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Objectives: To compare retinal image quality and op-
tical corneal aberrations in patients in whom monofocal
polymethyl methacrylate intraocular lenses (IOLs) were
implanted with those in healthy subjects of a similar older
age (60-70 years old) and to use the results to suggest
improved optical designs of IOLs to maximize retinal im-
age quality.

Methods: A double-pass apparatus was used to measure
retinal image quality for 3-, 4-, and 6-mm pupil diameters.
Corneal aberrations for a 4-mm pupil were calculated by a
ray-tracing technique from the elevations provided by cor-
neal topography. Two groups of 20 subjects of a similar older
age were studied: in one group, polymethyl methacrylate
monofocal IOLs were implanted; and in a second group,
healthy subjects were used as a reference.

Resulis: The average retinal image quality was similar

in older healthy patients and in patients in whom IOLs
were implanted, with both groups having a significantly
worse image quality than healthy younger subjects (aged
20-30 years). Both groups were more tolerant to de-
focus than younger subjects.

Conclusions: The average retinal image quality of pa-
tients in whom IOLs were implanted was worse than that
of healthy younger subjects despite the good optical qual-
ity of isolated IOLs. This apparent paradox can be un-
derstood by the nature of the aberration coupling in the
eyes that undergo implantation. The ideal substitute for
the natural lens is not an IOL with the best-isolated op-
tical performance, but rather one designed to compen-
sate for the aberrations of the cornea—a design some-
how inspired by the crystalline lens of younger subjects.
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HE IMPLANTATION of intra-

ocular lenses (IOLs) is

common practice in cata-

ract surgery and is a solu-

tion to cataracts and apha-
kia. In general, it is a rather successful
procedure; however, there are still some
important questions requiring additional
study. For instance, a major concern is the
retinal image quality and visual perfor-
mance of patients in whom IOLs have been
implanted relative to those of healthy sub-
jects of a similar age. In addition, it is im-
portant to explore improved IOLs de-
signed to provide additional capabilities,
such as some range of pseudoaccommo-
dation without a considerable loss of per-
formance, or new aberration profiles in the
IOLs to improve retinal image quality af-
ter surgery.

Many of the answers to the previous
questions are related to the type of opti-
cal aberrations present in the IOLs and,
more important, to how these combine
with the eye’s aberrations to produce the
final retinal image. Today, IOLs are manu-

factured to meet standard specifica-
tions'* of high optical quality when tested
on an optical bench.** However, the final
retinal image quality of patients in whom
IOLs were implanted was not better than
that of healthy subjects,>® despite the fact
that typical monofocal IOLs have better op-
tical quality than the healthy crystalline
lens.” This apparent disagreement be-
tween measurements in vivo and in vitro
can be partially explained by considering
the possible tilts and/or decentrations of
the implanted IOLs, which would reduce
the final optical performance of the eye.
However, typical values for these effects
are too small' to fully explain the ob-
served optical deterioration. A better ex-
planation arises from an understanding of
the aberration coupling of optical sys-
tems. An aberration profile that is appro-
priate for an isolated IOL, or even for a lens
considered in a theoretical eye or an In-
ternational Standards Organization model
eye, may be inadequate to compensate for
the optics of the corneal surface in real
eyes. Deteriorated optical quality of the
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Figure 1. The double-pass apparatus and procedure. Double-pass images of a point source are recorded by a charge-coupled device (CCD) camera after double
pass of the light through the ocular media. From the retinal image, the modulation transfer function (MTF) of the eye is computed.

cornea after surgery would also limit the performance
of the eye in which an IOL was implanted, although the
enormous improvements in surgical techniques cause
this possibility to be of minor relevance."!

In this context, this study examines the retinal im-
age quality and corneal aberrations of 2 groups of 20 sub-
jects of a similar older age: in one group (aged 56-80
years), polymethyl methacrylate monofocal IOLs were
implanted; and in a second group (aged 60-70 years),
healthy subjects were used as a reference. This will al-
low us to further understand the optical performance of
eyes in which IOLs have been implanted.

SUBJECTS AND METHODS

The optical performance of the living eye can be measured by
different, and in most cases, complementary procedures. By di-
rect recording of the double-pass retinal image,''* an overall
estimate of the eye optics is obtained, usually expressed through
the point-spread function or the modulation transfer function
(MTF). By using aberrometric techniques,'>'® the optical ab-
errations of the whole eye are obtained and the retinal image
or the MTF is calculated. Furthermore, by using computer ray-

tracing techniques, the aberrations produced by the anterior
surface of the cornea alone can be determined from the cor-
neal shape.” Finally, by comparing the corneal aberrations with
the overall retinal image quality, it is possible to establish the
relative contribution to aberrations of the different ocular el-
ements.®

RECORDING DOUBLE-PASS RETINAL IMAGES:
APPARATUS AND PROCEDURE

A double-pass apparatus adapted to record retinal images in a
clinical environment was used for this study. Figure 1 is a sche-
matic representation of the apparatus and the procedure used
to measure the MTF. The basic principles, operation, and com-
putational analysis of this method have been reported exten-
sively elsewhere.'>132%2! In brief, the image of a green (543-
nm) helium-neon laser—generated point source is formed on
the retina. The light reflected from the retina formed the double-
pass image that was recorded by a slow scan—cooled charge-
coupled device camera. The double-pass image was sent to a
personal computer for processing. Two apertures of equal size
conjugated with the eye pupil plane acted as the artificial en-
trance and exit pupils, when the natural pupil of the eye was
dilated. A second camera was used to control the pupil centra-
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tion with respect to the measuring beam (not shown in the
Figure). The typical light exposure in the apparatus was more
than 3 orders of magnitude below safety standards.* The sub-
ject’s head was placed on a chin rest mounted on 2-dimen-
sional positioners, allowing the centering of the natural pupil
with respect to the artificial pupil.

The eye’s pupil was dilated and the accommodation para-
lyzed by instilling approximately 40 uL of 1% cyclopentolate hy-
drochloride. In some subjects, an additional 20 pL of 2.5% phen-
ylephrine hydrochloride was instilled to dilate the pupil up to
6 mm in diameter. The refractive error in the subject was cor-
rected by moving the relative positions of a Badal system (L2 and
L3),and a cylindrical trial lens corrected astigmatism if required.

Double-pass images were recorded under the best refrac-
tion for 3 pupil diameters: 3, 4, and 6 mm. For 4-mm pupils,
additional images were recorded for defocus of £0.5 diopters
(D). For each condition of pupil size and focus, 3 double-pass
retinal images and 1 background image were recorded. The du-
ration of each exposure was 4 seconds. The final double-pass
image was the result of averaging the 3 retinal images and sub-
tracting the background image, and the ocular MTF was cal-
culated as the square root of the modulus of the Fourier trans-
formation of the double-pass image. From the 2-dimensional
MTFs, 1-dimensional MTFs were computed by averaging across
all directions. The ocular MTF was used as a description of reti-
nal image quality. This function describes the reduction in con-
trast from the object to the image produced by the optics of
the eye for each spatial frequency and can be related to the con-
trast sensitivity function. To characterize the overall optical per-
formance of the eye, we use a single variable, the Strehl ratio,
which is defined as the quotient of the area under the actual
aberrant MTF curve and the area under the diffraction-limited
MTF curve, corresponding to a perfect system.

ABERRATIONS AND OPTICAL QUALITY
OF THE CORNEA

The corneal optical aberrations (for a 4-mm-diameter pupil)
produced by the anterior surface of the cornea from the eleva-
tion data provided by a corneal topography system (Master-
Vue System; Humphrey Instruments, San Leandro, Calif) have
been estimated.” Figure 2A shows a diagram of the proce-
dure. From the elevation at each point in the pupil, we calcu-
lated the corneal wave-front aberration, W, as the difference
in optical path length between the principal ray that passes
through the center of the pupil and a marginal ray:

1)

where n and n' are refractive indexes and z, d', and s' are dis-
tances, as represented in Figure 2.

The corneal wave-front aberration was represented (up to
the fourth order) as a weighted sum of the first 15 Zernike poly-
nomials, Z'y (m and n are natural numbers representing the or-
der of the Zernike polynomials):

W=nz+[n'd -n's"),

n=4

W(r,0) = D, cI'zi(r0),

n=0,m

)

where r represents the radial coordinate over the pupil (Fig-
ure 2).

Each Zernike coefficient, ¢, represents an individual ab-
erration. The lower orders correspond to the known Seidel ab-
errations. For example, 4 represents astigmatism,; c*}, coma;
and c{, spherical aberration. We calculated the astigmatism as
follows:

(3) Astigmatism = <12> <4\/‘% xV(€3) + (¢ )
r
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Figure 2. A, The ray-tracing procedure used to estimate the corneal
aberrations (I/), which are computed as differences in optical path length
between marginal and principal rays. X, Y, and Z represent coordinate axes;
r(radius) and 6 (angle), radial coordinates of an arbitrary point at the exit
pupil of the eye; nand n’, refractive indexes; and z, d’, and s’, distances.
B, From W, the point-spread function (PSF) and the modulation transfer
function (MTF) for the cornea are estimated.

where 1, is the pupil radius in millimeters, and the Seidel spheri-
cal aberration and the Seidel coma are as follows:

)

and

Spherical Aberration = -6,/5¢$

Coma = 3\@ x J(c3)* + (c4)?

The spherical aberration obtained in this way is positive
if marginal rays focus in front of the paraxial focus. The re-
maining higher-order aberrations measured are lumped into a

single variable:

-

(5) 2@
i

microns, with i excluding astigmatism, coma, and spherical ab-

erration.

From the corneal wave-front aberration, the MTF and the
Strehl ratio corresponding to the anterior surface of the cor-
nea were also calculated (Figure 2B is a schematic representa-
tion of the procedure). We tested the accuracy of the complete
procedure using reference surfaces for a pupil of up to 6 mm
in diameter. The error in the estimation of the aberrations is
lower than 0.05 pm for a 4-mm pupil, demonstrating that this
method is sufficiently accurate for this study. Additional de-
tails of the procedure and its accuracy are described by Guirao
and Artal."

SUBJECTS

Forty subjects distributed into 2 groups participated in the
study. The first group consisted of 20 patients (10 women and
10 men) in whom monofocal rigid polymethyl methacrylate
10Ls (BUV-95, Storz, St Louis, Mo) of 13-mm diameter were
implanted, using a conventional wide-incision technique. The
surgery, which used extracapsular cataract extraction, was
completed during 1997 in all patients. A 6-mm incision was
made in the superior conjunctiva at the base of the limbus. An
anterior capsulotomy was performed before removal of the
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Figure 3. Ocular modulation transfer functions (MTFs) averaged across all
subjects in each group, healthy older subjects (aged 60-70 years) and
patients in whom intraocular lenses (I0Ls) were implanted (aged 56-80
years), as a function of the spatial frequency. A, Pupils with 3-mm diameters.
B, Pupils with 4-mm diameters. C, Pupils with 6-mm diameters.

cataractous lens, implantation of the posterior chamber 10L,
and extraction of the viscoelastic gel injected for aiding the
surgery. Finally, the wound was closed using a nylon 10-0 su-
ture. Patient ages ranged from 56 to 80 years (mean+SD,
67+3 years). The second group contained 20 healthy older
subjects (9 women and 11 men), with ages ranging from 60 to
70 years (mean=SD, 63+3 years). This group of healthy sub-
jects was used as a reference for comparison with the group in
which IOLs were implanted.

Subjects and patients were selected after passing an oph-
thalmologic examination with the following exclusion criteria:
a refractive spherical or cylindrical error of more than 2 D,
keratometric astigmatism of more than 1.5 D, a corrected visual
acuity lower than 20/25, any previous surgery on the eye to be
tested in healthy subjects, amblyopia, any known ocular or reti-
nal pathological features, and IOL decentered more than 1 mm
in patients in whom an IOL was implanted. The study followed
the tenets of the Declaration of Helsinki, and signed informed
consent was obtained from every subject after the nature and all
possible consequences of the study had been explained. Data
are given as mean+SD unless otherwise indicated.

— T

RETINAL IMAGE QUALITY

Figure 3 shows the average MTFs for the group of pa-
tients with implanted IOLs and for the reference group
of healthy older subjects, for each pupil diameter at best
focus. The MTFs are similar in both groups for the 3 pu-
pil diameters. The slight differences between groups are
not significant (90% confidence level), although the av-
erage MTF for the group with implanted IOLs is system-
atically slightly worse for each of the 3 pupil diameters.
The MTF for healthy younger subjects (aged 20-30 years)
is significantly better than for older subjects for every pu-
pil diameter.'*'* As an example, Figure 4 shows the MTFs
for healthy older subjects and subjects in whom IOLs were
implanted, together with the curve for healthy younger
subjects,' for a pupil diameter of 4 mm. The Strehl ra-
tio for every eye as a function of age is plotted in Figure 5
for the 4-mm pupil. The average Strehl ratios are as fol-
lows: 3-mm pupils, 0.19+0.07 (reference, 0.22+0.06);
4-mm pupils, 0.12+0.03 (reference, 0.14+0.03); and
6-mm pupils, 0.07 £0.02 (reference, 0.08+0.02). Figure 6
shows the comparison between the average MTFs at best
focus and at 2 small defocus values (0.5 D), for the 4-mm
pupil. The results for the positive and negative defocus
were similar, indicating that the position of best focus
was correctly determined. The relative decay of the MTF
with defocus is similar for the patients in whom IOLs were
implanted and the older subject reference group. This in-
dicates that the tolerance to defocus is similar in pa-
tients with IOLs and in healthy older subjects (and larger
than in healthy younger eyes'?).

CORNEAL ABERRATIONS

Figure 7 shows the values of different corneal aberra-
tions for the patients with IOLs and the healthy older sub-
jects, represented as a function of subject age. Figure 7A
shows the corneal astigmatism, which is similar for both
groups. On average, the astigmatism is slightly larger in
the patients in whom IOLs were implanted (-0.9+0.5 D)
than in the reference group (-0.7+0.5 D), although the
difference is not significant. Values of the corneal spheri-
cal aberration are similar in the 2 groups, as shown in
Figure 7B, and the mean +SD is the same for both groups
(0.7+0.2 pm). The astigmatism and spherical aberra-
tion results suggest that the base shape of the cornea (main
curvature and asphericity) is similar in healthy subjects
and in patients in whom IOLs were implanted. How-
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Figure 4. Ocular modulation transfer functions (MTFs) averaged across all
subjects for a 4-mm pupil for healthy older subjects (aged 60-70 years),
patients in whom intraocular lenses (I0Ls) were implanted (aged 56-80
years), and healthy younger subjects (aged 20-30 years). The curve for the
younger subjects is from Guirao et al.’
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Figure 5. Optical quality of the eye via the Strehl ratio, calculated from the
ocular modulation transfer function of each healthy older subject (aged
60-70 years) and each patient in whom an intraocular lens (I10L) was
implanted (aged 56-80 years), as a function of age (4-mm pupil diameter).

ever, other corneal aberrations are higher in patients with
IOLs. Figure 7C shows the values of coma. There is a ten-
dency for coma to increase slightly with age, as previ-
ously reported.”* In addition, some patients in whom IOLs
were implanted have a higher value for this aberration.
The value of coma in the group in which an IOL was im-
planted (0.91+0.58 pm) is significantly higher than in
the reference group of healthy older subjects (0.57+0.27
pm). A similar situation is seen for the rest of the higher-
order aberrations (Figure 7D); the value in the patients

— Best Focus
-=-- Defocus of 0.5 D

MTF
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Figure 6. Average ocular modulation transfer functions (MTFs) for the 4-mm
pupil at best focus and at a defocus of 0.5 diopters (D). A, Patients in whom an
intraocular lens was implanted. B, Healthy older subjects (aged 60-70 years).

in whom IOLs were implanted (0.08+0.07 um) is higher
than in the healthy older subjects (0.05+0.02 pm). Some
patients in whom IOLs were implanted have more cor-
neal aberrations. This is probably because of the large in-
cisions (6 mm) required for the implantation of the rigid
IOLs used.

The MTFs associated with only the anterior sur-
face of the cornea were calculated from the previously
mentioned corneal aberrations. The comparison of the
average corneal MTFs in both groups is shown in
Figure 8 for a pupil with a 4-mm diameter. The optical
performance of the cornea is slightly worse on average
in patients with IOLs. The relative reduction of the MTF
from the reference group to the group in which an IOL
was implanted is similar for the cornea (Figure 8) and
for the complete eye (Figure 3). Figure 9 plots the Strehl
ratio obtained from the corneal MTFs for each subject
and patient. Values for the corneal Strehl ratio are as fol-
lows: 0.21+0.09 for the patients in whom IOLs were im-
planted and 0.26+0.10 for the reference group.
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Figure 7. Corneal aberrations for each healthy older subject (aged 60-70 years) and each patient in whom an intraocular lens (I0L) was implanted (aged 56-80
years), for the 4-mm pupil, as a function of age. A, Astigmatism. B, Spherical aberration from equation 4. C, Coma from equation 4. D, Rest of the higher-order
aberrations up to the fourth order, from equation 5. The equations are given in the “Aberrations and Optical Quality of the Cornea” subsection of the “Subjects and

Methods” section.
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Figure 8. Average corneal modulation transfer functions (MTFs) for the
4-mm pupil for the healthy older subjects (aged 60-70 years) and the
patients in whom intraocular lenses (I0Ls) were implanted (aged 56-80
years).

COMPARISON OF CORNEAL
WITH OCULAR PERFORMANCE

Figure 10 shows the Strehl ratio for the complete eye
vs the cornea in patients in whom IOLs were implanted.

Figure 9. Optical quality of the cornea via the Strehl ratio calculated from the
corneal modulation transfer function of each healthy older subject (aged
60-70 years) and each patient in whom an intraocular lens (I0L) was
implanted (aged 56-80), as a function of age.

There is a correlation trend (r=0.43, P=.04), statisti-
cally significant, implying that the eyes with poorer im-
age quality are the eyes with poorer optical corneal qual-
ity, as expected for eyes with IOL implants. The dispersion
indicates individual differences in IOL implantation (tilts
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Figure 10. Correlation between the optical quality (Strehl ratio) of the
complete eye and that of the cornea for patients in whom intraocular lenses
were implanted (linear regression, r=0.43, P=.04).

and decentration). The same type of IOL perfectly im-
planted in every eye would yield a perfect correlation
(r=1.0) (Figure 10). Figure 11 shows the same com-
parison between ocular and corneal optics in the group
of healthy older subjects. In this case, there is no corre-
lation, which indicates that the natural crystalline lens
plays a different role in every eye.

B COMMENT

The average retinal image quality of patients in whom
I0Ls were implanted was similar or slightly worse than
that of healthy subjects of a similar age, and clearly
worse than that of healthy younger subjects. These re-
sults indicate that, despite the good optical quality of
IOLs, the retinal image quality of eyes with IOL im-
plants is generally worse than that of eyes with natural
lenses. However, as an advantage, the tolerance to de-
focus is higher in older subjects with IOL implants and
in healthy older subjects than in healthy younger sub-
jects. This is a beneficial effect appearing in eyes with
more aberrations. At best focus, the retinal image qual-
ity is worse than that for a system with less aberrations,
but this retinal image quality remains similar for mod-
erate amounts of defocus. As a consequence, eyes in
which IOLs have been implanted and healthy older eyes
are more tolerant to small refractive errors than healthy
younger eyes.

Corneal aberrations were similar or slightly larger
in the patients in whom IOLs were implanted than in the
reference group of healthy older subjects. The IOLs were
rigid, requiring surgical procedures with large incisions
(6 mm), which is likely the cause of the increased aber-
rations shown by a few patients (Figure 7). Small-inci-
sion foldable IOLs would be expected to yield no differ-
ences in presurgery and postsurgery corneal aberrations.
Corneal aberrations in the 2 groups studied herein were
larger than those in healthy younger subjects.”> How-
ever, the change in corneal aberration found with age was
relatively small®; other researchers** found nearly no
changes. What is more important is that the small in-
crease in corneal aberrations alone, due to either inci-
sions or aging, cannot account for the limited retinal im-

Figure 11. Correlation between the optical quality (Strehl ratio) of the
complete eye and that of the cornea for healthy younger subjects (aged
20-30 years) (to be compared with Figure 10).

age quality in the patients in whom IOLs have been
implanted.

These results show an apparent paradox: while
IOLs yield an extremely good image quality when mea-
sured on an optical bench, the final retinal image per-
formance in eyes with implanted IOLs is only similar to
that of healthy older eyes and is clearly inferior to that
of younger eyes. Because an increase in corneal aberra-
tions cannot fully explain this observation, there are 2
plausible explanations. First, the ocular performance
after IOL implantation may be limited due to inaccurate
placement of the IOL. Tilts and/or decentrations of the
IOL will produce aberrations that may be comparable to
the aberrations of natural crystalline lenses. The disper-
sion found in Figure 10 shows that these aberrations of
the IOL are present after implantation, because a con-
stant IOL for all of the patients would have produced a
perfect correlation between the corneal and the ocular
optical quality. Nevertheless, this reason alone cannot
explain why patients in whom IOLs were implanted did
not show better image quality than healthy older sub-
jects. According to Guirao et al," the values for the ocu-
lar Strehl ratio of a group of 20 healthy younger subjects
between the ages of 20 and 30 years (4-mm pupil)
ranged between 0.19 and 0.33 (mean+SD, 0.26+0.04).
For patients in whom IOLs have been implanted, the
Strehl ratio (Figure 5) ranges from 0.07 to 0.17
(mean=SD, 0.12+0.03). Therefore, all of the patients
had a lower image quality than even the worst of the
healthy younger subjects. Despite the potential mis-
placement of the implanted IOLs, in a sample of 20 pa-
tients, one would expect to have at least a few with no
or little decentration and then have optical perfor-
mances as high as those in healthy younger subjects.

An additional reason can fully explain our results
and the apparent paradox. The ideal substitute for the
natural lens is not an IOL with the best-isolated optical
performance, but rather one designed to compensate
for the aberrations of the cornea (Figure 12 shows this
explanation). Thus, an improved design for an IOL would
have an aberration profile that compensates for the cor-
neal aberrations, to maximize the quality of the retinal
image. However, an aberration-free IOL (diffrac-
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Figure 12. Representation of the coupling between the cornea and the intraocular lens (I0L). An 10L without aberrations will produce an eye with the aberrations
of the cornea and relatively poor retinal images. However, an [OL with aberrations approximately contrary to those of the cornea will produce an eye nearly free of

aberrations. WA indicates wave aberration.

tion limited) or an IOL with an aberration profile with
the same sign as the corneal aberrations will produce
larger total ocular aberrations. The ideal solution to this
problem would be a customized IOL for any individual
cornea.

A concern associated with IOLs with customized ab-
erration profiles is that if the position of the IOL cannot
be precisely controlled in the surgery, then the final ab-
errations could be similar or even larger than those of
conventional IOLs.” A useful approach would be the use
of a customized IOL with aberrations adapted to com-
pensate only for spherical aberration. The correct bal-
ance of the corneal spherical aberration of the patient will
still be achieved even in cases in which the IOLs are
slightly decentered or tilted.*® However, the improve-
ments in surgical techniques will probably allow preci-
sion in IOL positioning,'! enough at least for partial ab-
erration compensation, and will make worthwhile the
correction of more complex patterns, including several
aberrations. This kind of customized design would mimic
the behavior of the lens in younger subjects, in whom
the corneal aberrations are partially compensated by the
natural lens.® This is not generally the case in older eyes,
in which the changes in the aberrations of the lens with
age reduce the compensation of aberration present in
younger eyes, resulting in a reduced quality of the reti-
nal image.”” Thus, older subjects undergoing cataract sur-
gery could benefit from customized IOL designs to re-
duce the ocular aberrations.”®

In summary, we measured the retinal image and the
corneal aberrations in healthy older subjects and in pa-
tients after the implantation of monofocal polymethyl
methacrylate IOLs. This method is useful for testing the
clinical success of IOL implantation and for exploring the
possibility of producing more efficient IOL designs. These
results clearly suggest that an IOL with good optical qual-

ity (aberration free) is not the best design choice. A bet-
ter IOL design would be the one that corrects for the cor-
neal aberrations, producing lower total ocular aberrations
and, hence, a higher-quality retinal image and an im-
proved visual performance.
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