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Abstract

Objective: To compare visual quality in patients implanted with Tecnis® monofocal (ZCB00) and multifocal (ZMBO0O)
intraocular lenses taking into account their optical quality measured in vitro with an eye model.

Methods: In total, 122 patients participated in this study: 44 implanted with monofocal and 78 with multifocal intraocular
lenses. Measurements of visual acuity and contrast sensitivity were performed. The optical quality of the intraocular
lenses was evaluated in three image planes (distance, intermediate and near) using an eye model on a test bench. The
metric considered was the area under the curve of the modulation transfer function.

Results: Optical quality at the far focus of the monofocal intraocular lens (area under the curve of the modulation
transfer function=66.97) was considerably better than that with the multifocal lens (area under the curve of the
modulation transfer function=32.54). However, no significant differences were observed between groups at the
distance-corrected visual acuity. Distance-corrected near vision was better in the multifocal (0.15 = 0.20 logMAR)
than that in the monofocal group (0.43 =0.21 logMAR, p <0.001), which correlated with the better optical quality
at near reached by the multifocal intraocular lens (area under the curve of the modulation transfer function=29.11)
in comparison with the monofocal intraocular lens (area under the curve of the modulation transfer function=5.0).
In intermediate vision, visual acuity was 0.28 = 0.16 logMAR (multifocal) and 0.36 = 0.14 logMAR (monofocal) with
p=0.014, also in good agreement with the values measured in the optical quality (area under the curve of the
modulation transfer function=10.69 (multifocal) and 8.86 (monofocal)). The contrast sensitivity was similar in almost
all frequencies. Pelli-Robson was slightly better in the monofocal (1.73) than in the multifocal group (1.64; p=0.023).
Conclusion: Patients implanted with multifocal ZMBO0O0 achieved a distance visual acuity similar to those implanted with
monofocal ZCBOO, but showed significantly better intermediate and near visual acuity. A correlation was found between
intraocular lenses’ optical quality and patients’ visual acuity. Contrast sensitivity was very similar between the multifocal
and monofocal groups.
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Introduction

Advances in cataract surgery techniques' and improve-
ments in optics quality of intraocular lenses (IOLs) have
led to this kind of surgery attempting not only to improve
patients’ vision but also to provide them with good visual
quality.?

The appearance of multifocal lenses made a revolution-
ary change in kind of this surgery, allowing spectacle inde-
pendence on a daily basis.>*

Multifocal lenses were designed to provide good dis-
tance, intermediate and near vision, in such a way that a
fixed-focus lens cannot meet.>

We could objectively measure the performance of IOLs
through imaging quality metrics (e.g. modulation transfer
function—based metrics) measured using a model eye on an
optical bench®7 and study their correlation with visual per-
formance of pseudophakic patients. By means of these
correlated preclinical metrics,® it would be possible to pre-
dict the relative change in the clinical outcomes given a
change in the IOL design tested on optical bench.

In this study, the visual quality of implanted patients
was tested by measuring their distance, intermediate and
near visual acuity (VA) and their contrast sensitivity (CS)
in photopic and mesopic conditions. VA was related to the
measured optical quality of the IOLs at the corresponding
image distances, being the latter estimated from the area
under the curve of the modulation transfer function
(AMTF) curve measured in an optical bench. The AMTF
has proved to be an efficient preclinical metric to predict
average VA outcomes in pseudophakic patients.®!0

Methods

This study was undertaken in Miguel Servet Hospital
(Zaragoza, Spain) where 122 patients with bilateral cata-
racts were recruited prospectively for the study. All of
them underwent cataract surgery with posterior IOL
implantation in the capsular bag. The lens implanted was
randomly chosen between monofocal and multifocal. All
the patients enrolled in this study were informed about its
nature and signed informed consent to undergo the clinical
examination in accordance with the tenets of the
Declaration of Helsinki. The study was approved by the
hospital ethics committee.

Inclusion criteria were as follows: aged less than 75, bilat-
eral cataracts (VA higher than 0.6 in logMAR scale), corneal
astigmatism less than 1 D and IOL power between +17 and
+27D. Exclusion criteria were previous intraocular surgery,
zonular-break risk factors, intraoperative problems, endoph-
thalmitis, irregular astigmatism, deep amblyopia, systematic
syndromes, glaucoma or corneal disorders.

All subjects underwent an ophthalmologic evalua-
tion: refraction, VA assessment, slit-lamp examination,
Goldmann tonometry, indirect fundoscopy, endothelial
cell counting (SP-1P Topcon specular microscope).

Optical coherence biometry (IOLMaster 500 Advanced
Technology V.7.3; Carl Zeiss, Jena, Germany) was
performed.

All patients were operated by the same surgeon using
the same technique of phacoemulsification lens with 2.2-
mm incisions. Each patient received the same type of lens
in both eyes.

The postoperative revisions were performed at 1 day,
1 week, 1 month and 3 months after surgery. All patients
underwent the postoperative evaluation of their VA
1 month after the surgery of their second eye. VA was pre-
sented in logMAR scale. The measurements included
uncorrected distance visual acuity (UDVA), best-corrected
distance visual acuity (CDVA), best distance-corrected
intermediate visual acuity (DCIVA) and best distance-cor-
rected near visual acuity (DCNVA). The VAs were meas-
ured at distance (6m, vergence +0.2D), intermediate
(63cm, vergence +1.6D) and near (33cm, vergence
+3.0D) using Early Treatment Diabetic Retinopathy
Study (ETDRS) charts. We recall that it is essential to set
cautiously the near and intermediate distances in studies in
which multifocal lenses are evaluated.

We take into account some other function besides VA;
today, the most widespread and used measure in clinical
treatment and investigation is CS.! We measured it at four
frequencies: 3, 6, 12 and 18 cycles/degree (cpd) in pho-
topic and mesopic conditions with CSV-1000 test. We also
measured the CS with the Pelli-Robson test, which evalu-
ates only one special frequency (1 cpd). This test was per-
formed in photopic conditions with best distance
correction. These measurements were performed in all the
patients 3 months after surgery.

IOLs

The IOLs implanted were Tecnis ZCB0O0 as monofocal IOL
and Tecnis ZMBO0O0 as multifocal IOL (Figure 1(a)).!> Both
IOLs are made of the same material (hydrophobic acrylic,
refractive index 1.47) and share the same wavefront
aspheric optics design that produces a maximum spherical
aberration (SA) of —0.27 wm for a 6.0-mm eye pupil.

The Tecnis ZMBOO is a pupil-independent, full-aperture
diffractive multifocal IOL of +4.00D near addition (at
the IOL plane). The lens has an anterior aspheric surface
and a posterior spherical one with the diffractive profile.
Theoretically, about 41% of the incident light energy
would be directed to the near focus, another 41% to the
distance focus and the remaining energy (approximately
18%) would be expended in higher diffraction orders.!?

Optical quality assessment

Optical quality of distance, intermediate and near foci was
determined with an optical test bench shown in Figure 1(b)
and described in detail elsewhere.'# The setup included a
model eye with an artificial cornea and is consistent with
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Figure |. (a) Optical characteristics of monofocal (ZCB00) and multifocal (ZMBO0O) intraocular lenses (IOLs); (b) model of artificial
eye in optical bench; (c) representation of USAF test (a) and four-slit pattern test (b).
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Table I. Visual acuity (logMAR) and contrast sensitivity for the multifocal and monofocal IOL groups.

Monofocal IOL Multifocal IOL P

Mean SD Mean SD
UDVA photopic 0.04 *0.11 0.02 +0.10 0.251
DCVA photopic -0.02 +0.06 -0.02 +0.08 0.421
UDVA mesopic 0.28 +0.13 0.25 +0.15 0.284
CDVA mesopic 0.22 +0.10 0.20 +0.12 0.278
DCIVA photopic 0.36 +0.14 0.28 +0.16 0.014
DCNVA photopic 0.43 +0.21 0.15 +0.20 0.001
SC Pelli-Robson 1.73 +0.18 1.64 +0.21 0.023
CSV1000 3 cpd photopic 1.67 +0.26 1.52 +0.25 0.030
CSV1000 6 cpd photopic 1.80 +0.24 1.72 +0.23 0.116
CSV1000 12 cpd photopic 1.40 +0.24 1.36 +0.26 0.358
CSV1000 18 cpd photopic 0.98 +0.21 0.92 +0.29 0.235
CSV1000 3 cpd mesopic 1.47 +0.34 1.35 +0.25 0.436
CSV1000 6 cpd mesopic 1.54 +0.20 1.46 +0.34 0.180
CSV1000 12 cpd mesopic 0.99 +0.32 0.86 +0.37 0.059
CSV1000 18 cpd mesopic 0.48 +0.34 0.46 +0.33 0.796

IOL: intraocular lens; UDVA: uncorrected distance visual acuity; DCVA: distance-corrected visual acuity; DCIVA: distance-corrected intermediate

visual acuity; DCNVA: distance-corrected near visual acuity; SD: standard deviation; CS: contrast sensitivity; CSV: contrast sensitivity vision; cpd:

cycles per degree; VA: visual acuity.
Bold letters indicate statistically significant differences.

the International Organization for Standardization (ISO)
11979-143 2:2014.2.15 It was taken into consideration the
recommendation of using an artificial cornea affected by
SA, similar to the average human cornea. An iris dia-
phragm, with a variable aperture, was placed in front of the
artificial cornea as the entrance pupil in order to control
the size of the beam reaching the artificial cornea and thus
the level of SA introduced by the model eye (without the
IOL).!® To this extent, our artificial cornea provided
+0.27 wm of SA for a 6.0 mm pupil diameter. A green light
emitting diode (LEDS525E; Thorlabs GmbH, Munich,
Germany), with emission centred at 525nm and a full-
width at half-maximum spectral bandwidth of *=15nm,
was used to illuminate either a 1951 USAF (United States
Air Force) resolution test or a four-slit pattern test object
for MTF measurement (Figure 1(c)).

The MTF curve was obtained in three image planes
(distance, intermediate and near) from the Fourier trans-
form of the line spread function of the slit pattern images.®®
The AMTF was determined by the integration of the MTF
curve between 0 and 100 cycles per millimetre. The higher
the AMTF values achieved, the better the optical quality of
the IOL. For each IOL and focus, measurements were con-
ducted with two pupil sizes at the IOL plane: a 3mm lens
aperture to compare with photopic pupils and a 4.5mm
aperture to compare with mesopic light conditions.

Statistical analysis

Statistical analyses were carried out with the Statistical
Package for the Social Sciences (SPSS 15.0; SPSS Inc.,

Chicago, IL). Mean values and standard deviations were
calculated for every parameter. It was proved that samples
adjusted to normality with the Kolmogorov—Smirnov test
and the Student’s t-test were used accordingly.

Results

The recruited patients (122) were divided into two groups
according to the IOL implanted: monofocal (44) and mul-
tifocal (78). Mean age was 60.72 = 8.98 years in the mono-
focal group and 63.27 = 6.42 years in the multifocal group.
There were no differences between gender (chi-square
test, p=0.337) and age (Student’s t-test, p=0.090) in both
groups.

No relevant differences between IOL base powers
were found: mean of +22.75%2.16D (monofocal) and
+22.65 +2.22 D (multifocal) with p=0.817.

Clinical measurements

The results of VA in different light conditions are shown
in Table 1 and Figure 2(a). In photopic conditions, no
statistically significant differences between UDVA or
distance-corrected visual acuity (DCVA) were observed.
A noticeable decrease in distance VA, both corrected
(DCVA) and uncorrected (UDVA), was reported in both
groups (monofocal and multifocal) in mesopic condi-
tions. The largest differences in visual quality were
found in near vision (DCNVA; p<<0.001). Smaller but
statistically significant differences were also found in
intermediate vision (DCIVA).
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Figure 2. Bar graphs with the mean and standard deviation of (a) vi
multifocal and monofocal groups.

With regard to the postoperative CS, the monofocal
group showed consistently slightly better results than the
multifocal group, but these differences failed to reach the
significance level except for the spatial frequency of 3 cpd
under photopic conditions and with the Pelli-Robson test
(Table 1 and Figure 2(b)).

Optical bench measurements

Figure 3 shows the images of the USAF test and the MTF
obtained with a pupil of 3.0mm in the optical test bench
with the monofocal and multifocal IOLs in three image
planes: distance (0.0D), intermediate (+2.0D) and near
(+4.0D) vergence with respect to the IOL plane. These
vergences (or equivalently these image planes) are trans-
lated and referred to the glass plane. These planes approxi-
mated the planes at which VA was evaluated: 6m (0.17 D),

sual acuity (logMAR scale) and (b) contrast sensitivity for the

63cm (1.6D) and 33cm (3.0D), although they did not
exactly match. Good-quality USAF images were obtained
at distance with both lenses, although the image obtained
with the monofocal lens had the best contrast. A reasona-
bly good image at near was obtained only with the multifo-
cal ZMBOO0 IOL. None of the lenses were able to produce
a good image at the intermediate plane. Although the
USAF images allow a fast and qualitative comparison of
the optical quality of the lenses, a quantitative assessment
of the differences in optical quality was carried out by
evaluating the AMTF between 0 and 100 cycles per milli-
metre (i.e. the AMTF, which corresponds to the shaded
region below the MTF curves in Figure 3). The four-slit
pattern test was used in the optical bench to measure MTF
in all IOLs. The AMTF values obtained with the pupils of
3.0 and 4.5mm are included in Table 2 and show that in
every image plane the larger the pupil, the lower the AMTF
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Figure 3. Images of the USAF test obtained with the monofocal ZCB00 and multifocal ZMBO0O IOLs in the optical bench at the
distance, intermediate and near image planes. The associated MTF at each image plane is shown below. The shadowed regions of

the MTF curves are integrated, from 0 to 100 cycles/mm, to calculate the AMTF (AMTF values in Table 2).

for both IOLs. Moreover, the monofocal ZCB00 had the
largest AMTF (and thus the best optical quality) at the dis-
tance focus, but fails at the near image plane. In contrast,
the multifocal ZMBO00 showed similar AMTF values (and
thus similar optical quality) at the distance and near image
planes. Finally, at the intermediate focus both IOLs
decreased in their AMTF values.

Relationship between clinical VA and laboratory
AMTF

The mean DCVA, DCIVA and DCNVA values for both
IOLs were compared with their corresponding AMTF val-
ues. This is shown in Figure 4 in the case of a pupil of
3.0 mm, showing an association between AMTF and VA in
which, in general, larger values of AMTF correspond to

better VA scores (lower logMAR values). However, this
association can be thought to be compatible with a linear
function only for relatively low values of AMTF. Thus, for
AMTF values over a certain threshold (about 35), in the
region shaded in grey on the right side of Figure 4, further
improvement of the AMTF did not necessarily imply a sig-
nificant gain in VA, and consequently the VA values
remained almost constant and good (values around 0.0
logMAR) even though the AMTF value overpassed the
threshold.

Discussion

In our study under photopic conditions, the values of
UDVA and CDVA were similar. The UDVA results
were remarkable in this study: +0.04 =0.11 in the
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Table 2. AMTF values obtained with the monofocal ZCB00
and multifocal ZMBO0O at each image plane with the pupils of
3.0 and 4.5 mm.

ZCBO0O0 lens ZMBO0O0 lens

3-mm pupil

Distance 66.97 32.54

Intermediate 10.69 8.86

Near 5.0 29.11
4.5-mm pupil

Distance 56.95 28.11

Intermediate 7.15 6.03

Near 5.0 24.63

AMTF: area under the curve of the modulation transfer function.
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Figure 4. Distance, intermediate and near visual acuity values
(mean = standard deviation) versus the AMTF. The squares
represent the monofocal ZCB0O parameters and the circles
represent the multifocal ZMBOO parameters. The solid line is a
linear fit of data with AMTF values lower than 35.

monofocal IOL group and +0.02 = 0.10 in the multifo-
cal IOL group. With the best DCVA, the values slightly
improved: —0.02 £0.06 (monofocal) and —0.02 = 0.08
(multifocal). A reduction of the distance VA was found
in both groups under mesopic light conditions. Our
results are in good agreement with those obtained by
Chang,'” who evaluated VA in 32 patients implanted
with the multifocal ZMBO0O0 IOL. He found the values of
—0.02£0.08 and —0.09 £0.08 for UDVA and CDVA,
respectively, in photopic conditions. In agreement with
our results, they also found a reduction of patients’ VA in
mesopic conditions.

Furthermore, there was a significant improvement in
the near vision of the multifocal group in comparison with
the monofocal one. We found the values of +0.43 = 0.21
(monofocal) and +0.15*=0.20 (multifocal) for DCNVA.
Chang!7 reported better values, while Ye et al.'® found

DCNVA of +0.025*0.11 in patients with multifocal
ZMAOQ0 (+4.0D) and +0.55*0.12 with the monofocal
ZA9003. These results confirm that the multifocal ZMB00
IOL improves the near visual function of the patients with
respect to a monofocal implant.

Regarding the intermediate visual outcomes, the
DCIVA worsened in both groups with regard to their own
scores in the distance vision. Moreover, the intermediate
vision in the monofocal group was worse than that in the
multifocal one (+0.36 =0.14 vs +0.28 = 0.16; p=0.014,
respectively). The values of DCIVA in the multifocal
group are similar or slightly worse than the results reported
in previous studies with Tecnis multifocal IOLs and other
diffractive multifocal IOLs.!7!18 In fact, some limitations
have been reported after the implantation of multifocal
IOLs with high addition, which has motivated the clinical
evaluation of new IOLs with lower addition.!%2

Regarding CS, our study supports the premise that this
function is not seriously compromised in the multifocal
group in comparison with the monofocal one, since we
only found slightly higher CS in eyes with the monofocal
IOL, with the Pelli-Robson test and the low frequency of 3
cpd in the CSV-1000 test. This is consistent with the results
reported in previous studies.?! Packer et al.?2 compared the
CS values between patients implanted with Tecnis multifo-
cal ZM900 I0OLs and monofocal IOLs and reported worse
CS with Tecnis ZM900, but, similarly to our study, these
differences were not clinically significant.

Finally, the relationship between VA and optical qual-
ity of the IOLs was evaluated. The largest differences of
VA between the two groups are reported for near vision,
in which, consistent with the bifocal design of the ZMBO00
IOL, the VA results of the multifocal group were much
better than those achieved by the monofocal one (DCNVA
of +0.15 = 0.20 in multifocal vs +0.43 =£0.21 in mono-
focal; p<<0.001). This result correlated well with the
large differences in AMTF (AMTF, ifoea =29-11 vs
AMTFmonofocal = 5)

In the case of distance vision, both groups had similar
values of DCVA despite the fact that the AMTF of the
multifocal ZMBO0O0 was noticeably smaller than the
AMTF of the monofocal ZCB00 (AMTF , uifoca = 32-54 Vs
AMTF, rotoca =00.97). The fact that this difference in
optical quality does not imply an improvement in VA at the
clinical level can be justified taking into account that once
patients have reached the level of optical quality for which
VA is already good (around 0.0 logMAR), additional
improvements in the optical quality of the IOLs did not
produce any detectable improvement in their VA. These
results are in agreement with the findings of Felipe et al.?3
who showed that a decrease in the average modulation
value of at least 24%—25% is necessary in order to cause a
significant decrease in VA.?

Intermediate vision (DCIVA) worsened in both groups
regarding their respective scores in distance vision. The
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AMTF reported in the intermediate image plane was
very similar for both IOLs (AMTF =10.69 vs

monofocal

AMTEF | ifoca = 8-86, respectively), although the DCIVA
were slightly but significantly better in the multifocal
group (+0.36 = 0.14 monofocal vs +0.28 = 0.16 multi-
focal, with p=0.014).

One of the strengths of this study is the correlation of
the results obtained in the laboratory in optical bench with
the clinical results in patients. However, the conclusions of
this study should be taken into consideration according to
the limitations thereof, since the sample size is relatively

small. Further prospective studies could be needed.
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