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Figure 1

(A) Applying Friedman test and post hoc Dunn’s multiple comparison test on absolute prediction error. Mean ranks are provided in the 12

ring segments. Significant differences in rang sums between methods are shown with black lines. It has to be noted that p<0.05 does not mean that
methods are equal, but that the null hypothesis could not be rejected. Non-significant results may defer in direct comparison of two specific methods
when a more sensitive test can be applied. (B) Explorative Wilcoxon-signed rank test. Mean absolute prediction errors are provided in the 12 ring
segments. Significant differences in absolute prediction error are shown with black lines. All tests are only of explorative nature and performed as
single formula versus single formula. Therefore, was set to 0.05 and no post hoc correction for multiple comparisons applied. (C) Paired Friedman
ANOVA test for three groups sorted by Modern: Pearl, Castrop, Okulix, Kane, EVO; Intermediate: Holladay II, Barrett II, Olsen, Haigis; Classic: Hoffer
Q, Holladay, SRK/T. Yellow lines show significant differences, black lines show nonsignificant differences. (D) Paired Friedman ANOVA test for three
groups sorted by mean rank: Top 4: Pearl, Castrop, Okulix, Kane; Middle 4: Haigis, Holladay, Olsen, EVO; Bottom 4: Holladay |1, Barrett Il, Hoffer Q,
SRK/T. Yellow lines show significant differences, black lines show nonsignificant differences. ANOVA, analysis of variance.

Figure 2 (A) The bars display the median absolute prediction error

of each formula, the whisker refers to the IQR. (B) Box and Whiskers
plot: the box displays 25 and 75% quantiles, while the line marks the
median. The whiskers refer to the 2.5 and 97.5% quantile and the dots
to outliers. (C) Percentage of eyes in the entire population within a limit
of 0.25, 0.5, 0.75, 1.0 D. (D) 95% of absolute errors are smaller than the
value indicated by the bar.

Splitting groups by mean rank, the top four methods
(PEARL-DGS, Castrop, Okulix and Kane) showed significantly
better results than the middle four methods and the bottom four
methods (figure 1D). These four methods yield very similar
results, but their equality cannot be proven as n>1600 would
be required (post hoc analysis of achieved power). This agrees
with a recent study by Kane and Melles."* In patients treated
with the SA60AT with a IOL-power =30 D, the Kane formula
provided the lowest MAE."* Hill-RBF V.2.0 proved to be among
the methods with the highest MAE along with Barrett and
Hoffer Q."* This is interesting for two reasons: The Hoffer Q
Formula is recommended by the Royal School of Ophthalmol-
ogists for short eyes with AL <22 mm (National Institute for
Health and Care Excellence Guidelines on the management of
cataracts in adults, 26 October 2017 point 1.3.5), while recent
papers recommend the Barrett Universal II formula, a mix of
thick and thin lens linear Gaussian optics, as the standard
formula throughout all AL eyes.> ' Our results are similar to
the outcome of Kane and Melles, where the SRK/T, Hoffer Q
and Barrett yielded the highest MAEs."* In our patient cohort,
Barrett and SRK/T seemed to have systematic deviations in IOL
power (figure 3B), whereas Hoffer Q and SRK/T seemed to have
systematic deviations in AL (figure 3A). This might be the reason
that in literature SRK/T is often recommended for long eyes and
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Figure 3

(A) Trend analysis of PE over axial length. (B) Trend analysis of PE over I0L power. (C) Trend analysis of PE over corneal power (K
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n=1.3775). (D) Trend analysis of PE over anterior chamber depth. ACD, anterior chamber depth; IOL, intraocular lens; PE, prediction error.

Hoffer-Q for short eyes. Ideally, the slope of a formula’s regres-
sion line should be as flat as possible, otherwise it is less appli-
cable universally. Haigis and Olsen, (4-factor version) were good
performers for Kane and Melles.'* Haigis and Olsen, performed
well in our study, as well as the Hill-RBF V.3.0. Unfortunately, at
this time, the benefit of the Hill-RBF V.3.0 for short eyes proved
to be limited as 14.7% of all calculations were out-of-bounds.
These out-of-bounds might result from relatively sparse data for
training the algorithm in these complicated eyes.

In one of the largest studies on IOL formula performance,
Melles et al looked at results of the SN6OWEF and SA60AT IOL
models. Unfortunately, the maximum power of the SN6OWEF is
30 D, meaning that the most difficult eyes were excluded. They
found that the Kane, Olsen,, Barrett and EVO formulae are the
most accurate for eyes of all AL. The EVO formula might be
the exception as it showed worse results in short eyes.” '® Kane
and Melles reported good results regarding the EVO formula.'*
In another recent study on the SN60WE, Connell and Kane
proved the Kane formula to have the lowest MAE, followed by
Olsen,, Hill V.2.0 and Barrett. There were no significant differ-
ences between formulae in short eyes.® Likewise, Gokce et al'’
observed no significant differences between any of the formulae
for IOLs based on the Alcon and Tecnis platforms.

Among third and fourth generation formulae, a recent meta-
analysis reported that Haigis, Holladay I and Holladay II showed
superior results in short eyes.'® This is consistent with our results:
the Haigis formula does not differ significantly from Holladay I
or Holladay II (figure 1A,B). The Holladay II formula was used
without preoperative refraction as previous studies report better
outcome without this value."

Existing formulae achieve excellent results in normal eyes,
whereas eyes outside the normal range require more atten-
tion in IOL power calculation and PEs may increase consider-
ably.” ' The influence of ELP and its components ACD, AL
and corneal curvature is hardly separable. Nevertheless, for an
average eye, Norrby attributes 35.5% of non-systematic errors
to the ELP, whereas 6.2% are attributed to the eccentricity

and measurement of radii of the cornea,'' as the knowledge of
corneal asphericity and the posterior corneal curvature allow for
more accurate results.”’ Inspired by Norrby,'! error propagation
analysis of the average hyperopic eye in our study attributes 67%
of non-systematic errors to the ELP, 17% to AL and around 10%
to corneal measurement. Subsequently, formulae where ELP
is heavily dependent on corneal radii such as the SRK/T will
perform particularly badly in eyes with high refractive power.
Okulix uses a mixture of AL based and anatomically based IOL
position prediction.?’ *! AL measurement, IOL power itself and
the tolerance limits of ISO11979 may interfere with prediction
accuracy in high powered IOLs, as tolerances have been shown
to be a possible source of higher PE.*** Corneal asphericity can
also interfere with corneal power calculation,** but asphericity
Q is not readily available in standard biometry.

Aristodemou et al showed the importance of IOL constant
optimisation, reporting differences in A-constants for 27
surgeons.”” They found 26 of 27 surgeons within limits of
+0.15 of their collectively optimised constant that differed from
manufacturer’s and ULIB optimised constants.” This raises the
question whether constants should be optimised overall for a
pool of data from all sources or customised to surgeons, surgical
techniques, biometers or patient ethnicities. Unfortunately, the
newest generation of IOL formulae providing the most accurate
results according to modern literature are unpublished,’ ' nor
do these unpublished formulae provide ready-to-use spread-
sheets that would enable clinicians to optimise constants and
facilitate scientific repeatability without considerable effort. We,
therefore, provide a description of the Castrop formula and an
Excel spreadsheet for clinical and scientific use as online supple-
mentary material.

Even with optimised constants, varying shape factors of
different IOL designs might lead to differences in formula
performance.”!

Aspheric IOLs improve image performance by reducing
higher order aberrations. Specifically, the ZCBO0O0 design
provides a spherical aberration correction of —0.27 pm, but is
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Table 4 Comparison with literature (studies on short eyes)

Study Connell**,?  This study Kane'* Gokeett, 7 Kanet, ™ Kanet#, 2
0L SNGOWF SAG0AT ZCB00 SAGOAT SN6OWF SNGOWF SN6OWF
SAG0AT/SNGOAT
2CB00/ZCTO00
N 46 m 39 182 86 156 137
Criteria AL<22.0mm AL <21.5 mm and/or IOL Power >28D 10L Power =30D AL <22.0 mm AL <22.0 mm AL <22.0 mm
Factor MAE MAE ME (SD) MAE ME (SD) MAE ME MAE ME MAE ME MAE ME
(SD) (SD) (SD) (SD)
Barrett 0.48 0.48 -0.16 (0.65) 0.50 -0.34(0.61) 0.82 -0.62 (0.87) 039 —0.04 (0.49) 0.47 -0.26 0.45 -0.28
Castrop - 033 -0.03 (0.43) 0.32 -0.07 (0.40) - - - - - - - -
EVO0 2.0 - 0.38 0.21 (0.45) 0.51 0.24 (0.42) 0.56 -0.06 (0.74) - = = = = =
Haigis 0.47 0.39 -0.07 (0.49) 0.41 -0.02 (0.49) 0.60 -0.18(0.78)  0.42 —0.09 (0.54) 0.47 -0.09 - -
Hill 1.0 - - - - - - - 0.36 —0.80 (1.41) - - 0.42 -0.15
Hill 2.0 0.44 - - - - 0.71 0.30 (0.82) - - - - - -
Hill 3.0 = 0.39 -0.10 (0.5) 0.37 -0.11 (0.46) = = = = = = = =
Hoffer Q 0.48 0.46 -0.28(0.53) 0.50 —0.45 (0.48) 0.84 -0.71(0.81)  0.44 —0.22 (0.49) 0.50 -0.22 - -
Holladayl ~ 0.44 0.42 0.11(0.53) 037 -0.18(0.45) 0.63 -0.18(0.80)  0.39 -1.0 (1.64) 0.45 -0.07 0.42 -0.09
Holladay2 ~ 0.48 0.43 -0.22 (0.50) 0.42 -0.35 (0.46) 0.62 -0.32(0.77) 0.0 —0.25 (0.46) 0.47 -0.07 - -
Kane 0.44 0.34 0.06 (0.43) 0.38 -0.21(0.44) 0.53 -0.07(0.71) - = = = = =
Okulix - 0.34 —0.08 (0.43) 033 0.07 (0.39) - - - - - - - -
Olsen, - 0.40 0.12 (0.47) 033 -0.23 (0.48) - - 0.46 0.27 (0.51) - - - -
Olsen, 0.44 - - - - 0.61 -0.34(0.75 - - - - - -
PEARL-DGS - 0.34 0.10 (0.43) 0.29 -0.10 (0.36) = = = = = = = =
SRK/T 0.48 0.54 0.35(0.61) 0.40 —0.05 (0.48) 0.70 0.30 (0.82) - - 0.46 -0.04 - -

*ME/SD not known, the whole dataset (including normal and long eyes) was optimised for ME=0.
tValues only known as 10L-collective.

$SD not known.

AL, axial eye length; IOL, intraocular lens; MAE, mean absolute error; ME, mean error.

also optimised to perform in a state of 5° tilt.”® Hyperopic eyes
typically have higher angle alphas that induce aberrations and
make subjective refraction more difficult. Therefore, these IOLs
improve optical quality and allow for better determination of
refraction.

A noteworthy observation should be reported for the EVO
V.2.0 online calculator. For IOL calculations, the IOL model
must be specified. Options are ‘standard’” or ‘tecnis’, the latter
being the obvious choice and therefore used for all ZCB0O0 IOLs.
Setting the IOL model to ‘standard’ would have led to consider-
ably better results for this IOL (MAE 0.32 instead of 0.41). The
reason remains unclear as the function of the ‘tecnis’ option has
not been disclosed.

In our study, the EVO V.2.0 shows a hyperopic offset, leading
to a higher MAE, while the SD was quite low. Figure 3B shows
systematic deviations with IOL power, noticeable dependencies
were observed for Barrett, Olsen,, Haigis and Evo. Reitblat et
al compared the accuracy of IOL formulae for steep and flat
corneas.”’” In flat corneas, all formulae yielded >70% of eyes
within =0.5 D, whereas in steep corneas this was achieved by
Barrett, Haigis, Holladay 2 and Olsen, but not by third genera-
tion formulae.”” This might be interesting to clinicians because
it is ongoing practice to either choose a formula universally
(ie, Barrett or Kane Formula) or to use formulae according to
case stratifications (ie, long eye SRK/T; short eye Hoffer Q).
Figure 3C shows that systematic deviation with corneal curva-
ture was observed for Barrett, Evo, Haigis and Olsen. Figure 3D
shows that systematic deviations with ACD are relatively low for
Castrop, Haigis, Kane, Okulix and PEARL-DGS.

The strength of this study is that our patient cohort of short
and unusual eyes is large enough to provide sufficient statis-
tical power. Table 4 reports the number of short eyes in recent
studies,3 13141728

Many studies analyse a limited number of eyes treated with
many IOL models, or include both eyes of a patient.'” In

contrast, we included a larger series of eyes (only one eye per
patient) treated with two different lens models, and all inter-
ventions were performed by the same surgeon under identical
conditions. Hence, the environment remained the same for the
entire study population and all IOL constants were optimised for
this very same setting.

To keep the cohort size sufficient, measurements from two biom-
eters were included. Previous studies showed excellent coherence
between results of both machines in small and normal eyes with
an AL below 25.5 mm.”” *° By including only two IOL designs, we
were able to optimise lens constants as proposed previously.® *!
In keeping with similar studies,'* we chose to optimise constants
for each formula with a set of random patients of all axial eye
lengths instead of optimising constants for short eyes as this is the
more likely scenario in a practice, and then applied the optimised
formula to the dataset. The optimised constants were very close
to those used in daily routine. Evaluations showed a stabilisation
of single-constant values after 30 eyes, without further signifi-
cant changes (figure 4). Finally, the Castrop formula provided the
best results among methods with a fully published formula/equa-
tion, allowing a fair comparison with complementary calculation
schemes. This is based on the basic IOL power formula (see online
supplemental material 2 and 3), uses a thick lens model for the
cornea, Cooke’s sum-of-segments AL algorithm,** and a regressive
IOL position algorithm derived from 450 anatomical IOL posi-
tions. Adjustments can be performed dependent or independent
of ELP by two variables C and R. For this study, both variables
were used. A possible bias in prediction accuracy studies arises
when power selection is based mostly on one formula/method.
Slight residual ametropia of 0.25 D or less might be set to 0 in
subjective refraction, which may negatively affect the results of all
other formulae/methods. As primary IOL calculation was carried
out using the Okulix software that does not include constants or
any means of adjustment, it is unlikely that other retrospectively
applied formulae will be negatively affected.
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Figure 4  Prior internal optimisation processes showed a stabilisation
of A-constant values after 30 eyes. Changes after 30 patients were
minor with fluctuations within 1 decimal place.

Overall, Okulix, PEARL-DGS, Kane and Castrop proved to
be excellent alternatives in hyperopic eyes. Results in terms of a
lower MAE are significantly better than the benchmark formula
Hoffer Q and other formulae tested. To ensure good results,
segments of the optical path, especially aqueous depth and LT
are mandatory.
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