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Purpose: To compare the refractive predictability of ray tracing IOL calculations based on 
OCT data versus traditional IOL calculation formulas based on reflectometry in patients with 
a history of previous myopic laser vision correction (LVC).
Patients and Methods: This was a prospective interventional single-arm study of IOL calcula-
tions for cataract and refractive lens exchange (RLE) patients with a history of myopic LVC. 
Preoperative biometric data were collected using an optical low coherence reflectometry (OLCR) 
device (Haag-Streit Lenstar 900) and two optical coherence tomography (OCT) devices (Tomey 
Casia SS-1000 and Heidelberg Engineering Anterion). Traditional post LVC formulas (Barret True- 
K no-history and Haigis-L) with reflectometry data, and ray tracing IOL calculation software 
(OKULIX, Panopsis GmbH, Mainz, Germany) with OCT data were used to calculate IOL 
power. Follow-up examination was 2 to 3 months after surgery. The main outcome measure, 
refractive prediction error (RPE), was calculated as the achieved postoperative refraction minus 
the predicted refraction.
Results: We found that the best ray tracing combination (Anterion-OKULIX) resulted in an 
arithmetic prediction error statistically significantly lower than that achieved with the best formula 
calculation (Barret True-K no-history) (−0.13 D and −0.32 D, respectively, adjusted p = 0.01), while 
the Barret TK NH had the lowest SD. The absolute prediction error was 0.26 D and 0.35 D for 
Anterion-OKULIX and Barret TK NH, respectively, but this was not statistically significantly 
different. The Anterion-OKULIX calculation also had the highest percentage of eyes within ± 0.25, 
compared to both formulas and within ±0.50 and ±0.75 compared to the Haigis-L (p = 0.03).
Conclusion: Ray tracing calculation based on OCT data from the Anterion device can yield 
similar or better results than traditional post LVC formulas. Ray tracing calculations are 
based on individual measurements and do not rely on the ocular history of the patient and are 
therefore applicable for any patient, also without previous refractive surgery.
Keywords: post-LVC, OCT, ray tracing, IOL calculation, biometry, individual calculation, 
prediction error

Introduction
Cataract surgery and refractive lens exchange (RLE) today are safe and highly 
accurate procedures and almost any type of refractive errors can be corrected. RLE 
differs from cataract surgery only in the sense that the primary aim of the surgery is 
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to reduce spectacle dependence. Intraocular lens (IOL) 
power calculations rely on accurate measurements of the 
corneal curvature and the axial length (AL), but often also 
anterior chamber depth (ACD) and lens thickness (LT). In 
addition, constants specific to each IOL are used to 
account for different IOL properties that influence the 
final IOL position in the eye; these can also be optimized 
to account for different surgical techniques and 
instrumentation.1–3

For patients who have previously had laser vision 
correction (LVC), the precision of IOL calculations 
remains a challenge due to several sources of error. 
Inaccurate determination of the corneal refractive power 
is perhaps the most important, along with an incorrect 
estimation of the effective lens position (ELP) from cor-
neal power and incorrect estimation of the central corneal 
curvature from paracentral measurements.1,4–6 Reduced 
corneal thickness, altered corneal asphericity or higher 
order aberrations may also contribute.4,7 In addition, for 
IOL calculation in any patient, tear film instability may 
influence the keratometry measurement and individual 
shrinkage of the postoperative capsular bag may influence 
the actual postoperative IOL position and hence the 
refraction.

Corneal power is a critical variable for IOL power 
calculation. Traditionally, the corneal power is determined 
by measuring the anterior surface by means of reflectome-
try. This curvature is converted to corneal power with the 
use of a fictitious refractive index (the keratometric index) 
to account for the contribution of posterior corneal 
curvature.6 While this approximation may be sufficiently 
accurate for the average population, it does not hold true 
for patients with previous LVC because the anterior cor-
neal surface is altered. This is known as the keratometric 
index error.4 In myopic LVC the anterior corneal surface is 
flattened, but the posterior curve remains relatively 
unchanged. Corneal refractive power based on anterior 
curvature will be underestimated due to the reduced pos-
terior to anterior surface ratio.6,8

Estimation of the post-operative ELP is important in 
the IOL power calculation in general. The ELP is a virtual 
variable, often the lens plane of a thin lens, that does not 
necessarily reflect the anatomical IOL position after 
surgery.1 Nevertheless, it is a considerable source of 
error if it is incorrectly estimated. Some formulas rely on 
corneal power to estimate the ELP, resulting in an under-
estimation after myopic LVC and overestimation after 
hyperopic LVC.9 Other formulas use the ACD or AL to 

predict the ELP. Anatomically, the ACD is the distance 
from the posterior cornea to the anterior surface of the 
crystalline lens, but it is often measured from the anterior 
surface of the cornea.

The radius error (or instrument error) occurs because 
the central corneal curvature is extrapolated from paracen-
tral measurements with most biometers. After myopic 
LVC, the central cornea may be flatter than suggested by 
this extrapolated value.6

More than 30 post-LVC IOL calculation formulas or 
methods have been proposed to compensate for these 
known sources of error. Several formulas depend on his-
toric data, ie historic refraction and/or historic keratometry 
to calculate the true corneal power or to use separate 
historic keratometry for the determination of ELP.10 The 
corneal bypass method uses the preoperative corneal cur-
vature together with a target refraction set for the preo-
perative refraction to avoid the keratometric index error 
and the radius error.11

Other methods, so-called non-history methods, do not 
rely on exact preoperative data but need only to know if 
the treatment was myopic or hyperopic. For instance, the 
Haigis-L formula is an adaption of the Haigis formula 
(which uses ACD to predict ELP). Here the effective 
corneal power is estimated from the measured anterior 
corneal curvature in combination with a linear regression 
derived from a study population and a fixed correction for 
the underestimated ACD due to the laser ablation.4,12 The 
Shammas no-history method uses a similar approach, with 
a regression equation to correct the postoperative mea-
sured k-value to be used in a previously described formula, 
where AL is used for ELP prediction.13,14 The Wang-Koch 
-Maloney formula for myopic LVC uses keratometry 
obtained from topography converted with a different ker-
atometric index and subtracts an assumed posterior 
power.15,16 Another no-history formula is the Barret True 
K No History (Barret TK NH). The details of this formula 
are not published, but it uses an internal regression for-
mula to calculate an estimated change in manifest 
refraction.17 Other formulas, like the Potvin-Shammas- 
Hill formula, the Galilei-formula and the OCT-formula 
are based on theoretical formulas, but instead of kerato-
metry, uses total corneal power from instruments that 
provide actual measurements of the posterior 
cornea.15,18,19

The most commonly used post-LVC formulas are 
available with an online calculator from the ASCRS 
website.15 Depending on the amount of available data, 
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predicted IOL power is presented for different formulas, 
including the maximum, minimum and average of the 
different formulas. It has been proposed to look at several 
formulas to assess the IOL power most likely to give the 
intended refractive result.20 All these formulas are mod-
ifications of either a) theoretic IOL formulas based on 
a theoretical eye model which relies on Gaussian optics 
where light rays are assumed to refract as paraxial rays, or 
b) regression formulas based on clinical studies.

A different approach to IOL calculations is the use of 
ray tracing calculations. These are exact calculations based 
on Snell´s Law, using available data to calculate the best 
focus for single rays at varying radial distances from the 
optical axis through the different refractive media of the 
eye. One such software is the OKULIX Ray-Tracing- 
Calculation for the Pseudophakic Eye (Panopsis GmbH, 
Mainz, Germany). The OKULIX software does not use 
IOL power, but manufacture provided radii, refractive 
index, asphericity, and thickness for available IOL types 
and calculates the IOL power which gives the best focus, 
ie the smallest simulated image of a Landolt C on the 
fovea. Since IOL position depends on individual capsular 
bag shrinkage after surgery, it cannot be calculated exactly. 
Instead, a model calculation is used to predict the most 
probable IOL position based on AL, position and thickness 
of the crystalline lens (when measured).21 Adjustments in 
this predicted IOL position are already done by the man-
ufacturer and any further adjustment by the user is not 
recommended (Paul Rolf Preußner, PhD, e-mail commu-
nication, January 2020).

Conventional biometry for IOL calculation is often 
performed with an optical low coherence reflectometry 
(OLCR) device or a partial coherence interferometry 
(PCI) device, both of which use reflections from the cor-
neal surface to calculate the corneal power and laser inter-
ferometry for AL measurements. One advantage with the 
OLCR device is that it can also detect the signal maxima 
from both surfaces of the cornea and the crystalline lens to 
produce an a-scan of cornea thickness, ACD and LT.

OCT is a high speed, high resolution, noncontact 
optical imaging technique for noninvasive cross- 
sectional imaging of biologic systems.22 Recent anterior 
segment (AS) OCT systems have been designed to pro-
duce tomographic images and provide accurate measure-
ments of the AS.23,24 Spectral-domain and swept-source 
(SS) OCT are variations of Fourier-domain OCT, with 
the latter offering better visualization of structures and 
increased scanning speed.23 Backscatter from a SS laser 

beam creates multiple intensity-based cross-sectional 
images which are used to create three-dimensional sur-
faces from which parameters can be derived.25 One 
advantage with the OCT-based biometers is that all mea-
surements are based on infrared light, not visible to the 
patient´s eye, making the measurement more comfortable 
and facilitating target fixation. Another advantage is that 
they do not depend on reflection from the pre-corneal 
tear film. However, some studies have shown lower 
repeatability of OCT-based keratometry compared to 
reflectometry or Scheimpflug-based keratometry.26–29

Laser in situ keratomileusis (LASIK) is the most com-
mon LVC procedure, with more than 16 million proce-
dures globally to 2015.30 The volumes in the US and 
Europe have been about 1.5 million surgeries per year 
since 2010.31,32 Assuming that the bulk of LVC patients 
are between 25 and 35 years old at the time of surgery, the 
number of LVC patients with cataract or seeking presbyo-
pic RLE is likely to increase in future.

The aim of this study was to assess the accuracy of ray 
tracing IOL-calculations based on OCT data in patients 
with a history of myopic laser vision correction and to 
compare refractive prediction error with some well- 
established no-history post LVC formulas based on 
OLCR biometry. Our hypothesis was that ray tracing 
based on OCT data could improve refractive predictability 
for post-LVC IOL calculations.

Patients and Methods
This was a prospective one-arm treatment study of patients 
presenting for cataract or RLE surgery who had previously 
had myopic LASIK or photorefractive keratectomy (PRK). 
The study was conducted in a private eye clinic in 
Haugesund, Norway. Recruitment and data collection 
were performed from May 2019 to August 2020. The 
study followed the tenets of the Declaration of Helsinki 
and was approved by the Regional Committee for Medical 
and Health Research Ethics in Norway (Ref. no 2019/768). 
A written informed consent was obtained. Inclusion cri-
teria were bilaterally good ocular health, with no pathol-
ogy or systemic disease involving the corneal surface. 
Exclusion criteria were complicated LVC surgery, ectatic 
disease, lid deformities, or any acute or chronic disease or 
illness that could confound the results of the study.

Examination
All patients had a full optometric and ophthalmic exam-
ination, including uncorrected and corrected distance 
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visual acuity (UDVA and CDVA), manifest refraction 
(sphere and cylinder), slit-lamp biomicroscopy, and fun-
doscopy or wide-field retinal imaging. The macula, 
fovea, and vitreomacular interface were evaluated using 
fundoscopy, OCT, or both. All patients had comprehen-
sive preoperative counseling during which their needs, 
wishes, preferences, and expectations were evaluated. 
Patients requesting multifocal IOLs were informed 
about increased sensitivity to residual refractive errors 
and that the normal optical side effects could possibly 
increase due to optical aberrations caused by the LVC 
treatment. If the patient was motivated and given that the 
likely results could meet the expectations, a primary 
implantation with monofocal IOLs and a secondary 
implantation of multifocal supplementary IOLs 3 months 
later were offered. Only the results from the primary 
surgery were included in the study.

Biometry
Two instruments were used to measure the biometry of all 
subjects: a low-coherence reflectometry (OLCR) biometer 
(Lenstar 900®, Haag-Streit AG, Koeniz, Switzerland), and 
an SS OCT (Casia SS-1000, Tomey Corporation, Nagoya, 
Japan). A new SS OCT (Anterion®, Heidelberg 
Engineering GmbH, Heidelberg, Germany) was included 
in the study from December 2019, and results were ana-
lyzed with corresponding data from the other instruments. 
All measurements were performed by one clinician (BG).

The Lenstar 900 uses reflection keratometry based on 
32 measurement points located on two concentric rings of 
16 points each at 1.65 mm and 2.3 mm diameter. The 
keratometry index used was 1.3375. The Lenstar also 
provides an a-scan of corneal thickness, ACD, LT and 
AL. The final values are composites of five separate 
measurements.

With the Anterion, the “Cataract” examination consists 
of four steps of image acquisition; cornea data, anterior 
segment data, and two acquisitions of axial length, each 
started manually. The Anterion provides cornea tomogra-
phy, ACD, LT and AL. Both the Lenstar and the Anterion 
provided a quality check of the acquisitions. Only acquisi-
tions of acceptable quality were used for the calculations.

The Casia provides tomography of the cornea but not 
ACD, LT or AL. Each measurement is done in a single 
pass acquisition with fully automated alignment. No auto-
matic quality check was provided, but a manual check was 
performed. If data were missing from the maps, the 

measurement was repeated. With both OCT devices, two 
separate measurements were performed for each eye.

IOL Calculations
IOL Calculations with two post-LVC formulas were per-
formed with data from the Lenstar: the Barret TK 
NH formula, which was included in the device software, and 
the Haigis-L formula. The ASCRS online calculator (version 
4.8) was initially used for the Haigis-L calculation. However, 
this calculator only provides a predicted IOL power for a given 
target refraction but not the predicted refraction for a given IOL 
power. Therefore, for the RPE analysis, the Haigis-L formula 
was entered in an excel spreadsheet together with the constants 
and biometry data exported from the Lenstar and used to 
calculate the predicted refraction for the implanted IOL power.

All patients received one of the two IOL models: 
Acrysof® IQ or Acrysof® IQ toric (Alcon Laboratories, 
Inc., Fort Worth, TX, USA). The following constants were 
used for the calculations:

Acrysof IQ: Haigis (a0, a1 and a2) 1.309, 0.4, 0.1, 
respectively; Barret LF, 1.88.

Acrysof IQ toric: Haigis (a0, a1 and a2) 1.441, 0.4, 0.1, 
respectively; Barret LF, 1.99.

The Lens factor (LF) for the Barret formula and the 
Haigis a0 were optimized for the surgeon based on results 
from normal eyes.

Ray tracing IOL calculations were performed with 
OKULIX Ray-Tracing-Calculation for the Pseudophakic Eye 
version 9.16 using data from the OCT devices. The software 
calculates the predicted ACD based on a built-in database on 
the most commonly used IOLs, which is regularly updated. For 
the calculation with the Casia data, the AL value from the 
Lenstar was manually entered. For each OCT device, two 
separate OKULIX calculations were performed, once for 
each measurement, and the average predicted refraction from 
each instrument was used in the analysis. The IOL power that 
was implanted was based on the average predicted IOL power 
from Barret TK NH formula and the ray tracing calculations.

Toric IOL cylinder power and axis were calculated 
using the Barret toric IOL calculator included in the 
Verion™ Image-guided System (Alcon Laboratories, Inc., 
Fort Worth, TX, USA). Toric power was chosen so that the 
targeted residual cylinder was between 0.25 undercorrec-
tion and 0.1 overcorrection.

Surgery
All surgeries were performed by one surgeon (KG), using 
a superior 2.2 mm primary incision and two side ports 60 
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degrees from the primary incision. The Verion system was 
used for orienting incisions, the capsulorhexis and the final 
orientation of the IOL in the eye. Bilateral surgeries were 
performed on the same day.

Outcome Variables
Postoperative data were collected 2–4 months after sur-
gery, including UDVA, CDVA and distance refraction 
(sphere and cylinder). Distance subjective refraction was 
performed in 0.25 D steps with a lane length of 6 m. The 
aqueous depth (AQD) was measured with the Anterion as 
the distance from the posterior cornea to the anterior IOL. 
The primary outcome variable was arithmetic and absolute 
refractive prediction error (RPE), which was calculated as 
the achieved minus the predicted spherical equivalent 
refraction with each formula or calculation. A negative 
prediction error indicates a more myopic result than the 
predicted refraction. Absolute error (AE) was calculated 
by adjusting the mean arithmetic error to zero for each 
formula and taking the absolute value. This represents the 
ideal situation where lens constants are perfectly adjusted 
for the sample.3,33 Median absolute error (MedAE) and 
range of AE were reported.

Sample Size
The sample size calculation was based on a mean differ-
ence in prediction error between the two calculation meth-
ods with an expected standard deviation (SD) of 0.4 
D. Using an alpha of 0.05 and a power of 0.8, a sample 
of 22 eyes was determined to be sufficient to reliably 
detect a difference in RPE of at least 0.25D.

Analysis
Descriptive statistics included the minimum, maximum, 
mean, standard deviation and achieved refractive out-
come. Statistical analysis was performed using the 
t-test, analysis of variance (ANOVA) or nonparametric 
tests as appropriate. P-values were adjusted with the 
Holm–Bonferroni method for multiple comparisons.29,30 

Since two eyes from one subject are related, linear and 
logistic mixed-effects models were used to analyze data 
from both eyes of each subject. Such models are designed 
for modeling continuous correlated hierarchical/multile-
vel data, and one of the main strengths is the ability to 
handle unbalanced data.34 They offer maximal use of 
available data and are efficient also with a substantial 
amount of nonrandom missingness.35,36 The models 
were designed with “subject” and “eye (nested) within 

subject” as random effects, which causes the comparisons 
to be done in a paired manner. The Anterion-OKULIX 
calculation was used as a contrast. P-values were 
obtained by likelihood ratio tests of a) the full model 
with the effect in question against b) the model without 
the effect in question. “Subject” and “eye within subject” 
were kept as random effects in all models. Parameter 
specific p-values from the final models were obtained 
with Satterthwaite’s method.34

Statistical analyses were performed using the RStudio 
data-analysis software (version 1.2.1335, RStudio Inc, 
Boston, MA, USA) and the lme4, lmerTest and ggplot2 
packages.34,37,38 A p-value ≤0.05 (two-sided) was consid-
ered statistically significant.

Post Hoc Analysis
Ray tracing calculation could only be performed with data 
from a single measurement of the OCT device. The IOL 
predictions were based on the average of two separate 
measurements and calculations with each device. To assess 
if the repeatability of the measurement with the OCT 
devices was a relevant source of error, the coefficient of 
repeatability (CR) was calculated as 2.77 times the within- 
subjects standard deviation. The within-subjects standard 
deviation was calculated as the square root of half the 
mean of the squared differences between the two 
calculations.

The actual postoperative lens position affects the final 
refractive result. The OKULIX software predicts the ACD 
as the distance from the posterior cornea to the anterior 
surface of the IOL.39 This distance is often termed aqu-
eous depth (AQD), which we will use here to avoid con-
fusion with the ACD measured from the anterior cornea in 
conventional biometry. The AQD prediction error (AQD 
PE) was calculated as the actual postoperative AQD mea-
sured by the Anterion minus the predicted AQD. The 
correlation between the RPE and AQD PE was tested 
with Pearson´s correlation coefficient.

Results
The study included 37 eyes of 20 subjects. Data collected 
with the Anterion included 25 eyes of 13 subjects. Mean 
age was 60 years and 45% were cataract patients. Toric 
IOLs weree implanted in 65% (24 of 37 eyes) (Table 1). 
All subjects who were asked agreed to participate, but one 
patient was excluded because of presbyopic LVC. One eye 
from one patient was excluded because the LASIK flap 
had been removed after complicated LASIK surgery. 
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Mean follow-up time was 2.8 (1.5 to 4.1) months. UDVA 
was 0.0 logMAR and mean spherical equivalent was +0.05 
D, which was not statistically significantly different from 
zero (Table 2).

Refractive Prediction Error
Mean RPE and Median Absolute Error
The Anterion-OKULIX calculation had the best arithmetic 
RPE of all calculation methods. The mean RPE was −0.13 
D, 0.29 D, −0.32 D and −0.40 D for the Anterion- 
OKULIX, Casia-OKULIX, Barret TK NH, and Haigis-L, 

respectively (Table 3, Figure 1A). The Anterion-OKULIX 
also had the lowest absolute RPE. The mean absolute RPE 
was (0.26 D, 0.35 D, 0.35 D and 0.45 D) (Table 3, Figure 
1B). The Anterion-OKULIX had the lowest range of both 
arithmetic (1.11 D) and absolute RPE (0.64 D) and the 
lowest standard deviation of absolute RPE (0.19 D), while 
the Barret TK NH had the lowest SD (0.27 D) of arith-
metic RPE. The Barret TK NH had the lowest MedAE 
(0.16 D), while the Anterion-OKULIX had the lowest 
range of AE (0.57) (Table 3).

Linear mixed-effects models were used to include both 
eyes of each subject in the analysis. The Anterion- 
OKULIX calculation was used as a contrast, causing 
paired comparisons with the other calculation methods. 
For both the arithmetic and absolute RPE models, “calcu-
lation method” was a statistically significant effect 
(p <0.001) but “LVC spherical equivalent treatment” was 
not (p >0.59). The arithmetic RPE model suggested an 
estimate of −0.16 D for the Anterion-OKULIX (intercept) 
and a difference of +0.45 D (= +0.29 D), −0.17 D (= −0.32 
D) and −0.24 (= −0.40 D), for Casia-OKULIX, Barret TK 
NH and Haigis-L, respectively, adjusted p <0.02. For the 
absolute RPE model, the Anterion-OKULIX (intercept) 
had the lowest estimate (0.26 D), but this was statistically 
significantly different only from the Haigis-L (+0.19 D = 
0.45 D), adj. p =0.03.

Percentages Within Certain Range of RPE
The Anterion-OKULIX calculations showed the highest 
percentages of eyes with prediction errors within ±0.25, 
±0.5 and ±0.75 (60%, 88%, and 100%, respectively) 
(Figure 2). Logistic mixed-effects models with “RPE 
within ±0.25” or “RPE within ±0.50” as categorical out-
comes showed that “calculation method” was 
a statistically significant effect (p <0.01) but “LVC sphe-
rical equivalent treatment” was not (p >0.8). The Anterion- 
OKULIX calculation had a statistically significantly higher 
percentage of eyes within ±0.25 compared to the Barret 
TK NH and Haigis-L formulas (adj. p =0.03), and within 
±0.50 compared to the Haigis-L formula (adj. p =0.03).

Repeatability of OCT Ray Tracing
The ray tracing calculations were repeated with two mea-
surements from both OCT devices.

The coefficient of repeatability for the OKULIX IOL 
calculations with each OCT device was calculated. The 
CR was 0.23 and 0.41 with the Anterion and the Casia 
data, respectively. This equals the 95% limits of agreement 

Table 1 Demographics

Eyes 37

Subjects 20

Sex, F 30%

Mean ± SD Range

Age (years) 56,9 ± 4.9 49 to 66

K (D)a 40.5 ± 1.9 36.5 to 44.4

Corneal astigmatisma 0.86 ± 0.40 0.20 to 1.74

ACD (mm)a 3.35 ± 0.33 2.8 to 4.0

AL (mm)a 25.3 ±1.2 22.6 to 28.06

Previous LVC (D) SE (n=31)b −3,7 ± 2.6 −10 to −1.6
Cyl (n=18)b −1.6 ±1.8 −5,3 to 0

IOL power implanted 20.3 ± 2.3 15 to 24.5

Toric IOLs 

(IOL cyl 1.0/1.5)

65% 

(35%/30%)

Notes: aLenstar measurement; bsubjects with reliable information on the previous 
LVC treatment. 
Abbreviations: F, female; D, diopters; SD, standard deviation; RLE, refractive lens 
exchange; SE, spherical equivalent refraction; Cyl, cylinder refraction; LVC, laser 
vision correction; IOL, intraocular lens; IOL cyl, IOL cylindrical power.

Table 2 Refractive Results

Mean ± SD Range pa

Months postop 2.8 ± 0.8 1.5 to 4.1

UDVA (logMAR) 0.00 ± 0.09 −0.17 to 0.22 0.8

CDVA (logMAR) −0.06 ± 0.07 −0.18 to 0.07 <0.01*
SE (D) 0.05 ± 0.31 −0.88 to 0.75 0.23

Cyl (D) −0.26 ± 0.30 −1.00 to 0 <0.01*

SE ≤ ±0.25 68%
Cyl ≤ 0.5 86%

Notes: aWilcoxon sign-rank test difference from zero; *statistically significant. 
Abbreviations: SD, standard deviation; UDVA, uncorrected distance visual acuity, 
CDVA, corrected distance visual acuity; SE, spherical equivalent refraction; Cyl, 
cylinder refraction.
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in a Bland–Altman plot (Figure 3). The predicted AQD did 
not differ by more than 0.01 mm between two repeated 
calculations.

Aqueous Depth Prediction Error
The mean AQD PE for the ray tracing calculation was −0.11 
± 0.13 mm and −0.14 ± 0.22 mm for the Anterion and Casia 

data, respectively. This was statistically significantly differ-
ent from zero for both devices, but not between the devices. 
A linear model with RPE as the dependent variable and 
AQD PE as the independent variable showed an intercept 
and slope of −0.01 and 1.00 for the Anterion and 0.41 and 
1.00 for the Casia. This was statistically significant for the 
slope for both devices and for the intercept for the Casia. 

Figure 1 Boxplot of (A) arithmetic and (B) absolute prediction error. 
Notes: *Adjusted p ≤0.05; ***adjusted p <0.001 (mixed models estimates different from Anterion OKULIX). 
Abbreviation: RPE, refractive prediction error.

Table 3 Arithmetic RPE, Absolute RPE and Median Absolute Error

Eyes Arithmetic RPE Absolute RPE

Calculation/formula n Mean ± SD Min to max (range) Mean ± SD (range) MedAE** (range)

Anterion-OKULIX 25 −0.13 ± 0.30 −0.7 to 0.41 (1.11) 0.26 ± 0.19 (0.64) 0.21 (0.57)

Casia-OKULIX 37 0.29 ± 0.36* −0.44 to1.31 (1.75) 0.35 ± 0.30 (1.31) 0.23 (1.00)
Barret TK NH 37 −0.32 ± 0.27* −0.87 to 0.40 (1.27) 0.35 ± 0.24 (0.87) 0.16 (0.72)

Haigis-L 37 −0.40 ± 0.34* −1.08 to 0.55 (1.63) 0.45 ± 0.26* (1.05) 0.18 (0.95)

Notes: *Mixed models estimates statistically significantly different from Anterion-OKULIX (Holm-Bonferroni adjusted p-values); **arithmetic mean error reduced to zero. 
Abbreviations: MedAE, median absolute error; Barret TK NH, Barret true K no history.
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The adjusted R2 was 0.39 and 0.17 for the Casia and the 
Anterion, respectively (Figure 4).

Discussion
The main objective of this study was to assess the accuracy of 
ray tracing IOL calculations based on OCT data in patients 
with a history of myopic LVC. We hypothesized that such IOL 
calculations could improve refractive predictability in these 
patients. We found that the arithmetic RPE of ray tracing 
calculations with data from the newest OCT device 
(Anterion) was statistically significantly better than the calcu-
lations with data from the Casia SS-1000 and traditional post- 
LVC formulas with constants optimized for normal eyes. The 
Anterion-OKULIX calculation had the lowest range for 

arithmetic RPE and the lowest SD and range of absolute 
RPE. However, the Barret TK NH had the lowest SD for the 
arithmetic RPE. The SD is considered important in formula 
comparison because it reflects the variability, while the mean, 
if not zero, means that the constants are not optimized for the 
study sample. The arithmetic mean was zeroed out for the 
comparison of AE, representing the ideal situation where the 
lens constants are perfectly optimized for the study sample. 
The Barret TK NH had the lowest MedAE, while the Anterion- 
OKULIX had the lowest range of AE. However, this compar-
ison of AE between formulas and ray tracing calculation may 
not be valid for two reasons: 1) For the OKULIX, adjusting an 
offset for the predicted AQD would have to be based on 
measured AQD, not RPE, and besides the manufacturer does 
not recommend it. 2) Optimizing constants for post-LVC 
patients represents a problem (and we have not seen any 
studies where this is done): The greater variability seen in post- 
LVC patients means that it would require more data to get 
reliable constants. At the same time, there is a relatively low 
percentage of these patients (less than 3% in our clinic). So, for 
a post-LVC formula study, comparing RPE and SD with lens 
constants for normal eyes may be more representative for 
predicting future results. This has also been pointed out by 
Wang et al:

. . . these data represent the normal clinical scenario in 
which surgeons routinely use their lens constants in nor-
mal cataract patients and do not have specific optimized 
lens constants for post-LASIK/PRK eyes.40 

The Anterion-OKULIX calculation gave a statistically 
significantly higher percentage of eyes with RPE within 
±0.25 compared to both formulas and also the highest 

Figure 2 Percentages of eyes within certain range of RPE. 
Notes: *Logistic mixed models estimates statistically significantly different from 
Anterion-OKULIX (Holm-Bonferroni adjusted p-values). 
Abbreviations: Abs, absolute; RPE, refractive prediction error; p, adjusted 
p-value.

Figure 3 Bland–Altman plot with 95% limits of agreement between two repeated measurements/calculations of RPE with (A) Anterion-OKULIX, and (B) Casia-OKULIX.
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percentage within ±0.50, but this was only statistically 
significant compared to the Haigis-L formula.

To the best of our knowledge, there have not been any 
other studies analyzing the predictability of completely 
OCT-based ray tracing IOL calculations in post-LVC 
patients. However, some studies have investigated ray 
tracing calculations as a part of the post-LVC IOL- 
calculations: In a study of 24 eyes of 17 patients with 
previous myopic LVC, OKULIX IOL calculation based 
on anterior surface topography (with a fixed corneal thick-
ness and a fixed ratio of anterior to posterior corneal 
radius) resulted in 42% and 75% of eyes with RPE within 
±0.50 D and ±1.00 D, respectively.41 Another study 
including 25 eyes of 25 patients with previous LVC 
found that ray tracing IOL calculation based on anterior 
corneal curvatures, but with different modified equivalent 
refractive indices, yielded an IOL-power prediction error 
within ±0.5 D (equivalent to about 0.35 D RPE) and ±1 
D (0.7 D RPE) in 84% of eyes for both criteria. However, 
in this study, the individual calculation included several 
assumed pre or post LVC corneal properties, and the best 
equivalent refractive index was the mean of the study 
population.42 So, both of these studies included several 
empirically drawn assumptions of corneal properties. As 
such, direct comparisons may not be valid.

Other studies have assessed the use of total corneal 
power in post-LVC IOL calculations: In a study by Savini 
et al they found that total corneal power (TCP) by ray 
tracing based on Scheimpflug corneal tomography gave 
corneal powers that differed from SimK by from 0.1 to 

2.0 D. However, the use of TCP in traditional IOL for-
mulas did not improve results as these formulas were 
developed for SimK.43 Potvin and Hill analyzed different 
total corneal power values from a Scheimpflug device 
(Pentacam) combined with different IOL formulas. They 
developed a formula (Potvin-Shammas-Hill) based on the 
true net power in the 4 mm zone combined with the 
Shammas no-history formula and found an expected dis-
tribution RPE of 34%, 66% and 91% within ±0.25 D, 
±0.50 D and ±1.00 D, respectively.18 Helaly et al used 
a Scheimpflug equivalent K reading (anterior surface mea-
surement adjusted to account for the back-surface) but 
combined two formulas to improve accuracy. Their best 
combination gave RPE within ±0.50 D and ±1.00 D for 
67% and 93%, respectively.44 Two recent studies com-
pared no-history formulas with conventional formulas 
using TCP from an IOLMaster 700: Yeo et al found the 
best prediction errors using TCP with the EVO (a new 
unpublished formula), Barret TK NH, and Haigis formulas 
with 69%, 64% and 64%, respectively, within ±0.5 D and 
83% within ±0.75 D for all three formulas, which was 
better than both the Barret TK NH and the Haigis-L.45 

Lawless et al found the best results with the Barret TK 
(TCP), followed by Barret TK NH and Haigis TCP with; 
35%, 38% and 40%, respectively, within ±0.25 D; 75%, 
63% and 60%, respectively, within ±0.50 D; 90%, 83% 
and 80%, respectively, within ±0.75 D.46 Both these stu-
dies show that the use of TCP is likely to improve IOL- 
calculations in post-LVC patients. This could be expected 
as and both the Haigis-L and Barret TK NH uses 

Figure 4 Correlation between RPE and aqueous depth prediction error for the OCT devices. 
Notes: *Slope statistically significant; **intercept and slope statistically significant. 
Abbreviations: RPE, refractive prediction error (D); AqdPE, aqueous depth prediction error (mm); Calc, IOL-calculation.
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a regression equation, with its inherent variance, to 
account for the altered corneal power in post LVC corneas. 
In the present study, the percentage of eyes within certain 
ranges of RPE for the Anterion-OKULIX calculation 
appear even better, which is likely to result from the ray 
tracing calculations using OCT tomography data for a full 
optic zone of 5 mm and also that the software takes 
spherical aberrations of both the IOL and the cornea into 
account.

Several authors have investigated Ray tracing IOL 
calculations in unoperated eyes. One study compared dif-
ferent ray tracing IOL calculations and found with Placido 
topography data, 72% and 98%, and with AS OCT data 
(Casia SS 1000) 77% and 97% within ± 0.50 D and ± 1.00 
D, respectively.47 The latter compares well with the Casia- 
OKULIX results in the present study (76% and 97%), 
which indicates that the predictability of ray tracing IOL 
calculations with OCT data is not limited to eyes with 
previous LVC. Hoffman and Lindemann (2013) used 
OKULIX with Lenstar data in a series of normal eyes 
and found 53%, 81% and 100% within ±0.25, ± 0.50 
D and ± 1.00 D, respectively.48 A recent study by 
Hirnschall et al investigated a new method for ray tra-
cing–based IOL power calculation using individualized 
eye model data with a new OCT biometer (IOLMaster 
700). In this eye model, the cornea front surface topogra-
phy was reconstructed from reflection keratometry with 18 
measurement spots. They found a mean absolute RPE of 
0.33 ± 0.29 D, range 0.00 to 1.13 D, and 48%, 80% and 
85% with RPE <0.25, <0.50 and <0.75, respectively.49 All 
these studies found that ray tracing calculations yielded 
similar or better results than formula calculations. 
A recent study by Darcy et al compared newer formulas 
incorporating artificial intelligence (AI) with established 
formulas in more than 10.000 normal eyes. They found 
that the best AI-formula yielded 43%, 72% and 95% 
within ± 0.25, ±0.50 and ±1.00.50 In the present study, 
results from the Anterion-OKULIX calculation appear 
even better than these studies indicating that this method 
is suitable also for eyes with no prior history of refractive 
surgery.

The mean arithmetic RPE for the Casia-OKULIX cal-
culation was statistically significantly worse than for the 
Anterion-OKULIX. This could indicate a difference in 
accuracy (precision, repeatability or reproducibility) of 
the measurements between the two instruments. When 
comparing the repeatability of the two calculations for 
each device we found that the coefficient of repeatability 

was almost twice as high for the Casia as for the Anterion 
(0.41 versus 0.23). This shows that variability of measure-
ments is a relevant source of error for both OCT devices, 
but for the Casia in particular.

Variance in measurements may be partially explained 
by slightly different positions of the eye’s surfaces at each 
measurement as repeated measurements are unlikely to be 
taken from precisely the same angle and position.28,51 The 
differences in variability for the OCT devices may be 
related to the difference in acquisition time (2.4 seconds 
for the Casia and less than one second each for cornea and 
AS data for the Anterion). So the risk for significant eye 
movement may be higher for the Casia. Furthermore, the 
Anterion includes AL measurement, while for the Casia- 
OKULIX calculation, the AL was taken from the OLCR- 
device. An SS-OCT with a longer wavelength offers better 
tissue penetration compared to OLCR, improving the like-
lihood of accurate AL measurements in a higher percen-
tage of eyes.52

The postoperative refraction also depends on the actual 
postoperative lens position. Although this is influenced by 
the individual postoperative shrinkage of the capsular bag, 
the predictability of the lens position influences the refrac-
tive predictability. All IOL calculations use some predic-
tion of the lens position which often is virtual, but the 
AQD from the OKULIX calculation relates to the physical 
IOL position that can be measured postoperatively. The 
mean AQD PE was not statistically significantly different 
between the two OCT devices, so this could not explain 
the higher RPE seen in the Casia-Okulix calculation. 
However, the Casia showed greater variance, and the 
correlation between AQD PE and RPE was stronger with 
the Casia. The AQD PE explained 39% of the total var-
iance in RPE for the Casia, but only 17% for the Anterion. 
The lower predictability of AQD for the Casia-OKULIX 
calculation could be related to the fact that the Casia does 
not provide a measurement of the crystalline lens position 
or thickness.

The results for the post LVC formulas in this study 
are comparable to other studies. In a study from 2019 
by Vrijman et al, they found the best RPE with the 
Barret TK NH formula, with 70% and 89% within 
±0.5 D and ±1.00 D, respectively, while the Haigis-L 
showed 56% and 86% within ±0.5 D and ±1.00 D, 
respectively.53 This was comparable with the formula 
results in the present study. Wang et al found similar 
results with the Haigis-L with 60% and 94% within 
±0.50 D and ±1.00 D, respectively.11 Brenner et al 
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found the prediction errors within ±0.25 D, ±0.5 D and 
±1.0 D for 37%, 62% and 94% with Barret TK NH 
which is comparable with the present study. By applying 
a nomogram target of +0.45 D to the Haigis-L, they 
found 44%, 83% and 100% within ±0.25 D, ±0.5 D and 
±1.0, respectively, which was better than both formulas 
in the present study.54

In our clinic, ray tracing based on data from the 
Anterion OCT biometer is now our preferred method for 
IOL power calculation for post-LVC patients. In addition 
to showing similar or better results compared with the best 
formula calculation in this study, some of the apparent 
advantages for such a method is that it does not require 
knowledge about previous surgery and no need for choos-
ing from several formulas. Furthermore, adjustments of 
the predicted AQD are not necessary or recommended 
since complication-free state-of-the-art cataract surgery 
should give no significant impact of the surgical procedure 
on RPE and thus, no good reason for an “individualiza-
tion” (Paul Rolf Preußner, PhD, e-mail communication, 
January 2020).

We have also seen promising results for IOL calcula-
tions in single cases with corneal graft, removed LASIK 
flap and extreme hyperopia. In theory, with sufficient and 
accurate data from the anterior segment, the ray tracing 
IOL calculation should be accurate for any patient, 
whether they have virgin eyes, have had any type of 
cornea surgery or have irregular corneas.

A limitation of the study is the low sample size. Even 
though we achieved a power of 0.8 for the 0.05 significance 
level, our sample includes a limited number of different 
combinations of biometric properties of the eye. More 
extreme values of AL, K or ACD and LT could give different 
results. However, this is less likely with the ray tracing 
calculations as these are exact calculations based on the true 
individual measurements of the subject’s eye. Further studies 
including larger cohorts and different IOLs are advocated. 
Additional studies including eyes with previous hyperopic 
LVC or radial keratotomy would also be of interest.

Conclusion
We found that Ray tracing calculation based on data from 
a new OCT-based biometer achieved better arithmetic RPE 
and similar absolute RPE compared to formula-based cal-
culations. Variability in OCT-based biometry measurement 
is a primary concern. Until such time as software updates 
allow for averaging several measurements to reduce varia-
bility, it is recommended that IOL power selection with the 

OCT devices studied here be based on two or more 
measurements.

Data Availability
The data that support the findings of this study are openly 
available at http://usn.figshare.com/.
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