites for successful outcomes.18

The importance of posterior corneal astigmatism has been
previously emphasized.17 Conventional manual or automated
keratometers measure only anterior corneal power by using the
standard keratometric index of 1.3375. However, using rotating
Scheimpflug imaging, independent measurements of both
anterior and posterior corneal powers are available. It is
believed that the posterior cornea generally compensates for
anterior corneal astigmatism and decreases total corneal astig-

Corneal Irregularity and Astigmatism
matism.19,20 Therefore, ignoring high posterior corneal astig-
matism heightens the risk of astigmatic surprise after a toric
intraocular IOL implantation.18

www.md-journal.com | 5



TABLE 2. The Comparison of Astigmatism Measurement
(Total Power, J0, and J45) by AK and TCRPs in Total, WTR,
and ATR eyes. P Values Were Demonstrated

Total
(n¼ 207)

WTR
(n¼ 126)

ATR
(n¼ 81)

AK vs RA
Total <0.001 <.0001 0.80
J0 <0.001 <0.001 0.91
J45 0.03 0.06 0.21

AK vs TCRP3
Total 0.41 0.24 0.89
J0 0.04 <0.001 0.22
J45 <0.001 0.06 0.001

AK vs TCRP4
Total 0.50 0.42 0.99
J0 0.09 0.01 0.76
J45 <0.001 0.04 0.001

RA vs TCRP3
Total 0.01 0.001 0.93
J0 0.001 0.001 0.24
J45 0.52 0.93 0.36

RA vs TCRP4
Total 0.007 <0.001 0.81
J0 <0.001 <0.001 0.85
J45 0.48 0.91 0.31

TCRP3 vs TCRP4
Total 0.79 0.62 0.84
J0 0.54 0.05 0.23
J45 0.87 0.95 0.75

Total: Total astigmatism power regardless of direction. AK¼ auto-
automated keratometry by IOLMaster, ATR¼ against the rule astig-
matic eyes, RA¼ vertex-adjusted refractive astigmatism, TCRP3
&4¼ total corneal refractive power measured by ray tracing in 3- or

Roh et al
The discrepancy between AK and TCRP in this study is
expected to some degree. AK using the IOLMaster is measured
using six spots of reflection located at the hexagonal apex. The
distance of each spot from the visual axis is only about 1.3 mm.
Therefore, corneal scars or other focal irregularities can distort
the reflective image of dots and may result in an inaccurate
measurement of corneal power. Compared with manual kera-
tometry, which measures corneal curvature at 3.0–3.2 mm, AK
from the IOLMaster provides more central corneal measure-
ment at about 2.5 mm. Although we analyzed TCRP3 to be
closer to 2.5 mm of IOLMaster, still 0.5 mm discrepancy
existed. The difference of the reference point used in the
measurement, which is the corneal apex in IOLMaster and
the pupil center in TCRPs, can be another factor for the
discrepancy. Reliability of astigmatism measurement by the
IOLMaster is controversial. In a recent study, the agreement
between IOLMaster and manual keratometry was evaluated by
Bullimore et al.21 They reported that the cylinder power
measured by the 2 instruments was almost equal and the axis
difference was <5 degree in 77.1% of eyes. In another study,
corneal astigmatisms measured with the IOLMaster, AK, and

4-mm central zone (pupil-centered), WTR¼with the rule astigmatic
eyes. P values were calculated by using paired t test.
Scheimpflug imaging were all comparable to manual kerato-
metry and showed no significant differences.10 In contradiction,
Shammas et al22 reported that the precision of astigmatism
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measurements by IOLMaster was relatively lower for steeper
corneas and the difference in corneal astigmatism measure-
ments between IOLMaster and another automated keratometer
(RK-F1, Canon Inc) can increase more in corneas having
asymmetric bowtie than in corneas having a symmetric bowtie
pattern.23 In addition, different studies demonstrate that ignor-
ing posterior corneal astigmatism in AK can result in significant
differences both in magnitude and axis of total corneal astig-
matism when compared with rotating Scheimpflug ima-
ging.24,25 These differences among previous studies may
originate from the heterogeneous proportion of irregular cor-
neas included in each study. The agreement between 2 different
instruments can be overestimated or underestimated depending
on whether a population of highly irregular or moderately
irregular corneas is being studied. As shown in our study, a
large proportion of high irregular corneas can increase DTCRP-
AK.

Our finding that D TCRPs-AK increased with IR has
important clinical significance. This suggests that corneal irre-
gularity should be explored beyond the astigmatism data pro-
vided by IOLMaster. In addition, the finding that TCRPs better
estimated postoperative refractive astigmatism in highly irre-
gular corneas suggests that measuring both anterior and
posterior corneal astigmatism is necessary for surgical planning
in these highly irregular corneas. This finding is consistent with
previous reports that favor rotating Scheimpflug imaging tech-
nology over AK in measuring abnormal corneal shapes.26–30 In
addition, manual and AK measure corneal powers (sphere and
cylinder) with the assumption that the curvature ratio between
anterior and posterior cornea is constant.31,32 However, in
highly irregular corneas, the normal relationship between
anterior and posterior corneal curvature is no longer valid.
For example, standard keratometry and topography (simulated
K values) are often inconsistent when measuring keratoconic
corneas.26,30 The anterior and posterior curvature ratio was
significantly smaller in corneas with high irregularity compared
with corneas with low irregularity as shown in our result. Ray
tracing technology (TCRP) in rotating Scheimpflug imaging
enables corneal power measurement using Snell’s law equation
for refraction using real refractive index numbers (1 for air,
1.376 for cornea, 1.336 for aqueous). In addition, TCRP zone
analysis studies a specific zone and averages the individual
corneal powers within that zone. This averaging process may
provide permissive effect on corneal irregularity. Previously,
TCRPs also showed better performance when compared with
AK in measuring corneal power after corneal refractive
surgery.28,29 We found ORAs calculated using TCRPs resulted
in lower ORAs in highly irregular corneas and it means TCRPs
are more accurate in astigmatism measurement in irregular
corneas. In this study, pupil-centered TCRP was used since
postoperative refraction was measured with the pupil centered,
and 3 and 4-mm zone was selected to ensure that sufficient
corneal area was averaged.

Our study has several limitations. The number of eyes in
high IR group by grouping method 2 was only 13. Increasing the
number of study eyes for comparison would provide stronger
conclusions. However, this subset of 13 eyes with high IR by
definition (mean plus 2 standard deviation), among 207 total
eyes, is not a small number. Even if the study population is
increased, the relative small number in high IR group may not
change as long as the strict definition is applied. In some studies,
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the independent comparison of J0 and J45 was adopted for
investigation; however, we used the combined effect of J0 and
J45 by using the root of sum of difference square of J0 and J45,
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TABLE 3. Comparison Corneal Characteristics Between Groups With Low or High Corneal irregularity

Grouping 1 Grouping 2

Low (n¼ 110),
Mean�SD

High (n¼ 97),
Mean�SD P

Low (n¼ 194),
Mean�SD

High (n¼ 13),
Mean�SD P

Irregularity index (mm) 0.028� 0.005 0.057� 0.017 <0.001
�

0.038� 0.013 0.091� 0.011 <0.001
�

Irregular astigmatism (mm) 0.22� 0.10 0.33� 0.19 <0.001
�

0.27� 0.15 0.44� 0.25 <0.001
�

Age (years) 64.74� 11.68 71.54� 9.98 <0.001
�

67.56� 11.22 78.61� 7.45 0.001
�

Pachymetry (mm) 540.93� 31.52 539.85� 33.86 0.81y 541.97� 31.49 541.34� 41.28 0.60y

Posterior astigmatism (D) 0.28� 0.16 0.27� 0.14 0.48
�

0.28� 0.15 0.24� 0.17 0.21
�

AP ratio 1.24� 0.03 1.23� 0.03 0.008y 1.23� 0.03 1.20� 0.03 0.004y

Spherical aberration (mm) 0.34� 0.20 0.37� 0.21 0.24
�

0.36� 0.20 0.34� 0.34 0.71
�

Mean keratometry (D)
AK 44.03� 1.42 44.22� 1.61 0.45

�
44.11� 1.52 44.37� 1.56 0.54

�

TCRP3 43.71� 1.52 44.23� 1.65 0.01y 43.95� 1.61 44.49� 1.60 0.23y

TCRP4 43.69� 1.53 44.27� 1.68 0.01y 43.94� 1.63 44.78� 1.47 0.72y

Astigmatism (D)
RA 0.67� 0.59 0.96� 0.85 0.008

�
0.79� 0.70 1.25� 1.67 0.01

�

J0 0.09� 0.39 0.16� 0.51 0.28
�

0.12� 0.45 0.18� 0.46 0.69
�

J45 0.01� 0.20 0.04� 0.35 0.49
�

0.01� 0.23 0.29� 0.69 <0.001
�

AK 0.87� 0.56 1.12� 0.90 0.01
�

0.97� 0.74 1.34� 1.00 0.11
�

J0 �0.03� 0.44 �0.07� 0.65 0.62
� �0.05� 0.54 �0.04� 0.74 0.96

�

J45 �0.01� 0.27 �0.06� 0.30 0.19y �0.02� 0.28 �0.17� 0.37 0.07y

TCRP3 0.89� 0.57 1.02� 0.62 0.11
�

0.95� 0.59 1.21� 0.58 0.69
�

J0 0.04� 0.46 �0.01� 0.51 0.52y 0.03� 0.49 �0.24� 0.33 0.04y

J45 0.03� 0.26 0.05� 0.31 0.63y 0.05� 0.28 �0.04� 0.43 0.25y

TCRP4 0.86� 0.55 1.06� 0.71 0.02
�

0.94� 0.63 1.22� 0.75 0.13
�

J0 0.03� 0.45 �0.03� 0.53 0.36
�

0.02� 0.49 �0.25� 0.52 0.05
�

J45 0.03� 0.24 0.07� 0.34 0.33y 0.05� 0.28 �0.04� 0.45 0.28y

DTCRP3-AK (D) 0.35� 0.28 0.51� 0.43 0.006
�

0.40� 0.34 0.69� 0.66 0.009
�

DTCRP4-AK (D) 0.31� 0.22 0.49� 0.43 <0.001
�

0.38� 0.34 0.62� 0.36 0.01
�

Grouping 1 designated eyes as low group when irregularity index is <0.036 (median) and as high group when irregularity index is �0.036.
Grouping 2 designated eyes as low group when irregularity index is <0.077 (meanþ 2 SD) and as high group when irregularity index is �0.077.
AK¼ automated keratometry by IOLMaster, AP ratio¼mean anterior to posterior corneal curvature ratio, D¼ diopter, RA¼ vertex-adjusted
refractive astigmatism, SD¼ standard deviation, TCRP3 &4¼ total corneal refractive power measured by ray tracing in 3- or 4-mm central zone
(pupil-centered).�

P values were calculated by using Mann–Whitney U test.
yP values were calculated by using Student t test.

TABLE 4. Comparison of ORA Between Groups With Low or High Corneal Irregularity Index

Total (n¼ 207),
Mean�SD

Grouping 1 Grouping 2

Low (n¼ 110),
Mean�SD

High (n¼ 97)
Mean�SD P

Low (n¼ 194),
Mean�SD

High (n¼ 13),
Mean�SD P

ORA AK-RA (D) 0.51� 0.46 0.39� 0.27 0.63� 0.59 0.004 0.47� 0.38 0.96� 1.07 <0.001
ORA AK-RA1 (D) 0.48� 0.46 0.37� 0.28 0.60� 0.59 0.005 0.44� 0.38 0.89� 1.11 0.001
ORA AK-RA2 (D) 0.46� 0.47 0.37� 0.30 0.58� 0.59 0.01 0.43� 0.38 0.84� 1.14 0.003
ORA TCRP3-RA (D) 0.48� 0.35 0.43� 0.28 0.55� 0.41 0.01 0.46� 0.30 0.79� 0.79 0.001
ORA TCRP3-RA1 (D) 0.47� 0.36 0.42� 0.30 0.54� 0.43 0.02 0.45� 0.30 0.75� 0.80 0.003
ORA TCRP3-RA2 (D) 0.46� 0.35 0.43� 0.30 0.50� 0.39 0.08 0.45� 0.31 0.64� 0.75 0.05
ORA TCRP4-RA (D) 0.45� 0.33 0.38� 0.25 0.52� 0.39 0.002 0.42� 0.26 0.79� 0.78 <0.001
ORA TCRP4-RA1 (D) 0.43� 0.32 0.38� 0.25 0.50� 0.38 0.002 0.41� 0.26 0.73� 0.81 <0.001
ORA TCRP4-RA2 (D) 0.45� 0.33 0.40� 0.27 0.50� 0.39 0.01 0.41� 0.27 0.67� 0.82 0.009

Grouping 1 designated eyes as low group when irregularity index<0.036 and as high group when irregularity index�0.036. Grouping 2 designated
eyes as low group when irregularity index is <0.077 (meanþ 2 SD) and as high group when irregularity index is �0.077. AK¼ automated
keratometry by IOLMaster, D¼ diopter, ORA¼ ocular residual astigmatism, RA¼ vertex-adjusted refractive astigmatism, RA1¼ adjusted RA by
using SIA 0.20 diopter, RA2¼ adjusted RA by using SIA 0.40 diopter, SD¼ standard deviation, TCRP3 &4¼ total corneal refractive power measured
by ray tracing in 3- or 4-mm central zone (pupil-centered). P values were calculated by using Mann–Whitney U test.
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TABLE 5. Comparison Between Calculated ORAs Using Different Keratometry in Eyes With High Corneal Irregularity Index. ORAs
Calculated by Using AK and RA/RA1/RA2 Were Compared With ORAs Calculated by Using TCRPs and RA/RA1/RA2. Pearson
Correlation Coefficient Was Calculated and Paired t Test Was Performed

Grouping 1: High IR (n¼ 97) Grouping 2: High IR (n¼ 13)

ORA
AK-RA

ORA
TCRP3-RA

ORA
TCRP4-RA

ORA
AK-RA

ORA
TCRP3-RA

ORA
TCRP4-RA

ORA AK-RA NA 0.800
�

0.794
�

NA 0.933
�

0.907
�

<0.001y <0.001y <0.001y <0.001y

0.01z 0.003z 0.03z 0.07z

ORA TCRP3-RA 0.800
�

NA 0.897
�

0.933
�

NA 0.935
�

<0.001y <0.001y <0.001y <0.001y

0.01z 0.25z 0.03z 0.82z

ORA TCRP4-RA 00.794
�

0.897
�

NA 0.907
�

0.935
�

NA
<0.001y <0.001y <0.001y <0.001y

0.003z 0.25z 0.07z 0.82z

ORA AK-RA1 ORA TCRP3-RA1 ORA TCRP4-RA1 ORA AK-RA1 ORA TCRP3-RA1 ORA TCRP4-RA1

ORA AK-RA1 NA 0.803
�

0.791
�

NA 0.935
�

0.915
�

<0.001y <0.001y <0.001y <0.001y

0.03z 0.01z 0.05z 0.05z

ORA TCRP3-RA1 0.803
�

NA 0.903
�

0.935
�

NA 0.940
�

<0.001y <0.001y <0.001y <0.001y

0.03z 0.21z 0.05z 0.81z

ORA TCRP4-RA1 0.791
�

0.903
�

NA 0.915
�

0.940
�

NA
<0.001y <0.001y <0.001y <0.001y

0.01z 0.21z 0.05z 0.81z

ORA AK-RA2 ORA TCRP3-RA2 ORA TCRP4-RA2 ORA AK-RA2 ORA TCRP3-RA2 ORA TCRP4-RA2

ORA AK-RA2 NA 0.782
�

0.760
�

NA 0.933
�

0.928
�

<0.001y <0.001y <0.001y <0.001y

0.04z 0.05z 0.03z 0.04z

ORA TCRP3-RA2 0.782
�

NA 0.896
�

0.933
�

NA 0.973
�

<0.001y <0.001y <0.001y <0.001y

0.04z 0.87z 0.03z 0.51z

ORA TCRP4-RA2 0.760
�

0.896
�

NA 0.928
�

0.973
�

NA
<0.001y <0.001y <0.001y <0.001y

0.05z 0.87z 0.04z 0.51z

NNA¼ non available, ORA¼ ocular residual astigmatism.�
P value: Pearson correlation coefficient.
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and this approach may make the comparison of our results with
other studies somewhat difficult. We believe this combined
effect has more clinical implications, as surgeons hope for the
least amount of residual astigmatism, whether J0 or J45.
Another drawback is the lack of postoperative keratometry
data and inability to calculate individual SIAs. To minimize
this drawback, we applied several different SIAs (0, 0.20, and
0.40 diopters) and calculated RA, RA1, and RA2 values.
Separate analyses using different RAs may cover most clinical
range of SIAs in temporal clear cornea incisions.

In summary, corneal astigmatism measurements using AK
and TCRP were not comparable in corneas with high irregularity.
Therefore, careful evaluation of corneal irregularity is necessary
before choosing appropriate data for astigmatism correction

yP value: Pearson correlation test.
zP value: Paired t test.
surgery in these eyes. Significant discrepancy in astigmatism
measurement is more common in aged, highly irregular, and more
astigmatic corneas. Based on the postoperative ORAs analysis,
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we conclude that TCRPs are the better predictors of postoperative
astigmatism in highly irregular corneas.
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