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Optomechanical eye model with imaging

capabilities for objective evaluation

of intraocular lenses

Pier Giorgio Gobbi, PhD, Francesco Fasce, MD, Stefano Bozza, MSc, Rosario Brancato, MD

PURPOSE: To develop an in vitro procedure providing data on the visual performance obtainable with
intraocular lenses (IOLs), for objective comparison between IOL models and direct correlation with the
relative visual performance attainable in vivo.

SETTING: University Hospital San Raffaele, Milan, Italy.

METHODS: An optomechanical eye model was developed to allow simulated in vivo testing of IOLs.
The experimental eye mimics the optics and geometry of the Gullstrand’s eye model, with an aspheric
poly(methyl methacrylate) cornea, variable pupil, and IOL holder. Its detection system is designed to
reproduce the mean resolution of the human fovea. The imaging capabilities of the model eye were
measured using monofocal IOLs. The tests included qualitative information, such as appearance of op-
totype chart images, and quantitative information, such as simulated visual acuity tests for far and near
distance at variable contrasts.

RESULTS: Objective numerical IOL evaluation was made possible on the basis of the visual acuity
recorded with the eye model. The maximum recorded far acuity for the monofocal IOLs was about
20/14 at full contrast, progressively decreasing for reduced contrast. Best corrected near acuity ranged
between 20/14.7 and 20/15.4.

CONCLUSIONS: The optomechanical eye model provided objective grading of IOLs through the eval-
uation of simulated visual acuity, which can be scaled usefully to human vision. The eye model also
allowed the qualitative visualization of IOL imaging properties, making it potentially useful in charac-
terizing and distinguishing different IOL types.
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Cataract extraction is the first surgical procedure in the

world by number of operations, and consequently pseudo-

phakic intraocular lenses (IOLs) are the most diffused pros-

theses among all implantable medical devices. Today, there

is a variety of IOLs according to the lens material (poly-

[methyl methacrylate] [PMMA], silicone, acrylic), the
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optical design (biconvex spherical, aspherical, Fresnel, dif-

fractive, monofocal, bifocal, multifocal), and the optome-

chanical design (clear optical zone, haptics, thickness,

edge shape, accommodative features). Recently, phakic re-

fractive lenses have received increasing attention for refrac-

tive surgery procedures.

In such a complex framework, it is difficult for the oph-

thalmic surgeon to find homogeneous, controlled, quanti-
tative information on IOL properties to help compare and

choose among different types with adequate technical sup-

port. The only quantitative data available are in the form of

modulation transfer function (MTF) plots that manufac-

turers sometimes include in the IOL technical data sheet,

however, without uniformity of test conditions, and, more-

over, without a direct link to a sound index for the quality

of vision. At the same time, few reports give a comparative
optical characterization of some IOLs,1–5 and in a few cases
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they are limited to an analysis of the optical quality of the

lenses.6–9

On the other hand, many clinical studies have evalu-

ated and compared the visual outcomes in large patient

populations after lens extraction and IOL implantation.

This approach clearly represents an indirect evaluation of
the optical properties of an IOL because they are merged

in a number of surgical, biological, and individual masking

factors, thus requiring hundreds of subjects to reach statis-

tical relevance. This issue gained enhanced interest after

the introduction of phakic IOLs used for refractive surgery

in demanding patients and of multifocal IOLs because of

the unpredictable acceptance of lenses featuring simulta-

neous imaging from distant and reading distance planes
with a net decrease in image contrast and resolution.

The aim of this study was to develop an objective exper-

imental method for the reliable evaluation of the optical

properties of IOLs that will provide comparative tests for

the behavior of different IOLs using quantitative and quali-

tative self-explanatory information, easily manageable even

without specific optical expertise. The goal was reached

through the realization of an imaging optomechanical
model of the human eye, reproducing its typical refracting

conditions and intended to represent an invariant, well-

controlled environment for the optical testing and compar-

ison of different IOLs.

MATERIALS AND METHODS

The Eye Model

The main guideline driving the design of the optomechanical
eye model was to reproduce, as closely as possible, the conditions
met by an IOL in a real eye. In particular, attention was focused on
the following issues:

� Cornea. The artificial cornea must account for the mean
corneal power of the human eye, providing the proper
bending of optic rays onto the IOL.
� Aqueous humor. The IOL being tested must be hosted in

a liquid environment, resembling the aqueous humor re-
fractive index, at the correct distance from the cornea of
an empty capsular bag.
� Pupil. A variable iris must mimic the eye’s pupil behavior,

allowing to vary the IOL numerical aperture.
� Retina. The artificial retina must reproduce the human fo-

vea resolution using a convenient image detector.
� Emmetropia. The overall eye length must be variable, to ac-

commodate IOLs of different power and to allow accurate
focusing of the ‘‘retinal’’ image.

For the optical design, reference was made to Gullstrand’s
number 1 or ‘‘exact’’ eye model.10 The model refractive index
for the aqueous and vitreous humors, na Z 1.336, was simulated
using balanced saline solution (BSS) with index of 1.334. The
artificial cornea has to provide about 43 diopters (D) of optical
power.11 In practice, no material could be found with a refractive
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index as low as the value 1.376 of the Gullstrand’s cornea: soft
contact lenses lie in the 1.41 to 1.44 range but lack the required
stiffness and temporal stability because of dehydration. It was de-
cided to use the well-performing PMMA material (n Z 1.490),
with the same thickness (0.5 mm) and anterior radius of curvature
(7.7 mm) of the Gullstrand’s model, but changing the posterior
radius of curvature to result in 43 D power when in contact
with BSS; this implies a calculated value of 7.4 mm in place of
the original 6.8 mm.

The cornea was diamond turned by a contact lens crafter
(Weis Optics Snc.), with a white-to-white diameter of 10 mm.
The anterior surface of the PMMA cornea was given an aspheric
prolate shape to reproduce the mean spherical aberration of the
human cornea; the mean asphericity value Q of �0.28 G 0.13
(SD) was taken as reference as topographically measured12 in
a large sample (1030 eyes) of emmetropic subjects with an optic
zone of 8 mm. Ray tracing showed that with PMMA, the aspheric-
ity producing the same amount of spherical aberration is to be in-
creased to�0.25, and this was the target asphericity of the design.
The posterior surface was maintained as spherical. Corneal topo-
graphy measurements of the actual PMMA cornea resulted in
a mean power of 43.50 D with an asphericity of�0.30 (5 mm zone).

Behind the PMMA cornea, a stainless steel disk punched with
different aperture holes provided pupils with sizes 2, 3, 4, 5, 6, and
8 mm. The disk was pivoted eccentrically to the optical axis and
could be turned from outside the eye mount; its axial position re-
sulted in an anterior chamber depth (distance of the rear plane of
the pupil disk from the posterior corneal surface; Figure 1) of
3.1 mm. The pupil size seen from outside the eye model is magni-
fied by the cornea–aqueous combination by a factor of about 1.13;
this larger image represents the entrance pupil of the system and is
the significant quantity for human eyes because it is the only mea-
surable aperture size. The IOL was held in place by 2 metal rings
that clamped the IOL haptics, attached to a mount which allowed
a fine axial translation of G2 mm around the mean position. The
proper location for the IOL was chosen to correspond to the space
(1 mm thick) between the principal planes of the unaccommo-
dated lens in the Gullstrand eye model; namely, 1.56 mm after
the anterior pole surface and 1.04 mm before the posterior pole
surface.

To detect the image formed by the model eye, the most obvi-
ous substitute of the human retina appears to be a color charge-
coupled device (CCD) image sensor. However, assuming a cone
density in the fovea of 180 000 mm�2 (Oyster13) and a square ma-
trix arrangement, the center to center spacing between adjacent
cones is about 2.4 mm. In comparison, a one-third inch CCD camera
with a 3.3 mm � 4.4 mm sensor, has single pixels of 5.67 mm �
5.85 mm (PAL standard); that is, the linear spacing is 2.44 times
larger than in the human fovea. To bring the CCD-resolving capa-
bility to the same level of the fovea, an optical magnification of the
‘‘retinal’’ image by a factor of 2.44 is necessary.

Thus, in the optomechanical eye, the primary image (formed
by cornea, IOL, and BSS) was focused on a glass window. Then, an
optical relay was made out of the model eye, coupling the primary
retinal image to the CCD plane with the desired magnification
(Figure 1). To this end, 2 television objectives were used:
a zoom 12.5 mm to 75 mm, 1:1.2, and a 16 mm, 1:1.4 (Computar);
the 2 lenses were coupled front to front focused at infinity. The
zoom lens was tightened to the CCD mount, and the zoom varied
until the desired magnification was reached. The lens plate, acting
as an ocular fundus, bore a graduated reticle on its inner surface,
which served a double purpose: to allow precise focusing of the
relay optics on the window surface (Figure 1) and to introduce
G - VOL 32, APRIL 2006



LABORATORY SCIENCE: OPTOMECHANICAL EYE MODEL
CCD

IOL

Pupil

Figure 1. Optical and mechanical schematic layout of

the experimental model eye.
an absolute length reference in the resulting image, used to cali-
brate exactly the relay magnification and to size the image itself.

The eye model components (cornea, iris, IOL mount, and
retina) were assembled into a watertight aluminum structure
(Figure 2, A) with its internal surfaces blackened to reduce stray
light. The overall axial length (distance from corneal apex to ret-
ina) could be varied micrometrically between 20 mm and 30 mm,
allowing it to host high-power IOLs as well as to simulate an
aphakic eye. The television camera (a single-chip color analog
CCD) was mounted on a micrometric translation stage (Figure 2,
B). The CCD output signal was displayed on a television monitor
and recorded on a digital tape for further analysis. Operatively, the
CCD camera was first moved to give a sharp image of the reticle
grooved on the inner surface of the glass retina. Then, the eye
model length was tuned to look for the best television image of
the external scene. No color filter was added to the optical system.

Intraocular Lenses

Two monofocal IOL models were used to exploit the overall
performance of the optomechanical eye model: the Alcon AcrySof
MA60BM, a biconvex acrylate IOL with square-edged posterior
surface design, and Alcon AcrySof Natural SN60AT, an asymmet-
ric biconvex IOL of ultraviolet-absorbing acrylate/methacrylate
copolymer, with a yellow appearance. Both IOL samples had the
same nominal power (21.0 D).

Psycho-Physical Tests

The optomechanical eye model was used to simulate psycho-
physical tests usually performed on humans, such as visual acuity
and contrast sensitivity tests at far and near. Two types of data were
taken: digitized samples of the TV image produced by the CCD
camera as well as readings given by a masked subject (P.G.G.)
looking at the same image and asked to identify letters on visual
acuity charts and grating orientation in contrast sensitivity
J CATARACT REFRACT SU
patterns. In a first demonstration trial,14 common optotype charts
such as the Early Treatment of Diabetic Retinopathy Study
(ETDRS)15 letter chart and Functional Acuity Contrast Test
(FACT) sine-wave grating chart were used.16 However, this ap-
proach could not be applied to iterative multiple testing because
of the bias in the test outcome induced by memorization effects
developed in the masked reader.

It was thus decided to make use of ETDRS characters gener-
ated by a computer and displayed on a monitor in random se-
quences. At the same time, because of the low test–retest
reliability of contrast sensitivity measurements using sine-wave
gratings with forced-choice procedure,17 contrast sensitivity
was evaluated using low-contrast versions of the same ETDRS
set of letters, a technique with an inherently much higher reliabil-
ity (0.98 versus 0.77).18,19 This type of test was named contrast
acuity to distinguish it from conventional contrast sensitivity
tests.20 Using a Millennium G 450 graphics card (Matrox
Graphics Inc.) mounted in a personal computer (PC), it was pos-
sible to generate characters with contrast continuously variable
from 100% to 2%; with a 15-inch cathode ray tube monitor, the
allowed character size at 6 m distance could range from logMAR
�0.3 (Snellen 20/10) up to logMAR C1.3 (Snellen 20/400). The
characters used were the 10 Sloan letters21 grouped in the 28 com-
binations of 5 letters that the ETDRS recognized as having nearly
the same intermediate difficulty score.22 For each visual acuity
line at any contrast, an entire 5-letter group was used, randomly
chosen among the 28, with letters displayed on the cathode ray
tube monitor 1 at a time, in random sequence within the group it-
self (Figure 3, A).

All the operations of displaying the characters and checking
the reader response were automatically managed by the PC (the
relative ad hoc software was written in Visual Basic). In practice,
the reader had to first input the contrast level and the starting
visual acuity level of the ongoing test and then hit on the keyboard
the letter identified by looking at the eye model image displayed
on the television monitor (Figure 3, B). The reader was masked
in that he could not see the letter actually prompted by the PC
RG - VOL 32, APRIL 2006 645
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monitor. For each successfully recognized letter, 0.02 was sub-
tracted from the overall logMAR score, and for each failure the
score did not change. The test stopped when no character in a
visual acuity line was recognized correctly. The final logMAR
score represented the visual acuity performance of the test. For
each IOL, visual acuity was measured at 6 contrast values:
100%, 50%, 20%, 10%, 5%, and 2%, and 2 pupil sizes: 3 and
5 mm. At every condition, the visual acuity measurements were
repeated 3 times.

As stated, these far distance visual acuity tests were per-
formed with the PC monitor placed 6 m from the eye model cor-
nea. Exactly the same measurements were repeated at 40 cm as
reading distance visual acuity tests. This was accomplished with-
out altering the operative conditions through the insertion of an
optical relay in the path from the cornea to the PC monitor, which
realized a conjugation of the 6 m plane to the 40 cm plane,
together with an optical magnification of 1/15. The required
3.1 D relay optics was obtained with the combination of 2

Figure 2. A: Close view of the model eye assembly. B: Experimental setup.
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cemented doublets of C5 D and �4 D powers separated by
105 mm (Figure 4). In this way, switching from far to near distance
testing was easy and fast, requiring no adjustments, and both tests
were measured in identical calibrated conditions and reported
with the same measurement units.

All visual acuity values, for both far and near distance, are
reported in logMAR units; the minimum angle of resolution
(MAR) is given by the angular width (expressed in minutes of
arc) of the limb of the smallest letter recognized at 6 m distance.
Thus, VAlogMAR Z log10(MAR), where VA is visual acuity. Conver-
sion into decimal notation is obtained through VAD Z 1/MAR,
whereas the Snellen fraction notation at 20 feet distance is given
by VASF Z 20/(20 � MAR).

RESULTS

Chart Test

Figure 5, B, visually depicts the imaging performances
of the optomechanical eye model, showing the digitized

electronic record of the retinal image corresponding to

the projection of the ETDRS chart of Figure 5, A (far dis-

tance, MA60BM IOL). The graduated reticle of Figure 5,

B, has a tick spacing of 0.1 mm. The superimposed white

broken circle represents the equivalent size of the foveola

(1 degree w 0.3 mm), and the black solid circle corre-

sponds to the fovea edge (5 degrees w 1.5 mm), where hu-
man visual acuity is estimated to be about 50% and 25% of

the peak center value, respectively.

Contrast Acuity Test

The mean numerical outcomes of the quantitative far

visual acuity tests performed at various letter contrasts

with the 2 monofocal IOLs are reported (mean value G
SD) in Figure 6 for 5 mm pupil size. The corresponding

curves for near distance visual acuity are given in Figure 7

and are taken with an additional lens of C2.875 D placed

12 mm from the corneal apex, experimentally chosen for

the sharpest imaging at 40 cm; the data in Figure 7 are
thus better referred to as best corrected visual acuities

(BCVAs).

Globally, the contrast acuity differences between the 2

IOLs are not significant, although borderline: P!.0222,

F1,4 Z 13.16; in this case, the significance threshold had

to be lowered at the 0.01 level owing to the multiple-com-

parison (Bonferroni) correction. The behaviors at 3 mm

pupil size almost exactly overlap the curves at 5 mm and
are not reported.

DISCUSSION

The quality of vision obtainable after IOL implantation

is a primary issue, with relevant technical, clinical, and
commercial implications. Recently, attempts were made

to not only improve the safety, biocompatibility, clarity,

and ease of insertion of IOLs, but also to enhance the
G - VOL 32, APRIL 2006
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Figure 3. Pictures of the computer-gener-

ated Albini’s ‘‘E’’ prompted by the PC mon-

itor (A) and of its retinal image displayed on

the TV monitor (B). The image is inverted

up–down and left–right, as in a real eye.
expected visual performance through material choice and

sophisticated optical design. Being able to measure the ef-

fects induced by different IOL models on human vision in

a rigorous, quantitative, but handy way would result in

a considerable advantage.
In a recent study,4 an artificial eye model, built accord-

ing to the Gullstrand simplified schematic eye, was used to

measure the point spread function (PSF) of multifocal and

monofocal IOLs. The comparison was carried on through

the evaluation of the MTF and Strehl ratio, and no attempt

was made to translate the results from the optical to the

psychophysical language.

Modulation transfer function was also evaluated5 in
a set of 24 different monofocal IOLs after recording the

line spread function produced by each implant suspended

Figure 4. The relay optics used to conjugate the far distance plane (6 m)

with the near distance plane (40 cm).
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in air and without simulation of the corneal power, in an

optical test bench. The study was limited to the analysis

of the passband spatial frequency (corresponding to the

point at �3 dB, or 71%, of the low-frequency modulation

transfer).
However, converting the technical information associ-

ated with the knowledge of MTF into manageable clinical

information, such as visual acuity or contrast sensitivity, re-

quires introduction of a proper model of the human retinal

response, particularly the contrast threshold function. This

procedure is not straightforward or univocal, but it can lead

to significant, although gross, insights into the expected

changes in visual performance from the comparison of
a multifocal and a monofocal IOL.23

We followed a different approach to characterize the

imaging properties of IOLs. The optomechanical model

we describe is anatomically accurate in that it faithfully re-

produces sizes, spacings, and optical powers of the human

eye. Contrary to the experimental setup recommended24,25

to evaluate IOL resolution and MTF (eye cells), where the

corneal power is produced by an aberration-optimized,
achromatic optic external to the IOL cell,9,26–29 in our

case, the PMMA cornea was designed, to reproduce not

only the actual mean corneal power, but also the external

curvature, thickness, spacing from pupil and IOL, and

spherical aberration. Also chromatic aberration is expected

to be equivalent to that of a real eye because of the similar

constringence of PMMA and corneal stroma (57.2 and 56,

respectively). Incidentally, the PMMA cornea of the
artificial eye developed by Pieh et al.,4 exactly reproducing

the curvatures of the Gullstrand eye model, has a power in

defect by 4% relative to the Gullstrand power as a result of

the different refractive index.

This optical affinity allowed us to evaluate and compare

IOL imaging performances in an optical setup similar to the

in vivo arrangement (the major optical feature missing in

the model eye being an apodized pupil reproducing the
RG - VOL 32, APRIL 2006 647
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Stiles-Crawford effect), overcoming the difficulties of com-

parison of frequency-response measurements performed in
different experimental arrangements and of direct compar-

ison with clinical measurements. As a result, the retinal

image is expected to carry the signature of spherical and

chromatic aberrations of both IOL and artificial cornea.

This image can then be analyzed with standard optical

Figure 5. A: The ETDRS optotype chart. B: Image of A seen by the eye

model (distance 6 m, IOL MA60BM, pupil 5 mm). The reticle tick spacing

on the retina is 0.1 mm. The white and black circles correspond to the ap-

proximate edges for foveola and fovea, respectively.
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methods to recover PSF, MTF, or aberration coefficients

for different pupil sizes, as done in other studies.1,2,4,5,8,30

All these quantities completely characterize the linear

optical behavior of the eye model, thus allowing immediate

and homogeneous comparison of IOLs with equal dioptric

power and different material or design features.

Such a characterization, although detailed and exhaus-

tive, is of little help to anyone who is not well acquainted

with the technical language of physical optics and aberrom-

etry. More important, as noted, such quantities are not eas-
ily related to a single quantitative index of vision quality.

Because ophthalmologists are used to measure the level of

visual performance in terms of visual acuity and contrast

sensitivity, a more familiar and handy evaluation of the

IOL performance would result if just these psychophysical

vision tests could be performed using the model eye.
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The optical resolution of the final television image

obtained with the current eye model is comparable to

that occurring through foveal sampling in a real human

eye. In other words, both optics and image sampling are

similar in the 2 cases. What cannot be reproduced, of

course, is the detection process (ie, sensitivity, dynamic
range, nonlinearity, noise) and the image elaboration (reti-

nal and cortical processing are excluded). However, most

features of the brain’s skill to identify patterns and shapes

are reintroduced if a subject is asked to recognize and

read optotype characters of variable size and contrast,

‘‘seen’’ by the model eye and displayed on a television mon-

itor, or analogously to guess the orientation of sinusoidal

patterns of variable spatial frequency and contrast. In this
way, the subjective visual performance of the reader is not

involved in the procedure because of the electronic image

magnification. The result is objective, quantitative data

from simulated psychophysical tests aimed at measuring

visual acuity (distance and near) and contrast sensitivity

in the form of threshold visual acuity values as a function

of pupil size, or threshold contrast values versus spatial

frequency. If different IOLs are tested in this way under
identical conditions (same characters, illumination, and

analyzing subject), the data obtained are directly related

to the optical (and visual) performance offered by each

IOL. Thus, a quantitative comparison can be easily

established.

Specifically, the results of the tests on the 2 monofocal

IOLs in Figures 6 and 7 indicate that the presence of the

UV-absorbing yellow pigment in the SN40AT IOL does
not alter the obtainable visual performance at a significant

level relative to the MA60BM.

In the current study, we report only contrast acuity

tests. We also performed a few trials of contrast sensitivity

evaluations using sinusoidal patterns of variable contrast

and spatial frequency; however, the measurements turned

out to be exceedingly erratic in test–retest repeatability,

thus requiring many iterations of the run for each tested
condition. The process was also lengthy, especially when

adopting the 2-alternative, forced-choice method together

with the ‘‘staircase’’ thresholding procedure. This struggle

between accuracy and efficiency is an inherent, unresolved

drawback of all contrast sensitivity tests,31 and we pre-

ferred to base our analysis on the more reliable contrast

acuity tests only.

The reliability of the procedure was explored further
by repeating both contrast acuity and contrast sensitivity

tests in constant conditions but with different readers.

The variability in the final results was of the same order

of the test–retest variation observed with the same reader

for the contrast acuity test, whereas for contrast sensitivity

test, it was much higher than the already large spread seen

in repeated trials with the same reader. The observed
J CATARACT REFRACT SU
overlap of intersubject contrast acuity readings clearly

indicates that the subjective influence of the reader on

the measurement outcome is marginal, thus outlining the

objectiveness of the procedure, whereas the spread of intra-

subject data is only the result of the intrinsic fluctuation in

letter recognition at the visibility limit because of forced
guessing. By increasing the number of repeated tests, the

data spread is expected to progressively reduce, thus possi-

bly allowing even tiny differences in visual performance to

be appreciated among IOLs.

The procedure we present is to be compared with the

ordinary clinical practice of IOL evaluation through in

vivo subjective testing; in these cases, every data point cor-

responds to a single visual acuity measurement performed
in an implanted eye, usually at full contrast, and is affected

by a number of variability factors that are surgical (tilt, de-

centration, residual refractive error, induced astigmatism),

biological (corneal and vitreous transparency, pupil size,

foveolar response, neuronal integrity), and individual (sub-

ject collaboration, test endpoint, measurement accuracy,

environmental conditions). To eliminate such a pro-

nounced variability and to reach a degree of ‘‘objectiveness’’
comparable to that seen in our approach, a large amount of

eyes and time would be required, very likely at an unprac-

tical level. Moreover, it would be without the benefit of

discriminating visual performance against letter contrast

and pupil size.

It is worth commenting briefly on the observed insen-

sitivity of contrast acuity measurements to pupil size. One

would expect the visual performance to be degraded when
passing from a 3 mm to 5 mm pupil because of stronger

spherical aberration. Although no effort was made to refine

the discrimination between the 2 pupil sizes, such an out-

come could be explained partially by a couple of factors re-

lated to our eye model structure. The first is represented by

the corneal asphericity, which was measured to be smaller

than designed (�0.30 versus �0.25). Even if its value is

far from nulling the spherical aberration of the PMMA cor-
nea (which occurs for Q Z�0.55), the small deviation in Q

acts in the direction of underestimating the overall spheri-

cal aberration. The second factor is related to the presence

of an automatic adjustment of the mean irradiance on the

CCD camera (automatic gain control [AGC]). This feature

has no effect on the measurements performed at constant

pupil size because the overall irradiance of the PC monitor

is maintained constant for any value of contrast. However,
switching to a larger pupil results in an increase in the lu-

minous flux on the CCD, hence, in a lower gain by the

AGC and lower noise in the displayed CCD image. The ef-

fect cannot be quantified, but again, although minimal, it

tends to enhance the visual performance at larger pupils.

Visual acuity measurement obtained with low-contrast

letters does not translate directly into ordinary plots of the
RG - VOL 32, APRIL 2006 649
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contrast sensitivity function (contrast sensitivity versus

spatial frequency) unless the heuristic assumption is

made that threshold letter identification requires 2.5 cycles

per letter.16,32 One such contrast sensitivity function plot is

shown in Figure 8, relative to far distance; basically, it is the

same plot as in Figure 6, rotated clockwise by 90 degrees
and with a double rescaling of axes. Such a reconstruction

cannot reach contrast sensitivity values greater than 50 for

technical limitations (because of the PC graphics card and

monitor) and cannot equally cover the low-frequency re-

gion (!3 cycles per degree) for letter-size limitations.

The curves of Figure 8 clearly resemble the trailing tails

of ordinary contrast sensitivity function curves obtained

with projection of sinusoidal gratings. However, the plots
in Figure 8 have 2 pitfalls: the arbitrariness involved in as-

signing equivalent periodic frequencies to a-periodic char-

acters and the different triggering mechanism of the visual

perception channels by sine-wave gratings and alphabetic

characters.33

Little can be inferred from the absolute level reached in

the above IOL test, for instance from the distance visual

acuity level measured in specific conditions. However, dif-
ferences in visual acuity levels observed with different IOLs

under identical ambient conditions or with the same IOL

but different pupil sizes are meaningful and representative

of differences in visual acuity directly transferable to human

visual perception. The same applies to reading distance vi-

sual acuity tests. In fact, the entire picture can be modeled

by assuming that the level of visual acuity measured with

the model eye; for instance VAM is proportional to the level
attainable in ‘‘live’’ conditions; that is, in a real ‘‘mean’’

eye, for instance VAL, through a proportionality constant:
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Figure 8. Contrast sensitivity function at far distance, 5 mm pupil size, de-

rived from the visual acuity measurements of Figure 6 (cpd Z cycles per

degree).
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VAM Z a� VAL. The scale factor a includes the differences

in image detection and processing between the model and

a real eye, described above. Denoting with apex 1 and 2

the data relative to 2 different conditions (eg, different

IOLs), it follows: VA1
M Z a$VA1

L and VA2
M Z a$VA2

L,

hence
VA1

M

VA2
M

Z VA1
L

VA2
L

; that is, the ratio of performances is equal
for the model eye and for the real eye. Because visual perfor-

mances (both visual acuity and contrast sensitivity) are

measured on logarithmic scales, it follows that differences

of logarithmic values (for visual acuity, logMAR or visual

acuity line differences) are maintained in the model and

the real eye. In other words, the plots in Figures 6 and 7

are to be seen as applicable to real subjects, reflecting per-

formance differences of individual IOLs, apart from possi-
ble shifts in the vertical visual acuity scale. Of course,

these data were taken in well-controlled conditions with

constant luminance and fixed pupil size.

From the results shown, it can also be inferred that the

factor a above is indeed not far from unity; that is, the

resolving capability of the model eye is likely within 1 or

2 visual acuity lines from the mean human behavior. To

this end, the far distance performances of the IOLs at full
contrast (Figure 6) can be taken as a paradigm: The mean

VA levels recorded at full contrast were �0.16 logMAR

(1.45 decimal, 20/13.8 Snellen fraction) for the MA60BM

IOL and �0.147 logMAR (1.4 decimal, 20/14.3 Snellen

fraction) for the SN60AT IOL. These values confirm that

the optomechanical eye model performances are definitely

better than the conventional mean human performance of

0 logMAR by 1.5 visual acuity lines, well within the range
of values observed in an emmetropic population.

CONCLUSION

We developed a method to obtain reliable, quantitative

information about the imaging performances of IOLs of any

type. The procedure is based on use of an experimental eye

model that reproduces the refracting and detecting condi-

tions usually met in a mean human eye and represents

the test bench for the comparison of different IOL models

or even IOL types. The test outcome is given by quantitative
descriptors of the quality of image realized with the exper-

imental eye, such as aberrometry or point spread function,

or by more handy metrics such as visual acuity and contrast

sensitivity scores retrieved from simulated visual acuity and

contrast sensitivity measurements at far and near distance

by a masked reader interpreting the electronic image pro-

duced by the model eye.

Also, the qualitative information that can be obtained
with the model eyedtypically the appearance records of

standardized imagesdcan be useful to illustrate the

specific features of different IOLs and to help in the relative
URG - VOL 32, APRIL 2006
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comparison process for both vision research and routine

clinical applications.
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