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ABSTRACT

Background: To develop and validate various models to predict total keratometry (TK) power vector components TKCO
and TKC45 from classical keratometry (K) KCO and KC45 based on a large dataset of pre cataract surgery IOLMaster 700
measurements.

Methods: Retrospective cross-sectional multicentric study evaluating a dataset containing 136378 IOLMaster 700 measure-
ments including K and TK. Left eyes were mirrored about the facial axis. Based on 80% training data, we developed a global and
segmented constant model (CM and CMS), a global and segmented (according to the angle A1 of the flat keratometric meridian)
linear model (LM and LMS), a harmonic model (HM) and compared these to a classical constant (CMR) and linear models (LMR)
segmented into with-the-rule, against-the-rule and oblique astigmatism. The performance was cross-validated using the root-
mean-squared model fit error (RMSE).

Results: In the 20% test data, RMSE was 0.173 D before correction and was reduced by 40%-42% to 0.100 and 0.104 D with the
correction models. The segmented models performed slightly better than the global models, and the linear models performed
slightly better than the constant models. With the individually adjusted changepoints, the CMS and LMS performed slightly
better than the reference models CMR and LMR. There was no systematic difference between the RMSE with training and test
data, indicating no overfit of the models.

Conclusion: As the performance is quite similar for all tested correction models, we recommend using a simple global constant
model to predict TK vector components. This could easily be implemented in any consumer software.

1 | Introduction assumptions represented in terms of a keratometric index, ker-
atometry or corneal topography assumes a fixed ratio of front
Classical standard keratometry measures the corneal front sur- to back surface curvature in both cardinal meridians [1-3].

face curvature to estimate total corneal power. Based on model However, we know from Javal's rule that the corneal back
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surface does not show a fixed proportionality in all meridians.
Since the radius of the back surface relative to the front surface
is typically even steeper in the vertical meridian than in the
horizontal meridian, the corneal back surface adds a variable
quantity and quality of against-the-rule (ATR) astigmatism that
is not represented in these standard keratometry measurements
[4-10].

For clinicians, reliable data on total corneal astigmatism is
essential, especially in the context of toric intraocular lens
(IOL) implantation and refractive surgery. There are several
options for anterior and posterior corneal power available to
clinicians: (1) measure both the anterior and posterior corneal
surfaces using modern Scheimpflug imaging [11, 12] or op-
tical coherence tomography [13, 14], and analyze the equiv-
alent and astigmatic power of each surface separately; (2)
measure both surfaces and combine their data into a single
total equivalent and astigmatic power; or (3) rely solely on tra-
ditional keratometric data and apply statistical corrections to
account for the difference between keratometry and total cor-
neal power. To assess correction strategies, corneal power has
to be decomposed into power vector components. This means
that instead of using the power in the flat and steep meridians
together with their orientation angles, we transform corneal
power into an equivalent power which represents the arith-
metic mean of the power in both meridians and into the astig-
matic power vector components CO and C45 which represent
the projections of the astigmatism onto the 0°/90° meridian
and onto the 45°/135° meridian [1, 11, 13, 15-18]. Recognising
the 180° periodicity of astigmatism, the CO component/C45
component is typically plotted on the X/Y axis in a double
angle plot [18, 19].

Before analysing power vector data, it is helpful to consider
symmetry conditions of corneal astigmatism with respect to
the facial axis. For instance, the astigmatism of left eyes could
be mirrored compared to right eyes. This could be expressed
in a standard notation by Axis:=180-Axis or in the power vec-
tor notation by flipping the sign of the C45 vector component
C45:=-C45 [15].

Since the first presentation of Javal's rule, as simplified by
Grosvenor [4-6], several nomogram or predictive model correc-
tions (e.g., Abulafia, Baylor, Goggin, Goggin scheme as modified
by LaHood, or Homburg-Adelaide nomogram) have been estab-
lished in clinical routine, including (1) static vector corrections
[1, 13, 18, 20]; (2) linear regression corrections defined either
globally over the entire range of keratometric meridians (“global
models”) or segmented/piecewise, in which the range is divided
into a number of segments, with separate corrections applied
to each (“segmented models”) e.g., the range could be divided
into segments according to keratometric with-the-rule (WTR)
astigmatism (flat meridian between 0° and 30° or between 150°
and 180°), ATR (flat meridian between 60° and 120°), or oblique
(OBL, flat meridian between 30° and 60° or between 120° and
150°) [7, 8, 21]; or (3) machine learning-based corrections [16].
This arbitrary segmentation into WTR, ATR, and OBL astigma-
tism has been verified with clinical data [22, 23].

There are two complementary strategies for considering cor-
rections for the corneal back surface astigmatism: (1) we could

derive a correction that maps classical keratometry to total
power [1, 2, 13, 16-18], and (2) we could develop a concept to
map keratometric astigmatism to refractive cylinder, for exam-
ple as derived from refractometry after implantation of a non-
toric intraocular lens in the eye [4, 8, 10, 24]. The first concept is
restricted to the pure effect of the contribution of corneal back
surface astigmatism, which is not described with keratometry
[18], and the latter concept includes effects such as topographic
changes due to cataract incision, or the effect of angle alpha, or
the lens decentration or tilt on the refractive cylinder [4].

One purpose of the present study was to extract and analyse the
power vector components of keratometry and total keratometry
(TK) in a large dataset derived with the IOLMaster 700 in a cat-
aractous population after considering mirror symmetry of cor-
neal astigmatism (mirroring left eyes). Another was to develop
several predictive correction models to predict the total corneal
power from the keratometric power using global and segmented
strategies of predictive model corrections based on constant
models, linear regression models, and a harmonic model, includ-
ing optimisation of the change points between segments. The
final purpose of the study was to validate these models using
strict cross-validation and to compare with a classical constant
and linear regression model segmented in terms of keratometric
WTR, ATR, and OBL astigmatism.

2 | Methods
2.1 | Dataset for Our Evaluation

Alarge dataset containing N=136 378 measurements taken prior
to cataract surgery with the IOLMaster 700 (Carl-Zeiss-Meditec,
Jena, Germany) on eyes scheduled for implantation of an IOL
and without a history of previous eye surgery was considered
in this study. This multicentre dataset contains biometric data
including complete measurements of eye laterality, keratome-
try, and total keratometry from 8 clinical centres: (1) Rothschild
Foundation, Paris, France (Prof. Gatinel, N=48335); (2) Augen-
und Laserklinik Castrop-Rauxel, Castrop-Rauxel, Germany
(Dr. Hoffmann, N=24992); (3) Department of Ophthalmology,
Ludwig-Maximilian University, Munich, Germany (Prof.
Priglinger, Dr. Wendelstein, N=17305); (4) Dean McGee Eye
Institute DMEI, Oklahoma City, USA (Prof. Riaz, N=17041); (5)
Hanusch-Clinics, Vienna, Austria (Prof. Findl, N=16290); (6)
Department of Ophthalmology, Penn State College of Medicine,
Hershey, USA (Dr. Pantanelli, N=5080); (7) Department of
Ophthalmology, Tan Tock Seng Hospital, Singapore (Dr. Yeo,
N=4817); (8) IRCCS Bietti Foundation, Rome, Italy (Dr. Savini,
N=2518).

The local ethics committee (IRB) has provided a waiver for
this study (Arztekammer des Saarlandes, 157/21), as all data
processed in this study were already anonymised at source be-
fore being transferred to us for processing. This precludes any
back-tracing of the identity, and therefore informed consent of
the patients was not necessary. Data tables were reduced to the
relevant parameters required for our data analysis, consisting
of the following measurements: Clinical centre, sex (female or
male), laterality (right or left eye), keratometry data for the cor-
neal front surface consisting of radius in the flat meridian (R1
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Distributions of keratometric and total keratometry astigmatism in the entire dataset with N = 136,378
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FIGURE1 | Cumulative distribution function (CDF) for the keratometric (K) and total keratometry (TK) astigmatism for the entire dataset before
filtering out datapoints with a keratometric astigmatism of zero. The graph on the left shows the absolute value of the K and TK astigmatism, with
the 25%, 50%, 75%, 90%, 95% and 99% quantiles listed in the legend. The graph on the right shows the CDF for the K and TK astigmatic power vector
components CO and C45. Please note that the KCO is shifted slightly to the right (astigmatism with-the-rule) whereas KC45, TKCO and TKC45 are

mostly symmetric about zero (as marked with the black dotted line).

in mm), radius in the steep meridian (R2 in mm), and the ori-
entation angle of the flat meridian (A1l in degrees), and finally
total keratometry data for the corneal front surface consisting
of radius in the flat meridian (TR1 in mm), radius in the steep
meridian (TR2 in mm), and the orientation angle of the flat me-
ridian (TA1 in degrees).

The measurement data were anonymised at source and ex-
ported as .CSV map files using the software module for batch
data export. The data were transferred to Matlab (Matlab 2022b,
MathWorks, Natick, USA) for further processing.

2.2 | Data Pre-Processing in Matlab

Keratometric data (R1,R2, A1) and total keratometry (TR1, TR2,
TA1) were decomposed into power vector components (KEQ,
KC0, KC45 and TKEQ, TKCO0, TKC45, respectively) using the
Javal keratometer index (nK=1.3375). Since we expect mirror

symmetry with respect to the facial axis (vertical axis), the C45
components for left eyes were flipped in sign to consider both
left and right eyes as right eyes [15]. Since we used the orienta-
tion angle Al of the flat keratometric meridian for segmented
analysis, eyes with identical measurements for R1 and R2 (non-
astigmatic eyes where Al is, by default, set to zero by the soft-
ware of the IOLMaster without clinical meaning) were excluded
from the dataset.

Figure 1 displays the cumulative distribution function for the
keratometric and total keratometry astigmatism (left graph) to-
gether with the cumulative distribution function for the corre-
sponding astigmatic power vector components KC0/KC45 and
TKCO0/TKC45 (right graph) for the entire population (N=136378
measurements). The 25%, 50%, 75%, 90%, 95%, and 99% quantiles
for the keratometric/total keratometry astigmatism are listed in
the legend of the left graph. In 74.78%/74.32% of eyes, keratomet-
ric/total keratometry astigmatism was > 0.5 D, in 36.39%/37.61%
of eyes, it was >1.0 D, and in 8.21%/8.35% of eyes, it was >2.0 D.
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The entire dataset was randomly split into training data (80%)
and test data (20%), and the models described in the following
section were developed using the training data, and their perfor-
mance was then evaluated using the test data.

2.3 | Models Describing the Difference of Total
Keratometry and Keratometry

The simplest model that describes the astigmatic vector compo-
nent differences between total keratometry (TKCO and TKC45)
and keratometry (KCO and KC45) is a constant model (CM) fit-
ted globally over the entire range of the flat keratometer axis A1.
This model is defined as

TKCO KCO ICMCO KCO
- + +6= +ICM +6
TKC45 KC45 ICMC45 KC45

where ICM refers to the 2 component intercept vector of the cor-
rection, and & to the fit error to be minimised.

In a more general case, a segmented constant model (CMS) was
defined in which the astigmatic vector component differences be-
tween total keratometry and keratometry are piecewise constant
for clusters of Al. If we assume M changepoints (CP) within the
range of Al (0° to 180°), together with the 180° periodicity of A1,
we obtain M different segments, each with a separate constant
model intercept ICMS1 to ICMSM. This model is defined as

ICMS1
TKCO KCO ICMS1
[TKC45 - [KC45] o

ICMSM

In this model, in addition to the intercept vectors we also need
to derive a suitable number of change points, M, and their loca-
tions, in order to minimise the fit error, 6.

Next, we defined a simple linear model (LM) in which the astig-
matic vector component differences between total keratometry
and keratometry are fitted globally over the entire range of Al.
This model is characterised by an intercept (ILM) as well as a
slope (SLM) as

TKCO KCo ILMCO SLM11 SLM12 KCo
= + + :
TKC45 KC45 ILMCA45 SLM21 SLM22 KC45
KCo KCO
+o6= +ILM+SLM - +6
KC45 KC45

Again, in a more general case, a segmented linear model
(LMS) was defined in which we assume that the astigmatic
vector component differences between total keratometry and
keratometry are piecewise linear for clusters of Al. If we de-
fine M changepoints within the range of A1, this results in M
different segments, each with a separate linear model inter-
cept (ILMS1 to ILMSM) and slope (SLMS1 to SLMSM). This
model is defined as

ILMS1 SLMS1
[ TKCO ] [ KCO ] ILMS1 SLMS1 [ KCO ]
= + .

TKC45 KC45 KC45

ILMSM SLMSM

In this model, in addition to the intercept vectors and slope
matrices, we also have to derive a suitable number of change-
points, M, and their locations, in order to minimise the fit
error 9.

Next, we defined a harmonic model (HM) in which the astigmatic
vector component differences between total keratometry and
keratometry are fitted globally with a sinusoidal modulation over
A1l. This model is characterised by an intercept (IHM) together
with weights for the sine and cosine components (WHM) as

TKCO KCO IHMCO | [WHMI11 WHMI2| [sin(Al)
= + + :
TKC45| |KC45| |IHMC45| |WHM21 WHM22| |cos(Al)

KCo
+6= +IHM +WHM -
KC45

sin(Al)
cos(Al)

The amplitudes for the CO and C45 correction component are
derived  from  AHMCO = WHM112+ WHM122  and

AHMC45 = v/ WHM212 + WHM222, and the angles of the prin-

. . . _ _1 ( WHM12
cipal meridians are given by MHMCO = tan <W_HM11> and

_ eo—1 [ WHM22 ; : :
MHMCA45 = tan <WHM21 ), respectively. With the amplitudes

and angle data, the harmonic correction can be expressed as

TRCO | [KCO THMCO
[TKC4S] - [KC4S] * [IHMC45]
AHMCO- cos(A1 — MHMCO)
* [AHMC4S -cos(Al - MHMC4S)]

As a reference, we defined a constant and a linear model based
on the classical data clusters: a segmented constant model
(CMR) was defined in which the astigmatic vector component
differences between total keratometry and keratometry is piece-
wise constant for A1l clustered into wtr, atr and obl as

ICMRwtr
TKCO KCO0
= + { ICMRatr ¢+ 6
TKC45 KC45
ICMRobl

Finally, a segmented linear model (LMS) was defined in which
we assume that the astigmatic vector component differences be-
tween total keratometry and keratometry are piecewise linear
for clusters of Al defined by wtr, atr and obl. For the 3 segments
a separate linear model intercept (ILMRwtr, ILMRatr and
ILMRobl, each are 2x 1 vectors) and slope (SLMRwtr, SLMRatr
and SLMRobl, each are 2 X 2 matrices). This model is defined as

ILMRwtr SLMRwtr
TKCO KCo KCo
= + 3 ILMRatr ; + 4 SLMRatr ;- +6
TKC45 KC45 KC45
ILMRobl SLMRobl
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TABLE 1 | Descriptive data for keratometry (K) and total keratometry (TK) after mirroring left eye data with respect to the facial axis for the
entire dataset (upper block, after excluding the datapoints with keratometric astigmatism values of zero), and after randomly splitting into 80%

training data (middle block) and 20% test data (lower block).

Keratometry K Total keratometry TK
Data in dioptres KEQ K ast KCo KC45 TKEQ TK ast TKCO TKC45
Entire dataset Mean 43.0055 0.9694 0.2346 —0.0345 43.0564 0.9840 0.0402 —0.0618
(N=133502) SD 1.6535 0.7794 1.0534 0.6174 1.6863 0.7825 1.0841 0.6325
Median 43.0239 0.7757 0.2151 —0.0447  43.0851 0.7963 0.0064 —0.0682
2.5% quantile 39.6749 0.1691 -1.7047 -1.1746 39.6397 0.1415 —-1.9696 —1.2380
97.5% quantile 46.1664 2.9564 2.4580 1.1596 35.2294 2.9373 2.3276 1.1605
Training data Mean 43.0055  0.959%4 0.2346 —0.0345 43.0564 0.9840 0.0402 —0.0618
(N=106802) SD 1.6535 0.7794 0.0534 0.6174 1.6863 0.7825 1.0841 0.6325
Median 43.0239 0.7757 0.2151 —0.0447 43.0851 0.7963 0.0064 —0.0682
2.5% quantile 39.6749 0.1691 —1.7047 —1.1746 39.6397 0.1415 -1.9696 —1.2380
97.5% quantile  46.1664  2.9564 2.4580 1.1596 46.2294 2.9373 2.3276 1.1605
Test data Mean 43.0055  0.9694 0.2346 —0.0345 43.0564 0.9840 0.0402 —0.0618
(N'=26700) SD 1.6535 0.7794 1.0534 0.6174 1.6863 0.7825 1.0841 0.6325
Median 43.0239 0.7757 0.2151 —0.0447 43.0851 0.7963 0.0064 —0.0682
2.5% quantile 39.6749 0.1691 —1.7047 —1.1746 39.6397 0.1415 -1.9696  —1.2380
97.5% quantile  46.1664  2.9564 2.4580 1.1596 46.2294 2.9373 2.3276 1.1605

Note: KEQ/K ast/KC0/KC45 refers to the equivalent power/astigmatism/astigmatic power vector component at the 0/90° meridian/astigmatic power vector component
at the 45/135° meridian for keratometry, and TKEQ/TK ast/TKC0/TKC45 to the corresponding values for total keratometry. In the data table, we display the arithmetic
mean, standard deviation (SD), median, and the lower (2.5% quantile) and upper (97.5% quantile) boundary of the 95% confidence interval.

All models were fitted en bloc using nonlinear iterative opti-
misation with the sequential linear programming (SQP) algo-
rithm [25, 26]. The root-mean-squared (RMS) fit error (RMSE)
derived from the vector length of the fit error § (6C02 + 6C452)
was used as the optimisation metric.

3 | Results

The dataset transferred to us originally contained N=136378
measurements. Of these, N=133502 (97.89%) having kerato-
metric astigmatism >0 were included in our data analysis. The
dataset was randomly split into 80% training data (N=106802)
and 20% test data (N=26700). The descriptive statistics for ker-
atometry and total keratometry for the entire dataset, training
dataset, and test dataset are listed in Table 1.

The left-hand side of Figure 2 displays scattergraphs for the
training data showing the distributions of the astigmatic power
vector components TK—K for CO (upper graph) and C45 (lower
graph) as a function of the angle Al of the flat keratometric
meridian. The graphs show that there is a concentration of
datapoints around A1=0/180° and around A1=90°. The dou-
ble angle plot for the difference TK—K is shown on the right,
together with the centroid and the 95% error ellipse. This plot
shows that there is a systematic offset towards negative CO
values and a slight offset towards negative C45 values. Due to
mirror symmetry, we expect a slight shift towards positive C45
values in left eyes.

The scattergraphs in Figure 3 show the differences in the CO
and C45 astigmatism power vector components of TK-K before
and after model corrections for the test data, the predictive mod-
els having been derived with the training data. Figure 3a shows
the situation with the constant model CM, where the RMSE
was reduced from 0.1733 D to 0.1039 D (in the training data
from 0.1732 D to 0.1036 D). With this simple correction model,
KC0/KC45 must be lowered by 0.193/0.026 D to map to TKCO0/
TKC45. Figure 3b shows the situation with the (piecewise de-
fined) segmented constant model CMS. For consistency with the
number of changepoints in a segmentation into wtr, atr, and obl,
we decided to use 4 changepoints over the Al range. As can be
seen from the graph, the optimised changepoints are located at
13°/45°/118°/157° (instead of 30°/60°/120°/150° as used for wtr,
atr, and obl). The RMSE was reduced to 0.1026 D (in the training
data to 0.1023 D). The intercepts for the 4 segments (ICMSI to
ICMS4) are shown on the graph. Figure 3c shows the situation
with the linear model LM, where the RMSE wasreduced to 0.1023
D (in the training data to 0.1019 D). The intercept ILM and slope
SLM are shown on the graph. Figure 3d shows the situation with
the (piecewise defined) segmented linear model LMS. Again, for
consistency with the number of changepoints in a segmentation
into wtr, atr, and obl, we decided to use 4 changepoints over the
Al range. As can be seen from the graph, the optimised change-
points are located at 5°/37°/90°/171° (unlike the changepoints
used for wtr, atr, and obl). The RMSE was reduced to 0.1004
D (in the training data to 0.1000 D). The intercepts (ILMS1 to
ILMS4) and the slopes (SLMS1 to SLMS4) for the 4 segments
are shown on the graph. Figure 3e shows the situation with the
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TK - K (OS mirrored) in the N = 106,802 training data, RMSE = 0.1732 D
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FIGURE 2 | The scattergraphs on the left show the difference of total keratometry (TK) and keratometric (K) astigmatism power vector compo-
nents (CO in the upper graph and C45 in the lower graph) as a function of the K flat meridian angle A1 for the training data (with left eyes mirrored

about the facial axis). The double angle plot in the right graph shows the angular distribution of both power vector components (TKC0-KCO0 and
TKC45-KC45) together with the centroid (location listed in the legend) and the 95% error ellipse (ellipse area listed in the legend) derived from the
variance-covariance matrix. The shift of the CO components towards negative values (in the upper left graph) corresponds to the shift of the distri-

bution and centroid to the left (in the right graph).

harmonic model HM, where a sinusoidal modulation of the cor-
rection over Al is assumed. The graph shows that the model cor-
rection of the CO component varies with an amplitude of 0.029
D around the intercept of —0.198 D with a maximal (negative)
correction at 91°. The model correction for the C45 component
does not show a systematic variation (amplitude of 0.005 D with
a maximal (negative) correction at 114°) around the intercept of
—0.027 D. The RMSE was reduced to 0.1024 D (in the training
data to 0.1021 D). Finally, Figure 3f shows the performance of
the constant and linear correction models with a classical data
segmentation into wtr, atr, and obl. The intercept of CMR for
the 3 relevant segments (ICMRwtr, ICMRatr, ICMRobl) and
the intercept (ILMRwtr, ILMRatr, ILMRobl) and slope of the
linear model LMR (SLMRwtr, SLMRatr, SLMRobl) are shown
on the graph. With the CMR/LMR, the RMSE was reduced to
0.1029/0.1021 D (in the training data to 0.1025/0.1020 D).

4 | Discussion

The main finding of our study was that, using the IOLMaster 700
in combination with the tested model corrections, the prediction
error (RMSE) for total keratometry (TK) derived from standard
keratometry could be systematically reduced from 0.17D to ap-
proximately 0.10D, depending on the correction model. This
corresponds to a reduction of about 40% to 42%.

In general, the constant models CM, CMS, and CMR (RMSE
reduction: 40.05%, 40.82%, and 40.61%, respectively) perform
slightly worse than the linear models LM, LMS, and LMR (RMSE
reduction: 41.00%, 42.09%, and 41.10%, respectively). The seg-
mented models (CMS, LMS, and LMR) perform slightly better
than the respective global models (CM and LM). Interestingly,
the conventional segmentation into WTR, ATR, and oblique
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Global constant model CM
TK - K vector components before correction (N = 26,700 test data), RMSE = 0.1733 D
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FIGURE 3 | Scattergraphs for the test data (with left eyes mirrored at the facial axis) showing the difference of total keratometry (TK) and ker-
atometric (K) astigmatism power vector components before (upper graph) and after correction (derived from the training data) (lower graph(s)) as a
function of the flat keratometer meridian angle Al. (a) refers to the globally defined constant model CM, (b) to the piecewise (segmented) constant
model (CMS), (c) to the globally defined linear model (LM), (d) to the piecewise linear model (LMS), (e) to the globally defined harmonic model (HM),
and (f) to the constant (CMR, middle graph) and linear reference (LMR, lower graph) models, where the A1 segments were defined according to the
classical standard into with-the-rule (wtr), against-the-rule (atr), and oblique (obl). The root-mean-squared model fit errors (RMSE) before and after
correction are shown in the respective graphs. For the constant models (CM, CMS, CMR) the correction for the C0/C45 vector component is shown
with dashdotted magenta/cyan lines. The intercept of the constant models, the intercept and slope of the linear models (LM, LMS and LMR), and the
intercept and weight of HM are shown in the respective graphs.
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Global linear model LM
TK - K vector components before correction (N = 26,700 test data), RMSE = 0.1733 D
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Global harmonic model HM
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astigmatism, as used in several clinically established nomo-
grams or predictive correction models [11, 18, 20, 22, 23, 27-31],
performs slightly less accurately than models that allow individ-
ualised adjustment of segmentation changepoints.

Another interesting aspect is the mirroring of (in this study, left)
eyes with respect to the facial axis [15]. If we assume mirror
symmetry of keratometry or total keratometry, meaning that in
normal cases the astigmatism of both eyes is similar in magni-
tude but with the axis reversed, that is, the (flat) axis of the left
eye close to 180° minus the axis of the right eye, mirroring is
mandatory to represent the situation of both eyes in a single pre-
diction model [1, 2, 15, 18]. Alternatively, we could define sepa-
rate models for left and right eyes [15, 18]. In the present study,
we mirrored left eyes by flipping the sign of the C45 component
for keratometry and total keratometry in order to treat all eyes as
right eyes. We therefore ended up with a single model that could
be used for both left and right eyes. In applying this model, it is
important to remember that some corrections have to be made
for left eyes: we could either (1) decompose keratometry into vec-
tor components, (2) flip the sign of C45, apply the correction,
and flip the sign of C45 back, or (3) change the coefficients of the
models when used for left eyes. For the intercept this means that
the coefficient (1, 2) interacting with the C45 vector component
has to be flipped in sign, and for the slope matrix of the linear
models or the weight matrix for the harmonic model both off-
diagonal coefficients ((1, 2) and (1, 2)) have to be flipped in sign
to be applied to left eyes.

Another notable aspect is that the conventional segmentation of
the keratometric axis into WTR, ATR, and oblique includes two
separate sectors for oblique axes—from 30° to 60° and from 120°
to 150°. If mirror symmetry is not considered and both left and
right eyes are included in the prediction model, there is a risk
that any systematic tilt in the A1 vector (which exhibits mirror
symmetry between left and right eyes) could cancel out across
the dataset. Incorporating mirroring can help prevent this kind
of neutralisation effect.

The results from the various models confirm that the CO and
C45 astigmatism power vector components cannot be treated
separately. For instance, in the harmonic model, the cardinal
meridians for the minimal and maximal corrections of the C0/
C45 vector components are 91° and 1°/114° and 24°, respectively,
and in the CMR or LMR models, we notice some crosstalk be-
tween the CO and C45 astigmatism power vector components
(off-diagonal elements in the slope matrices).

These crosstalk effects between CO and C45 are, however, quite
low. For clinical routine, we require simple prediction models
that can be easily implemented and provide clinical relevance.
Given that the improvements in RMSE with all our models are
quite similar, we feel that the simpler models would be pre-
ferred. For instance, the model with a constant vector correction
is accurate, effective, and easy to implement in any consumer
software or calculated with any simple pocket calculator. In the
simplest version, to predict TK from K, we would subtract 0.198
from the CO vector component and subtract (or add) 0.026 D
to the C45 vector component for right (left) eyes. For easy im-
plementation of the predicted total keratometry predTK (astig-
matism predTKast and flat meridian angle predTKA1) from

keratometry (astigmatism Kast with flat meridian angle A1) in
any consumer software, the following symbolic code could be
used as a template:

predTKast = Kast2+XKast- (cos(%) »Ay+sin(%> Ax) +Ax- Ay

. L4
Kast~sm<%) +Ay

predTKA1 +180,180

mod| <%> -atan2 ——m8¥ ———
” Kast-cos(%)+Ax

where Ax refers to the intercept of the CO correction (—0.198),
Ay to the intercept of the C45 correction (—0.026 for right
and +0.026 for left eyes), and cos/sin/atan to the cosine/sine/
inverse tangent function. The atan2 function is available in
most maths libraries and takes into account the sign of the
numerator and denominator to avoid separate evaluations of
the 4 quadrants. The modulo function (mod) shifts the axis
range back to 0°..180°. Even the most advanced LMS model
with individual definition of changepoints and linear correc-
tion where TK is predicted from an intercept ILMS and the
K vector components weighted with slope coefficients SLMS
individually adjusted in the 4 segments of A1 promises only a
slight improvement.

Overall, comparing the model performance expressed in terms
of RMSE fit error, we observe that the performance is quite sim-
ilar when the model is applied to both the training and test data.
This means that there is no overfitting in any of the prediction
models based on our dataset.

However, our study has some limitations: first, this study relies
on the assumption that the posterior cornea as measured by the
IOLMaster 700 can be taken as a gold standard for the actual pos-
terior corneal shape. However, this assumption may not be well
supported by evidence in the literature. In fact, there is some dis-
cussion in the literature as to whether the posterior corneal shape
predicted from keratometry may yield better results for toric IOL
calculation than tomographic measurements in cases other than
those following keratorefractive procedures. Second, we assumed
mirror symmetry of the K and TK data with respect to the facial
axis, which was fundamental to defining common prediction
models for TK from K for both eyes. However, we feel that the ben-
efit of a “universal” model for both eyes in terms of ease of use in
the clinical setting justifies the use of these symmetry conditions.
Third, our prediction models have been derived from a large data-
set from the IOLMaster 700. Since we assume that keratometric
and total power data from other devices, such as anterior segment
tomographers or biometers, do not fully match the IOLMaster 700
data, our models are limited to predicting TK values specifically
within the IOLMaster 700 context—for example, to support toric
IOL planning when TK measurements are unavailable. Fourth,
we restricted our analysis to a limited set of prediction models,
including global and segmented constant and linear models, as
well as a harmonic model. Other prediction models with a higher
degree of complexity could be defined, but we should be aware
that the risk of overfitting could increase systematically with the
complexity of the model. And finally, the models developed in
this study relate standard keratometry to total keratometry, but
other factors such as lens tilt may be involved in predicting re-
fractive astigmatism from standard anterior keratometry. These
factors are, however, outside the scope of the current study.
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In conclusion, we developed several predictive correction mod-
els to predict the total corneal power from the keratometric
power based on a large dataset from the IOLMaster 700 derived
before cataract surgery. Left eye data were mirrored with respect
to the facial axis to derive a common correction for both eyes.
We observed that all the models show quite similar performance
and were able to reduce the RMSE by around 40% to 42%. The
intuitive segmentation into with-the-rule, against-the-rule, and
oblique astigmatism is a simplification, and it is possible that the
performance could be marginally improved with an individual
adjustment of the changepoints. Overall, as the implementation
of (segmented) linear or harmonic correction models could be
quite complex in clinical routine with only marginal improve-
ments in performance, we recommend a correction with a sim-
ple globally defined constant model where a direct measurement
of the corneal back surface curvature is unavailable.
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