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ABSTRACT

Purpose: The proper choice of an intraocular
lens (IOL) power calculation formula is an
important aspect of phacoemulsification. In
this study, the formulas most commonly used
today are described and their accuracy is
evaluated.
Methods: This review includes papers evaluat-
ing the accuracy of IOL power calculation for-
mulas published during the period from January
2015 to December 2022. The articles were
identified by a literature search of medical and
other databases (PubMed/MEDLINE, Crossref,
Web of Science, SciELO, Google Scholar, and
Cochrane Library) using the terms ‘‘IOL formu-
las,’’ ‘‘Barrett Universal II,’’ ‘‘Kane,’’ ‘‘Hill-RBF,’’

‘‘Olsen,’’ ‘‘PEARL-DGS,’’ ‘‘EVO,’’ ‘‘Haigis,’’ ‘‘SRK/
T,’’ and ‘‘Hoffer Q.’’ Twenty-nine of the most
recent peer-reviewed papers in English with the
largest samples and largest number of formulas
compared were considered.
Results: Outcomes of mean absolute error and
percentage of predictions within ±0.5 D and
±1.0 D were used to evaluate the accuracy of the
formulas. In most studies, Barrett achieved the
smallest mean absolute error and PEARL-DGS
the highest percentage of patients with ±0.5 D
in short eyes, while Kane obtained the highest
percentage of patients with ±0.5 D in long eyes.
Conclusions: The third- and fourth-generation
formulas are gradually being replaced by more
accurate ones. The Barrett Universal II among
vergence formulas and Kane and PEARL-DGS
among artificial intelligence-based formulas are
currently most often reported as the most
precise.
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Key Summary Points

The accuracy of the refractive power of the
intraocular lens (IOL) implant depends on
the exactness of the IOL power calculation
formula.

There is no consensus in the literature
regarding the choice of formula.

A review of the current literature will help
cataract surgeons to choose the
appropriate IOL power calculation
formula before phacoemulsification.

The Barrett Universal II among vergence
formulas and the Kane and PEARL-DGS
among artificial intelligence-based
formulas are currently most often
reported as the most precise.

The accuracy of IOL formulas depends on
the axial length and corneal curvature.

INTRODUCTION

Refractive accuracy is one of the basic goals of
successful cataract surgery [1]. However,
according to the European Registry of Quality
Outcomes for Cataract and Refractive Surgery,
the percentage of prediction error within ±0.5
D after cataract surgery is 73.7% [2]. The accu-
racy of the refractive power of the intraocular
lens (IOL) implant depends not only on the
accuracy of the preoperative biometric data

such as axial length (AL), keratometry (K), and
anterior chamber depth (ACD), where inaccu-
racy in measurement can contribute to 36%,
22%, and 42% of error, respectively, but most of
all on effective lens position (ELP) estimation
resulting from the selection of the appropriate
formula [3, 4].

Over the years, many IOL power calculation
formulas have been introduced in efforts to
obtain the most precise postoperative refractive
results. Traditionally they were classified by
generations, as shown in Table 1 [5]. However,
categorizing formulas based on a logical
approach is much more useful (Table 2).

In addition, there are formulas that are used
in special cases, such as the phakic lens formu-
las (Linz–Homburg–Castrop, Holladay, and
Olsen–Feingold) [6] or post-refractive formulas
listed in Table 3 [7–9].

Most IOL power calculation formulas have
satisfactory refractive outcomes for eyes with AL
ranging between 22.0 and 25.0 mm [10]. The
accuracy of IOL power calculation formulas for
eyes shorter than 22.0 mm and longer than
25.0 mm is less precise [11–14]. So far, the Bar-
rett Universal 2 formula has appeared to be the
most accurate in calculating IOL power for
myopic eyes [5, 14–17], and Kane for hyperopic
eyes [18–21]. But the newly developed methods
have very promising results as well [22–24].
However, there is no consensus in the literature
regarding the choice of the formula.

To the best of the authors’ knowledge, there
are no peer-reviewed review articles considering
18 newer IOL power calculation formulas. This
is probably because new formulas have just
been introduced. The aim of this paper is to

Table 1 Generations of intraocular lens power calculation formulas

Generation

First Second Third Fourth Newer formulas

Fyodorov

Binkhorst

SRK

SRK II

Binkhorst II

Hoffer Q

Holladay 1

SRK/T

Haigis

Olsen

Holladay 2

Barrett Universal II

Hill-RBF 3.0

Kane

PEARL-DGS

EVO

2882 Ophthalmol Ther (2023) 12:2881–2902



describe and to compare the exactness of most
of the formulas on the market.

METHODS

The methodology follows the Preferred Report-
ing Items for Systematic Reviews and Meta-

Analyses (PRISMA) guidelines. This review
includes papers concerning the accuracy of IOL
power calculation formulas published during
the period 2015–2022. The papers were identi-
fied by a literature search of medical and other
databases (PubMed/MEDLINE, Web of Science,
SciELO, Crossref, Google Scholar, Cochrane
Library) using the terms ‘‘IOL formulas,’’

Table 2 Intraocular lens power calculation formulas

Data-driven Optical approach Hybrid

Simple
regression

Artificial
intelligence

Simple thin lens
vergence

Interactive thick lens
vergence

Ray
tracing

Combination

SRK

SRK II

Masket

Hill-RBF 2.0

Karmona

Hill-RBF 3.0

Binkhorst

Holladay 1

Hoffer Q

SRK/T

Holladay 2

Haigis

T2

Castrop

K6

Panacea

Barrett

EVO

Næser 2

VRF

Olsen

Okulix

O

VRF-G

Kane

FullMonte

Ladas

PEARL-DGS

Hoffer QST

Table 3 Post-refractive intraocular lens power calculation formulas

Only historical
data

Combination of historical and current corneal
data

No historical data

Feinz–Mannis

Corneal bypass

Barrett True-K

Masket

R-Factor

Wang–Koch–Maloney

Shammas

Haigis-L

Potvin–Hill pentacam

Barrett True-K No History

Optical coherence tomography (OCT)-

based

PhacoOptics

Advanced lens measurement approach
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‘‘Barrett Universal II,’’ ‘‘Kane,’’ ‘‘Hill-RBF,’’
‘‘Olsen,’’ ‘‘PEARL-DGS,’’ ‘‘EVO,’’ ‘‘Haigis,’’ ‘‘SRK/
T,’’ and ‘‘Hoffer Q.’’ Duplicates were removed at
the screening. The preliminary search was based
on abstracts. Only peer-reviewed articles in
English were considered. Studies presented as
editorials were excluded. After the preliminary
manual search, only 26 papers were selected for
further analysis. The articles with data obtained
with ultrasound biometry using the contact
technique were excluded, but no distinction
was made between optical biometers. Studies
with the largest samples ([170 eyes for entire
AL or[40 short eyes or[ 65 long eyes), with
the largest number of IOL power calculation
formulas ([ 8) compared, and which were
published most recently (from the last 5 years)
were used. Papers with risk of bias were exclu-
ded. Articles in which the author’s formula
achieved the best outcomes were excluded.
Additionally, papers with bilateral eyes were
excluded according to Hoffer’s protocol [25].
However, preliminary sample size calculation
was not considered.

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

RESULTS

The removal of duplicates resulted in 192 arti-
cles being retrieved and analyzed. After the
preliminary search, 26 papers were selected for
further analysis. A detailed PRISMA flow
chart (Fig. 1) shows the identification, screen-
ing, and selection of papers for this review. It
was found that different formulas could have
advantages and disadvantages for individual
patients in terms of eyeball AL: the longer or
shorter the eye, the less accurate some formulas
become.

Many different tools could be employed to
assess the accuracy of the chosen formula. Most
research in this area is based on observation of
mean absolute error (MAE) and percentage of
eyes within ±0.5 D, less often of median abso-
lute error (MedAE). Hoffer et al. recommended
the use of MedAE as a primary outcome in this

type of study due to the non-normal distribu-
tion of absolute refractive prediction error [25].
In turn, Cooke et al. proposed a mean rank
score for subgroup analysis (e.g., in terms of AL)
[26], and Haigis developed his own rank [25].
Detailed outcomes of recent studies (MAE, per-
centage of eyes within ±0.5 D and ±1.0 D) are
summarized in Table 4.

The Third- and Fourth-Generation
Formulas

At the turn of the twenty-first century, several
third- and fourth-generation formulas had
dominated IOL power calculations for over
30 years [27]. The Holladay 1 formula was
launched in 1988 by Jack T. Holladay and was
based on variables AL, K, and specific surgeon
factor (SF). This produced accurate outcomes in
short eyes [28]. The SRK/T (for Sanders, Retzlaff,
Kraff; T for theoretical) formula was developed
by Donald R. Sanders, John A. Retzlaff, and
Manus C. Kraff in 1990. This is a combination of
a linear regression method with a theoretical
eye model [29]. In 1993, Kenneth J. Hoffer
published the Hoffer Q formula based on AL, K,
and personalized ACD (pACD) [30]. This for-
mula was recommended for short eyes [18, 31].
The Holladay 2 formula launched in 1996
determines ELP using seven parameters (in
order of importance): AL, average K, horizontal
white-to-white (WTW), preoperative refraction,
ACD, lens thickness (LT), and age [32]. Wolf-
gang Haigis published the Haigis formula in
2000. This empirical formula uses the variables
AL, K, and ACD, and three constants a0, a1
(associated with measured ACD), and a2 (asso-
ciated with measured AL) [27].

The Newer Formulas

The FullMonte Method
In 1997, Gerald Clarke and Jeanne Burmeister
proposed the first neural network for biometric
computations specifically to predict IOL power
using a personalized Holladay program and
clinical data from 200 subsequent cases of one
surgeon’s outcomes with one IOL. Input data
included preoperative AL, K, ACD, and LT. The
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Fig. 1 The Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flow chart
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Table 4 Outcomes of MAE and percentage of eyes within ±0.5 D and ±1.0 D in several recent studies

Study Hoffer
Q

SRK/
T

Haigis Olsen Barrett Kane PEARL-
DGS

Hill-
RBF

EVO

Melles 2017 (13,301 eyes) [31]

MAE 0.37 0.36 0.34 0.33 0.31

±0.5 D [%] 73.0 74.0 77.1 78.7 80.8

±1.0 D [%] 96.2 96.5 97.3 97.4 97.8

Kane 2017 (3122 eyes) [28]

MAE 0.42 0.40 0.41 0.38 0.41

±0.5 D [%] 67.9 70.4 69.2 72.8 69.6

±1.0 D [%] 93.5 94.4 93.6 94.8 94.3

Connell 2019 (864 eyes) [42]

MAE 0.38 0.37 0.36 0.34 0.35 0.33 0.35

±0.5 D [%] 73.6 72.1 75.5 77.2 75.2 77.9 75.3

±1.0 D [%] 95.5 95.9 96.1 96.1 96.4 96.6 96.4

Cooke 2019 (1442 eyes) [51]

MAE 0.34 0.34 0.31 0.30 0.29

±0.5 D [%] 78.5 76.2 81.2 82.4 83.7

±1.0 D [%] 97.6 98.1 99.0 99.1 99.2

Darcy 2020 (10,930 eyes) [20]

MAE 0.41 0.40 0.40 0.39 0.39 0.38 0.39

±0.5 D [%] 68.1 69.1 69.0 70.6 71.0 72.0 71.2

±1.0 D [%] 94.0 93.9 94.3 94.9 94.7 95.2 94.9

Rocha-de-Lossada 2020 (171 eyes)

[18]

MAE 0.30 0.30 0.30 0.28 0.29 0.28 0.26 0.28 0.27

±0.5 D [%] 83.6 80.7 81.9 86.6 86.6 84.8 86.0 85.4 86.0

±1.0 D [%] 98.8 98.8 98.3 99.4 99.4 100 100 98.8 100

Savini 2020 (200 eyes) [36]

MAE 0.30 0.29 0.31 0.27 0.27 0.29 0.29 0.28

±0.5 D [%] 84.0 86.0 82.0 85.5 86.5 84.5 85.0 83.5

±1.0 D [%] 99.5 97.9 98.5 99.0 99.0 98.3 99.5 99.0

Hipólito-Fernandes 2020 (695

eyes) [58]

MAE 0.37 0.35 0.31 0.27 0.27 0.29 0.29 0.28
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Table 4 continued

Study Hoffer
Q

SRK/
T

Haigis Olsen Barrett Kane PEARL-
DGS

Hill-
RBF

EVO

±0.5 D [%] 78.6 77.9 76.6 79.6 81.6 79.9 77.9 80.6

±1.0 D [%] 97.0 97.3 94.6 97.0 97.3 97.3 97.0 97.3

Carmona-González 2020 (481

eyes) [19]

MAE 0.42 0.35 0.29 0.31 0.29 0.30 0.33 0.31

±0.5 D [%] 66.3 78.0 82.7 79.8 85.0 80.0 76.1 80.9

±1.0 D [%] 95.0 95.8 97.9 98.3 98.1 98.1 97.5 98.3

Cheng 2020 (410 eyes) [56]

MAE 0.47 0.43 0.40 0.35 0.36 0.35 0.39 0.39 0.35

±0.5 D [%] 63.0 66.4 68.8 76.5 75.6 76.9 74.4 73.4 75.2

±1.0 D [%] 90.5 93.4 93.2 95.7 96.2 95.7 95.7 95.1 95.3

Pereira 2021 (764 eyes) [15]

MAE 0.37 0.38 0.38 0.44 0.34 0.34 0.37 0.34

±0.5 D [%] 72.5 72.6 71.9 67.4 77.4 77.7 74.7 76.6

±1.0 D [%] 96.2 94.9 95.9 91.7 95.8 96.6 95.5 95.9

Hipólito-Fernandes 2021 (828

eyes) [45]

MAE 0.38 0.36 0.36 0.34 0.32 0.34 0.34 0.33

±0.5 D [%] 69.9 75.1 74.5 77.8 79.3 76.9 76.7 78.5

±1.0 D [%] 95.7 97.2 95.4 97.2 97.7 97.2 97.6 97.6

Debellemanière 2021 (4242 eyes)

[40]

MAE 0.34 0.35 0.33 0.30 0.33 0.29 0.30 0.30

±0.5 D [%] 78.0 79.5 81.7 86.6 84.9 87.4 86.4

±1.0 D [%] 96.4 96.4 97.0 98.0 98.0 98.2 98.2

Shammas 2022 (595 eyes) [24]

MAE 0.33 0.34 0.32 0.30 0.31 0.30 0.29 0.31 0.30

±0.5 D [%] 74.8 75.0 77.4 80.5 80.5 80.3 81.7 81.5 81.5

±1.0 D [%] 99.3 99.6 99.8 99.5 99.5 99.7 99.8 99.5 100

MAE mean absolute error
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neural network was trained to obtain the actual
postoperative refractive error, and the Holladay
surgeon factor was continuously refined using
the same results. Then, after the network was
successfully trained against the clinical data, it
was used to compute IOL power in a double-
masked study. FullMonte is a hybrid formula.
Clarke and Kalpener launched a combined
method based on the SRK/T formula and an
artificial intelligence (AI) algorithm called
Bayesian additive regression trees (BART), opti-
mized with a Markov chain Monte Carlo simu-
lator to create its refractive predictions [33].

The Olsen Formula
The Olsen formula was developed by Thomas
Olsen in 2006. It is based on ray-tracing tools to
account for the true physical dimensions of an
eye’s optical system. The Olsen formula pre-
cisely estimates the physical position of the IOL
using a newly developed concept, the C-con-
stant (a ratio by which the empty capsular bag
will encapsulate and fixate an IOL following in-
the-bag implantation). This unique approach
considers the IOL position as a function of
preoperative ACD and LT; therefore, traditional
factors such as AL, K, WTW, IOL power, age,
and gender are unnecessary. The great advan-
tage is the ability for exact calculation of the
implant power in any type of eye, including
eyes after refractive surgery, because its only
requirements are accurate measurements of
ACD and LT [34].

The T2 Formula
In 2010, Richard M. Sheard, Guy T. Smith, and
David L. Cooke introduced the T2 formula. It is
a modification of SRK/T to improve the original
formula, especially in cases of extreme K. The T2
formula was developed to correct a non-physi-
ological behavior of the corneal height predic-
tion (so-called cusp phenomenon). It uses the
same optical A-constant of the SRK/T and
intensified regression algorithm for postopera-
tive prognosis of the anterior segment of the
eye. It was programmed into Excel according to
the original data [35].

The Barrett Universal II Formula
The Barrett Universal II formula launched in
2010 by Graham Barrett was based on Gaussian
simplification of the Snellen refraction law in
the paraxial space. It investigates the change
from principal planes that occurs with different
IOL power. It also considers the shift of the
optic configuration from biconvex to meniscus
lens. And finally, it views the modification in
vergence that occurs when the lens changes
from a plus to a minus, and as such it does not
require additional correction elements or con-
stants customized for patients with high myo-
pia and very long AL. The Barrett Universal II
formula has a unique theoretical model to pre-
dict the ELP which differs quite significantly
from the other ones. As a theoretical formula, it
uses traditional mathematics for IOL power
calculation based on obligatory data (lens factor
or A-constant, AL, K, ACD, target refraction)
and optional data such LT and WTW; however,
it was demonstrated that Barrett could be cal-
culated even without ACD [2, 5, 36] The for-
mula is available online, https://calc.apacrs.org/
barrett_universal2105/.

The Ladas Super Formula
In 2015, John G. Ladas, Albert Jun, Aazim Sid-
diqui, and Uday Devgan proposed the concept
of an IOL ‘‘super formula’’ which combined the
advantages of previous models. They considered
the Hoffer Q, Holladay 1, Holladay 1 with Koch
adjustment, SRK/T, and Haigis formulas. All
these formulas were thought of as two-dimen-
sional algebraic equations. Ladas et al. found a
novel methodology of describing these formu-
las as mathematical equations with the poten-
tial to be graphically plotted on the x, y, and z
axes and represented in three dimensions (AL
[mm], corneal power [D], IOL power [D]). In this
way they provided a framework for analyzing
these formulas in terms of their accuracy. Using
this concept, from the peer-reviewed literature,
the best sections identified for each of the
abovementioned IOL formulas were chosen,
and an IOL super surface was developed [37].
Retrospective analyses showed that SRK/T tends
to be better for longer eyes [5], while the Hoffer
Q is more accurate for very short eyes [38]. In
addition, due to AL or corneal power, some eyes
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require further optimization; for example,
hyperopic eyes are difficult to calculate, as the
smallest of changes in ELP can alter the lens
power calculations significantly. From this
super surface, the Ladas formula was derived.
The last step was the adjustment of existing
formulas using deep learning. This was intro-
duced by Ladas and colleagues and is called the
Ladas PLUS method [39]. A formula calculator is
accessible online, https://iolcalc.com.

The Hill Radial Basis Function (RBF) Formula
The Hill-RBF, as the first purely AI formula, was
launched in 2016 by Warren E. Hill, MD, and
was based on radial basis functions. The Hill-
RBF formula is a purely data-driven IOL calcu-
lation approach. It employs pattern recognition
developed in MATLAB and a sophisticated form
of data interpolation. It uses a large dataset
(more than 12,000 eyes in version 2.0 and over
30,000 eyes in version 3.0, which has been
available since September 2020). Initially, Hill-
RBF would not provide a refractive prediction if
it was likely to be inaccurate, and early versions
were restricted to plano target refraction. Cur-
rently, it always provides the prediction, just
appending a warning sign next to it when the
outcome is doubtful. Data inputs for the Hill-
RBF 3.0 formula include AL, K, ACD, LT, WTW,
central corneal thickness (CCT), and gender
[28]. The formula is available online, https://
rbfcalculator.com.

The PEARL-DGS Formula
In 2017, Debellemanière, Gatinel, and Saad
launched a new formula based on optical and
machine learning modeling called PEARL-DGS
(PEARL: Prediction Enhanced by ARtificial
Intelligence and output Linearization; DGS
named after the formula developers). As a thick
lens formula it uses the prediction of the theo-
retical distance between the posterior corneal
surface and the anterior IOL surface called the
theoretical internal lens position (TILP). At the
same time, as an AI-based formula, it uses
postoperative data to back-calculate TILP,
which is independent of both the lens principal
plane positions and the corneal thickness. The
PEARL-DGS formula employs various machine

learning algorithms (e.g., gradient boosted
trees, regular multiple regression, and support
vector regression) to predict TILP. Data inputs
of the PEARL-DGS formula include AL, K, ACD,
LT, WTW, and CCT. Adjustable IOL constants
are the same as for the third-generation for-
mulas. The corneal index was determined
empirically during the formula development
process, while other refractive index values are
typical as in the Atchison model eye. Output
linearization and no re-training for new IOL
models are characteristic for the PEARL-DGS
formula [40, 41]. Online access is available,
https://iolsolver.com.

The Kane Formula
Jack X. Kane, MD, from Australia developed a
new IOL power calculation formula in Septem-
ber 2017 using about 30,000 highly accurate
cases from selected surgeons. The Kane formula
uses a combination of theoretical optics, thin
lens formulas, and ‘‘big data’’ techniques to
make its predictions. As a hybrid formula, it is
based on optics and includes both regression
and AI elements to further improve its out-
comes [42]. The formula was developed using
high-performance cloud-based computing,
which is a way to leverage the power of the
cloud to create a virtual supercomputer capable
of accelerated computing. A focus of the for-
mula was to reduce the errors seen at the
extreme eyeball AL. A-constant (very similar to
the SRK/T A-constant, although surgeon’s opti-
mized A-constant is recommended), AL, K,
ACD, and patient biological sex are compulsory
variables used in the Kane formula. In turn, LT
and CCT as optional input data improve the
prediction. This approach allows those with
older biometers to use the formula. The formula
is accessible online, https://iolformula.com.

The Panacea Formula
Panacea was developed by David Flikier in 2017.
This is a thin-lens vergence formula using four
types of variables: biometric (AL, ACD, LT),
keratometric, and topometric data. Keratomet-
ric data include mean K of the anterior face and
IOL and A-constant (ideally should be read-
justed by each surgeon according to the type of
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IOL, but the values reported by ULIB [User
Group for Laser Interference Biometry] for SRK/
T can be used as well). Panacea is the only for-
mula enabling surgeons to enter topometric
data—the corneal asphericity (Q-value) of the
anterior surface and the ratio between the
anterior and posterior corneal curvature—
which should improve the refractive accuracy
[27]. Online access is available, https://
panaceaiolandtoriccalculator.com.

The K6 Formula
David L. Cooke and Timothy L. Cooke proposed
K6 in 2018. This vergence formula was devel-
oped in three stages. First, it was considered
with SN60WF IOL using a thick-lens formula for
the IOL and back-calculation for the ideal cor-
neal power. Then the prediction formula for the
ideal corneal power (the reason for the name ‘‘K
formula’’) was developed. The prediction for-
mula for ideal corneal power with sum-of-seg-
ment AL (a form of Cooke-modified AL called
CMAL) was used to determine a thin-lens ELP
prediction. Finally, an A-constant was added to
work with other IOLs. K6 requires six variables:
AL, K, CCT, LT, WTW, and aqueous depth
(AQD) calculated by subtracting the CCT from
the ACD [21]. The formula is available online,
https://cookeformula.com.

The Voytsekhivskyy Regression Function (VRF)
Formula
VRF was developed and published by Oleksiy V.
Voytsekhivskyy, MD, from Ukraine in 2018.
This is a vergence-based thin-lens formula using
ACD constant for optical biometry (CACD
optical) and four variables for estimation of
postoperative lens position, including AL, K,
preoperative ACD (epithelium to lens), and the
horizontal CD. It was programmed into Excel by
the author. The VRF algorithm is empirical [43].

The Næser 2 Formula
In 2019, Kristian Næser published the Næser 2
formula. This is a thick-lens vergence formula.
Instead of ELP, it calculates the anatomical
postoperative ACD. The IOL thickness and
anterior/posterior curvatures are calculated for
each IOL power. Postoperative optimization on

a separate dataset of 300 eyes with AL ranging
from 21.46 to 27.96 mm was used to obtain
regression for different types of IOLs; therefore,
refractive outcomes are equally good in hyper-
opic, emmetropic, and myopic eyes. This for-
mula is available in Excel (Microsoft
Corporation, Redmond, WA, USA) from its
author via personal communication [44].

The Emmetropia Verifying Optical (EVO)
Formula
EVO was developed by Tun Kuan Yeo from
Singapore in 2019. This is a thick-lens formula
based on the theory of emmetropization that
generates an ‘‘emmetropia factor’’ for each eye
and can manage different IOL geometry and
power. It is unknown whether any AI element is
included. EVO version 2.0 is available online at
www.evoiolcalculator.com (accessed on
November 30, 2022) and uses AL, K, and ACD as
the predictors (LT and CCT are optional). It was
recently demonstrated that EVO could calculate
even without ACD [36]. Version 2.0 has
improved prediction for long and short eyes,
and toric IOLs [27]. The formula calculator is
accessible online, https://evoiolcalculator.com.

The Voytsekhivskyy Regression Function-
Gender (VRF-G) Formula
In 2020, Oleksiy V. Voytsekhivskyy published
the VRF-G formula as a modification and
improvement of the VRF. The VRF-G formula is
based on theoretical optics with regression and
ray-tracing components. This very sophisticated
formula uses the optical A-constant for SRK/T
and operates eight variables including four
mandatory, i.e., AL, K, ACD, and gender, and
four optional, i.e., LT, horizontal CD, CCT and
preoperative refraction [45].

The Karmona Formula
The Karmona formula was designed and pro-
grammed in Shiny-RStudio version 1.1.423 (R
Foundation, Boston, USA) by David Carmona
González (Madrid, Spain, 2018–2021). It is a
result of pure AI without optics (either linear
Gaussian optics or ray tracing). It is based on
two combined machine learning models, which
were selected from 11 nonlinear regression
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Table 5 Outcomes of MAE and percentage of eyes within ±0.5 D and ±1.0 D for short eyes (AL\ 22.0 mm) in several
recent studies

Study Hoffer
Q

SRK/T Haigis Olsen Barrett Kane Pearl-
DGS

Hill-
RBF

EVO

Gökce 2017 (86 eyes) [48]

MAE 0.40 0.42 0.41 0.39 0.42

±0.5 D [%] 67.4 62.8 65.1 68.6 66.4

±1.0 D [%] 97.7 91.9 94.2 95.3 95.6

Kane 2017 (137 eyes) [28]

MAE [ 0.42 [ 0.42 [ 0.42 0.45 0.41

±0.5 D [%] \ 66.4 \ 66.4 \ 66.4 63.5 69.6

±1.0 D [%] \ 95.6 \ 95.6 \ 95.6 94.9 94.3

Doshi 2017 (40 eyes) [60]

MAE 0.59 0.54 1.36

±0.5 D [%] 42.5 55.0 17.5

±1.0 D [%] 90.0 82.5 35.0

Connell 2019 (864 eyes) [42]

MAE 0.48 0.48 0.47 0.44 0.48 0.44 0.44

±0.5 D [%]

±1.0 D [%]

Cooke 2019 (54 eyes) [51]

MAE 0.35 0.35 0.35 0.32 0.33

±0.5 D [%] 79.6 74.1 75.9 75.9 81.5

±1.0 D [%] 92.6 94.4 100.0 100.0 96.3

Moschos 2020 (69 eyes) [61]

MAE 0.72 0.97 0.43

±0.5 D [%] 60.0 19.0 72.0

±1.0 D [%] 85.0 68.0 93.0

Kane 2020 (182 eyes) [1]

MAE 0.84 0.70 0.60 0.60 0.82 0.53 0.71 0.56

±0.5 D [%] 36.0 42.5 55.0 52.5 37.0 59.0 43.5 58.0

±1.0 D [%] 66.0 74.0 82.0 81.0 70.0 87.0 76.0 88.0

Darcy 2020 (766 eyes) [20]

MAE 0.48 0.49 0.49 0.46 0.49 0.44 0.47

±0.5 D [%]
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Table 5 continued

Study Hoffer
Q

SRK/T Haigis Olsen Barrett Kane Pearl-
DGS

Hill-
RBF

EVO

±1.0 D [%]

Rocha-de-Lossada 2020 (42 eyes)

[18]

MAE 0.34 0.33 0.30 0.23 0.30 0.24 0.26 0.30 0.24

±0.5 D [%] 73.8 78.6 78.6 90.7 81.0 90.7 86.0 83.7 88.4

±1.0 D [%] 97.6 100 97.6 97.7 97.6 100 100 97.7 97.7

Carmona-González 2020 (57 eyes)

[19]

MAE 0.53 0.55 0.39 0.45 0.45 0.41 0.43 0.39

±0.5 D [%] 61.4 59.7 72.9 59.7 66.7 66.7 60.0 73.7

±1.0 D [%] 86.0 87.8 91.2 89.5 89.5 91.2 92.3 91.2

Debellemanière 2021 (344 eyes)

[40]

MAE 0.44 0.48 0.46 0.47 0.40 0.44 0.43 0.47

±0.5 D [%]

±1.0 D [%]

Voytsekhivskyy 2021 (241 eyes)

[21]

MAE 0.40 0.48 0.41 0.39 0.43 0.39 0.42 0.41 0.41

±0.5 D [%] 68.1 62.2 66.8 71.0 65.6 72.2 68.5 67.7 70.1

±1.0 D [%] 94.2 89.2 93.0 95.0 91.3 95.4 93.8 93.0 95.0

Pereira 2021 (69 eyes) [15]

MAE 0.37 0.37 0.38 0.59 0.39 0.37 0.42 0.37

±0.5 D [%] 77.6 75.4 73.9 56.5 75.4 73.9 68.1 75.4

±1.0 D [%] 98.6 92.8 98.6 82.6 97.1 97.1 95.7 92.8

Hipólito-Fernandes 2021 (82 eyes)

[45]

MAE 0.48 0.39 0.40 0.37 0.35 0.37 0.37 0.35

±0.5 D [%]

±1.0 D [%]

Shammas 2022 (78 eyes) [24]

MAE 0.38 0.37 0.38 0.32 0.35 0.36 0.32 0.38 0.33

±0.5 D [%] 66.7 70.5 66.7 79.5 70.5 69.2 80.8 71.8 76.9
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strategies that showed the best performance.
They were then hyperparametrized and tuned
to improve their metrics. Finally, an ensemble
model was generated that combined prediction
from separate strategies (regularized Bayesian
neural network and cubist decision tree) [22].
Karmona requires the AL, ACD, K, WTW, and
corneal anterior surface central radius, and
optionally LT and corneal posterior surface
central radius, anterior segment depth as the
sum of ACD and LT, ratio of the back to front
corneal surface central radius, and gender.

As a new method, Karmona was developed
with a database of only 386 eyes, with AL
ranging mainly between 22.0 and 25.0 mm, but
as with any other AI-based formula, it is con-
stantly learning, so its predictive capacity is
continuously improving. Using unique data
input such as anterior segment depth and ratio
of the back to front corneal surface central
radius as a separate parameter, Karmona is
designed to increase the accuracy in extreme
and atypical eyes. The formula can be obtained
online, https://karmona-iol.com.

The Hoffer QST Formula
In 2021, Kenneth Hoffer (USA), Giacomo Savini
(Italy), and Leonardo Taroni (Italy) proposed
the Hoffer QST (Hoffer Q/Savini/Taroni) for-
mula as an improvement of the third-genera-
tion vergence-based Hoffer Q by using AI [24].
In particular, they aimed to increase accuracy in
long eyes. For this purpose, a customized AL
adjustment was developed from a sample with
more than 300 eyes longer than 25.0 mm.
Additionally, the ACD prediction of the Hoffer
Q was replaced with the pACD and the T-factor.
This was created by entering the parameters K,
AL, ACD measured from corneal epithelium to
lens, and gender into a linear machine learning
model. It was developed on an independent

sample of 537 eyes. The formula is available
online, https://hofferqst.com.

The Castrop Formula
The Castrop formula was published in 2021 by
Achim Langenbucher (Germany) and Peter
Hoffmann (Germany). This is a paraxial ver-
gence formula based on a pseudophakic model
eye with the following refractive surfaces:
spectacle plane, cornea described with corneal
front and back surface curvature and central
thickness, and an IOL implant. Castrop uses
three constants—C, H, and R. The C-constant is
in accordance with the Olsen formula, H is for a
systematic shift of the IOL plane (characterized
by the optics and haptics design), and R is for an
offset in predicted refraction.

It requires the variables AL, CCT, ACD, LT,
mean corneal radius of curvature (Rmean), and
the corneal back surface radius [46]. The for-
mula is accessible online, https://iolcon.org.

The Okulix Formula
Okulix is a numerical ray-tracing software
which was developed in Mainz (Germany) by
Preussner et al. It calculates the path and the
focal point of the entire beams passing through
the pupils at each optical level (intravitreal,
lens, aqueous humor, and cornea) in terms of
Snell’s law. AL, IOL central thickness, IOL cur-
vature radii, asphericity, and refractive index, as
well as corneal topography measurements (an-
terior/posterior corneal keratometric values and
CCT) are used in Okulix software for more pre-
cise IOL power calculation. The software
demonstrated acceptable performance in eyes
with long AL [47].

Table 5 continued

Study Hoffer
Q

SRK/T Haigis Olsen Barrett Kane Pearl-
DGS

Hill-
RBF

EVO

±1.0 D [%] 100.0 98.7 98.7 100.0 98.7 98.7 100.0 97.4 100.0

MAE mean absolute error

Ophthalmol Ther (2023) 12:2881–2902 2893

https://karmona-iol.com
https://hofferqst.com
https://iolcon.org


Table 6 Outcomes of MAE and percentage of eyes within ±0.5 D and ±1.0 D for long eyes (AL[ 26.0 mm) in several
recent studies

Study Hoffer
Q

SRK/T Haigis Olsen Barrett Kane Pearl-
DGS

Hill-
RBF

EVO

Abulafia 2015 (76 eyes) [52]

MAE 0.37 0.28 0.31 0.46 0.28

±0.5 D [%] 71.1 86.8 78.9 88.6 89.5

±1.0 D [%] 97.4 100.0 100.0 100.0 100.0

Kane 2017 (340 eyes) [28]

MAE [ 0.37 [ 0.37 [ 0.37 0.33 0.37

±0.5 D [%] \ 72.4 \ 72.4 \ 72.4 77.9 75.0

±1.0 D [%] \ 95.6 \ 95.6 \ 95.6 97.5 96.8

Rong 2019 (79 eyes) [53]

MAE 0.54 0.43 0.41

±0.5 D [%] 54.0 65.0 70.0

±1.0 D [%] 91.0 95.0 97.0

Zhou 2019 (98 eyes) [54]

MAE 0.67 0.46 0.45 0.35

±0.5 D [%] 47.0 62.2 64.3 79.6

±1.0 D [%] 76.6 91.8 94.9 96.9

Liu 2019 (136 eyes) [17]

MAE 0.49 0.41 0.32 0.37

±0.5 D [%] 60.0 68.0 78.0 76.0

±1.0 D [%] 87.0 95.0 97.0 97.0

Zhang 2019 (108 eyes) [55]

MAE 0.99 0.45 0.64 0.42

±0.5 D [%] 33.3 67.6 42.6 71.6

±1.0 D [%] 58.3 93.5 71.8 94.5

Connell 2019 (864 eyes) [42]

MAE 0.51 0.41 0.32 0.35 0.33 0.33 0.36

±0.5 D [%]

±1.0 D [%]

Cooke 2019 (67 eyes) [51]

MAE 0.31 0.34 0.25 0.25 0.27

±0.5 D [%] 77.6 77.6 86.6 86.6 85.1
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Table 6 continued

Study Hoffer
Q

SRK/T Haigis Olsen Barrett Kane Pearl-
DGS

Hill-
RBF

EVO

±1.0 D [%] 97.0 98.5 100.0 100.0 100.0

Cheng 2020 (370 eyes) [57]

MAE 0.39 0.40 0.37 0.34 0.38 0.40

±0.5 D [%] 72.5 72.6 74.4 74.5 69.9 72.0

±1.0 D [%] 95.0 96.0 97.0 97.0 96.0 94.5

Darcy 2020 (10,930 eyes) [20]

MAE 0.45 0.36 0.36 0.35 0.34 0.33 0.35

±0.5 D [%]

±1.0 D [%]

Carmona-González 2020 (481 eyes)

[19]

MAE 0.35 0.33 0.27 0.27 0.26 0.27 0.29 0.28

±0.5 D [%] 71.1 80.7 86.0 86.0 88.6 86.8 81.6 86.0

±1.0 D [%] 98.3 96.5 99.1 99.1 98.3 99.1 99.1 97.4

Cheng 2020 (87 eyes) [56]

MAE 0.34 0.31 0.48 0.35 0.25

±0.5 D [%] \ 71.0 \ 71.0 [ 71.0 [ 71.0 77.0 80.5 60.9 74.7 78.2

±1.0 D [%] \ 93.0 \ 93.0 [ 93.0 [ 93.0 96.6 98.9 86.2 97.7 97.7

Pereira 2021 (116 eyes) [15]

MAE 0.43 0.42 0.44 0.47 0.35 0.36 0.39 0.37

±0.5 D [%] 62.9 65.5 62.9 62.1 76.7 75.9 74.1 71.6

±1.0 D [%] 93.1 93.1 91.4 89.7 94.0 95.7 94.0 96.6

Hipólito-Fernandes 2021 (828

eyes) [45]

MAE 0.59 0.36 0.35 0.32 0.30 0.38 0.33 0.31

±0.5 D [%]

±1.0 D [%]

Ang 2022 (183 eyes) [62]

MAE 0.42 0.35 0.34 0.35

±0.5 D [%] 72.1 79.2 80.9 80.3

±1.0 D [%] 93.4 95.6 91.3 95.1

Shammas 2022 (102 eyes) [24]
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Subgroup Analysis

The detailed results of several published studies
on the application of IOL power calculation
formulas in short eyes (AL\ 22.0 mm) and long
eyes (AL[ 26.0 mm) are summarized in
Tables 5 and 6, respectively.

DISCUSSION

Short Eyes

Accurate IOL power calculation is a very
important aspect of phacoemulsification
because patients’ expectations for perfect vision
after cataract surgery continue to increase [48].
In short eyes, small AL combined with high-
power IOL can cause a large refractive surprise
with a minimal shift in ELP. Additionally, the
tolerance for IOLs with a power higher than 30
D is ±1.00 D, and therefore such IOLs could
have different standards to tag the optical
power by their producers [21].

In 2018, Wang et al. published a meta-anal-
ysis based on ten observational studies involv-
ing 1161 eyes (218 with Holladay 2, 512 with
Haigis, 1161 with Hoffer Q, 986 with Holladay
1, 1071 with SRK/T, and 84 with SRK II). They
found that Haigis was significantly superior to
Hoffer Q, SRK/T, and SRK II, although they did
not identify any statistical difference between
Haigis and Holladay 1 and Holladay 2. The
Holladay 2 formula obtained the smallest MAE,
and the largest MAE difference was observed
between Holladay 2 and SRK II. However, the
meta-analysis did not consider the latest IOL
power calculation formulas such as Hill-RBF,

Kane, EVO, Ladas, or K6 [13]. On the other
hand, Kane et al. in their 2017 study concluded
that new IOL power calculation formulas such
Ladas, Hill-RBF, and FullMonte had failed to
yield more accurate results than the current
Barrett Universal II and Holladay 1 methods.
However, they did not include either the Kane
formula or the EVO formula [28].

A meta-analysis by Shrivastava et al. in 2022
including 15 studies, 2395 eyes, and 11 formu-
las (Barrett Universal II, FullMonte, Haigis, Hill-
RBF, Hoffer Q, Holladay 1, Holladay 2, Olsen,
Ladas super formula, SRK/T, and T2) found no
statistically significant difference in any of the
comparisons in terms of MAE, ±0.5 D, or ±1.0
D, although the Barrett Universal II formula
achieved the lowest MAE and the Holladay 1
and Hill-RBF had the highest percentage of eyes
within ±0.50 D and ±1.0 D of target refraction,
respectively. Thus, in their meta-analysis, none
of the 11 formulas was found to be significantly
superior to others in hyperopic eyes [49].

The most recent meta-analysis published by
Luo et al. in June 2022 included 1476 eyes from
14 studies comparing 13 formulas (Barrett
Universal II, Castrop, Haigis, Hoffer Q, Holladay
1, Holladay 2, Kane, Ladas super formula,
Okulix, Olsen, PEARL-DGS, SRK/T, and T2).
PEARL-DGS obtained the highest percentage of
eyes within ±0.5 D, which was significantly
higher than Hoffer Q (P = 0.0003), Barrett
Universal II (P = 0.001), Holladay 2 (P = 0.007),
Holladay 1 (P = 0.01), Haigis (P = 0.02), and
Olsen (P = 0.05). In turn, in the ±1.0 D range,
Okulix received the highest percentage, and it
was significantly higher than Barrett Universal
II, Castrop, Hoffer Q, and Holladay 2
(P = 0.0005, P = 0.03, P = 0.003, P = 0.02,

Table 6 continued

Study Hoffer
Q

SRK/T Haigis Olsen Barrett Kane Pearl-
DGS

Hill-
RBF

EVO

MAE 0.34 0.33 0.32 0.31 0.30 0.29 0.29 0.32 0.29

±0.5 D [%] 73.5 72.6 75.5 78.4 83.3 79.4 80.4 82.4 78.0

±1.0 D [%] 99.0 100.0 100.0 99.0 99.0 99.0 100.0 99.0 100.0

MAE mean absolute error
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respectively). Therefore, they showed that new-
generation formulas, based on AI or the ray-
tracing principle, were more accurate than the
vergence formulas in short eyes [11].

Long Eyes

Inaccuracy in the calculation of the implant
power in long eyes is often due to incorrect AL
measurement caused by poor eye fixation and
the existence of posterior staphyloma. Addi-
tionally, the wide range of myopic eyeball
length increases the risk of prediction errors.
Chen et al. showed that for the SRK/T and
Hoffer Q formulas, a 1-mm increase in AL led to
an increase in absolute error (AE) by about 0.1 D
when AL[26 mm, while in the case of
AL[ 33 mm, a 1-mm increase in AL increased
the AE by as much as about 1.1 D [10].

Eleven observational studies involving 4047
eyes (2529 calculated with Barrett Universal II,
2318 with Haigis, 2210 with Holladay 2, 4050
with SRK/T, 3687 with Hoffer Q, and 3916 with
Holladay 1) were investigated in a meta-analysis
by Wang et al. in 2018. The heterogeneity was
minimized by dividing eyes into two groups—
the first with AL\26.0 mm and the second
with AL C 26.0 mm. The MAE of Barrett
Universal II was statistically lower than that of
Holladay 2 (P = 0.0002), SRK/T (P\ 0.00001),
Hoffer Q (P\0.00001), and Holladay 1
(P\0.00001). There was no significant differ-
ence in MAE for the comparison between Bar-
rett Universal II and Haigis, although the
subgroup analysis showed that Barrett Universal
II performed better than Haigis when the AL
was\ 26.0 mm. Barrett Universal II obtained a
significantly higher percentage of eyes within
±0.50 D than the other formulas. The authors
also compared the Olsen formula with Barrett
Universal II and Haigis in a meta-analysis. They
observed no statistical difference in the com-
parison between Olsen and Barrett Universal II
(P = 0.86), or between Olsen and Haigis
(P = 0.14) [14].

The most recent meta-analysis published by
Li et al. in September 2022 compared 13 for-
mulas (SRK/T, Hoffer Q, Holladay 1, Holladay 2,
and Haigis as traditional, and Barrett Universal

II, Olsen, T2, VRF, EVO, Kane, Hill-RBF, and
Ladas as the new-generation formulas). A total
of 2273 eyes in 15 studies were included.
Overall, the new-generation formulas showed
more accurate results than the traditional for-
mulas. The percentage of eyes with a predictive
refraction error within ±0.5 D of Kane, EVO,
and Ladas was higher than 80%, and those
within ±1.0 D exceeded 95%, which was only
significantly different from Hoffer Q (all
P\ 0.05). Moreover, another two new-genera-
tion formulas, Barrett Universal II and Olsen,
had higher percentages than SRK/T, Hoffer Q,
Holladay 1, and Haigis for eyes with predictive
refraction error within ±0.5 D and ±1.0 D (all
P\ 0.05). In the ±0.5 D group, Hill-RBF was
better than SRK/T (P = 0.02), Holladay 1 was
better than EVO (P = 0.03) and Ladas
(P = 0.009), and Hoffer Q had a lower percent-
age than EVO, Kane, Hill-RBF, and Ladas
(P = 0.007, 0.004, 0.002, 0.03, respectively).
Barrett Universal II was better than T2
(P = 0.02), and Hill-RBF was better than SRK/T
(P = 0.009). No significant difference was found
in other pairwise comparisons [12].

This study has noteworthy limitations. First,
constant optimization by zeroing out the mean
error in studied articles was not considered.
According to most updated protocols in IOL
power calculation studies, constant optimiza-
tion is essential to make all formulas compara-
ble, and without it, important biases could
affect the reliability of data [26]. However, the
authors recognized that constant optimization
is a standard in peer-reviewed articles. Second,
accuracy of only nine formulas was considered
(Barrett Universal II, Kane, Hill-RBF, Olsen,
PEARL-DGS, EVO, Haigis, SRK/T, Hoffer Q).
However, the authors selected the most popular
among those currently used. Third, the authors
did not consider how the biometric data were
obtained. Although data obtained with ultra-
sound biometry using the contact technique
were excluded, no distinction was made
between optical biometers using group refrac-
tive index (GRI) and those using sum-of-seg-
ments technology. GRI-based biometers could
be affected by lens opacity, and they generally
overestimate AL in long eyes and underestimate
AL in short eyes [50]. In addition, preliminary
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sample size calculation was not considered.
Finally, MedAE was not considered, which was
not consistent with Hoffer’s recommendation
[25].

CONCLUSIONS

With the continuous improvement of pha-
coemulsification, an increasing number of IOL
power calculation formulas have appeared.
They are based on a growing number of
parameters, from the initial AL and K, through
ACD, to the current ones, i.e., LT, WTW, CCT,
age, gender, and others. However, there is no
consensus in the literature regarding the choice
of IOL power calculation formula. The third-
and fourth-generation formulas are being
replaced by more accurate ones. The Barrett
Universal II [5, 14, 16, 17, 28, 31, 48, 51–55]
among vergence formulas and Kane
[1, 15, 20, 34, 36, 42, 45, 56, 57] and PEARL-DGS
[18, 24, 40, 58] among AI-based formulas are
currently most often reported as the most pre-
cise. Overall, IOL power calculation formulas
based on machine learning are very promising
and can have a positive effect on the outcomes
of postoperative refraction; additionally,
machine learning methods can also be incor-
porated into a variety of existing IOL power
formulas to refine their accuracy [59]. However,
based on the available literature, there is no
gold standard as yet that can be applied to all
patients. Moreover, each patient should be
managed individually considering their unique
eye features.
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