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Abstract

Purpose To compare the refractive outcomes following cataract surgery using conventional keratometry (K) and total
keratometry (TK) for intraocular lens (IOL) calculation in the SRK/T, HofferQQ, Haigis, and Holladay 1 and 2, as well as
Barrett and Barrett TK Universal I formulas.

Methods Sixty eyes of 60 patients from Siriraj Hospital, Thailand, were prospectively enrolled in this comparative study. Eyes
were assessed using a swept-source optical biometer (IOLMaster 700; Carl Zeiss Meditec, Jena, Germany). Posterior
keratometry, K, TK, central corneal thickness, anterior chamber depth, lens thickness, axial length, and white-to-white corneal
diameter were recorded. Emmetropic IOL power was calculated using K and TK in all formulas. Selected IOL power and
predicted refractive outcomes were recorded. Postoperative manifest refraction was measured 3 months postoperatively. Mean
absolute errors (MAEs), median absolute errors (MedAEs), and percentage of eyes within +0.25, +0.50, and =£1.00 D of
predicted refraction were calculated for all formulas in both groups.

Results Mean difference between K and TK was 0.03 D (44.56 £ 1.18 vs. 44.59 + 1.22 D), showing excellent agreement (ICC =

0.99, all p < 0.001). Emmetropic IOL powers in all formulas for both groups were very similar, with a trend toward lower MAEs
and MedAEs for TK when compared with K. The Barrett TK Universal I formula demonstrated the lowest MAEs. Proportion of
eyes within +0.25, + 0.50, and £ 1.00 D of predicted refraction were slightly higher in the TK group.

Conclusions Conventional K and TK for IOL calculation showed strong agreement with a trend toward better refractive out-

comes using TK. The same IOL constant can be used for both K and TK.
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Introduction

Modern techniques in cataract surgery have continued to im-
prove the ability to fine tune refractive outcomes with increas-
ing accuracy. Precise measurements of ocular parameters and
ideal formula selection are key to predicting and achieving
optimal refractive results. The addition of posterior corneal
data to intraocular lens (IOL) calculation formulae has become
a point of debate in cataract surgery. Several publications have
reported better astigmatic outcomes for toric IOL calculation
using total corneal astigmatism, which include posterior cor-
neal data [1-3]. As well, several studies have evaluated
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conventional monofocal IOL using posterior corneal data in
the calculation, with varied methodology and results [4—6].

Posterior corneal measurements are not routinely used or
available to most cataract surgeons. These measurements re-
quire a selective function of a corneal topography or tomog-
raphy unit in order to detect the posterior corneal surface and
further; the data then need to be transferred to an optical
biometer for IOL calculation.

Recently, a new optical biometer (IOLMaster 700; Carl
Zeiss Meditec, Jena, Germany) that integrates swept-source
OCT (SS-OCT) technology for ocular biometry has been de-
veloped. The platform can assess all the parameters that are
needed for IOL power calculation including conventional
keratometry (K), central corneal thickness (CCT), anterior
chamber depth (ACD), lens thickness (LT), horizontal white-
to-white (WTW) corneal diameter, and axial length (AL).
Assessment of the posterior corneal surface can be done by
combining the data from the anterior corneal surface, obtained
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by telecentric keratometry, with the pachymetry data obtained
by the SS-OCT.

The concept of posterior corneal measurement is not novel.
It has been employed in an earlier device (Visante Omni; Carl
Zeiss Meditec, Jena, Germany) with good repeatability and
reproducibility [7]. Up to present, there has been a huge vari-
ety of instruments that can effectively measure posterior cor-
neal curvature and assist in broad range of clinical applications
such as Galilei® (Ziemer Group, Switzerland), Pentacam®
(Oculus Optikgerdite GmbH, Germany), Sirius® (CSO,
Italy), TMS-5® (Tomey corporation, Japan), and Casia 2®
(Tomey corporation, Japan) [4, 8, 9]. Regarding this, total
keratometry (TK) values adopting this concept are calculated
using data from both the anterior and posterior cornea, as well
as corneal thickness, combined using the thick lens formula.
Being that TK is derived by combining two separate measure-
ments, the confidence of its application to current IOL formu-
las requires validation. Furthermore, the new Barrett TK
Universal II formula has been developed to be used with this
new TK methodology; however, the results require further
evaluation.

The purpose of this study was to compare the measurement
of K and TK in eyes undergoing simple cataract surgery.
Additionally, this study evaluated the refractive outcomes of
the cataract surgery using the K and TK in all current standard
formulas including SRK/T, HofferQ, Haigis, Holladay 1,
Holladay 2, Barrett Universal II, and the new Barrett TK
Universal I formulas.

Materials and methods

This prospective, comparative study was conducted in adher-
ence to the tenets of the Declaration of Helsinki and approved
by the local institutional review board of Mahidol University.
Informed consent was obtained from 60 individual patients,
included as participants in the study that presented to the
Department of Ophthalmology at Siriraj Hospital for cataract
surgery between July 2017 and December 2017. Patients were
not eligible for inclusion if they had undergone previous ocu-
lar surgery, experienced trauma, or had other significant ocular
diseases. For patients undergoing bilateral cataract surgery,
one eye from each patient was randomly selected for inclusion
in analysis as the “study eye.”

Each patient underwent routine pre-operative assessment
for cataract removal and IOL placement with IOLMaster
700. All optical biometric parameters including conventional
K, TK, posterior keratometry (PK), CCT, WTW corneal di-
ameter, ACD, LT, and AL were measured. To ensure repeat-
ability of measurements, parameters were evaluated twice by
an experienced technician. An intra-rater repeatability test was
performed using intraclass correlation coefficient (ICC). An
ICC of more than 0.8 was considered excellent repeatability of

@ Springer

the data measurement [10]. The IOL power was then calculat-
ed using optimized constants from User Group for Laser
Interference Biometry (ULIB) website. However, the constant
of the Holladay 2 is not provided by the ULIB website.
Therefore, we used personalized IOL constant of the surgeon
that was further optimized from the standard constant provid-
ed by the device (IOL Master 700). Moreover, the Lens Factor
of the Barrett formula was derived from Barrett Universal II
Formula calculator provided by APACRS website (Table 5).

K (K group) and TK (TK group) were used for IOL power
calculation in all current standard formulas including SRK/T,
HofferQ, Haigis, Holladay 1, Holladay 2, Barrett Universal II,
and Barrett TK Universal II [11, 12]. Only TK was used for
the Barrett TK Universal II formula, as this formula is de-
signed for use only with the TK value. The IOL power was
selected and recorded according to surgeon preferences. The
predicted postoperative spherical equivalent refractions for all
formulas were also recorded.

Following completion of pre-operative assessment and
measurements, all patients underwent scheduled cataract sur-
gery, performed by a single, experienced surgeon. All surger-
ies were performed using standard phacoemulsification tech-
niques, implanting 601P/PY model (Carl Zeiss Meditec, Jena,
Germany) IOL for all cases. No intraoperative complications
occurred.

Postoperative manifest refraction was measured at 3 months
after surgery. Refractive outcomes were adjusted using sys-
tematic error of the mean as suggested by Koch et al. before
evaluating each parameter in both groups [13]. The evaluation
was done using the mean absolute errors (MAEs), the median
absolute errors (MedAEs), and proportion of eyes within =
0.25 D, £0.50 D, and +1.00 D of predicted postoperative
spherical equivalent refraction. The MAEs were defined as
the mean “absolute” difference of postoperative spherical
equivalent refraction and the predicted postoperative spherical
equivalent refraction while the MedAEs were defined as the
median “absolute” value of the difference between postoper-
ative spherical equivalent refraction and the predicted postop-
erative spherical equivalent refraction [14]. All data were test-
ed for normality. The intraclass correlation (ICC) with 95%
confidence interval was applied for comparing the ocular pa-
rameters obtained between 2 measurements, and the IOL
power across all formulas between the two groups (K group
vs. TK group). Based on percentage of eyes within £0.25
diopter of predicted postoperative spherical equivalent refrac-
tion (SE), a paired McNemar’s chi-square test for sample size
required a minimum of 52 eyes to reach statistical significance
[15]. Paired ¢ tests were also performed to evaluate the differ-
ence of IOL powers between both groups. The MAEs and
MedAEs from each group of all formulas were compared
using analysis of the variance (ANOVA) test and the signed
ranks test with Bonferroni adjustment for multiple compari-
sons. A p value less than 0.05 was considered statistically
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significant difference for each comparison. Statistical analysis
was performed using SPSS software (version 18.0, SPSS Inc.,
Chicago, IL, USA) and Microsoft Excel 2008 (Microsoft
Corp, USA).

Results

Ocular biometry, including K, TK, PK, CCT, ACD, LT, AL,
and WTW, is shown in Table 1. The mean difference between
the two consecutive measurements of all parameters was very
low. The repeatability of all parameters was also high (ICC >
0.90). There was no statistically significant difference between
the two consecutive measurements.

The mean difference between K and TK was 0.03 D (K
44.56+1.18, TK 44.59 £1.22 D), demonstrating very good
agreement (ICC =0.99) as shown in Fig. 1. The emmetropic
IOL powers in all formulas for both groups were very similar
(all p values >0.2), demonstrated in Fig. 2. The IOL power
derived by the K group was slightly higher than the IOL pow-
er derived by the TK group; however, the difference was small
and the agreement between groups was very high (Table 2).
There was no difference between the IOL powers selected by
the surgeon using either K or TK.

After adjusting the systematic error of the mean arithmetic
prediction of refractive outcomes, MAEs and MedAEs are
shown in Table 3. The TK values were slightly lower in both
MAEs and MedAEs than the K group in all formulas but there
were no statistically significant differences. The new Barrett
TK formula showed the lowest MAEs, compared with other
formulas. The proportion of eyes within =0.25 D, +0.50 D,
and £ 1.00 D of predicted postoperative spherical equivalent
refraction (SE) across all formulas are shown in Table 4. The
TK group showed slightly higher proportion of eyes within all
predicted postoperative SE ranges than those in the K group in
the majority of formulas applied.

Discussion

This study demonstrated that the repeatability of K, TK, PK,
and all other parameters was high. The IOL power derived by
K and TK was similar in all formulas. The prediction errors in
all formulas were slightly lower in the TK group than the K
group.

The concept of using total corneal power has been well
accepted for the IOL calculation following refractive surgery
[16-18]. However, in uncomplicated cataract surgery, the ben-
efit to using total corneal power remains uncertain. Some
studies have shown the improvement of refractive outcomes
of total corneal power over conventional keratometry [5, 6].
Alternatively, other studies did not show any benefit [4, 19].
Notably, the total corneal power in previously published stud-
ies was measured using Scheimpflug camera system for cor-
neal topography. They showed a lower value of total corneal
power when compared with conventional K. Each topography
system applies its own algorithm to calculate for the total
corneal power, which may yield a different value. Some to-
pography systems use a thick lens formula, some use ray
tracing analysis. Therefore, the benefit of using the total cor-
neal power for the IOL calculation may be variable. We aimed
to evaluate benefit of using the new total corneal power, TK,
derived by the SS-OCT-type optical biometer for the IOL
calculation. As described above, TK was derived by the com-
bination of the anterior corneal surface and corneal thickness.
Due to the movement artifacts that generally influence the
thickness measurements, less so on OCT than the surface
curvature image, this technique is expected to be more reliable
than the direct measurement of the posterior corneal surface
[20]. In the current study, TK showed very high repeatability.
Although, the value was slightly higher when compared with
K, the difference between them was very low (0.03 D). The
emmetropic IOL power derived by the TK and K was similar
in all formulas and the chosen IOL powers were not statisti-
cally different. Therefore, the same IOL constant should be

Table 1 Ocular biometry and repeatability test of 60 eyes in 60 patients

Mean + SD (first measurement) Mean difference between ICC

2 measurements

Keratometry (D) 44.56 + 1.18 0.01 0.99
Total keratometry (D) 4459 +1.22 0.01 0.98
Posterior keratometry (D) —-595+0.19 0.01 0.97
Horizontal white-to-white (mm) 11.89 £ 0.39 0.006 0.91
Central corneal thickness (pum) 543 £ 35 1.28 0.99
Anterior chamber depth (mm) 2.96 +0.43 0.003 0.99
Lens thickness 4.74 £ 0.44 0.002 0.99
Axial length (mm) 23.44 £ 0.96 0.001 1.00

ICC, intraclass correlation coefficient; all p value <0.001
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Fig. 1 Agreement between

conventional keratometry (K) and 6
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able to be applied for both K and TK with no clinically sig-
nificant difference.

Furthermore, mean K and PK in our study were 44.56 +
1.18 D and — 5.95 +0.19 D, respectively. By using a Gaussian
optics formula and the refractive index of air (1.000), cornea
(1.376), aqueous (1.336), and keratometric index being used
in the device (1.3375), the radius of curvature for anterior
cornea (Fanterior) and posterior cornea (Fposterior) €an be calcu-
lated. In our study, the mean 7,;¢erior Was 7.58 £0.20 mm and
the mean 7y osierior Was 6.73 +£0.20 mm. Interestingly, the ratio
of the back to the front was 0.887 (6.73/7.58) which was quite

43.00 44.00 45.00

Mean value of TK and K, (D)
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similar to the ratio of the Gullstrand’s exact schematic eye
(0.883) [21, 22]. Using the back calculation for the equivalent
keratometric index for the population, as described by Olsen
et al., a value of 1.3320 is calculated [18]. The calculated
keratometric index of 1.3315 in the current study was notably
similar to the value proposed by Olsen et al. [23].

This study followed the protocol for studies on IOL formu-
la accuracy, proposed by Hoffer et al. [24]. A single surgeon
performed all surgeries and a single IOL model (601P/PY
model [Zeiss]) with an optimized IOL constant was used to
avoid variability of results. We randomly used one eye from
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Fig. 2 Agreement of IOL power derived by conventional keratometry
(K) and total keratometry (TK) across six IOL formulas (a Bland
Altman Plot of SRK/T formula, b Bland Altman Plot of Hoffer Q
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Table 2 Emmetropic IOL power of 60 eyes for all formulas using K
and TK
IOL formula IOL power (D)

K group TK group Difference ICC
SRK/T 21.02+£330  20.97 +£333 —0.04 0.99
Haigis 20.24+3.38 20.19 +3.42 —0.06 0.99
Hoffer Q 20.39+£3.57  20.34 +3.62 —0.05 0.99
Holladay 1 20.53+3.39 2048 £3.43 —0.05 0.99
Holladay 2 20.55+3.39 2048 £3.45 —0.06 0.99
Barrett 20.43+3.29  20.38 +£3.32 —0.05 0.99
Barrett TK - 20.42 +3.26 - -

Paired ¢ test for mean difference, all p value > 0.2; /CC, intraclass corre-
lation coefficient

each patient for the analysis. Moreover, all the results were
adjusted using systematic error of the mean before the com-
parison (Table 5), providing an improved method of evalua-
tion of the accuracy of the IOL formula [13].

The refractive outcomes of the TK group appeared to be
slightly better than the K group in all formulas, which was not
unexpected as the true posterior corneal data was included in
the calculation. There was no assumption made by using
keratometric index. Although most of the IOL formulas were
developed for the keratometric index values, the proprietary
algorithm of the TK appears to align and compensate for any
variances. This may be the reason we did not find any signif-
icant difference value between the K and the TK, as well as the
IOL powers derived in our study.

The new Barrett TK Universal II formula was designed to
be used with the TK; therefore, it was not surprising that it
showed the lowest MAEs when compared with the others.
Also, a very high proportion of eyes achieved refractive out-
comes within £ 0.25, £ 0.50, and £ 1.00 D using the formula.
Therefore, the Barrett TK Universal II formula can be used
with TK quite effectively and it should be generally

Table 3 Mean absolute errors (MAESs) (= SD) and median absolute
errors (MedAEs) of 60 eyes for all formulas using K and TK

IOL formula K group TK group
MAEs MedAEs MAEs MedAEs

SRK/T 0.472 0.360 0.455 0.347
Haigis 0.503 0.399 0.490 0.405
Hoffer Q 0.455 0.333 0.451 0.305
Holladay 1 0.476 0.362 0.443 0.352
Holladay 2 0.484 0.388 0.460 0.345
Barrett 0.467 0.431 0.437 0.375
Barrett TK - - 0.392 0.333

The mean arithmetic error for each formula was adjusted before the
comparison

Table 4  Percentage of eyes within £0.25 D, £0.50 D, and =1.00 D of
predicted postoperative spherical equivalent refraction (SE) between all
formulas using K and TK

IOL formula  Postoperative spherical equivalent refraction (D)

+0.25D +0.50 D +1.00 D

K TK K TK K TK
SRK/T 2885 4038 6154 59.62 96.15 96.15
Haigis 30.77 36.54 6154 6346 8846  88.46
Hoffer Q 4038 4231 69.23  75.00 8845 86.54
Holladay 1 3462 4231 6346  67.31 86.54  90.38
Holladay 2 30.77  34.62 6731 6923 9038  88.46
Barrett 36.54 4038 59.62 6538 8846 9231
Barrett TK - 36.54 - 6731 - 92.31

Paired McNemar’s chi-square test; *statistically significant difference
when p <0.05

recommended over the Barrett Universal II for the use with
a TK value. To our knowledge, this is the first study of refrac-
tive outcomes applying the Barrett TK Universal II formula.

It is surprising that the percentage of eyes with a prediction
of £0.5 D for the Barrett formula in our study was just 59.6%
when using conventional K. It might probably be from general
optimized constants we used in the study. Although it has been
proposed by Aristodemou et al. [25] that optimized IOL con-
stants could substantially improve refractive outcomes, far
exceeding personalizing IOL constants, some error might oc-
cur in specific group of population. Further larger number of
eyes included in the study may lead to better results. The
limitation of this study was that it included a relatively small
sample size and all cases were confined within normal range
of all parameters. The results might not be applicable to eyes
in extreme parameters related to very long or short axial
length. A larger sample size may be required to confirm the
results.

In conclusion, our preliminary results suggest that TK is
comparable with K and can be used to determine IOL calcu-
lation in simple cataract surgery using the same optimized

Table 5 Optimized IOL constants for both conventional keratometry
(K) and total keratometry (TK) in all formulas

IOL formula Optimized IOL constant
Keratometry (K) Total keratometry (TK)
SRK/T 119.36 119.39
Haigis 1.547 1.567
Hoffer Q 5.88 5.90
Holladay 1 2.11 2.13
Holladay 2 5.31 548
Barrett 2.07 2.09
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IOL constant. The refractive outcomes of TK were slightly
better when compared with K and the new Barrett TK
Universal I formula can be used with TK for the IOL calcu-
lation with very good refractive outcomes.
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