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aDepartment of Experimental Ophthalmology, Saarland University, Homburg/Saar, Germany
bAugen- und Laserklinik Castrop-Rauxel, Castrop-Rauxel, Germany
cSchool of Physical Sciences, The Open University, Milton Keynes, United Kingdom
dRothschild Foundation Hospital, Paris, France
e Institut für Refraktive- und Ophthalmo-Chirurgie (IROC), Zurich, Switzerland
fDepartment of Ophthalmology, Johannes Kepler University Linz, Austria
gDr. Rolf M. Schwiete Center for Limbal Stem Cell and Aniridia Research, Saarland University, Homburg/Saar, Germany
hDepartment of Ophthalmology, Semmelweis-University, Budapest, Hungary

Received 24 October 2022; accepted 16 November 2022

Abstract

Background: In recent years, some lens manufacturers have committed to providing lens shape data for some of their lens
models. The purpose of this study is to present a strategy for prediction of intraocular lens power and residual refraction
based on a pseudophakic model eye containing 5 refractive surfaces and to show its applicability using worked examples.
Methods: A pseudophakic model eye with a thin spectacle correction, a thick cornea (radius of curvatures for both sur-
faces and central thickness) and a thick IOL (either radius of curvatures RLa and RLp for front and back surface or equiv-
alent power PL and Coddington factor CL; and either central thickness LT or edge thickness and optic diameter) was set
up. Calculations were performed based on linear Gaussian optics (vergence formulae). Formulae were provided to derive
the lens power/shape and the residual equivalent spectacle refraction SEQ. From the lens shape the location of the haptic
plane HP, the image sided principal plane of the lens HL, and the ocular magnification OM were extracted.
Results: The calculation of a thick intraocular lens and the prediction of residual refraction is presented with reference to
3 working examples: A) lens varied in PL and shifted with its haptic plane keeping the CL constant, B) lens varied in CL
and shifted with its haptic plane keeping PL constant, and C) CL and PL of the lens varied keeping its haptic plane posi-
tion in the eye constant. For each combination of parameters (PL, CL, or haptic plane shift) the parameters influencing
SEQ, OM and HL-HP were analysed.
Conclusion: Some modern optical biometers currently on the market provide the radii of curvature of both corneal sur-
face and all relevant distances in the eye. With additional data on the lens shape, it would be possible to improve lens
power calculations by switching from thin to thick lens models for the cornea and for the lens. This would overcome one
of the major drawbacks of current lens power calculation methods.

Keywords: Lens power calculation; Prediction of residual refraction; IOL shape data; Vergence calculation; Thick lens
IOL; Thick lens cornea; Gaussian optics
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Introduction

Since the introduction of biometry instruments for mea-
suring axial eye length and the publication of the first formu-
lae by Fyodorov in 1967 [2] and by Gernet in 1970 [4], a
wide range of calculation schemes for intraocular lens
implants (IOL) have been proposed for predicting the power
of the artificial lens in cataract surgery. The simplest are the
empirical SRK and SRK2 formulae [24], which use a linear
regression model to derive the emmetropic lens power from
the axial length measurement, the ‘keratometry reading’ and
the A constant used as an intercept. In this context, the A-
constant is a fictitious parameter which considers the lens
shape and material properties as well as all environmental
parameters of the surgery, biometry, and postoperative
refractometry. In the SRK2, the A constant is modified by
an offset depending on the axial length.

The classical theoretical-optical formulae in use today
are: the SRKT [23], Hoffer-Q [8], Holladay1 [9], and the
Haigis formula [5]. These are all based on linear Gaussian
optics (restricted to the paraxial space) and a pseudophakic
model eye with 3 refractive surfaces (spectacle correction,
cornea modelled as a thin lens and IOL modelled as a thin
lens). The fictitious effective lens position (ELP) is derived
from biometric parameters and one or more formula con-
stants [18,19,22,20]. These constants adapt the general lens
power formula to the specifications of a particular IOL.
Since the ELP is reverse calculated from biometric mea-
sures, the power of the implanted IOL, and the refractive
outcome in a representative series of patients, it does not
necessarily coincide with the real axial lens position (ALP)
within the pseudophakic eye [10,11,19]. All systematic
errors in biometry, errors in the optical model underlying
the calculation concept, all assumptions (e.g. the keratometer
index), the finite lane distance in postoperative refractome-
try, or labeling errors of the lens can affect the ELP value.
In particular the keratometerindex, which is used for conver-
sion of the corneal front surface radius to corneal power, typ-
ically overestimates corneal power systematically, in most
cases requiring the ELP to be systematically larger compared
to the ALP to compensate.

In the last 2 decades several new IOL power formulae
have been developed, based on enhanced prediction algo-
rithms for the axial lens position [10,11,16,15,27] (either real
position ALP or ELP), consideration of the cornea as thick
lens model [19,21,10], or the intraocular lens as a thick lens
model including the shape the front and back surface
together with the refractive index and central thickness
[17,16,15]. However, we are not currently aware of any
paraxial intraocular lens power calculation concept which
includes the cornea and the lens both as thick lenses (based
on a pseudophakic model eye containing 5 refractive sur-
faces). For all model-based calculation techniques

(theoretical-optical formulae as well as raytracing strategies)
the real axial lens position ALP (or predictions of ALP) can
only be used as a parameter (instead of the ELP) if all
assumptions explicitly or implicitly made in the underlying
optical model lens are proven. Especially where a thin lens
model for the cornea is converted to corneal power using a
keratometer index, the corneal power is typically overesti-
mated (especially using the Javal keratometer index) and this
has to be compensated either with the axial lens position
(ELP instead of ALP) or with some other adjustment in
the formula.

Several of the recently developed lens power calculation
concepts use strategies derived from supervised machine
learning (e.g. the PEARL-DGS formula [1]). These new for-
mulae promise a better prediction of the lens power or the
residual refraction after cataract surgery. Most of these
new calculation concepts have not been fully disclosed or
published [7,14,21,25,26], making an objective validation
process difficult. In addition to these calculation concepts,
fully data driven IOL power calculation methods based on
machine learning which are independent from an optical
model for the pseudophakic eye (e.g., the Hill RBF calcula-
tor) or numerical raytracing techniques which are based on
the application of Snell’s law for a bunch of rays at each
refracting surface instead of paraxial simplification (linear
Gaussian optics) (e.g. Okulix or PhakoOptics, [21]) have
been proposed to achieve a higher predictability for the
IOL power and the residual refraction.

The latter development was mostly inspired by the
improvements in optical biometry in the last 2 decades,
where in addition to the classical biometric measures such
as keratometry and axial length we can easily extract all rel-
evant distances within the eye such as central corneal thick-
ness, the phakic aqueous depth measured from the corneal
endothelium to the lens from apex, the central thickness of
the crystalline lens, or the vitreous depth. Some modern
biometers provide keratometric readings derived from the
radii of curvature of both the corneal front surface and the
corneal back surface, thus treating the cornea as a thick lens.

In the past, only limited information about the shape of
their IOLs was provided by the IOL manufacturers. In most
cases, the exact refractive index of the optical material, the
central thickness, and the shapes of the lens front surface
and back surface remain unknown. The absence of this infor-
mation prevents consideration of the IOL as a thick lens.
Even though there are highly relevant papers which consider
the IOL as a thick lens [17,16,15], and providing shape data
of lenses for all power steps for their working examples, they
make no statement as to which lens model these data refer to.
Therefore, resampling these calculations might be difficult
as long as the design data of most popular lenses on the mar-
ket are undisclosed. Recently, and inspired by an inquiry of
the IOL Power Club (https://www.iolpowerclub.org), some
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IOL manufacturers have committed to disclose the basic
shape (in addition to the equivalent power according to the
ISO standard the shape factor, central thickness, (clear) optic
diameter, and the refractive index of the optic material) of
their lenses for the entire delivery range of power steps,
enabling those lenses to be considered using a thick lens
model. Instead of being restricted to the equivalent power
(PL) of the IOL only, this makes it possible to implement
novel IOL power calculation strategies using the refractive
index of the lens optics material (nL), either the central
thickness of the lens (LT) or the edge thickness (ET),
together with the IOL optics diameter (LD), and either the
equivalent power PL together with the Coddington shape
factor (CL) or the radii of curvature of the lens front surface
(RLa) and back surface (RLp). The Coddington shape factor
CL describes the ratio of the base curves for the front and
back surfaces of a thick lens. This factor is CL = 0 for an
equibiconvex lens, CL = �1 for a plano-convex lens, or
CL = 1 for a convex-plano lens. Using these data, the haptics
plane and the image-side principal plane of the IOL can be
predicted for use in a pseudophakic model eye containing
5 refractive surfaces (thin lens spectacle correction, and thick
lens model for the cornea and the IOL).

The purpose of the present study is:

� to introduce and explain a calculation strategy for determining
the IOL power based on a pseudophakic model eye containing
5 refractive surfaces and using linear Gaussian optics,

� to show how the design data of the IOL provided by the IOL
manufacturers can be used to determine the haptics plane or
the image-side principal plane,

� to predict the residual refraction at the spectacle plane after
implantation of an IOL with known design data, and

� to show the applicability of this calculation strategy using a
number of clinical worked examples.

Materials and methods

Preoperative biometric measures and schematic model
eye

Preoperative measurements as derived from a modern
optical biometer include: the corneal front radius of curva-
ture (radius Ra1 in the flat and Ra2 in the steep meridian),
corneal back surface radius of curvature (radius Rp1 in the
flat and Rp2 in the steep meridian), axial length measured
from corneal front apex to the retinal pigment epithelium
(AL), together with the central corneal thickness (CCT),
aqueous depth (AQDpre) measured from the corneal endothe-
lium to the front apex of the crystalline lens, the central
thickness of the crystalline lens (LTpre), and the vitreous
depth (VTpre = AL-CCT-AQDpre-LTpre). In this context,
the retinal thickness has been disregarded in our model (as

a simplification) but could easily be considered if biometric
data were available. Parameters indexed with ()pre (e.g.
AQDpre, LTpre, VTpre) are subject to change from the phakic
to the pseudophakic eye (AQD, LT, VT, respectively),
whereas all non-indexed parameters are assumed to remain
unchanged. As a further simplification, the mean corneal
front and back surface radii of curvature Ra = 0.5�(Ra1
+Ra2) and Rp = 0.5�(Rp1+Rp2) are used in the processing.
In cases where measurements of Rp or CCT are not available
or not reliable, the respective data can be derived from a
schematic model eye [13] maintaining a fixed ratio of cor-
neal front to back surface radius of curvature with
Rp = 6.4/7.77�Ra and CCT = 0.50 mm.

All calculations are based on a pseudophakic model eye
as shown in Fig. 1. This model eye contains 5 refractive sur-
faces: a thin lens spectacle correction (refractive power:
SEQ) at a distance VD in front of the corneal apex, a cornea
modelled as a thick lens with radii of curvature Ra and Rp at
the front and back surface, central thickness CCT, and a
refractive index nC, and an IOL modelled as a thick lens
with radii of curvature RLa and RLp at the front and back
surface, central thickness LT, and a refractive index nL.
The optical diameter of the IOL is LD, and the optical edge
thickness ET. The internal anterior chamber depth (refractive
index: nA) and the vitreous (refractive index: nV) depth are
referred to as AQD and VT. The axial length AL sums to:
AL = CCT+AQD+LT+VT. The bending of the intraocular
lens is described by the Coddington shape factor (or Cod-
dington ratio) CL, which is defined as the ratio of the sum
to the difference of lens radii of curvature:

CL ¼ RLp þ RLa
RLp � RLa

: ð1Þ

For our calculations, we require the following data from
the lens manufacturer: nL, either LT or ET with LD, and
either the base curve radii RLa and RLp or the equivalent
power PL and the Coddington shape factor CL. From the
front and back surface radii of curvature of the IOL the front
and back surface power PLa and PLp can be calculated as:

PLa ¼ nL�nA
RLa

PLp ¼ nV�nL
RLp

: ð2Þ

Where the lens is described in terms of the equivalent
power PL and CL, the back surface radius/power of the
IOL is described with respect to the front surface radius of
curvature/power by:

RLp ¼ RLa � CLþ1
CL�1

PLp ¼ PLa � CL�1
CLþ1 � nV�nL

nL�nA

: ð3Þ

The IOL haptic plane is defined as the plane which
divides the cylindrical edge surface into 2 halves at a posi-
tion HP behind the IOL front apex.
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Basic calculations

The corneal front and back surface powers are defined as:
Pa = (nC�1)/Ra and Pp = (nA-nC)/Rp, respectively. The
equivalent power of the cornea PC according to the Gull-
strand formula (referenced to the image-sided principal
plane) is defined as:

PC ¼ ðnC � 1Þ
Ra

þ ðnA� nCÞ
Rp

� nC � 1ð Þ
Ra

� nA� nCð Þ
Rp

� CCT
nC

:

ð4Þ
Without loss of generality, in the following section we

refer to a biconvex IOL design (CL within an interval ]�
1. . .1[) with positive values of RLa and negative values of
RLp.

The axial position of the IOL, specified as either the posi-
tion of the lens front apex or the lens haptic plane, is derived
from a prediction strategy. As a simplification, we assume
that the haptic plane of the IOL coincides with the equatorial
plane of the crystalline lens in the phakic eye, which is
located approximately at CCT+AQDpre+C�LTpre with
C = 0.38) behind the corneal front apex [20]. The aqueous
depth AQD and vitreous depth VT in the pseudophakic
eye are calculated as:

AQD ¼ AQDpre þ 0:38 � LT pre � HP ; ð5Þ

and

VT ¼ AL� CCT � AQD� ðLT � HP Þ
¼ VT pre þ 0:62 � LT pre � ðLT � HP Þ ; ð6Þ

where HP refers to the haptic plane position of the IOL with
respect to the IOL front apex (see Fig. 1).

If RLa, RLp, and LT are known, HP and ET is derived
from:

HP ¼0:5 � ðLT þRLaþRLp�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RLa2� LD2

4

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RLp2� LD2

4

q
Þ

ET ¼LT �ðRLa�RLp�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RLa2� LD2

4

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RLp2� LD2

4

q
Þ

: ð7Þ

If RLa, RLp, and ET are known, HP and LT is derived
from:

HP ¼ 0:5 � ET þ RLa�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RLa2 � LD2

4

q

LT ¼ ET þ RLa� RLp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RLa2 � LD2

4

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RLp2 � LD2

4

q : ð8Þ

With the lens front and back surface radii RLa and RLp
or power PLa and PLp the equivalent power of the IOL
PL yields:

PL ¼ ðnL�nAÞ
RLa þ ðnV�nLÞ

RLp � ðnL�nAÞ
RLa � ðnV�nLÞ

RLp � LTnL
¼ PLaþ PLp � PLa � PLp � LTnL

; ð9Þ

Figure 1. Schematic drawing of the pseudophakic model eye containing 5 refractive surfaces: a spectacle correction, a thick lens cornea
defined by a front and back surface radii of curvature Ra and Rp and a central thickness CCT, and a thick lens IOL defined either by front
and back surface radii of curvature RLa and RLP or by an equivalent power PL (and a Coddington factor CL, not shown in the graph),
either a central lens thickness LT or an edge thickness ET together with optic diameter LD. The haptic plane refers to the centre plane of the
optical edge of the lens. nC, nA, nL, and nV refer to the refractive indices of the cornea, aqueous, the lens implant, and vitreous
respectively. VD, AQD and VT refer to the vertex distance, aqueous depth, and vitreous depth respectively.
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Inserting LT as defined in equation (8) into equation (9)
gives for the equivalent power PL:

PL ¼ ðnL�nAÞ
RLa þ ðnV�nLÞ

RLp � ðnL�nAÞ
RLa � ðnV�nLÞ

RLp

� ETþRLa�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RLa2�LD2

4

p
þRLp�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RLp2�LD2

4

p
nL

¼ PLaþ PLp � PLa � PLp

�
ETþ nL�nAð Þ

PLa �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nL�nAð Þ
PLað Þ2�LD2

4

q
þ nV�nLð Þ

PLp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nV�nLð Þ
PLpð Þ2�LD2

4

q

nL

: ð10Þ

In contrast, if the thick lens IOL is specified in terms of
the equivalent power PL and the Coddington factor (instead
of the radii of curvature of the IOL surfaces RLa and RLp),
the radius of curvature of the IOL front surface is calculated
from equation (9) with RLp or PLp specified in equation (3).

Where the IOL is specified with PL and CL, and ET (to-
gether with LD) is provided instead of LT, an algebraic solution
for RLa or PLa (combining equation (10) with RLp and PLp
defined in equation (3)) might be complex. In this case, a
numerical solution using an iterative search algorithm is
preferred.

The image-side principal plane of the IOL HL with
respect to the IOL front apex is calculated from the equiva-
lent power of the IOL PL and the back vertex power of the
IOL PLb as defined by:

PLb ¼
ðnL�nV Þ

RLa

1�ðnL�nV Þ
RLa

þ ðnV�nL
RLp

¼ PLa
1�PLa�LTnL

þ PLp
: ð11Þ

as:

HL ¼ nV
PLb

� nV
PL

þ LT : ð12Þ

In the next step, the pseudophakic SEQ is predicted from
the preoperatively assessed biometric measures and the lens
design data. In addition to the refractive index nL and the
central lens thickness LT or the edge thickness ET (together
with the lens optic diameter LD), we require either the radii
or the powers of both lens surfaces as calculated in the pre-
vious steps.

With the radii of curvature or power data of all refractive
surfaces calculated as shown in the previous steps, the spher-
ical equivalent at the spectacle plane (for distant objects) is
predicted by:

SEQ ¼ 1
1

1
1

1
1

1
1

nV
VT�

nV�nL
RLp

þLT
nL

�nL�nA
RLa

þAQD
nA

�nA�nC
Rp

þCCT
nC

�nC�1
Ra

þVD

¼ 1
1

1
1

1
1

1
1

nV
VT�PLp

þLT
nL

�PLa
þAQD

nA

�nA�nC
Rp

þCCT
nC

�nC�1
Ra

þVD

: ð13Þ

In the final step, the ocular magnification of the pseu-
dophakic eye is estimated using all vergences [6] in front
of and behind each refracting surface as shown by Langen-

bucher [12]. With 5 refracting surfaces in our optical system,
fully corrected for far distance (vergence equals zero at the
spectacle plane), the ocular magnification OM as the ratio
of retinal image size to arc of the incident ray angle is calcu-
lated from the product of the vergences in front of the cor-
neal front surface, corneal back surface, IOL front surface,
IOL back surface, subdivided by the product of the ver-
gences behind the spectacle correction (if not equal to zero),
the corneal front surface, corneal back surface, IOL front
surface, and IOL back surface.

Results

For all of the following worked examples we assume a
vertex distance VD = 12 mm, and refractive indices for the
cornea nC = 1.376, for the aqueous and vitreous
nA = 1.336 and nV = 1.336, and for the IOL nL = 1.52 with-
out loss of generality.

Example 1. For our first working example we assume that the
biometric data from an optical biometer read: axial length
AL = 23.80 mm, central corneal thickness CCT = 543 mm, aqueous
depth AQDpre = 2.70 mm, central thickness of the crystalline lens
LTpre = 4.10 mm, and the radii of the corneal front and back surface
RCa = 7.71 mm and RCp = 6.91 mm respectively. The equatorial
plane of the crystalline lens is predicted to be 4.80 mm behind the
corneal front apex, which coincides with the haptic plane of the
pseudophakic eye.

The equivalent power of the cornea according to equation
(4) reads PC = 43.09 dpt. With the radii of curvature for both
IOL surfaces (RLa = 36.68 mm, RLp = �12.25 mm) the
Coddington factor according to equation (1) is CL = �0.5,
and with an IOL thickness of LT = 0.75 mm, the equivalent
power of the IOL PL according to equation (9) is
PL = 20.00 dpt. With an IOL optical diameter of
LD = 6.0 mm, the edge thickness ET and the haptic plane
position inside the IOL HP are predicted according to equa-
tion (7) as ET = 0.25 mm and HP = 0.25 mm respectively.
The IOL front apex and back apex (equations (5) and (6))
are calculated to be located at 4.55 mm and 5.30 mm respec-
tively behind the corneal front apex (AQD = 4.26 mm). The
IOL image-side principal plane is located HL = 0.58 mm
behind the IOL front apex (equation (12), 0.36 mm behind
the IOL haptic plane). The predicted refraction at the specta-
cle plane (equation (13)) results in SEQ = 0.01 dpt and the
ocular magnification of the pseudophakic eye is estimated
as OM = 167 e�3 mm/mrad.

Finally, we fix the Coddington shape factor at CL = �0.5
and vary the lens haptic plane by ± 1 mm and the IOL equiv-
alent power from 18.5 dpt to 21.5 dpt in steps of 0.5 dpt.
Fig. 2 shows the changes in spherical equivalent refraction
at the spectacle plane on the upper graph, the change in ocu-
lar magnification OM on the middle graph, and the position
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of the image-sided principal plane of the IOL with respect to
the haptic plane on the lower graph. The SEQ and OM
increase monotonically with the distance of the lens haptic
plane from the corneal front apex and decrease with the
IOLP. The image-side principal plane of the IOL shows
no change with variation of the distance of the lens haptic
plane to the corneal front apex and a very slight increase
with decreasing IOLP.

Example 2. For our second working example we assume that the
biometric data from an optical biometer read: axial length
AL = 23.40 mm, central corneal thickness CCT = 500 mm, aqueous
depth AQDpre = 2.80 mm, central thickness of the crystalline lens
LTpre = 4.40 mm, and the radii of the corneal front and back

surfaces RCa = 7.70 mm and RCp = 6.80 mm respectively. The
equatorial plane of the crystalline lens is predicted to be 4.97 mm
behind the corneal front apex, which coincides with the haptic
plane of the pseudophakic eye.

The equivalent power of the cornea is derived using equa-
tion (2) as PC = 43.05 dpt. With a preset equivalent power
(PL = 21.5 dpt), Coddington factor (CL = 0.0), and central
thickness (LT = 0.80 mm) of the IOL, the radii of curvature
for both IOL surfaces are calculated using equations (9) and
(3) as RLa = 17.07 mm and RLp = 817.07 mm respectively.
The haptic plane of the IOL in the pseudophakic eye, which
coincides with the equatorial plane in the phakic eye, is pre-
dicted to be 4.92 mm behind the corneal front apex. With an

Figure 2. Spherical equivalent (SEQ, upper graph), ocular magnification OM (middle graph), and distance from the lens haptic plane to the
image-side principal plane (HL-HP) as a function of the lens haptic plane with respect to the corneal front apex for variations of the
equivalent lens power PL. In this simulation the Coddington factor CL was kept constant (CL = �0.5). SEQ and OM increase
systematically with the depth of the lens haptic plane in the eye and with a decrease of PL. HL-HP increases slightly with PL and shows no
variation with the depth of the lens haptic plane in the eye.

6 A. Langenbucher et al. / Z Med Phys xxx (2022) xxx–xxx

Please cite this article as: A. Langenbucher, P. Hoffmann, A. Cayless et al., Considerations of a thick lens formula for intraocular lens power calculation, Z Med Phys, https://doi.org/10.1016/j.
zemedi.2022.11.007

https://doi.org/10.1016/j.zemedi.2022.11.007
https://doi.org/10.1016/j.zemedi.2022.11.007


IOL optical diameter (LD = 6.0 mm), the haptic plane HP
and the optic edge thickness ET are calculated from equation
(7) as HP = 0.40 mm and ET = 0.27 mm respectively.
According to equations (5) and (6) the IOL front apex and
back apex are calculated to be located at 4.57 mm and
5.37 mm respectively behind the corneal front apex
(AQD = 4.07 mm). The IOL image-side principal plane is
located HL = 0.45 mm behind the IOL front apex (equation
(12), 0.05 mm behind the IOL haptic plane). The predicted
refraction at the spectacle plane (equation (13)) results in
an SEQ = �0.06 dpt, and the ocular magnification of the
pseudophakic eye is estimated to be OM = 164 e�3 mm/
mrad.

Finally, we fix the equivalent power of the IOL at
PL = 21.5 dpt and vary the lens haptic plane by ± 1 mm
and the Coddington factor CL from �0.6 to 0.6 in steps of
0.2. Fig. 3 shows the changes in spherical equivalent refrac-
tion at the spectacle plane on the upper graph, the change in
ocular magnification OM on the middle graph, and the posi-
tion of the image-side principal plane of the IOL with respect
to the haptic plane on the lower graph. The SEQ and OM
increase monotonically with the distance of the lens haptic
plane from the corneal front apex and decrease with the Cod-
dington factor CL. The image-side principal plane of the
IOL shows no change with variation of the distance of the
lens haptic plane from the corneal front apex and shifts for-
ward (towards the cornea) with increasing CL.

Example 3. For our third working example we assume that the
biometric data from an optical biometer read: axial length
AL = 25.00 mm, central corneal thickness CCT = 510 mm, aqueous
depth AQDpre = 3.20 mm, central thickness of the crystalline lens
LTpre = 4.20 mm, and the radii of the corneal front and back
surfaces RCa = 8.00 mm and RCp = 6.60 mm respectively. The
equatorial plane of the crystalline lens is predicted to be 5.31 mm
behind the corneal front apex, which coincides with the haptic
plane of the pseudophakic eye.

The equivalent power of the cornea is derived using equa-
tion (2) as PC = 41.05 dpt. With the equivalent power of the
IOL (PL = 19.0 dpt), the Coddington factor (CL = 0.0), and
a preset edge thickness (ET = 0.2 mm), and an IOL optic
diameter of LD = 6.0 mm, the radius of curvature of the
IOL front surface is calculated numerically by solving equa-
tion (10) together with equation (2) as RLa = 19.33 mm. The
IOL back surface radius of curvature is derived from the IOL
front surface radius using equation (2) as
RLp = �19.33 mm. The central lens thickness and the loca-
tion of the IOL haptic plane inside the IOL are derived from
equation (8) as LT = 0.67 and HP = 0.33 mm respectively.
The IOL front and back apex are located at 4.97 mm and
5.64 mm behind the corneal front apex (AQD = 4.46 mm).
The IOL image-side principal plane is located as
HL = 0.37 mm behind the IOL front apex (equation (12),
0.04 mm behind the IOL haptic plane). The predicted

refraction at the spectacle plane (equation (13)) results in
SEQ = �0.07 dpt and the ocular magnification of the pseu-
dophakic eye is estimated to be OM = 176 e�3 mm/mrad.

Finally, we fix the position of the haptic plane of the IOL
at 5.31 mm behind the corneal front apex and vary the Cod-
dington factor CL from �0.6 to 0.6 in steps of 0.2, and the
equivalent power of the lens PL from 17.5 dpt to 20.5 dpt in
steps of 0.5 dpt. Fig. 4 shows the changes in spherical equiv-
alent refraction at the spectacle plane on the upper graph, the
change in ocular magnification OM on the middle graph,
and the position of the image-side principal plane of the
IOL with respect to the haptic plane on the lower graph.
The SEQ and OM increase monotonically with decreasing
Coddington factor and with a decrease of the IOL equivalent
power PL. The image-side principal plane of the IOL shows
a monotonical decrease with increasing CL but changes only
very slightly with variation of PL. If we consider an arbitrary
horizontal line in the upper graph, we can directly see that -
based on the assumption the haptic plane of the lens is
located at the equatorial plane of the crystalline lens in the
phakic eye – more than 1 lens power options with different
CL values would result in the same spectacle refraction
prediction.

Discussion

The simplicity of classical lens power calculation formu-
lae results mostly from the limited range of data that could
be obtained using ultrasound biometry or acquired using
the first generation of optical biometers launched to the mar-
ket in 1999. Modern optical biometers such as the IOLMas-
ter 700, the Pentacam AXL or Pentacam Wave (Oculus,
Wetzlar, Germany, or the Anterion (Heidelberg Engineering,
Heidelberg, Germany), provide a much wider range of
parameters, including curvature data from both corneal sur-
faces together with data for the AL, CCT, ACD/AQD, and
LT. Based on these, novel lens power formulae such as
the Olsen formula [19] or the Castrop formula [27] which
consider the cornea as a thick lens have been developed.
The advantages are clear: considering the back corneal sur-
face may protect the surgeon from refractive surprises if
the patient’s eye has a history of corneal refractive surgery
prior to cataract surgery or any other type of ‘abnormality’
of the corneal front to back surface radius of curvature ratio.
The next logical step towards better refractive outcome after
cataract surgery is to consider the design data of the intraoc-
ular lens and to implement a lens power calculation scheme
which treats the IOL as a thick lens [1]. Several attempts
have been made to consider the lens shape in terms of the
radii of curvature of both surfaces, the central thickness,
and the refractive index of the lens optic, but all formula
based calculation schemes dealing with a thick lens model
for the IOL are restricted to a thin lens model for the cornea

A. Langenbucher et al. / Z Med Phys xxx (2022) xxx–xxx 7

Please cite this article as: A. Langenbucher, P. Hoffmann, A. Cayless et al., Considerations of a thick lens formula for intraocular lens power calculation, Z Med Phys, https://doi.org/10.1016/j.
zemedi.2022.11.007

https://doi.org/10.1016/j.zemedi.2022.11.007
https://doi.org/10.1016/j.zemedi.2022.11.007


[17,16,15]. However, these calculations use a conversion of
the corneal front surface radius to corneal power which
could be inaccurate if the model behind the keratometer
index (especially the preset front to back surface radius ratio,
the corneal refractive index, and the corneal thickness) do
not properly reflect the situation of the patient under test.
Currently, the IOL implant is described by its refractive
power. According to the ISO standard this refractive power
labelled on the IOL refers to the paraxial refractive power
PL, which can be calculated by the Gullstrand formula from
the refractive index of aqueous nA, the lens nL, the vitreous
nV, the radii of curvature of the IOL front RLa and back sur-
face RLp, and the lens thickness LT using equation (6).

In order for the IOL design data to be used instead of the
equivalent power, the IOL manufacturers must provide the
following information: the refractive index of the lens optic
material, either the equivalent power PL and the Coddington
shape factor CL or the radii of curvature of both IOL sur-
faces RLa and RLp, and either the central IOL thickness
LT or the optical edge thickness ET together with the (clear)
optical zone LD. If the optic edge thickness ET is known, the
central IOL thickness LT could be derived according to Nae-
ser [17] or according to the concept shown in the present
paper. With this information a vergence formula [6] which
predicts the lens power or the residual refraction in the pseu-
dophakic eye can be set up. However, we have to be aware

Figure 3. Spherical equivalent (SEQ, upper graph), ocular magnification OM (middle graph), and distance from the lens haptic plane to the
image-side principal plane (HL-HP) as a function of the lens haptic plane with respect to the corneal front apex for variations of the
Coddington factor CL. In this simulation the equivalent power of the lens PL was kept constant (PL = 21.5 dpt). SEQ and OM increase
systematically with the depth of the lens haptic plane in the eye and with a decrease of CL. HL-HP increases significantly with decreasing
CL and shows no variation with the depth of the lens haptic plane in the eye.
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that some of these parameters (e.g. the Coddington factor)
may vary over the delivery range of the IOL, and therefore
we require the shape data for each lens power step (e.g.
for 6.0 dpt, 6.5 dpt, . . . , 30.0 dpt). If the central IOL thick-
ness is available (either with PL and CL or with RLa and
RLp data) or if the optical edge data is available together
with the radii data RLa and RLp, the proper lens or the resid-
ual refraction can easily be predicted algebraically. In cases
where the available data are restricted to the optical edge
thickness ET together with the equivalent power PL and
the Coddington factor CL, an algebraic solution seems to

be difficult (roots of a polynomial of degree 8 is required),
and we therefore decided to implement a numerical search
algorithm to search for the proper lens. The respective spher-
ical equivalent refraction at the spectacle plane using the
IOL design data can again be predicted algebraically (using
equation (9)). As we use a thick lens model for the cornea as
well as the IOL, with proper axial distances and refractive
indices we feel that the pseudophakic eye model is close
to reality and therefore we could deal with a prediction for
the real axial IOL position (e.g. the haptic plane EP) instead
of a fictitious ELP.

Figure 4. Spherical equivalent (SEQ, upper graph), ocular magnification OM (middle graph), and distance from the lens haptic plane to the
image-sided principal plane (HL-HP) as a function of the lens Coddington factor CL for variations of the equivalent lens power PL. In this
simulation the lens haptic plane with respect to the corneal front apex was kept constant (at 5.31 mm behind the corneal front apex). SEQ
decreases systematically with CL and PL. OM increases with a decrease of PL and slightly with decrease of CL. HL-HP decreases
systematically with the CL power and shows almost no variation with PL.
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In the present paper we wanted to introduce a calculation
scheme based on linear Gaussian optics (restricted to the
paraxial space) which calculates the IOL and the respective
residual refraction at the spectacle plane based on a pseu-
dophakic model eye containing 5 refractive surfaces. As
soon as the IOL manufacturers commit to providing the very
basic design data of their lens models for the entire delivery
range, such a calculation concept may improve the refractive
outcome after cataract surgery. It is well known that for sev-
eral lens models the shape of one or both IOL surfaces
remains unchanged for a range of lens powers whereas the
second surface is used to achieve the labelled equivalent
power. This means that we have a variation only in e.g. 4–
6 steps of radius of curvature for one surface over the entire
delivery range, whereas the second surface does the rest to
achieve the labelled equivalent power. Consequently, the
Coddington factor describing the shape or bending of the
lens changes significantly over the delivery range, modulat-
ing the ‘refractive effect’ of the lens in the eye [12]. This
effect is observed for both situations: if the IOL power is
labelled according to the ISO standard as the paraxial equiv-
alent power, the haptic plane HP varies relative to the image-
side principal plane as shown in the Results section. On the
other hand, if the lenses are labelled according to the power
measurement (e.g. at a final quality check) with any lens
meter, the reference plane might then be related to the haptic
plane and the image-side principal plane may vary with
changes of the design (mostly the Coddington factor).

In a previous paper, we presented a similar concept of
calculating the power and shape specifications of an IOL
based on a thick lens model [3]. They used cardinal points
(such as nodal points and principal points) for the thick lens
cornea and the thick lens IOL to derive the equivalent power,
Coddington shape factor, and the radii of curvature of both
IOL surfaces. In contrast, we have used transformations of
spherical vergences [6]. This should yield identical results
but might be more suitable for explicit solutions for the
IOL specifications or a prediction of the residual refraction
of the pseudophakic eye. E.g., it would be possible to sim-
plify the prediction of the spherical equivalent refraction
based on our optical model with 5 refractive surfaces to a
single equation (equation 9).

In the present paper, we have outlined a strategy for cal-
culating thick IOLs and shown how to predict the residual
refraction based on a thick lens model for the IOL. We pro-
vided 3 working examples showing how to calculate the lens
specification and how to predict the residual refraction of the
pseudophakic eye at the spectacle plane. However, we are
aware that we used a very simplistic prediction model for
the axial lens position: In this paper, we assumed that the
equatorial plane of the crystalline lens is located at
0.38�LTpre behind the front apex of the crystalline lens (in
a plane CCT+AQDpre+0.38�LTpre behind the corneal front

apex). This factor was derived from several thousand mea-
surements on a normal population using the preCat module
of a modern anterior segment OCT (Casia2, Tomey, Nürn-
berg, Germany, unpublished data), but we are aware that this
factor may vary slightly between instruments and popula-
tions. For our calculation concept, any prediction model
for the lens haptic plane of the IOL could be used. E.g.,
we could also use a linear multiple regression model or a
machine learning concept as shown in a previous paper to
predict the haptic plane of the IOL in the pseudophakic
eye [11]. Furthermore we assumed that the IOL haptic plane
coincides with the equatorial plane of the crystalline lens,
and this might not be valid in general, especially if the
IOL shows some step vaulting to achieve the 360� circular
sharp optic edge or if the haptics are angulated to the lens
optics. We do however feel that it would be an easy task
to replace our simple prediction of the haptic plane position
by any other enhanced prediction model [22,20]. In addition,
we are aware that the calculation of the haptic plane from the
radii of curvature of both IOL surfaces or PL and CL might
have some inaccuracies, as for many IOLs on the market one
or both IOL surfaces do not show a strictly spherical base
curve. Instead, we have aspherical surfaces and/or the base
curve might be discontinued in the very periphery (clear
optical zone smaller than optics diameters) to reduce the vol-
ume of the lens and make folding with a forceps or insertion
with an injector through a small corneal incision easier.

For a better understanding, we showed 3 worked exam-
ples where we calculated the lens shape and power in terms
of front and back radii RLa and RLp or the equivalent power
PL and the Coddington factor CL, the central thickness LT
or the edge thickness ET, as well as the haptic plane position
HP and the image-sided principal plane HL of the IOL. With
the variation of 2 of 3 parameters (haptic plane position rel-
ative to the corneal front apex, PL, and CL) and keeping the
third parameter constant we wanted to illustrate the clinical
consequences of these parameters to the reader. From
Fig. 2 we clearly see that if we vary the IOL haptic plane
position and the IOL equivalent power PL keeping CL con-
stant, the SEQ and the OM increase with the depth of the
haptic plane and decrease with PL, whereas HL-HP
increases very slightly with PL. From Fig. 3 we see that if
we vary the IOL haptic plane position and the IOL Codding-
ton factor CL keeping PL constant, the SEQ and the OM
increase systematically with the depth of the haptic plane
and decrease slightly with CL, whereas HL-HP increases
with CL. And finally, from Fig. 4 it can be seen that if we
vary the IOL Coddington factor CL and the IOL equivalent
power PL keeping the IOL haptic plane position constant,
the SEQ decreases systematically with CL and with PL,
OM increases significantly with PL and is mostly unaffected
by CL, and HL-HP decreases systematically with CL but us
mostly unaffected by PL. This echoes some of the results
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that was obtained in the aforementioned paper [3]. From
Fig. 4 we can see directly from the upper graph that by vari-
ation of CL several power step options of the IOL result in
the same spherical equivalent refraction at the spectacle
plane if the lens is located with its haptic plane at the lens
equator plane of the phakic eye.

In conclusion, this study describes a concept based on lin-
ear Gaussian optics (restricted to the paraxial space) for cal-
culation of the shape of a thick IOL implant based on a
pseudophakic model eye containing 5 refractive surfaces.
This lens is specified either by its radius of curvature data
of the front and back surface or the equivalent power and
the Coddington factor, central thickness or edge thickness
together with the optic diameter, and the refractive index.
The spherical equivalent refraction of the pseudophakic
eye can easily be predicted by means of a reverse calcula-
tion. If the relevant shape data of some intraocular lenses
on the market were made available, a clinical study would
be needed to prove whether the calculation concepts pre-
sented in this paper show equivalent or even superior perfor-
mance compared to classical IOL calculation schemes based
on a thin lens model cornea and/or IOL.
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