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ABSTRACT

PURPOSE: To compare the in vitro optical performance of
five premium multifocal intraocular lenses (I0Ls), including a
single-valued metric that shows the total range of distances
where a multifocal IOL generates an acceptable image quality.

METHODS: Through-focus modulation transfer function (MTF)
and the image of a United States Air Force target were obtained
for a 3-mm pupil and a wavelength of 546 nm in five multifocal
IOLs (Tecnis Symfony [Johnson & Johnson], FineVision Micro F
[PhyslOL], Acrysof 1Q PanOptix [Novartis], and Artis Symbiose
Mid and Plus [Cristalens Industrie] multifocal IOLs). Total depth
of focus (TDOF) is computed by adding the vergence intervals
where the through-focus MTF at 50 cycles/mm is 0.15 or greater.

RESULTS: Due to their different optical designs (bifocal, trifo-
cal, or extended depth of focus), energy is distributed differ-

being developed to compensate for the loss of

near and intermediate vision due to presbyopia
by restoring functional vision at several distances. Dif-
ferent optical approaches to achieve multifocality in
an IOL can be found on the market today. This differ-
ence between IOL designs makes it difficult to com-
pare their performance.

Bifocal multifocal IOLs were developed to provide
two foci of sharp vision (far and near), because they fea-
ture an addition power for near focus, but image quality
at intermediate distances was compromised. Trifocal
multifocal IOLs were designed to overcome this limita-
tion by providing an intermediate focus for visual tasks

Premium multifocal intraocular lenses (IOLs) are

ently between far, intermediate, and near focus for each mul-
tifocal IOL. The light distribution of the Symbiose Mid and Plus
multifocal IOLs was similar, concentrating the energy into far
focus and the intermediate into near focus, but extending
the intermediate focus more (Plus) or less (Mid) toward the
near focus. TDOFs were: 1.58 diopters [D] (FineVision); 1.71 D
(Tecnis Symfony); 1.73 D (Artis Symbiose Plus); 1.74 D (Artis
Symbiose Mid); and 1.90 D (Acrysof 1Q PanOptix).

CONCLUSIONS: TDOFs were similar between multifocal I0Ls
with a maximum difference of 0.32 D and mean value of 1.73
D. The combination of the Symbiose Mid and Plus IOLs can
theoretically provide a TDOF of 2.90 D in case one is implant-
ed in one eye and the other in the fellow eye.

[J Refract Surg. 2020;36(9):578-584.]

such as computer use while keeping good far and near
visual acuity. The depth of focus of these foci was lim-
ited, so there were gaps of poor image quality between
them that caused poor visual acuity in patients im-
planted with trifocal lenses."? Extended depth of focus
(EDOF) lenses were developed to provide an extended
range of sharp vision, covering a continuous interval
from far to intermediate distances.?

Many in vitro and clinical studies have compared
the performance of bifocal, trifocal, and EDOF lenses.
In particular, clinical studies comparing bifocal and
trifocal multifocal IOLs have shown a statistically sig-
nificant decrease in visual acuity outside foci, provid-
ing patients with a non-continuous depth of focus.**
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Although EDOF IOLs are relatively new compared to
bifocal and trifocal IOLs, several comparative clinical
studies have been performed showing an extension of
the depth of field from far to intermediate distances.”®

Nevertheless, subjective visual outcomes comparison
between multifocal IOLs might be challenging due to the
intersubject variability in the eye’s optical parameters.
The International Organization for Standardization (ISO)
provided the guidelines to determine the image quality of
ophthalmic implants, including two model eyes in which
the IOL should be inserted before measurements.? In ad-
dition, this regulation proposed the use of the modulation
transfer function (MTF) as an image quality measure. Most
authors have adopted the through-focus MTF at 50 cycles/
mm as the standard objective metric to compare the opti-
cal quality of different multifocal IOLs because it provides
information for several defocus values.”1%1%

Several studies have tried to describe the image
quality of IOLs with a single-valued metric, because
MTF measurements might be difficult to interpret for a
non-scientific audience, or to predict clinical outcomes
with objective measurements.'®?> However, most of
these studies focus on the best image quality magni-
tude without providing information about the range of
defocus where the image quality is acceptable, which is
directly related to the objectively assessed depth of fo-
cus. For multifocal IOLs, the distance intervals of sharp
vision could be as important as the maximum image
quality value or the maximum visual acuity achieved
with such multifocal IOLs. As far as we know, only one
recent study has objectively assessed the depth of field
of patients implanted with several multifocal IOLs.?® In
that study, the authors used aberrometry measurements
to calculate the interval of distances above the 90% of
the visual Strehl ratio based on the optical transfer func-
tion** only on the far focus, evaluating from +1.00 to
-1.00 diopters (D) of defocus. However, the high wave-
length dependence of diffractive multifocal IOLs (with
typical higher MTF peaks in red light for far vision and
on the contrary higher MTF peaks in blue light for near
vision)® should also be taken into account when doing
such measurements.?%

We propose a new metric to compare the total depth of
focus (TDOF) of different multifocal IOLs objectively, using
optical bench measurements of the MTF at 50 cycles/mm
for several defocus values. This TDOF metric is intended to
provide ophthalmologists and patients with further knowl-
edge to make it easier to select the appropriate IOL to match
patient expectations. We also provide three-dimensional
maps of the through-focus MTF at all spatial frequencies
from 0 to 100 cycles/mm to illustrate the variation of perfor-
mance of diffractive IOLs according to the size of the details
within the object.
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MATERIALS AND METHODS
MuLTIFOCAL IOLS

Five different types of multifocal IOLs were ana-
lyzed in this study, all of them producing multifocal-
ity by diffraction of light on one of their surfaces. De-
scriptions of the multifocal IOLs and their technical
specifications follow (Table 1).

The FineVision Micro F (PhysIOL) is a one-piece,
four closed-loop trifocal IOL made of yellow hydro-
philic material. The light energy distribution among
the three foci is rendered possible by the patented su-
perposition of two specific diffractive kinoform pat-
terns.?” Addition powers are 1.75 D (80 cm at corneal
plane) and 3.50 D (40 cm at corneal plane) for a 546-
nm wavelength (green) and an aberration-free cornea.

The Acrysof IQ PanOptix (Novartis) is a trifocal
IOL (a quadrifocal with one suppressed focus) made
of ultraviolet light-blocking and blue light-filtering
hydrophobic acrylic material. It has a non-apodized
diffractive design and provides a near sight point at
40 cm (addition of 3.25 D at IOL plane) and a far sight
point identical to the ReSTOR model, presenting the
additional benefit of an intermediate focal point at 60
cm (addition of 2.17 D at IOL plane).

The Tecnis Symfony (Johnson & Johnson) is a monob-
loc C-loop clear hydrophobic IOL designed to provide an
EDOF from far to intermediate distances.?® In monochro-
matic green light, this IOL delivers two peaks of MTF at
far and intermediate foci (approximately 1.75 D at the
IOL plane), using the higher diffractive orders +1 and +2
instead of 0 and +1 orders, as is usually the case.?®*°

The Artis Symbiose Mid (Cristalens Industrie) is a
monobloc lens with four closed-loop haptics made of
clear ultraviolet light-blocking hydrophobic material.
Its diffractive profile is designed with a new patented
profile to provide a continuous through-focus phase (the
argument of the optical transfer function) from interme-
diate to near vision, and coupling the Artis Symbiose
Plus profile to obtain extended sharp vision from 1.50
to 3.75 D without discontinuity when implanted in the
same patient, while keeping high contrasted far vision.
The Artis Symbiose Mid lens dedicates a larger amount
of light energy to a low addition rather than to a high ad-
dition focal plane.

The Artis Symbiose Plus (Cristalens Industrie) has
technical characteristics similar to the Artis Symbiose
Mid lens, except that it dedicates a larger amount of
light at a higher addition focal plane than the Artis
Symbiose Mid lens.

OPTICAL QUALITY ASSESSMENT

The image quality of the multifocal IOLs was an-
alyzed using the commercial optical bench PMTF
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TABLE 1
Specifications of the Five Multifocal Intraocular Lenses Analyzed
Parameter FineVision Acrysof 1Q PanOptix Tecnis Symfony Artis Symbiose Mid  Artis Symbiose Plus
Far optical power (D) +20.00 +19.50 +20.00 +22.50 +24.50
Optical zone diameter (mm) 6.00 6.15 6.00 6.00 6.00
Design Apodized Non-apodized Posterior achromatic  Apodized continuous  Apodized continuous
diffractive diffractive diffractive surface phase diffractive phase diffractive
Intermediate addition (D) +1.75 +2.17 +1.75 Continuous and complementary
Near addition (D) +3.50 +3.25 - from 1.50t0 375 D
Spherical aberration (um) -0.11 -0.10 -0.27 -0.23 -0.23
Pupil dependence Dependent Less dependent Independent Dependent Dependent
D = diopters
The FineVision is manufactured by PhyslIOL; the Acrysof IQ PanOptix is manufactured by Novartis; the Tecnis Symfony is manufactured by Johnson & Johnson; and the
Artis Symbiose Mid and Artis Symbiose Plus are manufactured by Cristalens Industrie.

(Lambda-X). This device is in compliance with the in-
ternational standard ISO 11979-2.°

After a calibration of the apparatus using 10 mono-
focal IOLs with exact power previously assessed using
another instrument based on a different technology
(NIMO TR1504; Lambda-X), the lenses were placed
in an 11-mm diameter holder before being inserted in
the wet cell, which was filled with NaCl 0.9% physi-
ological saline with the anterior side of the IOL facing
the incident light. The holder guarantees a tilt-free ori-
entation of the multifocal IOL while being inspected.
The device detects the optical axis of the multifocal
IOL with 0.2 mm of precision. Centration was care-
fully checked, ensuring the center of the star object
(Siemens target) did not move when the microscope of
the PMTF moved along the whole range of vergences
tested (usually > 5.00 D).

OPTICAL QUALITY PARAMETERS

The MTF measurements of each IOL were assessed
for a 3-mm pupil and a spherical aberration—free cor-
nea from 0 to 100 cycles/mm (corresponding to a visual
acuity of 20/20 in far vision). The through-focus MTF
was obtained in 0.10-D steps for approximately 5.00 D,
covering all focal planes of the multifocal IOLs. Illustra-
tive images of a United States Air Force (USAF) resolu-
tion target were obtained for defocus values between
0.00 and -5.00 D in 0.50-D steps, in addition to an ad-
ditional step at -1.75 D to include the intermediate fo-
cus of the FineVision Micro F and the Tecnis Symfony
multifocal IOLs.

DATA PROCESSING

Once the through-focus MTF data were obtained
and recorded, two types of processing were performed.
First, the axial axis of the through-focus MTF at 50
cycles/mm for a 3-mm pupil was shifted to make the

first maximum of the MTF value (corresponding to the
far focal position) matching 0.00 D. This was a simple
procedure in Microsoft Excel (Microsoft Corporation)
that allowed us to compare the through-focus MTF
among the multifocal IOLs, because they did not have
the same nominal power (Table 1). Second, all through-
focus MTFs at 50 cycles/mm data for each case were
parameterized using Matlab software (Mathworks) and
its built-in function Piecewise Cubic Hermite Interpo-
lating Polynomial. This new curve was evaluated be-
tween -5.00 and 0.00 D in 0.001-D steps. A threshold
MTF value of 0.15 was used to calculate the dioptric
intervals of defocus in which the interpolated MTF
curve was above this value. The sum of these intervals
was adopted as the TDOF for each lens (Figure 1). It is
worth pointing out that the TDOF does not include the
dioptric range beyond the infinite (through-focus MTF
above 0.15 on the positive part of x-axis, as shown in
Figure 1) to optimize distance vision, because patients
are frequently looking at objects placed far away.

RESULTS

Figure 2 shows the through-focus MTF at 50 cycles/
mm of the five multifocal IOLs analyzed in this study
for a 546-nm wavelength (green) and a 3-mm pupil. The
MTF values of all far foci were between 0.34 (FineVision
Micro F multifocal IOL) and 0.43 (Tecnis Symfony mul-
tifocal IOL). The FineVision IOL exhibited three local
maxima of the MTF corresponding to the three foci,
but with gaps with low image quality between them.
The Tecnis Symfony multifocal IOL showed two lo-
cal maxima for far and intermediate distances for these
conditions. These maxima presented the highest image
quality among all of the multifocal IOLs. The Acrysof
IQ PanOptix multifocal IOL created three maxima corre-
sponding to the three foci of the lens, but the intermediate
and near foci were continuous, avoiding a gap between
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them. The Artis Symbiose Mid and Plus multifocal IOLs
presented two local maxima each. The Artis Symbiose
Plus multifocal IOL showed the highest image quality for
near distances among all five multifocal IOLs. The Artis
Symbiose Mid multifocal IOL created a wider maximum
for the second focus, covering from intermediate to near
distances, having higher image quality for intermediate
distances. In contrast, the Artis Symbiose Plus multifo-
cal IOL exhibited a second focus with higher image qual-
ity for near distances. The through-focus MTF of both
Artis Symbiose multifocal IOLs were complementary,
showing an intersection of their near and intermediate
foci at 2.79 D of defocus (at IOL plane).

Figure A (available in the online version of this article)
expands the information shown in Figure 2, including
the through-focus MTF at all spatial frequencies between
0 and 100 cycles/mm for a 546-nm wavelength, a 3-mm
pupil, and a spherical aberration—free corneal model. It
can be seen how the performance of the multifocal IOLs
depends on the spatial frequency of the object. Thus, for
objects with low spatial frequencies, the image quality
provided by the multifocal IOLs is higher and more con-
tinuous, whereas with objects with higher spatial frequen-
cies these multifocal IOLs present lower image qualities.
It is worth noting that at 100 cycles/mm, the FineVision
Micro F multifocal IOL has almost no intermediate con-
trast anymore, whereas the Acrysof IQQ PanOptix multifo-
cal IOL was not continuous anymore between near and
intermediate foci for such spatial frequency.

The TDOF of the five multifocal IOLs is presented in
Table 2, along with the depth of focus at each distance
zone (far, intermediate, and near). As can be seen, at the
far focus all multifocal IOLs had similar depth of focus,
ranging from 0.49 to 0.59 D. At intermediate distances,
the Artis Symbiose Mid multifocal IOL created the lon-
gest depth of focus (1.22 D), whereas the FineVision Mi-
cro F multifocal IOL exhibited the shortest one (0.36 D).
At the near focus, the Artis Symbiose Plus multifocal
IOL showed the longest depth of focus (1.19 D), where-
as the FineVision Micro F multifocal IOL presented the
shortest one (0.73 D). The TDOF for 50 cycles/mm of
the individual lenses ranged from 1.71 D (Tecnis Sym-
fony) to 1.90 D (Acrysof IQQ PanOptix). Mean TDOF of
all multifocal IOLs tested was 1.73 D. In addition to the
TDOF obtained for the standard spatial frequency of
50 cycles/mm, Table 2 also includes that value for two
other spatial frequencies: 25 and 75 cycles/mm. For 25
cycles/mm, the largest TDOF corresponded to the Artis
Symbiose Mid lens, whereas for 75 cycles/mm the Tec-
nis Symfony lens presented the largest TDOF.

Because the Artis Symbiose Mid and Plus multifocal
IOLs were designed to be implanted in the same pa-
tient in different eyes, we also analyzed the TDOF of
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Figure 1. One example of the fitted through-focus modulation transfer
function (TFMTF) curve including the different depth of focus (DOF)
ranges. Blue circles represent real measurements and the blue line
represents data interpolation. The dashed red line is the threshold MTF
value between 0.00 and -5.00 diopters (D) of defocus. Black crosses are
the intersections between the TFMTF curve and the threshold. Full red
lines represent the DOF dioptric intervals (with numerical values below
lines). TDOF = total depth of focus

both lenses together. For that purpose, we just added
both through-focus MTF curves assuming that the vi-
sual system would use the the eye with the highest
contrast value. Although usually the contrast detected
by both eyes is better than that detected by one eye
separately,®’ we assumed a more pessimistic scenario
for the simulation of binocular vision, finding a TDOF
of 2.90, 4.00, and 1.35 D for spatial frequencies of 50,
25, and 75 cycles/mm, respectively. These values are
larger than any other value obtained for each of the
IOLs analyzed individually.

Figure B (available in the online version of this ar-
ticle) is an illustrative matrix of the USAF target imag-
ing for several defocus values. It is aimed to provide the
reader with more information about the performance of
the multifocal IOLs analyzed in this study.

DISCUSSION

Although other studies of the through-focus MTF
performance of the Tecnis Symfony,”* Acrysof I1Q
PanOptix,?® and FineVision Micro F1°'215 Jenses exist,
we added to the comparison two new multifocal IOLs
(Artis Symbiose Mid and Plus) whose in vitro optical
performances were measured for the first time, as far
as we know. We also introduced for the first time an
objective metric based on a single value (the TDOF),
allowing the eye care professional to have a quick idea
of the optical performance of a multifocal IOL for the
whole range of vergences.

Figure 2 and Figure A show that the Tecnis Sym-
fony multifocal IOL presented the largest optical per-
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Figure 2. Through-focus modulation transfer function (TFMTF) of the five lenses analyzed in this study in an aberration-free eye model, for a 3-mm
pupil and a 546-nm wavelength (green light). The FineVision is manufactured by PhyslOL; the Acrysof IQ PanOptix is manufactured by Novartis;
the Tecnis Symfony is manufactured by Johnson & Johnson; and the Artis Symbiose Mid and Artis Symbiose Plus are manufactured by Cristalens

Industrie. D = diopters

TABLE 2
DOF Results

50 cycles/mm

25 cycles/mm 75 cycles/mm

Intermediate

Lens Far DOF (D) DOF (D) Near DOF (D) TDOF (D) TDOF (D) TDOF (D)
FineVision Micro F 0.49 0.36 0.73 1.58 2.90 0.71
Acrysof |Q PanOptix 0.53 0.55 0.82 1.90 2.93 0.83
Tecnis Symfony 0.59 1.12 - 1.71 2.92 1.16
Artis Symbiose Mid 0.52 1.22 1.74 3.54 0.75
Artis Symbiose Plus 0.54 1.19 1.73 2.84 1.02
Artis Symbiose Mid + Plus 0.54 2.36 2.90 4.00 1.35

DOF = depth of focus; D = diopters; TDOF = total depth of focus

The FineVision is manufactured by PhysIOL, the Acrysof 1Q PanOptix is manufactured by Novartis; the Tecnis Symfony is manufactured by Johnson & Johnson; and the
Artis Symbiose Mid and Artis Symbiose Plus are manufactured by Cristalens Industrie.

formance at far (0.00 D) and intermediate (approxi-
mately -1.75 D) distances, because it was designed to
concentrate the light energy on these two vergences,
producing low contrast images at vergences below
-2.50 D, thus penalizing near vision. The Acrysof
IQ PanOptix lens showed the largest TDOF due to
its special quadrifocal design, which redirects its
third focus to generate a trifocal multifocal IOL al-

582

lowing intermediate and near foci to overlap with a
relatively high contrast value (Figure 2). Both Artis
Symbiose multifocal IOLs showed a similar TDOF,
although the Mid lens presented a higher contrast
value for intermediate vision and the Plus lens con-
centrated more energy on the near focus, showing a
higher performance for near vision. In general, all
multifocal IOLs showed similar TDOF, with a mean
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between-multifocal IOL value of 1.73 D and a stan-
dard deviation of 0.11 D. The range of the TDOF be-
tween the multifocal IOLs was 0.32 D, slightly higher
than the usual clinical significance value of the pow-
er of a lens: a quarter of diopter.

Although only in vitro measurements are shown
in this study, we can expect the combination of both
Artis Symbiose (Mid and Plus) lenses to give the
largest clinical TDOF. Through-focus USAF images
in Figure 4 also predict this result when comparing
the last two rows corresponding to the Artis Symbi-
ose IOLs. With the exception for a vergence of -1.00
D, it is possible to record a relatively good USAF
image with the Artis Symbiose Mid and Plus mul-
tifocal IOLs on the rest of vergences. In our simula-
tions, this TDOF value corresponds to almost 3.00
D (Table 2), which represents an interval of vision
large enough to cover all visual necessities of indi-
viduals with presbyopia, taking into account that
presbyopia is usually defined when the amplitude
of accommodation falls below 3.00 D.?? Future clini-
cal defocus curves of patients implanted with the
Artis Symbiose set of lenses may confirm this pre-
diction based on in vitro measurements.

Finally, there are some limitations of this study.
First, only one pupil diameter (3 mm) and only one
corneal model have been analyzed in this study. We
selected a 3-mm pupil because it represents the typi-
cal pupil diameter for a population older than 60 years
(usually the age of patients with cataract) in photopic
conditions.?*3** For this pupil size, the effect of any
potential spherical aberration of the cornea is small.
Future studies should include values for larger pupils
and the effect of a cornea with positive spherical aber-
ration to investigate the performance of these lenses
in mesopic conditions. In addition, we have used a
threshold value of 0.15 in the definition of TDOF. This
selection was based on the fact that this value should
be higher than a 0.10 threshold, which represents the
value for low contrast visual acuity testing, but enough
to get a resolving letter at the retinal plane, which have
been proved for a contrast of 0.16, which is the value
of the intermediate focus of the FineVision multifocal
IOL (Figure 2).3°

AUTHOR CONTRIBUTIONS

Study concept and design (JFZ-D, MAR-I, JL-B, NL-G);
data collection (JFZ-D, NL-G); analysis and interpretation
of data (JFZ-D, MAR-I, NO-A, NL-G); writing the manu-
script JFZ-D, MAR-I, NO-A, NL-G); critical revision of the
manuscript (JFZ-D, MAR-I, NO-A, JL-B, NL-G); statistical
expertise (JFZ-D); administrative, technical, or material
support (MAR-I, JL-B); supervision (MAR-], JL-B, NL-G)

Journal of Refractive Surgery ¢ Vol. 36, No. 9, 2020

10.

11.

12.

13.

14.

15.

16.

REFERENCES
Shen Z,Lin Y, Zhu Y, Liu X, Yan J, Yao K. Clinical comparison
of patient outcomes following implantation of trifocal or bifo-
cal intraocular lenses: a systematic review and meta-analysis.
Sci Rep. 2017;7(1):45337. doi:10.1038/srep45337

Yang CM, Lim DH, Hwang S, Hyun J, Chung T-Y. Prospective
study of bilateral mix-and-match implantation of diffractive
multifocal intraocular lenses in Koreans. BMC Ophthalmol.
2018;18(1):73. d0i:10.1186/s12886-018-0735-0

Weeber HA, Meijer ST, Piers PA. Extending the range of vision
using diffractive intraocular lens technology. J Cataract Refract
Surg. 2015;41(12):2746-2754. doi:10.1016/j.jcrs.2015.07.034

Martinez de Carneros-Llorente A, Martinez de Carneros A,
Martinez de Carneros-Llorente P, Jiménez-Alfaro I. Compari-
son of visual quality and subjective outcomes among 3 trifocal
intraocular lenses and 1 bifocal intraocular lens. J Cataract Re-
fI‘aCt Surg. 2019;45(5):587-594. dOi:lO.lOlG/j.jCI’S.2018.12.005

Cochener B. Prospective clinical comparison of patient out-
comes following implantation of trifocal or bifocal intraocular
lenses. ] Refract Surg. 2016;32(3):146-151. doi:10.3928/108159
7X-20160114-01

Gundersen KG, Potvin R. Trifocal intraocular lenses: a compar-
ison of the visual performance and quality of vision provided
by two different lens designs. Clin Ophthalmol. 2017;11:1081-
1087. doi:10.2147/OPTH.S136164

Gatinel D, Loicq J. Clinically relevant optical properties of bi-
focal, trifocal, and extended depth of focus intraocular lens-
es. J Refract Surg. 2016;32(4):273-280. doi:10.3928/108159
7X-20160121-07

Rodov L, Reitblat O, Levy A, Assia EI, Kleinmann G. Visual
outcomes and patient satisfaction for trifocal, extended depth
of focus and monofocal intraocular lenses. | Refract Surg.
2019;35(7):434-440. d0i:10.3928/1081597X-20190618-01

International Organization for Standardization. ISO 11979.
Ophthalmic implants—Intraocular lenses—Part 2: Optical
properties and test methods. 2014.

Dominguez-Vicent A, Esteve-Taboada JJ, Del Aguila—Carrasco
AJ, Ferrer-Blasco T, Montés-Micé R. In vitro optical quality com-
parison between the Mini WELL Ready progressive multifocal
and the TECNIS Symfony. Graefes Arch Clin Exp Ophthalmol.
2016;254(7):1387-1397. doi:10.1007/s00417-015-3240-7

Kim M]J, Zheleznyak L, Macrae S, Tchah H, Yoon G. Objective
evaluation of through-focus optical performance of presbyopia-
correcting intraocular lenses using an optical bench system.
J Cataract Refract Surg. 2011;37(7):1305-1312. doi:10.1016/j.
jcrs.2011.03.033

Gatinel D, Houbrechts Y. Comparison of bifocal and trifocal
diffractive and refractive intraocular lenses using an opti-
cal bench. J Cataract Refract Surg. 2013;39(7):1093-1099.
d0i:10.1016/j.jcrs.2013.01.048

Labuz G, Papadatou E, Khoramnia R, Auffarth GU. Longitudi-
nal chromatic aberration and polychromatic image quality met-
rics of intraocular lenses. J Refract Surg. 2018;34(12):832-838.
d0i:10.3928/1081597X-20181108-01

Madrid-Costa D, Ruiz-Alcocer J, Ferrer-Blasco T, Garcia-Lazaro
S, Montés-Micé R. Optical quality differences between three
multifocal intraocular lenses: bifocal low add, bifocal moderate
add, and trifocal. | Refract Surg. 2013;29(11):749-754. doi:10.3
928/1081597X-20131021-04

Montés-Micé R, Madrid-Costa D, Ruiz-Alcocer J, Ferrer-Blasco
T, Pons AM. In vitro optical quality differences between multi-
focal apodized diffractive intraocular lenses. | Cataract Refract
Surg. 2013;39(6):928-936. doi:10.1016/j.jcrs.2012.12.038

Felipe A, Pastor F, Artigas JM, Diez-Ajenjo A, Gené A, Menezo

583



17.

18.

19.

20.

21.

22.

23.

24.

25.

584

JL. Correlation between optics quality of multifocal intraocu-
lar lenses and visual acuity: tolerance to modulation transfer
function decay. J Cataract Refract Surg. 2010;36(4):557-562.
doi:10.1016/j.jcrs.2009.10.046

Artigas JM, Menezo JL, Peris C, Felipe A, Diaz-Llopis M. Image
quality with multifocal intraocular lenses and the effect of pu-
pil size: comparison of refractive and hybrid refractive-diffrac-
tive designs. J Cataract Refract Surg. 2007;33(12):2111-2117.
d0i:10.1016/j.jcrs.2007.07.035

Artigas JM, Peris C, Felipe A, Menezo JL, Sdnchez-Cortina
I, Lépez-Gil N. Modulation transfer function: rigid versus
foldable phakic intraocular lenses. | Cataract Refract Surg.
2009;35(4):747-752. dOi:lO.1016/j.jCI‘S‘2008.12.020

Plaza-Puche AB, Ali6 JL, MacRae S, Zheleznyak L, Sala E, Yoon
G. Correlating optical bench performance with clinical defocus
curves in varifocal and trifocal intraocular lenses. J Refract
Surg. 2015;31(5):300-307. d0i:10.3928/1081597X-20150423-03

Alarcon A, Canovas C, Rosen R, et al. Preclinical metrics to
predict through-focus visual acuity for pseudophakic pa-
tients. Biomed Opt Express. 2016;7(5):1877-1888. doi:10.1364/
BOE.7.001877

Cardona G, Vega F, Gil MA, Var6n C, Buil JA, Millan MS. Visu-
al acuity and image quality in 5 diffractive intraocular lenses.
Eur ] Ophthalmol. 2018;28(1):36-41. doi:10.5301/€jo.5000994

Ferndndez J, Rodriguez-Vallejo M, Martinez J, Burguera N,
Pifiero DP. Prediction of visual acuity and contrast sensitiv-
ity from optical simulations with multifocal intraocular lens-
es. | Refract Surg. 2019;35(12):789-795. do0i:10.3928/108159
7X-20191024-01

Palomino-Bautista C, Sdnchez-Jean R, Carmona-Gonzélez D, Pi-
fiero DP, Molina-Martin A. Subjective and objective depth of field
measures in pseudophakic eyes: comparison between extended
depth of focus, trifocal and bifocal intraocular lenses. Int Oph-
thalmol. 2019;40(2):351-359. d0i:10.1007/s10792-019-01186-6

Marsack JD, Thibos LN, Applegate RA. Metrics of optical qual-
ity derived from wave aberrations predict visual performance.
J Vis. 2004;4(4):322-328. d0i:10.1167/4.4.8

Loicq J, Willet N, Gatinel D. Topography and longitudinal

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

chromatic aberration characterizations of refractive-diffrac-
tive multifocal intraocular lenses. J Cataract Refract Surg.
2019;45(11):1650-1659. dOi:lO.lOlﬁ/j.jCI‘S.ZOlQ.OB.OOZ

Charman WN, Montés-Micé R, Radhakrishnan H. Problems
in the measurement of wavefront aberration for eyes im-
planted with diffractive bifocal and multifocal intraocular
lenses. J Refract Surg. 2008;24(3):280-286. doi:10.3928/10815
97X-20080301-10

Gatinel D, Pagnoulle C, Houbrechts Y, Gobin L. Design and
qualification of a diffractive trifocal optical profile for intra-
ocular lenses. | Cataract Refract Surg. 2011;37(11):2060-2067.
d0i:10.1016/j.jcrs.2011.05.047

Weeber HA, inventor; AMO Groningen B.V., assignee. Multi-
ring lens, systems and methods for extended depth of focus.
WO patent 2014033543A2. March 6, 2014.

Cohen AL. Practical design of a bifocal hologram contact
lens or intraocular lens. App! Opt. 1992;31(19):3750-3754.
doi:10.1364/A0.31.003750

Portney V. Light distribution in diffractive multifocal optics
and its optimization. J Cataract Refract Surg. 2011;37(11):2053-
2059. doi:10.1016/j.jcrs.2011.04.038

Cagenello R, Arditi A, Halpern DL. Binocular enhancement of vi-
sual acuity. ] Opt Soc Am A Opt Image Sci Vis. 1993;10(8):1841-
1848. d0i:10.1364/JOSAA.10.001841

Le Grand Y. La dioptrique de I'ceil et sa correction, 3rd ed.
Optique Physiologique; vol 1. Editions de la Revue d’Optique;
1964.

Watson AB, Yellott JI. A unified formula for light-adapted pu-
pil size. J Vis. 2012;12(10):12. d0i:10.1167/12.10.12

Zapata-Diaz JF, Radhakrishnan H, Charman WN, Lépez-Gil N.
Accommodation and age-dependent eye model based on in
vivo measurements. /] Optom. 2019;12(1):3-13. doi:10.1016/j.
optom.2018.01.003

Cochener B, Vryghem J, Rozot P. Visual and refractive out-
comes after implantation of a fully diffractive trifocal lens. Clin
Ophthalmol. 2012;6:1421-1427. d0i:10.2147/OPTH.S32343

Copyright © SLACK Incorporated



FineVision Micro F

o4
= 20
02 8
o 4 w & — 1
1
" 2 3 100 @
Defocus (D) -4

x {09
a
o
(=
©
Lo 1038
g x
—— =
(@) 02
n
< Defocus (D) h #
>
=
o
——
E
>
(7))
8
(=
8]
(]
l—

Defocus (D) h =4

-1

2
Defocus (D) 4

Artis Symbiose PLUS Artis Symbiose MID

Defocus (D)

Figure A. Through-focus modulation transfer function (TFMTF) from
0 to 100 cycles/mm of the five multifocal intraocular lenses (IOLs)
recorded for a 546-nm wavelength and a 3-mm pupil. The red line
represents the TFMTF at 50 cycles/mm of each lens. SF = spatial fre-
quency; D = diopters. The FineVision is manufactured by PhyslOL; the
Acrysof 1Q PanOptix is manufactured by Novartis; the Tecnis Symfony is
manufactured by Johnson & Johnson; and the Artis Symbiose Mid and
Artis Symbiose Plus are manufactured by Cristalens Industrie.
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Figure B. Through-focus United States Air Force imaging. Upper row shows the defocus steps at which the images were recorded. D = diopters.
The FineVision is manufactured by PhysIOL; the Acrysof 1Q PanOptix is manufactured by Novartis; the Tecnis Symfony is manufactured by Johnson
& Johnson; and the Artis Symbiose Mid and Artis Symbiose Plus are manufactured by Cristalens Industrie.



