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Modulation transfer function and optical quality
after bilateral implantation of a +3.00 D versus
a +4.00 D multifocal intraocular lens

Marcony R. Santhiago, MD, PhD, Steven E. Wilson, MD, Marcelo V. Netto, MD, PhD,
Ramon C. Ghanen, MD, PhD, Mario Luis R. Monteiro, MD, PhD, Samir J. Bechara, MD, PhD,

Edgar M. Espana, MD, Glauco R. Mello, MD, Newton Kara-Junior, MD, PhD

PURPOSE: To determine whether the improvement in intermediate vision after bilateral implantation
of an aspheric multifocal intraocular lens (I0L) with a + 3.00 diopter (D) addition (add) occurs at the
expense of optical quality compared with the previous model with a +4.00 D add.

SETTING: Department of Ophthalmology, University of Sao Paulo, Sao Paulo, Brazil.
DESIGN: Prospective randomized double-masked comparative clinical trial.

METHODS: One year after bilateral implantation of Acrysof Restor SN6AD1 +3.00 D 10Ls or Acry-
sof Restor SN6AD3 +4.00 D 10Ls, optical quality was evaluated by analyzing the in vivo modulation
transfer function (MTF) and point-spread function (expressed as Strehl ratio). The Strehl ratio and
MTF curve with a 4.0 pupil and a 6.0 mm pupil were measured by dynamic retinoscopy aberrometry.
The uncorrected and corrected distance visual acuities at 4 m, uncorrected and distance-corrected
near visual acuities at 40 cm, and uncorrected and distance-corrected intermediate visual acuities at
50 cm, 60 cm, and 70 cm were measured.

RESULTS: Both IOL groups comprised 40 eyes of 20 patients. One year postoperatively, there were
no statistically significant between-group differences in the MTF or Strehl ratio with either pupil size.
There were no statistically significant between-group differences in distance or near visual acuity.
Intermediate visual acuity was significantly better in the +3.00 D I0L group.

CONCLUSION: Results indicate that the improvement in intermediate vision in eyes with the
aspheric multifocal + 3.00 D add I0L occurred without decreasing optical quality over that with
the previous version IOL with a +4.00 D add.

Financial Disclosure: No author has a financial or proprietary interest in any material or method

mentioned.
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The Acrysof Restor intraocular lens (IOL) (Alcon
Laboratories, Inc.) was designed to achieve distance,
intermediate, and near visual acuity without compro-
mising visual performance." After the introduction
of the 3-piece model (MA60D3),? the first 1-piece
spherical version (SA60D3),> and the model with
blue light-filtering chromophore (Acrysof Natural Re-
stor SN60D3),* an aspheric design was incorporated
into the optic of the IOL (model SN6AD3)*® to provide
better optical quality. The aspheric model has the same
platform as the original spherical IOL; however, the
symmetric biconvex design and an anterior aspheric
optic were used with the aim of generating fewer
higher-order aberrations (HOAs), and negative

© 2011 ASCRS and ESCRS
Published by Elsevier Inc.

spherical aberration was incorporated to compensate
for positive corneal spherical aberration.”™

In an attempt to meet patient needs for more func-
tional intermediate vision, a new IOL model (Acrysof
Restor SN6AD1) was developed. This multifocal IOL
has the same symmetric biconvex design and anterior
aspheric optic but a lower addition (add). Findings
in previous studies®'® provide evidence that the
+3.00 diopter (D) add version yields better intermedi-
ate vision and a more comfortable reading distance
than the +4.00 D add version.

The aim of this study was to determine in vivo
whether the improvement in intermediate vision after
bilateral implantation of the aspheric multifocal IOL
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with a +3.00 D add occurs at the expense of optical
quality compared with that after bilateral implanta-
tion of the aspheric multifocal IOL with a +4.00 D
add. To our knowledge, this is the first study to use
in vivo analyses of optical quality parameters, such
as the modulation transfer function (MTF) and point
spread function (PSF) (expressed as the Strehl ratio),
in patients with the +3.00 D add Acrysof Restor
SN6AD1 IOL.

PATIENTS AND METHODS

This prospectlve randomized double-masked comparative
clinical study” included patients referred for cataract sur-
gery. After approval by an institutional review board, pa-
tients older than 40 years of age with bilateral visually
significant cataract were enrolled consecutively in a random-
ized fashion. The first patient recruited was asked to pick 1 of
2 cards to decide the type of IOL that would be bilaterally im-
planted. The next patient enrolled received the opposite of
the previous patient. All patients provided informed con-
sent, and the study adhered to the tenets of the Declaration
of Helsinki.

Patients with bilateral visually significant cataracts with
corneal astigmatism less than 1.0 D were eligible for inclu-
sion in the study. Exclusion criteria were previous intraocu-
lar surgery and any ocular disease (eg, corneal opacity or
irregularity, dry eye, amblyopia, glaucoma), retinal abnor-
malities, surgical complications, IOL tilt on slitlamp exami-
nation, IOL decentration greater than 0.4 mm estimated by
retroillumination, and an incomplete follow-up.

Patients received Acrysof Restor SN6AD1 aspheric multi-
focal IOLs with a +3.00 D add or Acrysof Restor SN6AD3
aspheric multifocal IOLs with a +4.00 D add. The apodized
diffractive 3.6 mm central area of the +4.00 D IOL consists of
12 concentric steps of gradually decreasing height, creating
bifocality from near to far and providing +4.00 D of near
add at the lens plane. The apodized diffractive 3.6 mm central
area of the +3.00 D IOL consists of 9 concentric steps of grad-
ually decreasing height. In addition, the center-most region
of the 3.6 mm area is larger than in the +4.00 D add version
(0.856 mm versus 0.742 mm), creating bifocality from near
to far and providing +3.00 D near add at the lens plane.®”
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Immersion ultrasound biometry (Ocuscan RxP, Alcon
Laboratories, Inc.) was performed in all cases by the same ex-
perienced examiner. All eyes were targeted for emmetropia.

The same experienced surgeon performed all surgeries.
The technique included standardized small-incision phaco-
emulsification and IOL implantation in the capsular bag.

The primary outcome measures were the MTF value and
the PSF, expressed as Strehl ratio, 1 year after cataract sur-
gery. Secondary efficacy measures included visual acuity
at different distances.

Patients were examined preoperatively and 1, 7, and 30
days; 3 and 6 months; and 1 year postoperatively. This paper
reports the 1-year postoperative results. The same observer,
who was unaware of the objectives of the study, assessed
visual acuity postoperatively. For distance vision, monocu-
lar uncorrected (UDVA) and corrected visual acuities were
measured in logMAR scale at 100% contrast using Early
Treatment of Diabetic Retinopathy Study (ETDRS) charts
(Precision Vision) under ghotopic conditions (target lumi-
nance 85 Candelas [cd]/m®) at 4 m. Monocular uncorrected
near visual acuity and distance-corrected near visual acuity
were measured using the Logarithmic Visual Acuity Chart
2000 New ETDRS (Prec1s1on Vision) at 40 cm under photopic
conditions (85 cd/m?). Monocular distance-corrected inter-
mediate visual acuity was measured at 50 cm, 60 cm, and
70 cm with the same chart used for near assessment; how-
ever, values were corrected for use of the 40 cm chart, as pre-
viously described."® The visual acuity values were converted
to logMAR notation for statistical analysis. Light conditions
were controlled with a luxometer (Gossen—Starlite)

The pupil diameter was measured using a Colvard pupill-
ometer (Oa51s Medical) under photopic (85 cd/m?), mesopic
(3 cd/m?), and low mesopic (1.5 cd/m?) conditions.

Higher-order aberrations were measured with an OPD-
Scan aberrometer (Nidek Co., Ltd.), which uses dynamic
skiascopy-based ocular aberrometry and Placido-disk cor-
neal topography to obtain wavefront data. The aberrometer
references the wavefront aberrations on the corneal vertex,
not on the line of sight. In the dynamic skiascopy wavefront
sensor, the retina is scanned with an infrared slit-shaped
light beam and the reflected light is captured by an array
of rotating photodetectors over a 360-degree area within
the eye in 1-degree increments. The system scans up to
1440 points and studies the relationship between the light
source and the reflected component. The time difference of
the reflected light is used to determine the aberrations. The
aberrometer software was used to obtain the MTF and the
PSF, which was expressed as the Strehl ratio. The Strehl ratio
is the ratio between the intensity of the real PSF and the in-
tensity of the diffraction-limited PSF.

The MTF and the Strehl ratio were calculated based on the
effect of the HOAs. The Strehl ratio was reported in logarith-
mic format (log Strehl). The mean MTF values were calcu-
lated in a logarithmic plot. Log base 10 contrast sensitivity
values were used to construct a graph for each spatial fre-
quency tested. The investigator and the patient were masked
to which multifocal IOL had been implanted.

Measurements were repeated at least 3 times to obtain
a well-focused, aligned image of the eye. Measurements
were analyzed with a 4.0 mm pupil and a 6.0 mm pupil.
After data were obtained under scotopic conditions, the
pupils were dilated with 2 drops of cyclopentolate 1.0%
administered 15 minutes apart. Measurements were taken
45 minutes after the last cyclopentolate drop was
instilled.
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Patients were asked to complete a questionnaire on life-
style activities. The questionnaire, which has been de-
scribed,'® is based on the subscales and the satisfaction
scale of the National Eye Institute Visual Functioning Ques-
tionnaire-25."7 In this study, the questionnaire included
questions about the difficulty the patient had reading stan-
dard newspaper print, reading the name and expiration
date on an eyedrop bottle (type size Jaeger 3), and reading
time on a watch. Spectacle independence was also measured
using a previously published method."® The visual distur-
bance and visual lifestyle activities rating scales were as fol-
lows: 0 = no difficulty; 1 = minimal difficulty; 2 or 3 =
moderate difficulty; 4 = severe difficulty. The satisfaction
scale ranged from 0 to 10 (1 = least satisfied; 10 = most sat-
isfied). Patients also had the option of reporting each param-
eter as not applicable to them personally. The spectacle-use
rating scale was as follows: always need spectacles, some-
times need spectacles, or never need spectacles. Patients
were also asked whether they would have the same IOL im-
planted again.

Statistical analysis was performed using SPSS for Win-
dows software (version 11.5, SPSS, Inc.). Normality was
checked using the Kolmogorov-Smirnov test. When para-
metric analysis was not possible, the nonparametric Mann-
Whitney U test was used to compare data between the
2 IOL groups. The analysis of primary outcome measures
was based on non-normal distribution of the data. When
parametric analysis was possible, the Student ¢ test was
used to compare the outcomes. Categorical variables were
compared using the Fisher exact probability test. In this anal-
ysis, a sample size of at least 16 patients per group would al-
low an effect size of 0.85; these sample sizes took into account
a significance level of 5% and a power of 95%. A sample size
of 16 patients per group would allow detection of a minimum
clinical relevant difference in postoperative visual acuity of
2 Snellen lines (10 letters) with a standard deviation of
0.15. All statistical tests were performed at an o level of 0.05.

RESULTS

Eighty eyes of 40 patients (17 men [42.0%], 23 women
[58.0%]) were enrolled in this study. The +3.00 D IOL
group comprised 12 women and 8 men and the
+4.00 D IOL group, 11 women and 9 men. The 2
groups were comparable in age and sex. Table 1 shows
the preoperative patient characteristics and the post-
operative pupil size under various lighting conditions.
There was no significant difference between the 2 IOL
groups in any parameter. No patient was lost to
follow-up.

There were no intraoperative complications. One
year postoperatively, all IOLs were well centered,
and no IOL was tilted. There were no cases of posterior
capsule opacity, clinically significant cystoid macular
edema, prolonged intraocular pressure increase, or
prolonged corneal edema.

One year postoperatively, all eyes had an improve-
ment in UDVA. At 1 year, the total mean postoperative
SE refraction was 0.11 D £ 0.15 (SD) in the +3.00 D
IOL group and 0.12 + 0.16 D in the +4.00 D IOL
group and the mean astigmatism was 0.34 + 0.31 D

Table 1. Patient characteristics.

Mean + SD
+3.00DIOL +400DIOL P
Characteristic Group Group Value
Age (years) 579 + 73 56.7 + 74  483*

SE (D) —0.16 £ 057 —0.19 + 0.62 .898'

CDVA (logMAR) 0.36 £ 0.09 035+ 0.10 .684"
K1 (D) 4319 +£15 4331+ 15 784"
K2 (D) 4371+ 13 4379+ 16 837
IOL power (D) 2131 +20 2147 +25 798"
Axial length (mm) 2219 £21 2235+ 23 5311
Corneal SA 029 +42 030 +31 .678
Postop pupil size (mm)

Low mesopic 4.67 £ 026 471 £ 015 .880"

(1.5 cd/m?)

Mesopic (3.0 cd/m?) 423 + 045 419 + 045 .766'

Photopic (85 cd/m?) 358 £ 0.35 3.56 + 0.40 .383"

cd = candelas; CDVA = corrected distance visual acuity; IOL = intraoc-
ular lens; K = keratometry; SA = spherical aberration; SE = spherical
equivalent

*Student ¢ test

"Mann-Whitney U test

and 0.35 £ 0.32 D, respectively. The differences be-
tween the 2 groups were not statistically significant
(P=.622 and P=.767, respectively).

Table 2 shows the monocular visual acuity results at
1 year by IOL group. There were no statistically signif-
icant differences in distance or near visual acuity be-
tween the 2 IOL groups (P>.05). The +3.00 D IOL

Table 2. Monocular visual acuity 1 year after surgery.

Mean (LogMAR) + SD

+3.00D
IOL Group

+4.00D P

Test Distance IOL Group Value*

Distance (4 m)

Uncorrected 0.032 + 0.07 0.023 + 0.12 .565

Corrected —0.007 + 0.08 0.002 + 0.02 .475
Intermediate (70 cm)

Uncorrected 0172 + 011 0232 + 022 .032"

Distance corrected 0182 + 0.10 0.222 + 020 .042"
Intermediate (60 cm)

Uncorrected 0.082 + 0.12 0135 + 0.12 .012"
Distance corrected 0.079 + 0.08 0127 + 0.13 .025"

Intermediate (50 cm)

Uncorrected 0.045 + 0.07 0.115 + 0.15 .002"

Distance corrected 0.032 + 0.06 0.092 + 0.09 .004"
Near (40 cm)

Uncorrected 0.022 + 0.08 0.027 + 0.02 .735

Distance corrected 0.005 + 0.06 0.022 + 0.02 .362

IOL = Intraocular lens
*Mann-Whitney U test
TStatistically significant result

J CATARACT REFRACT SURG - VOL 38, FEBRUARY 2012



218 OPTICAL QUALITY WITH A +3.00 D ADD MULTIFOCAL IOL

0.7 -

+3.00D IOL
+4.00 D IOL

06

0.5 1

04 -

0.3

02

Modulation Transfer Function

0.0 T T T
5 10 15 20 25 30

Spatial Frequency (cpd)

Figure 1. Modulation transfer function curve with a 4.0 mm pupil
diameter at different spatial frequencies 1 year after surgery
(cpd = cycles per degree; IOL = intraocular lens).

group had statistically significantly better intermedi-
ate acuity than the 4.00 D IOL group at all distances
(P<.05).

Figure 1 shows the MTF function curves at different
spatial frequencies with a 4.0 mm pupil, and Figure 2
shows the curves with a 6.0 mm pupil. One year post-
operatively, there were no statistically significant
between-group differences at any spatial frequency
with either pupil size (P> .05, Mann-Whitney U test).

Figure 3 shows the log Strehl values with a 4.0 mm
pupil and a 6.0 mm pupil. At1 year, there were no sta-
tistically significant between-group differences with
either pupil size (P=.564 and P=.435, respectively;
Mann-Whitney U test).

Table 3 shows the visual disturbance, visual activity,
and patient satisfaction scores. There was no statisti-
cally significant difference in any score between the

0.6
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Figure 3. Point-spread function expressed as the Strehl ratio with
a 4.0 mm pupil and a 6.0 mm pupil 1 year after surgery (IOL = in-
traocular lens).
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Figure 2. Modulation transfer function curve with a 6.0 mm pupil
diameter at different spatial frequencies 1 year after surgery
(cpd = cycles per degree; IOL = intraocular lens).

2 IOL groups. Eighteen patients (90.0%) in both IOL
groups said they never used spectacles for any dis-
tance. All patients in both groups said they would
have the same IOL implanted again.

DISCUSSION

Both multifocal IOLs used in our study have proved
to an effective for presbyopic patients.”® Previous
studies®'® report that the Acrysof Restor SN6AD1
aspheric multifocal IOL with a +3.00 D add provided
better vision at intermediate distances than the multi-
focal IOL with the same platform but the higher add of
+4.00 D (Acrysof Restor SN6AD3). To determine
whether the lower add improves intermediate vision
at the expense of optical quality, we analyzed 3 indica-
tors of optical quality; that is, spherical aberration, the
PSF, and the MTF."*"?* To minimize bias, we used
2 multifocal IOL models of the same material and by
the same manufacturer.

The major finding in this study was that the im-
provement in intermediate vision with the +3.00 D
add IOL did not decrease optical quality compared
with the +4.00 D add IOL. This confirms the hypoth-
esis that the differences in the optic of the +3.00 D IOL
(mainly the number of concentric steps and the center-
most area) would not affect image quality.

We used the MTF and Strehl ratio as image-plane
metrics to evaluate the optical quality at the fovea.
The MTF defines how optical systems (the IOL in this
study) modulate contrast sensitivity on a sinusoidal
grating as a function of spatial frequency. No statisti-
cally significant differences between the +3.00 D IOL
and the +4.00 D IOL were found. The PSF can theoret-
ically be expressed through measurements derived
from these functions, such as the width (blur circle
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Table 3. Visual disturbance and visual lifestyle activity scores
1 year postoperatively in patients with bilateral IOLs (excluding
items for which patients gave a score of minimum or no
difficulty).

Mean Score + SD

+3.00 D +4.00 D
Parameter IOL Group IOL Group P Value*
Visual disturbance
Halos 1.05 £ 094 1.10 £ 091 0.333
Glare 0.90 + 0.85 1.00 + 0.79 0.428
Night vision 1.00 + 091 1.20 + 0.95 0.162
Depth perception ~ 1.15 £ 0.93 1.10 £ 0.85 0.333

Visual activity
Using computer
Using cell phone

125+ 096 1.30 £ 0.97 0.162
1.30 £ 097 1.20 £ 1.00 0.261
Reading watch 115 £ 093 1.25 £ 1.01 0.493
Driving at night 125+ 091 1.10 £ 0.96 0.186
Driving in the rain  1.05 + 0.94 1.10 + 0.91 0.327
Satisfaction 850 +£ 0.94 8.35 £ 1.08 0.453

IOL = intraocular lens
*Student ¢ test

diameter) or height (Strehl ratio) of the intensity
distribution.'” The Strehl ratio parameter theoretically
evaluates IOLs over the whole frequency spectrum and
is independent of the refractive power of the tested
IOL.*° In our study, no statistically significant differ-
ences between the 2 multifocal IOL models were found.

Moreno et al.* studied the MTF and PSF in patients
with the Acrysof Restor SN6AD1 IOL or the Acrysof
Restor SN6AD3 IOL. They found a significant correla-
tion between the width of the PSF and the IOL power,
showing that the optical quality was worse in eyes
with the +4.00 D add IOL. The authors state that
more powerful IOLs could have a more limited optical
performance because of larger amounts of HOAs.
Thus, the MTF cutoff frequency was inversely corre-
lated with IOL power. In our study, there were no sig-
nificant differences between groups with respect to
IOL power. Therefore, IOL power had no influence
on the PSF and MTF results in our study.

The difficulty obtaining data in eyes with diffractive
IOLs had little effect on our results because ours was
a comparative study of 2 diffractive IOLs of a very sim-
ilar design. Therefore, the 2 groups we studied had the
same limitations in terms of wavefront analyses. How-
ever, because wavefront measurement was not a pri-
mary outcome in the study, we decided not to
consider the wavefront data.

The use of wavefront sensors in eyes with multifocal
diffractive IOLs is challenging. Diffractive IOLs, by
their nature, create discontinuities in the wavefront,
yielding multifocal wavefronts. Large changes in opti-
cal power due to different wavelengths and the

division of light into more than a single order are in-
trinsic features of the diffractive elements of the IOL.
When diffractive IOLs are implanted, a simulta-
neous-vision effect is created, with 2 wavefronts of
different curvature emerging from the IOL. Most
wavefront sensors measure the wavefront slope and
then calculate the mean value of the slope to obtain
the ocular wavefront. However, integrating a function
results in an extra constant term. Commercial wave-
front sensors assume that this constant provides
a smooth, continuous wavefront.”>

Because in theory multifocal IOLs provide 2 emer-
gent wavefronts, it is reasonable to ask which wave-
front the aberrometer device actually obtains and
measures. As Charman et al.?° discussed, if there is
a point source on the patient’s retina, as provided for ex-
ample in a Hartmann-Shack aberrometer, theoretically
2 wavefronts will emerge from the eye; that is, a regular
(flat) wavefront produced by the distance correction
and a converging spherical wavefront produced by
the diffractive near addition. The aberrometer sensor
will detect and record 2 superimposed spot patterns.
One will be undistorted, indicating an aberration-free
emmetropic eye, and the other will show progressively
greater radial displacement of the spots toward the axis
as the zonal radius increases, indicating a myopic eye.
However, the results of the refraction generated by
the wavefront are also a measurement of refraction
for distance and not for near. This was confirmed in
part by the refraction results obtained from the wave-
front devices showing that they measure distance.*®

A main practical drawback of Zernike polynomials
is that when considering asymmetric ocular optics
(eg, multifocal IOLs), the polynomials cannot accu-
rately represent the optical properties, resulting in an
inadequate description of the eye’s image-forming
properties. Other metrics for quantifying the optical
quality of the eye and predicting image optical quality
at the fovea, such as MTF and Strehl ratio, may be
more accurate in evaluating asymmetric optics.?**

The responses on the patient questionnaires were
correlated with the visual findings for far and near be-
cause both patients in both groups reported a high
level of satisfaction and a high level of spectacle inde-
pendence. On the other hand, both groups had similar
levels of visual disturbance. One year postoperatively,
the incidence of symptoms, such as halos and glare,
was lower than that reported by Kohnen et al.'’
6 months after surgery. These results provide evidence
that visual disturbances attributed to multifocal optics
often decrease in the year following surgery.

In summary, based on our findings, we believe that
the improvement in intermediate vision with the Acry-
sof Restor SN6AD1 aspheric multifocal IOL with
a +3.00 D add does not occur at the expense of optical
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quality compared with the previous version with
a higher add of +4.00 D (Acrysof Restor SN6AD3).
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