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ABSTRACT
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Purpose: To provide a numerical comparison of the
efficiency of spherical aberration (SA) compensation methods commonly used in commercial aspheric intraocular lenses (IOLs).
Methods: Numerical simulations were performed using the wavefront data of 139 right eyes implanted
with a spherical Morcher 89A (“Bag-in-the-Lens”)
IOL. Simulations were done for spherical, constant
aspherical and SA-free IOLs, as well as for the customized selection method.
Results: Constant aspherical IOLs bought 49.6% of
the eyes to a targeted postoperative SA value
±0.05 µm, while zero-SA IOLs brought 61.2% of
the eyes to this range. However with customized selection 95% of the eyes could be brought to this target, resulting in more control over the postoperative
spherical aberration. If no aspherical correction was
used, only 8.6% of the eyes could reach the set
target.
Conclusion: These numerical results suggest that
IOLs with an asphericity as a function of IOL power,
supplemented by a customized selection from a number of fixed SA values according to preoperative corneal SA, may provide sufficient control over the postoperative SA. Given the surgeon centration possibility of the Bag-in-the-Lens IOL used in this study, as
well as its centration stability, this is an ideal lens to
implement the customized selection method.

Aspherical IOL, corneal spherical aberrations,
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INTRODUCTION
It was observed by Artal et al.(1) that in young
phakic eyes the crystalline lens has a negative
spherical aberration (SA, also indicated by
Zernike coefficient c40 that compensates for the
positive spherical aberration of the cornea. With
age this compensation is lost as the lenticular
SA increases (2), resulting in an overall increase
of total ocular SA. It is also well known that after cataract surgery using a classic spherical intraocular lens (IOL) a certain amount of postoperative positive SA is induced (3, 4). These
two observations have led to the development
of aspherical IOLs.
While it is generally accepted that positive SA
may be harmful to visual performance (5), the
extent to which they should be compensated
remains a matter of debate. One side of the
debate argues that the optimal postoperative SA
value would be either zero or slightly negative,
because in that case, the point spread function and modulation transfer function at full
sphero-cylindrical correction are optimal (6).
Moreover it was found that in phakic eyes the
contrast sensitivity at 15 cycles per degree is
optimized if the SA is fully corrected (7). However other authors point out that this leads to
a significantly reduced distance corrected near
vision (8).
Parallel to this debate two different types of aspherical IOLs were developed. The first type,
called the “constant aspherical IOLs”, tries to
compensate the postoperative SA by inducing
one constant negative SA value for all patients
(9). This single negative SA value was obtained
by calculating the average postoperative SA of
a population implanted with a spherical version of the same IOL. Many outcome studies
have been published for this type of lenses and
their results have been compared with those of
spherical IOLs (see Rȩkas (10), Kohnen (11)
or Montes-Mico (12) for literature reviews on
these topics). This category of aspherical IOLs
contains lenses such as e.g. the Alcon AcrySof
IQ, AMO Tecnis Z9002/ ZA9003 and Acri.Tec
Acri.Lyc A.
Another SA compensation philosophy is to preserve some postoperative SA by eliminating
only the SA induced by the IOL. By this way
the influence of the corneal SA is left intact, resulting in a slightly positive postoperative SA
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value for the entire eye. Henceforth these
aspherical lenses will be referred to as “SAfree IOLs” (e.g. the Bausch & Lomb SoftPort
AOV, Acry.Tec Acry.Lyc LC and Rayner C-flex).
For both constant aspherical and SA-free IOLs
the achieved postoperative total SA depends on
the pupil size (10, 13, 14) and the corneal SA,
both of which may vary widely between individuals (15, 16). Postoperative IOL centration
and tilt also have an influence (13, 17, 18) as
it may reduce the effectiveness of the induced
SA correction. This effect was found to be more
pronounced in constant SA IOLs than in SAfree IOLs (19).
As the cornea is an important source of interindividual variability, a number of theoretical
studies have investigated the potential benefit
of a customized IOL-induced correction of either the corneal SA (20) or all corneal wavefront aberrations. (21-23) Given a near-perfect alignment customized-SA IOLs could in
theory provide a diffraction limited image quality (19). However these lenses are not yet commercially available.
In the absence of customized-SA IOLs, several
attempts have been made to approximate an
ideal postoperative SA value by special selection of either the patient or the IOL. In a study
by Beiko (24) a number of eyes were selected
with very specific preoperative corneal SA values that could be corrected by the SA correction of the constant aspherical IOL intended to
be implanted. Packer et al. (25, 26) on the other hand measured the preoperative corneal SA
and selected one out of three constant aspherical IOLs to match the patient’s SA. This “customized selection” of constant aspherical IOLs
resulted in better outcomes than when no such
selection was performed. Similar results were
reported by Nochez et al. (27).
The aim of this work is to simulate which of
the above methods could most effectively compensate for the postoperative SA measured in
a population implanted with a spherical Morcher 89A “Bag in the Lens” IOL. This lens has
been shown to eliminate the risk of posterior
capsule opacification (PCO) and is not subjected to the effects of capsular changes over time
(28), resulting in a good stability for postoper-

ative shifts (29) or rotations. (30) As this lens
presents the option of surgeon controlled centration (31), it can be implanted along the Line
of Sight using the first and fourth Purkinje reflections of the coaxial lights of the operating
microscope. This lens would therefore in theory be ideal for customized corrections of either the corneal SA or the all corneal wavefront aberrations.

Patients
This retrospective study includes 139 right eyes
of 139 patients aged 65.6 ± 16.7 years (range
8 up till 88 years) that were implanted with the
spherical Morcher 89A IOL. The average power of the implanted IOLs was 20.2 ± 4.8D
(range -3D up till +31D).
As part of their follow-up a wavefront measurement was taken of these patients 6 months after implantation by means of a iTrace aberrometer (Tracey Technologies, Houston TX). Measurements were taken over a 5 mm pupil and
are reported in a series of 44 Zernike coefficients.

Formulas
In the following a number of formulas will be
derived that describe the effect of the various
types of IOLs on the SA. The postoperatively
measured SA will henceforth be indicated by
Cmeas (corresponding to coefficient c40 of the
Zernike expansion) and the desired postoperative SA value is given by Ctarget.
In case of perfect alignment between the cornea and the IOL, one can see that:
(1)

with Ccornea the corneal SA and CIOL the SA induced by the IOL. The corneal SA Ccornea can
be split up in a constant part Ccorn,avg (i.e. the
average corneal SA in the general population)
and a variable part ΔCC (the individual deviation from this average), so that:
Ccornea = Ccorn,avg + ΔCC

Following Seidel’s aberration theory (33) the SA
of an spherical IOL can be written as a fourth
power of the IOL power P:
CIOL = aIOLP4

METHODS

Cmeas = Ccornea + CIOL

Typical values for Ccorn,avg are in the range
[0.19 µm, 0.30 µm] and for ΔCC in the range
[0.04 µm, 0.10 µm] (see e.g. Sicam et al. (32)
for an overview of what has been published in
this field).

(2)

(3)

in which the aIOL is the intrinsic SA of a spherical IOL, defined by parameters such as lens
shape and the refractive index of the IOL biomaterial.
In aspherical IOLs a correction term Ccorr must
be added, so (3) becomes:
CIOL = aIOLP4 − Ccorr
with Ccorr = (a z P4 + B)

(4)

As mentioned in the introduction, there are two
types of aspherical IOLs: the zero-SA IOLs and
the constant SA IOLs. The SA correction term
Ccorr must therefore have an IOL power dependent part a z P4 to simulate zero-SA lenses and
a constant part b to simulate constant SA IOLs.
Combining formulas (1) − (4) one finds an equation that calculates the measured SA of a
pseudophakic eye implanted with an aspherical IOL using the different contributing components:
Cmeas = (Ccorn,avg + ΔCC) +
(aIOLP4 − (a z P4 + b))

(5)

Table I shows the values of the a and b parameters used in spherical, constant aspherical, SAfree and fully customized SA IOLs. The a and b
parameters in each of these lens types were
chosen so that the postoperatively measured SA
Cmeas would approximate a certain target value Ctarget (usually chosen to be 0). So in case
of a near-perfect IOL alignment and tilt it can
be said that: Cmeas = Ctarget.
However since the corneal SA is unique for each
eye, achieving this would entail a full customization of the a and b parameters in each IOL.
As it may be logistically and commercially chal9

Table I: Parameter values in formula (3) used in various types of aspherical IOLs
IOL type
Spherical
Constant aspherical
SA-free IOL
Customized SA
Customized selection

a
0
0
aIOL
aIOL
aIOL

b
0
Ccorn,avg − Ctarget
Ctarget
Ccornea − Ctarget
Ccorn,avg + m zCstep − Ctarget

Total remaining SA*
Cmeas
ΔCC + aIOL z P4 + Ctarget
ΔCC + Ctarget
Ctarget
(ΔCC − m z Cstep) + Ctarget

* Ctarget usually chosen 0.

lenging for manufacturers to produce IOLs with
a fully customized SA, we also included a variation of Packer’s customized selection method
in this work. But instead of constant aspherical IOLs, as Packer did, we considered SA-free
IOLs (i.e. a = aIOL) and chose for b the value:
b = Ccorn,avg + m z Cstep − Ctarget
(m = -2, -1, 0, +1, +2)

(6)

with m chosen so that zm z Cstep − ΔCCz is
minimized. This allows for a semi-customized
SA correction in discrete steps.

RESULTS
Total spherical aberration vs.
age
The total SA 6 months after implantation of the
IOL was found to have no correlation with age
(Figure 1; r2 = 0.0168). The average postop-

erative SA was 0.196±0.080 µm (range:
[-0.006 µm, 0.449 µm]).

Total spherical aberration vs.
IOL power P
Using formulas (5) - (6) and the parameters
given in Table I, it is possible to simulate the
amounts of postoperative SA induced by each
type of SA correction in case of near-perfect IOL
alignment (Figure 2). This allows to compare
the efficiency of each correction type to bring
the postoperative SA near a targeted SA value
of Ctarget = 0.05 µm (The choice for this target
value will be justified in the discussion). The
percentages of eyes that fall within various ranges around this targeted value are given in Table II.
Comparing these percentages for the constant
aspherical and SA-free IOLs, no significant differences were found (Χ2-test, p 0.05). Comparing the percentages of either the constant
aspherical of SA-free IOL with those of either
the spherical IOLs or customized selection, highly significant differences are seen
(Χ2-test, p << 0.01).

DISCUSSION
Selection of Ctarget

Fig. 1: Total Zernike spherical aberration coefficient Cmeas for 139
eyes 6 months or longer after implantation of a Morcher 89A IOL
plotted as a function of age. (44 Zernike polynomials calculated
over a 5 mm pupil).
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In the ongoing discussion about which
amount of postoperative SA is desirable
after implantation of an IOL, several suggestions have been made based on various arguments (Table III). Zero or slightly negative postoperative SA give an optimal contrast sensitivity, PSF and MTF
(20), resulting in a better distance visual acuity. However slightly positive postoperative SA values on the other hand
were found to give a better depth of field

Fig. 2: Total Zernike spherical aberration coefficient Cmeas for (a) a spherical IOL; (b) the same data in case of correction
by means of a constant aspherical IOL (c) the same data in case of correction by means of a SA-free IOL (d) the same
data in case of correction by means of customized selection. The grey zones correspond with the postoperative ranges
defined in Table II. (139 eyes, 44 Zernike polynomials calculated over a 5 mm pupil).
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Table II: Simulated postoperative SA values results using Ctarget = 0.05 µm

Parameter values
a (m5)
b (µm)
Average total SA (µm)
Postoperative total SA
range
Ctarget ± 0.05 µm
Ctarget ± 0.10 µm
Ctarget ± 0.15 µm
Outside the range
Ctarget ± 0.15 µm

Spherical IOL

Constant
Aspherical IOL

SA-free IOL

Customized selection*

0
0
0.196±0.080

0
0.143
0.050±0.080

0.245 z 10-12
0
0.050± 0.070

0.245 z 10-12
0.143 + m z 0.1
0.049±0.032

8.6%
27.3%
53.2%

49.6%
80.6%
92.8%

61.2%
85.6%
94.2%

94.2%
99.3%
100.0%

46.8%

7.2%

5.8%

0.0%

* Customized selectionin three steps (i.e. m = -1, 0, +1); Cstep = 0.100 µm

in a clinical comparison between constant SA
and spherical IOLs (34, 35). While this would
slightly reduce the distance visual acuity in a
pseudophakic eye, it improves the uncorrected visual acuity at near and intermediate distances . These results were confirmed in a laboratory setting by Piers (36). However, this
author suggested that the definition commonly
used for depth of focus may not be adequate if
functional vision is concerned.
We attempted to find a balance between both
effects by choosing Ctarget = 0.05 µm in our
calculations, which is the average value of what
is suggested in the literature. Note that, with
the exception of the results of the spherical
IOLs, the results given in Table II do not depend on the Ctarget value that was chosen.

Comparing the SA compensation
methods
We found that the total postoperative SA in eyes
implanted with a spherical IOL did not increase
as a function of age, which suggests that a negative SA correction induced by an aspherical
IOL might work adequately in a long term. However this needs to be studied in further detail
in a longitudinal study setup.
Figure 2a clearly shows that in spherical IOLs
the SA increases as a function of the IOL power.
Correcting this with a single SA value, as is
done in the constant aspherical IOLs, will reduce
the average value of SA, but not correct this Pdependent trend (Figure 2b). This way only a
certain range of IOL powers can be brought in
12

the vicinity of Ctarget, while the higher and lower dioptric powers will deviate significantly from
this value (by about 0.2 µm). This could raise
the question whether subtracting a fixed SA value provides sufficient control over the postoperative total SA of pseudophakic patients.
In SA-free IOLs on the other hand no increase
as a function of P was found anymore, leaving
only the corneal SA as influencing factor (Figure 2c). However, as there is a large variation
ΔCC in corneal SA, deviations up till 0.2 µm
from Ctarget are still possible. Moreover, no significant differences were found between the distributions of postoperative SA in the SA-free and
the constant aspherical IOLs for the different
ranges around Ctarget (Table II).
By fine-tuning the SA of the IOL to the patient’s
preoperative corneal SA using customized selection (formulas (5) − (6)), the variation in total postoperative SA due to the individual ΔCC
can be reduced considerably. Figure 2d and Table II show that with three steps of 0.10 µm it
is possible to bring 94.2% of the eyes to a postoperative SA that is within a narrow band
Ctarget ± 0.05 µm, while none of the eyes would
have a value outside Ctarget ± 0.15 µm. These
results can be improved by either using more
and smaller steps Cstep or by using IOLs with
fully customized SA.
In practice it would be relatively simple for IOL
manufacturers to implement the concept of customized selection. This would require a cer-

Table III: target postoperative SA suggested in the literature
Author1

Pupil
diameter
4.7 mm

Optimal SA

Argument

Type of study

s0.00 µm

Better near vision

5.1 mm

0.00 µm

Li*

6.0 mm

0.10 µm

Marcos (34)

4.5 mm

s0.00 µm

Better night-driving vision and
mesopic contrast sensitivity
Better visual acuity in presence
of other aberrations
Better depth of field

Piers (7)

4.8 mm

0.00 µm

Rocha (8)

5.0 mm

s0.00 µm

Wang (20)

4.0 mm

0.00 µm

Postop comparison of zero-SA and
constant aspherical IOLs
Postop comparison of zero-SA and
constant aspherical IOLs
Adaptive optics simulator applied
to phakic eyes
Postop comparison of spherical
and aspherical IOLs
Adaptive optics simulator applied
to phakic eyes
Postop comparison of spherical
and aspherical IOLs
Simulated implantation of aspherical
and wavefront customized IOLs

Wang (6)

6.0 mm
6.0 mm

-0.05 µm
Customized

Denoyer2

Optimal contrast
sensitivity at 15 cpd
Better distance corrected
near vision
Optimal MTF, PSF and
encircled energy
Optimal polychromatic PSF

Simulated implantation of aspherical
IOLs with varying degree
of asphericity

1

In alphabetical order; first author only
Denoyer A, Denoyer L, Halfon J, Majzoub S, Pisella PJ. Comparative study of aspheric intraocular lenses with negative
spherical aberration or no aberration. J Cataract Refract Surg. 2009; 35(3): 496-503.
* Li J, Xiong Y, Wang N, Li S, Dai Y, Xue L, Zhao H, Jiang W, Zhang Y. Effects of spherical aberration on visual acuity at
different contrasts. J Cataract Refract Surg. 2009 Aug; 35(8): 1389-1395.
2

tain dioptric range of zero-SA IOLs, with the addition of three different levels of b = Ctarget +
m z Cstep (m = -1, 0, +1; Cstep = 0.10 µm).
Such a logistic approach is already in use for
toric IOLs.
Prior to the IOL implantation the surgeon should
measure the corneal SA Ccornea. Although that
after cataract surgery the corneal aberration
pattern may change slightly from the preoperative pattern, it was reported that the corneal
SA values remain unaltered (37). It is therefore safe to consider the preoperative corneal
SA value as an approximation of the postoperative value.
From this measurement the right a and b values can be calculated that will achieve a previously determined value Ctarget. This could e.g.
be done using a calculation program based on
formula (4) provided by the IOL manufacturer.
Next the IOL with the appropriate aspherical
correction can be implanted in a standard cataract procedure.
The results in this work suggest that IOL asphericity as a function of IOL power, supple-

mented by a customized selection according to
preoperative corneal SA, may provide a good
control over the postoperative SA. However this
may be limited by the unpredictability of the
postoperative centration and tilt found in many
IOL designs.
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