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ABSTRACT

PURPOSE: To assess the performance and optical limi-
tations of standard, aspheric, and wavefront-customized 
intraocular lenses (IOLs) using clinically verifi ed pseudo-
phakic eye models. 

METHODS: White light pseudophakic eye models were 
constructed from physical measurements performed 
on 46 individual cataract patients and subsequently 
verifi ed using the clinically measured contrast sensitivity 
function (CSF) and wavefront aberration of pseudopha-
kic patients implanted with two different types of IOLs. 
These models are then used to design IOLs that correct 
the astigmatism and higher order aberrations of each 
individual eye model’s cornea and to investigate how 
this correction would affect visual benefi t, subjective 
tolerance to lens misalignment (tilt, decentration, and 
rotation), and depth of fi eld. 

RESULTS: Physiological eye models and clinical out-
comes show similar levels of higher order aberration and 
contrast improvement. Customized correction of ocular 
wavefront aberrations with an IOL results in contrast im-
provements on the order of 200% over the control and 
the Tecnis IOLs. The customized lenses can be, on aver-
age, decentered by as much as 0.8 mm, tilted �10°, 
and rotated as much as 15° before their polychromatic 
modulation transfer function at 8 cycles/degree is less 
than that of the Tecnis or spherical control lens. Cor-
rection of wavefront aberration results in a narrower 
through focus curve but better out of focus performance 
for �0.50 diopters.

CONCLUSIONS: The use of realistic eye models that 
include higher order aberrations and chromatic aber-
rations are important when determining the impact of 
new IOL designs. Customized IOLs show the poten-
tial to improve visual performance. [J Refract Surg. 
2007;23:374-384.]

W hen a patient undergoes cataract surgery, the cat-
aractous lens is removed and replaced with an 
intraocular lens (IOL). Intraocular lens implanta-

tion following cataract removal is one of the most successful 
modern surgical procedures. The main optical elements of 
the pseudophakic eye (an eye implanted with an IOL) are the 
cornea, pupil, and IOL. 

Degradation of images formed on the retina of the eye can 
come from three different sources: refractive errors, pupil dif-
fraction, and scatter. This article examines the potential im-
age quality improvements associated with correcting all of the 
monochromatic optical aberrations of the pseudophakic eye. 

Each individual eye has a distinct pattern and magnitude 
of wavefront aberration, which at least partially defi nes the 
eye’s optical performance. A reduction in ocular wavefront 
aberration improves optical quality, the contrast of images 
formed on the retina, and thus spatial vision.1-11 A large vari-
ability exists in the ocular wavefront aberrations measured 
in normal populations12-15 and therefore a large variation in 
the potential improvement achieved through the individual-
ized correction of these aberrations (customized correction) 
exists.16 In recent years, several approaches have been used to 
reduce ocular aberration, including laboratory use of adaptive 
optics2,5,17-21 and phase plates,9,22 and clinical use of custom-
ized corneal refractive surgery,3,23-25 customized contact lens-



375Journal of Refractive Surgery Volume 23 April 2007 

Models for Customized IOL Design/Piers et al

es,26-28 and wavefront modifi ed IOLs.6-8,10,29,30 Another 
focus of recent studies is the determination of metrics 
for predicting the improvement in visual performance 
based on the corresponding reduction of wavefront 
aberrations.31-34 Similar techniques will be applied in 
this article, with the main focus being the prediction of 
the potential improvement associated with IOLs that 
provide customized correction of wavefront aberra-
tions for a pseudophakic individual. 

Positive spherical aberration exhibited by the cor-
nea35,36 occurs when rays entering the periphery of 
the pupil are focused in front of rays entering near 
the center of the pupil. Different IOL models induce 
different types of wavefront aberration patterns.29,37-42 
Conventional IOLs have spherical surfaces and posi-
tive spherical aberration,6,29,41,42 and thus increase the 
total positive ocular spherical aberration of the aver-
age cataract patient. The SofPort AO lens (Bausch & 
Lomb, Rochester, NY) is designed to correct the spheri-
cal aberration of the isolated lens. Thus, this lens does 
not add spherical aberration like the spherical IOL.30 
The Tecnis IOL (AMO Inc, Santa Ana, Calif) partially 
corrects wavefront aberration by compensating for the 
corneal spherical aberration of an average cataract pa-
tient.43 Recent studies reveal that this lens successfully 
eliminates spherical aberration in the average pseudo-
phakic eye.6,29,44 As a result of the correction provided 
by the Tecnis lens, the postoperative contrast vision of 
patients implanted with this lens has been shown to 
be improved.6-8,10,11 However, neither of these IOLs ad-
dresses the variation in corneal spherical aberration that 
exists in cataract patients on an individual level. Piers 
et al20 made use of an adaptive optics system to inves-
tigate the potential improvement in contrast sensitivity 
associated with the customized correction of spherical 
aberration in a cataract population and showed this im-
provement to be approximately 32% at 6 cycles/degree. 
From the results obtained in this study it is clear that 
there are potential benefi ts to customized correction of 
spherical aberration in cataract patients using an IOL.

It is well known that the correction of all higher or-
der aberrations with an IOL will change the sensitivity 
to lens tilt, decentration, and rotation.30,43-46 Correction 
of higher order aberrations will also have an effect on 
depth of focus.42,47,48 However, it is not fully under-
stood what the visual benefi t would be of a customized 
IOL designed to correct all wavefront aberrations or the 
tolerance of such a lens to defocus and misalignments. 
Wang and Koch46 studied the predicted performance 
of IOLs that correct all higher order aberrations of the 
cornea and the sensitivity of these lenses to decentra-
tion. They concluded that for a 6-mm pupil, excellent 
centration (within 0.48 mm) is necessary for the wave-

front aberration of the average eye not to be increased 
by these lenses. However, these models did not con-
tain chromatic aberration, which is present in all pseu-
dophakic eyes. In this article, to investigate both the 
potential advantages and disadvantages of new theo-
retical designs of IOLs, white light eye models are de-
veloped from clinical data of individual cataract pa-
tients. These models are subsequently verifi ed using 
the clinically measured visual performance of pseudo-
phakic patients implanted with two different types of 
IOLs. The models are then used to design customized 
IOLs for each individual eye model and to investigate 
how this correction would affect visual benefi t and 
subjective tolerance to defocus and lens displacement 
(tilt, decentration, and rotation). 

MATERIALS AND METHODS

MODEL DEVELOPMENT
A database of �200 cases was collected from a ret-

rospective sample of preoperative measurements per-
formed on patients included in several clinical stud-
ies. The studies followed the tenets of the Declaration 
of Helsinki, and signed informed consent was obtained 
from every patient after the nature and all possible 
consequences of the study had been explained. 

A random selection was made of 46 eyes from 46 pa-
tients and pseudophakic eye models were constructed 
from physical measurements performed on these cat-
aract patients resulting in 46 individual eye models. 
Patients with corneal astigmatism �1.50 diopters (D) 
were not included. 

For each model, corneal topography and axial 
length were used to determine the dimensions. Using 
corneal topography, individual elevation heights and 
the location of the pupil center relative to the corne-
al apex were determined. These data were input into 
the OSLO optical design software (Lambda Research 
Corp, Littleton, Mass) to describe the anterior surface 
of the cornea models and relative location of the pupil. 
The measured axial length was used as the distance 
between the anterior corneal surface and the retina of 
the eye model. The IOL power chosen for each eye to 
achieve emmetropia was determined using the mea-
sured axial length and K values as input for the Lens 
Haptic Plane formulas.49 The IOL was positioned in 
the eye according to the method for determining an-
terior chamber depth outlined by Norrby et al.50 The 
performance of three different IOL models was simu-
lated in these models: a spherical control lens, the Tecnis 
IOL, and an IOL designed to correct astigmatism and 
all higher order aberrations of each individual eye 
model’s cornea (customized lens). 
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All three IOLs were silicone lenses with a refractive 
index of 1.46 for 545 nm. The control lens is bicon-
vex with two spherical surfaces resulting in positive 
spherical aberration. The Tecnis IOL has one spherical 
surface (posterior) and one modifi ed prolate surface 
(anterior), the shape of which has been described in 
detail by Holladay et al.43 One customized lens was de-
signed for each of the 46 individual pseudophakic eye 
models. To design these lenses, the anterior surface of 
the IOL was modifi ed so that its shape was described 
using a set of Zernike polynomials (up to the 4th or-
der). This surface was then optimized to correct the 
astigmatism and monochromatic (�=545 nm) higher 
order aberrations (up to the 4th order) of the eye model 
using a damped least squares optimization procedure 
in OSLO for a 4-mm pupil. 

All models were white light models, meaning that 
the refractive indices and dispersion values of all me-
dia except the lens were taken from Legrand51 and all 
optical performance calculations were performed for 
36 wavelengths (from 385 to 745 nm). Polychromatic 
image quality metrics were calculated by weighting 
each wavelength contribution with the corresponding 
value for the wavelength dependent luminosity func-
tion of the eye.52-56 Theoretical calculations of pseu-
dophakic optical quality (average radial polychro-
matic modulation transfer function [PMTF] and ocular 
wavefront aberration) were performed in each of the 46 
pseudophakic eye models containing each of the three 
lens models using OSLO and a 4-mm pupil diameter in 
the best-focused position with the lens centered. The 
sensitivity to lens displacement was then determined 
by calculating the PMTF for varying degrees of lens 
decentration, tilt, and rotation. The eye models are not 
refocused following lens misalignment. The sensitivi-
ty to defocus was determined by performing a through-
focus PMTF calculation. 

To simulate the best-focusing correction procedure 
conducted in clinics, a spectacle lens was placed 12 mm 
in front of the anterior corneal surface and the spherical 
and cylindrical power were corrected in increments of 
0.25 D. Best spectacle correction (spherical and cylin-
drical power) was determined for a 3-mm aperture as 
the focus position that maximized the volume under the 
radial PMTF. For the customized lenses, astigmatism 
was corrected in the IOL and therefore, best spectacle 
correction was used only to correct spherical refractive 
error. The amount of spherical correction provided by 
the spectacles for the customized models is the same 
as the values used for the same models containing the 
Tecnis lens to keep these models as similar as possible 
for comparison purposes. Defocus is further corrected 
during the process of customization.

MODEL VERIFICATION
To verify that the models provide relevant informa-

tion with respect to what we could expect in terms of 
clinical performance, we compared the values pre-
dicted by the theoretical calculations described above 
to actual clinical measurements collected in a second 
clinical database of patients implanted with the con-
trol and Tecnis IOL models. All patients included in 
the verifi cation clinical sample were bilateral cataract 
patients implanted with one silicone spherical control 
lens (AMO 911A or SI40NB) and one Tecnis IOL. All 
patients were preoperatively selected from patients 
with bilateral cataracts and with otherwise healthy 
eyes. Patients with any ocular pathology, optically ir-
regular eyes, or a history of ocular surgery were ex-
cluded. Cataract surgeries were performed by three dif-
ferent surgeons, all of whom performed small-incision 
surgery, continuous curvilinear capsulorrhexis, and 
phacoemulsifi cation, followed by implantation of the 
foldable IOL into the evacuated capsular bag. A total 
of 79 patients were included. Three months postopera-
tively, the best-corrected contrast sensitivity function 
(CSF) was assessed under mesopic lighting conditions 
(6 cd/m2) using sine wave grating targets (FACT chart: 
1.5, 3, 6, 12, 18 cycles/degree) and the VSRC CST 1500 
view-in tester. In the same population, the wavefront 
of the pseudophakic eyes was measured using a Hart-
mann-Shack wavefront sensor (�=780 nm) with a fully 
pharmacologically dilated pupil. Pupils were dilated 
to enable a measurement to be performed for a 4-mm 
pupil. The principles associated with this technique 
for measuring the wavefront aberration of the eye have 
been described in detail in previous literature.57,58 Suc-
cessful wavefront measurements were performed for a 
4-mm pupil in both eyes for 51 of the 79 patients.

For each of the individual pseudophakic eye mod-
els, the area under the radial PMTF curve between 1.5 
and 12 cycles/degree was calculated for each lens de-
sign. Correspondingly, for each pseudophakic patient 
the area under the CSF was calculated for the same 
spatial frequencies for both eyes. Simpson’s 3/8 rule 
(4-point closed formula) was applied to calculate the 
approximate areas under the PMTF and CSF curves. 
(The values measured and predicted for 18 cycles/de-
gree were not used in the comparison because �50% of 
the patients could not see the highest contrast pattern 
presented by the FACT chart at this spatial frequency 
with at least one of their eyes.) Similar techniques have 
been applied in the past to determine one global fi gure 
for performance of an eye.31-34,59 For each individual 
eye model, the ratio of the area under the radial PMTF 
for the model containing the Tecnis lens to the area un-
der the radial PMTF for the model containing the con-
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trol lens was calculated and used to estimate a percent 
of improvement in predicted optical quality (optical 
improvement factor). For each individual patient, the 
ratio of the area under the CSF for the eye implanted 
with the Tecnis lens to the area under the CSF for the 
eye implanted with the control lens was calculated 
and used to determine a percent of improvement in 
measured contrast vision (visual improvement factor). 
The average optical improvement factor and the aver-
age visual improvement factor were then compared to 
determine whether the models provided a reasonable 
prediction of the contrast improvement measured in 
real eyes. 

RESULTS 

MODEL VERIFICATION
To determine whether the randomly selected pseu-

dophakic eyes chosen for the eye models were repre-
sentative of a typical cataract population, the corneal 
spherical aberration was calculated using a ray trac-
ing procedure, described by Guirao et al,60 for a 6-mm 
corneal aperture. The resulting average corneal spheri-
cal aberration (shown here as the Zernike coeffi cient 
of the wavefront aberration expansion Z(4,0) repre-
sented using the double-index format for describing 
ocular aberrations explained by Thibos et al61) was 
compared in Figure 1 to values for corneal spherical 
aberration found in the literature for the same aperture 
size.14,29,43,62 The average axial length of the eyes used 
in the models is 23.41 mm. 

The average wavefront aberration predicted by the 
pseudophakic eye models (n=46, based on preopera-
tive measurements) was compared to the clinical mea-
surements of ocular wavefront aberration (n=51, post-

operative measurements) for a 4-mm pupil in Figure 
2A for the Tecnis lens and Figure 2B for the control 
lens. For each lens design, there was only one wave-
front term that had a statistically signifi cant difference 
between the eye model calculations and the clinical 
measurements (determined using a t test and P�.05; a 
statistically signifi cant difference is represented by an 
asterisk). 

An important aspect of any wavefront-modifi ed lens 
is what we expect to gain in terms of visual perfor-
mance. We have examined the ability of our model to 
predict this by relating improvements in predicted ra-
dial PMTF to improvements in measured contrast sen-
sitivity for the Tecnis IOL. Figure 3A shows that for 
a 4-mm pupil, based on the PMTFs of the Tecnis and 
control lenses, it is predicted that the Tecnis IOL will 
provide an improvement in contrast vision (n=46). This 
was also clinically measured as improved contrast sen-
sitivity, as shown in Figure 3B (n=79). Figure 3C com-
pares the average optical improvement factor (model 
prediction) and the average visual improvement fac-
tor (clinically measured). These average improvement 
factor fi gures translate to approximately 20% to 30% 
contrast improvement for both the measured clinical 
data and the predictions of the models. There is no 
statistically signifi cant difference between the optical 
improvement factor and the visual improvement factor 
(determined using a t test and P�.05).

CUSTOMIZED LENSES
Figure 4 shows the average radial PMTF calculated 

for the pseudophakic eye models with the wavefront 
aberration customized IOLs. Based on these calcula-
tions, it is predicted that fully customized lenses will 
provide a signifi cant contrast improvement over the 

Figure 1. A comparison between corneal 
spherical aberration values (Z[4,0] mea-
sured in microns) in published literature and 
in models used for the current study. Values 
are for a 6-mm pupil.

43 29 62 62
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control and the Tecnis IOLs. This improvement is on 
the order of 200% (based on ratios determined from the 
calculated area under the radial PMTF). All eye mod-
els can be considered well corrected as they all satisfy 
the Marechal criterion and as such the monochromatic 
(�=545) Strehl ratios are �0.82. Figure 5 shows the 
predicted average radial PMTF at 8 cycles/degree for 
varying degrees of decentration, tilt, and rotation. Be-
cause the slopes of these curves are greatest for the cus-
tomized lenses, it can be concluded that these lenses 
are the most sensitive to lens displacement. However, 
the customized lenses can be, on average, decentered 
by as much as 0.8 mm, tilted �10°, and rotated as 
much as 15° before their performance is less than that 
of the Tecnis or spherical control lens. (Note that the 
control and Tecnis lenses are rotationally symmetrical 
and therefore insensitive to rotation.) Through-focus 
curves for the fully customized lens, the Tecnis lens, 

and the spherical control lens for 8 cycles/degree and 
a 4-mm pupil are shown in Figure 6. Based on these 
calculations, the fully customized lens has a narrower 
depth of focus than the other two types of lenses. How-
ever, within �0.50 D of defocus, the performance of 
the customized lenses is better than or equal to that of 
the control and Tecnis IOLs.

DISCUSSION
During the verifi cation of the eye models it was de-

termined that average values of corneal spherical aber-
ration found in the literature and for the models used 
herein were surprisingly consistent (see Fig 1), espe-
cially considering that these data were from studies 
of different types of populations and were measured 
with different instruments. The average axial length of 
the eyes used in the models was 23.41 mm, whereas 
the average axial length measured in a population of 

Figure 2. The predicted wavefront aberra-
tions from the eye models were compared 
to clinical measurements of wavefront aber-
ration for a 4-mm pupil. A) Comparison 
between eye models and eyes with the 
Tecnis lens. B) Comparison between eye 
models and eyes with the control lens. 
Statistically significant differences (P�.05) 
are indicated with an asterisk (*).

A

B
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�15,000 cataract patients was 23.48 mm (Prof. W. Haigis, 
personal communication, 2006). Because of the close-
ness of these measurements to the average values used 
in the pseudophakic eye models, it can be said that 
the selected population represents an average group of 
cataract patients in terms of corneal spherical aberra-
tion and axial lengths. When comparing the average 
predicted wavefront aberration to the average aberra-
tion measured in patients implanted with two differ-
ent IOL designs (Tecnis and control), we found that 
for each design one wavefront term differed signifi -
cantly (see Fig 2). These differences may be due to lens 
misalignments. They may also be due to surgically 
induced changes, as the models are based on preop-
erative corneal descriptions and the clinical measure-
ments were performed postoperatively. Ideally, we 
should compare models based on individual physical 
measurements with the clinical performance of the 
same individual. From Figure 2, it is also important to 

note that although there is signifi cant variation in most 
of the wavefront terms, few of the terms are on average 
signifi cantly different from 0. One notable exception 
is the spherical aberration Z(4,0) of the eyes and eye 
models with the control lens. 

All calculations performed in this study were done 
for a 4-mm pupil. Gobbe63 determined that for individ-
uals aged �55 years, typical cataract patients, the av-
erage pupil size under low luminance conditions (2.5 
cd/m2) was 5.02 mm and the average under high lumi-
nance conditions (50 cd/m2) was 3.22 mm. The pupil 
size used in the pseudophakic eye models is therefore 
considered to be a realistic pupil size for cataract pa-
tients. The potential benefi ts associated with the cus-
tomized correction of wavefront aberration are reduced 
when the pupil is small. As a result, the improvement 
in visual performance would be largest in younger pa-
tients where the pupil is large, or in situations where 
the pupil is dilated due to low light conditions.

Figure 3. Comparison of A) radial polychromatic modulation transfer function (PMTF) and B) contrast sensitivity function for the Tecnis eyes and the 
control eyes. C) Comparison between average improvement factors predicted by the PMTF values of the models and the average improvement factor 
measured in the clinic with contrast sensitivity testing. Figure 4. The average radial PMTF of the customized lenses calculated in the 46 eye models.

3A 3B

3C 4
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In this study, we examined the optical limitations and 
improvements provided by customized lenses. Ocular 
optics provide only one limitation to vision. Neural lim-
itations also determine how well any patient implanted 
with the lenses examined here will perform. 

Figure 5 illustrates the importance of using realistic 
eye models. Previous articles discussing the sensitiv-
ity of the Tecnis lens to tilt and decentration state that 
for a 5-mm pupil, this lens can be decentered 0.3 or 
0.4 mm and tilted as much 7° before its performance 
drops below that of a spherical lens.30,43 These articles 
calculate MTF in monochromatic eye models that are 
rotationally symmetric (ie, models that contain only 
spherical aberration and use only green light for calcu-
lations). In this study, we found that when polychro-
matic eye models that are asymmetric and reproduce 
the odd aberrations as well as the spherical aberration 
of the cornea are used, the Tecnis lens can be decen-
tered as much as 0.8 mm and tilted as much as 10° 
before its performance is less than that of the spherical 
control. The more an eye model approaches a quantita-
tive description of a physiological eye, the more real-
istic its predictions of performance. Because all eyes 

have higher order aberrations and chromatic aberra-
tions, realistic eye models that include higher order 
aberrations and chromatic aberrations are important 
when considering the impact of new designs.

As mentioned above, when wavefront aberrations 
are corrected with an IOL, the patient’s optical perfor-
mance will be dependent on the degree of misalign-
ment of the lens. The customized lenses designed and 
examined in this study can be, on average, decentered 
by as much as 0.8 mm, tilted �10°, and rotated �15° 
before their performance is less than that of the Tecnis 
or spherical control lens. Recent studies of tilt and 
decentration of foldable IOLs have found average de-
centration values of 0.15 mm, 0.28 mm, and 0.30 mm 
and average tilts of 1.13°, 2.83°, and 2.41°.64-66 The me-
dian value of rotation of lenses with loop haptics has 
been measured to be 6.8°.67 The optical performance of 
the customized lens remains superior for a clinically 
normal range of misalignments. Thus, these studies 
confi rm that, on average, modern IOL implantation 
provides lens centration within the misalignment tol-
erances needed to achieve improved optical perfor-
mance with a customized IOL.

Figure 5. Average radial polychromatic modulation transfer function 
(PMTF) at 8 cycles/degree for a 4-mm pupil and varying degrees of lens 
A) decentration, B) tilt, and C) rotation.

A B

C



381Journal of Refractive Surgery Volume 23 April 2007 

Models for Customized IOL Design/Piers et al

It is a well-known fact that when toric lenses that 
correct for corneal astigmatism are rotated 15° the re-
sulting astigmatism correction is reduced by 50%.68 
The lenses studied herein are not simple toric lenses 
that correct only lower order astigmatism, they also 
correct coma, trefoil, and other higher order aberra-
tions, which will also be infl uenced by rotation of the 
lens. This fact explains why there is variation in the ro-
tational limit per patient. However, it can be assumed 
from the degree of similarity in the limits to which the 
customized lens can be rotated that astigmatism plays 
a major role in determining these limits. 

The polychromatic performance of the pseudopha-
kic eye models (PMTF) was determined by calculating 
the monochromatic MTF at 36 different wavelengths, 
best-focused for green, and then calculating the PMTF 
by weighting each wavelength contribution by the cor-
responding spectral sensitivity of the eye (V[�]). This 
calculation technique does not include the transverse 
chromatic aberration of the eye but only the longitu-
dinal chromatic aberration. To make the eye models 
even more representative of real world optical quality, 
transverse chromatic aberration could also be included 
in the models. This could be considered as a next step 
in this research.

Decentration and tilt rarely exist in isolation.28 
When an IOL is decentered in the eye it is often tilted 
as well. Due to this fact, sensitivity to decentration in 
combination with tilt was evaluated. Tabernero et al44 
have shown that the IOLs studied herein tilt predomi-
nantly in the temporal direction and recent studies of 
the magnitude of tilt of foldable IOLs report average 
values �3°.64-66 Figure 7 shows the predicted average 
radial PMTF at 8 cycles/degree for varying degrees of 
decentration in 3° of temporal tilt. Under these con-

ditions, the customized lenses can be decentered, on 
average, as much as 0.6 mm before performance is less 
than that of the Tecnis or spherical control lens. 

Using the calculated Strehl ratio for varying degrees 
of defocus, Marcos et al42 and Nio et al47,48 determined 
theoretically that aspheric lenses that correct ocular 
spherical aberration showed a decreased tolerance to 
defocus. Piers et al20 used adaptive optics simulation 
to show that when spherical aberration was corrected 
with an IOL, the visual performance, in terms of visual 
acuity and contrast sensitivity, was as good as or better 
than that of a standard spherical IOL for defocus val-
ues as large as �1.00 D. The extent of the depth of fi eld 
of the visual system depends on what criterion is used 
to determine what is “acceptably sharp.” In this study, 
we used through-focus PMTF at 8 cycles/degree. This 
spatial frequency was chosen because it is near the 
peak of the contrast sensitivity function for normal 
healthy eyes.69 Based on these calculations, the fully 
customized lens has a slightly narrower depth of focus 
than the other two types of lenses, making it more im-
portant to achieve a postoperative target refraction of 
emmetropia.

Correction of the spherical aberration has profound 
infl uence on the power calculation, as evidenced by 
the fact that the CeeOn 911A and Tecnis Z9000 lenses 
(AMO Inc) have the same design except for their an-
terior surfaces, which are spherical and modifi ed pro-
late, respectively. However, they have A-constants70 of 
118.3 and 119.0, respectively, indicating that on aver-
age, a 0.70-D stronger lens is needed for the latter to 
achieve the same refractive outcome. With spherical 
aberration present, as in the case of CeeOn 911A or any 
other spherical lens, best-focus is anterior to paraxial 
focus, whereas for the Tecnis Z9000 lens, the best-focus 

Figure 6. Average through-focus radial polychromatic modulation trans-
fer function (PMTF) at 8 cycles/degree for a 4-mm pupil.

Figure 7. Average radial polychromatic modulation transfer function 
(PMTF) at 8 cycles/degree for a 4-mm pupil for 3° of temporal lens tilt 
and varying degrees of lens decentration.
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position coincides with the paraxial focus. Because cur-
rently used power calculation formulas70-72 are based on 
thin lens theory, they are incapable of treating spheri-
cal aberration. The formula constants are instead ad-
justed to give, on average, zero postoperative refraction 
for a large number of cases, so-called personalization. 
For customized IOLs, personalization is no longer an 
option, rather new power calculation schemes need to 
be developed as other aberrations may also infl uence 
the power calculation.

Power calculation has two elements: prediction of the 
postoperative position of the IOL and the optical calcu-
lation. An IOL is held in place by contact between its 
haptics and the tissue of the eye. With the IOL placed in 
the capsular bag, the plane of contact can be envisaged 
as the equatorial plane of the bag. This location has been 
termed the lens haptic plane.49,73 The axial position of 
this plane can be determined by regression formulas in 
terms of preoperatively measured parameters50 or by di-
rect measurement. In principle, the latter is possible with 
techniques such as ultrasound biomicroscopy and mag-
netic resonance imaging, but is not currently used for this 
purpose. The position of the IOL in relation to the lens 
haptic plane is given by its mechanical design.49 The op-
tical calculation must take asphericity into account. This 
means that the current concept of characterizing the opti-
cal power of a lens must then be abandoned, as it is no 
longer suffi cient to characterize the cornea by K-values 
in the steep and fl at meridians and the IOL must be de-
scribed by its exact optical design. 

We have determined that customized IOLs show the 
potential to improve visual performance while neither 
signifi cantly limiting depth of focus nor being sensi-
tive to lens decentration or tilt. On the other hand, 
their potential may be limited by the following factors: 
preoperative measurement accuracy, manufacturing 
accuracy, the ability to position the lens in the correct 
plane such that little rotation occurs, and surgically 
induced aberrations. In a study published by Guirao 
et al,62 it was shown that for small-incision surgery, on 
average, the wavefront aberrations are unchanged fol-
lowing cataract surgery; on an individual basis, their 
magnitude and orientation may be susceptible to sur-
gically induced changes. Until this issue is better ad-
dressed, our ability to provide customized aberration 
correction with conventional lenses will be limited. 

Optimally, the aberration of the pseudophakic eye 
should be corrected after lens implantation at a time 
when the position of the lens in the eye is stable, there-
by avoiding the issues described above. This could be 
achieved through the use of a lens that can be adjusted 
postoperatively, such as the innovative light adjust-
able lens being developed by Calhoun Vision.74 This 

or similar technologies remain exciting prospects for 
customized cataract and refractive lens surgery.
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