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ABSTRACT

PURPOSE: To assess the optical performance of four extend-
ed range of vision (ERV) intraocular lenses (I0Ls) and predict
the visual quality of the average pseudophakic patient.

METHODS: Four ERV I0Ls (LuxSmart, Bausch & Lomb; Vivity,
Alcon Laboratories, Inc; Tecnis Eyhance, Johnson & Johnson
Vision; and Isopure, PhysIOL) were inserted in an on-bench
model eye. Their performance was assessed using through-
focus modulation transfer function (MTF)-based metrics,
through-focus point spread function, and halo analysis for
three pupils (2.0, 3.0, and 4.5 mm). The expected visual acuity
and the range of vision was estimated from the through-focus
area under the MTF curve. A monofocal I0L (Tecnis ZCBOO;
Johnson & Johnson Vision) was included as reference.

RESULTS: The Tecnis ZCB00 showed the highest image qual-
ity at far for all pupil conditions, closely followed by the Tec-
nis Eyhance. The LuxSmart and Vivity performed similarly
in the intermediate range (-1.00 to -2.00 diopters [D]) with a

onofocal intraocular lenses (IOLs) are effec-
Mtive to restore distance vision after cataract

surgery, but do not provide functional vision
at other distances. The increasing patient demand
for functional vision at all distances has acceler-
ated the development of presbyopia-correcting IOLs.
From monofocal and multifocal IOLs, new extended
range of vision (ERV) IOLs aim to extend a continu-
ous axial range of the image space, known as depth
of focus, to provide perceptual tolerance to focus er-
rors. A depth of focus extension enlarges, in turn, the
depth of field (ie, the space where objects placed at
different distances would be imaged by the eye with

3.0-mm pupil and showed better performance than the other
ERV IOLs for that range. All ERV lenses presented pupil de-
pendent performance. All lenses reached normal expected
visual acuity (0.0 logMAR] at far distance. The Tecnis ZCBOO,
Tecnis Eyhance, and Isopure decreased their expected vi-
sual acuity with defocus (0.1 logMAR at 66 cm) faster than
the LuxSmart and Vivity (0.0 logMAR at 66 cm). The LuxSmart
and Vivity produced greater halos than the Tecnis ZCBOO, but
they showed little change with larger pupils. The Isopure lens
showed a pupil-dependent halo.

CONCLUSIONS: The expected visual acuity decreased with
the object distance differently, depending on the ERV design.
The Vivity and LuxSmart lenses showed an expanded imaging
capability (> 0.50 D) with respect to a monofocal lens that may
benefit intermediate vision. The Tecnis Eyhance and Isopure
lenses showed more modest extensions that mainly rely on
pupil constriction.

[J Refract Surg. 2022;38(11):688-697.]

maximum sharpness). Such a depth of focus extension
has drawn particular attention because intermediate
vision is becoming essential as a result of the frequent
use of computers and handheld electronic devices. In
general, ERV designs are based on shaping the light
wavefront through a fine control of the power and ab-
erration within the lens aperture.’?® They are featured
as refractive I0Ls because of their relatively smooth
aspheric profile at either lens side, differing from dif-
fractive multifocal IOLs that typically show at least
one surface with step ring profile. This way, the strong
wavelength dependence and dysphotopsia that may
accompany the diffractive IOLs are reported to be alle-
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viated.*® However, the depth of focus extension often
does not cover the needs of the patients, who might
need to wear spectacles for near vision.®

The large variety of ERV IOLs launched in recent
years has led to the proposal of different classification
schemes®”® to help surgeons understand the elusive
technical distinctions between designs. As such, fea-
turing the ERV IOLs as either enhanced monofocal or
extended depth of focus lenses is increasingly gaining
acceptance.

The criteria for extended depth of focus IOLs were
first stated by a task force of the American Academy of
Ophthalmology in 2017° on the basis of clinical post-
operative measurements, such as the defocus curve
testing methodology. The extended depth of focus
concept resided in the clinical range of focus extension
achieved by the average patient with pseudophakia of
at least 0.50 diopter (D) over the standard monofocal
control group at 0.2 logMAR. The American National
Standards Institute (ANSI) Z80.35 standard for extend-
ed depth of focus IOLs' kept such criteria within a list
of effectiveness requirements for the clinical evalua-
tion of the lens. More interestingly, the ANSI Z80.35
standard stated the normative requirements for the
optical characterization of the lens, including the ex-
pected visual acuity determined by using the through-
focus modulation transfer function (MTF) values mea-
sured in an on-bench model eye with a 3-mm pupil (at
the IOL plane). As reported by the ANSI Z80.35 stan-
dard, Alarcon et al'* described an example method
for calculating the expected visual acuity from MTF
values integrated in a spatial frequency range, also
termed area under the MTF (MTFa). Vega et al'? sub-
sequently refined the mathematical approach.

On the one hand, extended depth of focus IOLs are
intended to provide functional vision over a range
of distances (ie, visual acuity higher than a defined
threshold that decreases monotonically from the best
distance vision toward intermediate vision). On the
other hand, enhanced monofocal IOL designs have
been introduced™ to enhance intermediate vision
while providing distance vision comparable to its
aspheric monofocal partner. The subtle differenc-
es between the enhanced monofocal and extended
depth of focus IOLs need to be proved in terms of
optical characterization and clinical results. Optical
bench testing is complementary to clinical assess-
ments because it is objective and independent of the
patient. Moreover, it is possible to accurately control
factors that are difficult to address in clinical stud-
ies, such as the pupil size, which is of paramount
importance in ERV IOL designs that rely on wave-
front shaping across the lens aperture. Some recent
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investigations have focused on the issue using either
optical™ or clinical*'® methods.

In this study, we investigated the optical perfor-
mance of four commercial ERV IOL designs: LuxSmart
(Bausch & Lomb), Vivity (Alcon Laboratories, Inc),
Tecnis Eyhance (Johnson & Johnson Vision), and Iso-
pure (PhysIOL) using an on-bench model eye, through-
focus MTF-based analysis, calculation of expected vi-
sual acuity, and axial point spread function (PSF). We
compared the four ERV IOLs with each other and with
a monofocal reference lens (Tecnis ZCB0O; Johnson &
Johnson Vision) in terms of the depth of focus exten-
sion in the range of vision, halos, and possible depen-
dence on the pupil size. To the best of our knowledge,
this comprehensive, objective optical characterization
and comparative analysis of ERV IOLs is the first of its
kind and has not been previously reported.

MATERIALS AND METHODS
IOLs

For the development of this study, we considered
four ERV IOLs (LuxSmart, Vivity, Tecnis Eyhance,
and Isopure) and one monofocal IOL (Tecnis ZCB00).
The lenses had refractive surfaces (ie, no diffractive
step profiles) and a nominal power of +20.00 D, except
for the Isopure with +21.00 D.

According to the specifications,’® the LuxSmart
IOL has a 2-mm central area where the combination
of fourth and sixth orders of spherical aberration (SA)
of opposite sign is intended to increase the subjective
depth of field'” to approximately 1.50 D. A patented
transition aims to smoothly decrease the optic vergence
from the center to the periphery. A monofocal aspheric
design provides an aberration-free lens periphery.'®

The Vivity IOL is a biconvex aspheric lens intended
to extend the depth of focus by means of a patented
wavefront-shaping technology, consisting of a slight
plateau (1-pm high) on the central 2.2-mm optical ap-
erture at the anterior surface.’® The lens has a spheri-
cal posterior surface. The anterior surface is designed
with a negative SA of -0.20 pm for a 6-mm pupil to
compensate for the positive SA of the natural human
cornea.?®

The Tecnis Eyhance IOL features a higher order
aspheric anterior surface, which is designed to pro-
duce a continuous power increase from the periph-
ery to the center of the lens. A central plateau with
the highest power occupies approximately 15% of its
surface, targeting the intermediate vision. The poste-
rior surface is spherical. Overall, the lens geometry
is designed to induce -0.27 pm SA (6-mm pupil) to
compensate for the average corneal SA of the human
eye.l 421
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The Isopure IOL is a refractive aspheric lens. Both
surfaces are based on a polynomial higher order
aspheric design, which results in a power change
across the lens aperture and a central area of increased
power for intermediate vision.*?? Additionally, the
Isopure has a more negative SA than its counterpart
monofocal lens (Micropure; PhysIOL).2® These two
properties, increased power and larger SA, enhance
the focus extension.

The Tecnis ZCB00 IOL is a monofocal biconvex IOL
with a 6-mm optical zone. Its anterior aspheric surface
provides a negative SA of -0.27 pm to compensate for
the average corneal SA.14

EXPERIMENTAL SET-UP

An artificial model eye was used to evaluate the per-
formance of the IOLs. In brief, this model consists of an
artificial cornea with a SA of +0.27 pm [Z,°] for a 6-mm
diameter, an iris diaphragm, and a wet cell with saline
solution where the IOL is immersed. A 10x microscope
objective focuses the aerial image formed by the model
eye on a charge coupled device camera, which acquires
the final digital image. The microscope and camera
were assembled on an on-axis translation holder for
through-focus image acquisition. The model eye was
placed on an optical bench and aligned with the other
components of the set-up (Figure A, available in the on-
line version of this article) as previously described.?**

The set-up was compliant with the International Orga-
nization for Standardization 11979-2 (2014) recommen-
dations.?® The light source was a green light—emitting
diode with an emission centered at 530 nm and a full-
width at half-maximum spectral bandwidth of 32 nm.
We used two object tests in this study: a four-slit pattern
for MTF measurements and a 200-pm pinhole object for
axial PSF and halo characterization. The test was placed
at the front focal plane of a collimator lens (200-mm fo-
cal length). An iris diaphragm allowed us to control the
effective pupil diameter in the IOL plane, and, hence,
the intensity of light and the amount of the corneal SA
involved in the image formation. Hereinafter, all pupil
diameters are referred to the IOL plane.

The 8-bit digital image acquisition system (micro-
scope and camera) was diffraction limited with a cut-
off frequency at 675 cycles/mm. For the through-focus
analysis, we scanned the image space to cover an image
vergence range of 5.00 D (from +2.00 to -3.00 D) around
the best far focus in approximately 0.08-D steps.

METRICS

The optical quality metrics are mainly based on the
MTF, which describes the amount of contrast transmit-
ted through the model eye with an IOL immersed as a
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function of the spatial frequency and pupil size. The
MTF represents the normalized magnitude response of
an optical system in the imaging process, expressed in
cycles/degree in the object space or cycles/mm in the
image plane on the retina.?” The MTF can be derived
from the Fourier transform of the line spread function
imaged by the model eye and averaged for a number of
directions.?® We used the test presented in Figure A (b,
right) to obtain the MTF experimentally.

The MTFa results from the integration of MTF func-
tion in a range of spatial frequencies; it can be seen as
the area under the MTF curve versus the spatial fre-
quency. We used MTFa calculated for spatial frequen-
cies ranging from 0 to 50 cycles/mm, as proposed in
previous studies''2:

50
MTE, =f MTF(f) - df
0 (1)

MTFa is a useful objective metric that has been
proved to correlate strongly with the expected visual
acuity obtained after surgery.' Vega et al'*> hypoth-
esized an asymptotic limit (ideal best value) in the
visual acuity achievable with IOL implants of exceed-
ingly large MTFa. They refined the non-linear func-
tion that fits the optical bench MTFa values measured
under green light with clinical visual acuity to provide
the expression:

MTF,
VA(MTE,) = Aexp {— } +c

(2)

where A = 5.06 + 1.32, B = 3.03 + 0.35, and ¢ = 0.00
logMAR. The calculation of MTFa in a range of de-
focus positions along the optical axis indicates that
through-focus MTFa can be used as a preclinical esti-
mation of postoperative defocus curves.

The PSF can be obtained in practice by imaging a
point source or a pinhole object through the model eye
with the IOL undergoing testing and a given pupil size.
The image depicted in Figure A (b, left) was used for the
halo analysis. A sequence of such images at different de-
focus positions was used to calculate the axial PSF.

RESULTS

MTF OF FAR AND INTERMEDIATE IMAGE PLANES IN THE
MODEL EYE

Figure 1 shows the MTFs of the four ERV IOLs and
the Tecnis ZCBO0O, for the 3.0-mm pupil, at the far im-
age plane (0.00 D), corresponding to distance vision,
and at an intermediate image plane (-1.50 D), corre-
sponding to vision at 66 cm.

Copyright © SLACK Incorporated



Figure 1. Modulation transfer
Far Image Plane Intermediate Image Plane function (MTF] at the (A) far and
(B) -1.50 diopters (D) intermedi-
(0'0 D defocus) ('1'5 D defocus) ate image planes for the set of
12 extended range of vision intra-
4 : Tecnis ZCBOO Tecnis ZCBOO ocular lenses (I0Ls) (LuxSmart,
1 1 Bausch & Lomb; Vivity, Alcon
: B+L LuxSmart B+L LuxSmart Laboratories, Inc; Tecnis
! Eyhance, Johnson & Johnson
08 |} ivi ivi y '
J vivity b o Vision; and Isopure, PhysIOL)
E 06 | | Tecnis Eyhance Tecnis Eyhance and the reference monofo-
\ cal I0L (Tecnis ZCBOO; Johnson
0,4 ) PhysIOL Isopure PhysIOL Isopure & Johnson Vision). A vertical
\‘\‘ dashed line cuts the MTF plots
0,2 at 50 cycles/mm. Pupil diameter
=3.0 mm.
0
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Spatial Frequency (cycles/mm) Spatial Frequency (cycles/mm)
(a) (b)
TABLE 1
MTFa Maximum Value and Its Position (D) on Defocus Axis
Tecnis ZCB00 LuxSmart Vivity Tecnis Eyhance Isopure
Pupil (mm) MTFa D MTFa D MTFa D MTFa D MTFa D
2.0 40.60 +0.10 33.40 -0.90 26.30 +0.10 36.10 -0.20 38.50 -0.30
3.0 40.70 0.00 26.30 0.00 27.10 0.00 38.10 0.00 31.40 0.00
4.5 37.00 +0.10 24.80 -0.20 30.20 -0.10 36.00 0.00 20.10 +0.20
D = diopters; MTFa = area under the modulation transfer function
The LuxSmart is manufactured by Bausch & Lomb, the Vivity is manufactured by Alcon Laboratories, Inc, the Isopure is manufactured by PhysIOL, and the Tecnis
ZCBO00 and Eyhance are manufactured by Johnson & Johnson Vision.

For the spatial frequency 50 cycles/mm,*® the MTF
values at far (Figure 1A) are different for the various
IOLs: the Tecnis ZCBOO reached the highest value
(0.70), followed by the Tecnis Eyhance (0.56). The Iso-
pure and Vivity performed similarly (0.40 and 0.38,
respectively), whereas a rather low value was obtained
for the LuxSmart (0.20).

At the -1.50 D intermediate plane (Figure 1B), the
MTF values at 50 cycles/mm are, in general for the ERV
and monofocal IOLs, much lower than those reached
at far except for the LuxSmart IOL (0.31). The Vivity
followed with 0.16. The rest of the lenses showed cut-
off frequencies lower than 50 cycles/mm.

THROUGH-Focus MTFA, EXPECTED VISUAL ACUITY, AND
RANGE OF VISION

Figure B (available in the online version of this ar-
ticle) presents the through-focus MTFa of the four ERV
IOLs at pupil diameters of 2.0 mm (left column), 3.0
mm (center column), and 4.5 mm (right column). The
through-focus MTFa of the Tecnis ZCBO00 (black line)
was included in all cases for comparison. Table 1 con-
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tains the maximum MTFa value and its position on
the defocus axis for each lens and pupil. A clear differ-
ence between two subgroups of ERV IOLs can be seen
in Figure B, particularly for the 3-mm pupil; whereas
LuxSmart and Vivity plots show an asymmetric plateau
that extends up to approximately -2.00 D, the Tecnis
Eyhance’s and Isopure’s show a single, symmetric peak
that is similar to the Tecnis ZCB00’s. The similarity be-
tween the Tecnis Eyhance and ZCB00 MTFa curves is
almost complete for the 3- and 4.5-mm pupils.

With pupil reduction from 3 to 2 mm, the through-
focus MTFa curves show broader peaks, which ac-
count for some depth of focus extension. However, the
LuxSmart is an exception: the broad plateau shown
with the 3-mm pupil changed to a broad, single, higher
peak that shifted to -0.90 D with the 2-mm pupil. The
broad MTFa peaks of the Tecnis Eyhance and Isopure
also shifted their maxima toward the negative defocus
with the pupil reduction, but to a much lesser extent.

With pupil enlargement, moving from 3.0 to 4.5
mm, the through-focus MTFa curves show narrower,
single, lower peaks, which account for some general
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TABLE 2
Expected VA (LogMAR) at Various Defocus (Object Distance) for IOLs With a 3.0-mm Pupil

Defocus (D) (Distance) Tecnis ZCB0O LuxSmart Vivity Tecnis Eyhance Isopure
0.00 (infinite) 0.0 0.0 0.0 0.0 0.0
-1.00 (100 cm) 0.0 0.0 0.0 0.0 0.0
-1.50 (66 cm) 0.1 0.0 0.0 0.1 0.1
-2.50 (40 cm) 0.4 0.2 0.1 0.4 0.5

D = diopters; IOL = intraocular lens; VA = visual acuity

ZCBO00 and Eyhance are manufactured by Johnson & Johnson Vision.

The LuxSmart is manufactured by Bausch & Lomb, the Vivity is manufactured by Alcon Laboratories, Inc, the Isopure is manufactured by PhysIOL, and the Tecnis

depth of focus reduction. However, the Vivity is an
exception because it did not experience a decrease
in its MTFa maximum, but in fact a slight increase,
shifting from 27.1 to 30.2. Slight shifts toward nega-
tive defocus were noticed in the maxima of both the
LuxSmart (-0.20 D) and Vivity (-0.10 D) through-focus
MTFa curves with a 4.5-mm pupil. These results are
consistent with a positive residual SA, which is more
evident when opening the pupil because the Vivity
and, in particular, the LuxSmart do not fully compen-
sate for the corneal SA. The Isopure showed the largest
degradation with a broad, low MTFa peak that shifted
toward positive defocus (+0.20 D) when considering
the 4.5-mm pupil. This result is consistent with a neg-
ative residual SA caused by overcompensation of the
positive corneal SA for a 4.5-mm pupil.??

On the whole, the LuxSmart and Vivity performed
similarly in the intermediate range (-1.00 to -2.00 D)
with a 3-mm pupil and showed superior quality to the
other I0Ls in this range. Performance of all ERV IOLs
presented pupil dependence.

We calculated the expected visual acuity (logMAR)
from the through-focus MTFa values of each lens
(Figure B) using Equation 2. Figure C (available in
the online version of this article) depicts the results
(expected visual acuity versus defocus) obtained for a
3-mm pupil. In the first approach, the depth of focus
can be translated to the defocus range with expected
visual acuity values better than 0.2 logMAR.?® How-
ever, because part of this range falls in the positive
side of defocus (virtual object distances), such a sec-
tion is no longer useful in corrected distance visual
acuity. Thus, the useful range of vision predicted for
each lens is limited to the negative part of the defocus
range. With best expected visual acuity (better than
0.01 logMAR), the ranges of vision were: -1.50 D for
LuxSmart, -0.91 D for Vivity, -0.85 D for Tecnis Ey-
hance, -0.86 for Isopure, and -0.75 for Tecnis ZCB0O.
With the criterion of the ANSI Z80.35 standard (0.2
logMAR or better),'® the ranges of vision were -2.40 D
for LuxSmart, -2.60 D for Vivity, -2.00 D for Tecnis
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Eyhance, -1.70 D for Isopure, and -1.80 D for Tecnis
ZCBO00. Table 2 contains further numerical results.
The visual acuity, as shown in Figure C, reached
normal expected visual acuity (0.0 logMAR) at far for
all IOLs included in this study. As the negative defo-
cus magnitude increases from 0.00 to -2.50 D, meaning
the object test moves from infinity to 40 cm away from
the model eye, the expected visual acuity tends to de-
crease. The IOL design makes the difference in such
a decrease. The Tecnis ZCB0O, Tecnis Eyhance, and
Isopure reduced their expected visual acuity with de-
focus (0.1 logMAR at 66 cm) faster than the LuxSmart
and Vivity (0.0 logMAR at 66 cm). As for the useful
range of vision, the LuxSmart and Vivity slightly ex-
ceeded -2.00 D (object distance closer than 50 cm), the
Tecnis Eyhance just reached -2.00 D, and the Isopure
and the Tecnis ZCBO0O stayed slightly below -2.00 D.

HALO AT FAR FOCUS FOR 3.0- AND 4.5-MM PUPILS

Figure 2 shows the best images of the pinhole object
obtained at the far focus of each lens for the 3.0- and
4.5-mm pupils. The images are presented in logarith-
mic scale of intensity for a better visualization of the
halo around the pinhole image. From a qualitative
comparison, the Tecnis ZCB00 formed the sharp-
est images with both pupils, followed by the Tecnis
Eyhance. The image formed by the Isopure changed
markedly with the different pupil sizes, ranging from a
rather small halo with the 3.0-mm pupil to the largest
halo with the 4.5-mm pupil.

The LuxSmart and Vivity produced greater halos than
the monofocal reference but remained constant when the
pupil was changed. A more detailed observation reveals
that the halo produced by the Vivity reduced slightly in
size with the pupil enlargement. No other lens in this
study showed such a singular characteristic.

AXIAL PSF

From the through-focus sequence of pinhole im-
ages, we computed the normalized energy distribution
in a meridian plane (ie, a cross-section that contains

Copyright © SLACK Incorporated



Tecnis ZCBOO B+L LuxSmart

3.0 mm Pupil

4.5 mm Pupil

Alcon Vivity

PhysIOL
Isopure

Tecnis Eyhance

Figure 2. Halo images at distance focus for the 3.0-mm pupil (top row] and the 4.5-mm pupil (bottom row). The images are presented in loga-
rithmic scale of intensity. The LuxSmart is manufactured by Bausch & Lomb, the Vivity is manufactured by Alcon Laboratories, Inc, the Isopure is
manufactured by PhyslOL, and the Tecnis ZCB0O and Eyhance are manufactured by Johnson & Johnson Vision.

the optical axis). Figure 3 displays the experimental
results, in logarithmic scale and pseudocolor, for the
four ERV IOLs and the Tecnis ZCB00 with the 3-mm
pupil. Zero defocus corresponds to the best far focus
in the retina (distance vision) and negative defocus to
intermediate and near vision. The color palette, as it
ranges from blue to yellow, indicates increasing light
intensity. As a rule of thumb, the thinner, longer, and
more uniform line-shaped the figure, the better the op-
tical quality of the depth of focus segment. According
to this, the Tecnis Eyhance and Isopure showed an ax-
ial PSF similar to the Tecnis ZCBOO (ie, symmetric and
centered at 0.00 D defocus). The LuxSmart and Vivity
showed longer axial PSFs, yet with high intensity at
0.00 D, but somewhat shifted to the negative defocus,
both characteristics revealing a depth of focus exten-
sion translated to the useful range of vision.

The results shown in Figure 3 are in good agree-
ment with those previously obtained from MTFa
(Figure C), but it must be stressed that they are not
the same concept. The axial PSF is illustrative of the
through-focus energy spread in a meridian plane and
across the optical axis. For this reason, it is used in
studies, reports, and technical brochures to graphical-
ly show the continuity of the depth of focus segment
in ERV IOLs in contrast to the light intensity dips ex-
isting between the multiple foci in diffractive multi-
focal I0Ls.*'® However, special care must be taken
when using axial PSF for precise comparison between
ERV IOLs. First, it is worth recalling that each figure
is normalized to the maximum PSF value obtained
for a specific lens. Therefore, the color scale is valid
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Vision Distance
>

\nfi;mty 66cm S50cm  40cm
Defocus (D) +1 +0,5 0 -0,5 -1 -1,5 -2 -2,5

| | I
— ——
e

Teenis Eyhance ==--

Figure 3. Axial point spread function of the intraocular lenses (3.0-mm
pupill. The color palette, as it ranges from blue to yellow, indicates
increasing light intensity. The LuxSmart is manufactured by Bausch
& Lomb, the Vivity is manufactured by Alcon Laboratories, Inc, the
Isopure is manufactured by PhysIOL, and the Tecnis ZCBO00O and
Eyhance are manufactured by Johnson & Johnson Vision. D = diopters

for intraclass comparisons (ie, for different vision dis-
tances of a given IOL), but not for comparison between
different lenses. Second, we must not confound the
length of these lines with the depth of focus extension
depicted in Figure C. We emphasize that not only is
the length important, but also the thickness of the line.
Thus, a thick line crossing the far focus would imply a
relatively spread PSF and, consequently, a rather low
MTFa value and expected visual acuity. This effect is
sometimes difficult to evaluate from the direct obser-
vation of the axial PSF figure. For this reason, we must
stress that the MTFa, not the A-PSF shown in Figure 3,
is the metric that has proved to strongly correlate with
the expected visual acuity.
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DISCUSSION

The American Academy of Ophthalmology task
force® and the ANSI standard'® have developed con-
sensus statements and procedures for the optical and
clinical assessments of extended depth of focus IOLs.
However, there is still a need to clarify the existing ter-
minology to aid surgical decision making, particularly
in the overwhelming scenario that currently exists,
with approximately 100 IOLs available on the mar-
ket.® In vitro testing is strongly recommended in par-
allel with clinical testing of IOLs because it provides
an objective assessment independent of the patient
and can control factors such as pupil size, corneal ab-
errations, and lens alignment, which are difficult to
address in routine clinical work. We investigated the
optical properties of four ERV IOLs using an on-bench
model eye**?9 that fulfilled the standard recommenda-
tions.'®26 Three of these IOLs (Vivity, Tecnis Eyhance,
and Isopure) are classified as enhanced monofocal
in Rampat and Gatinel’s proposal for theoretical ex-
tended depth of focus nomenclature, although with
different designs and features.® The classification does
not include the fourth lens, LuxSmart, which was
launched (May 2020) after Rampat and Gatinel’s ar-
ticle submission. We also included a monofocal refer-
ence (Tecnis ZCB00).

The studied lenses had different aspheric designs,
with distinct compensation for the corneal SA.3031
Thus, for example, both Tecnis IOL designs (Tecnis
ZCBO00 and Eyhance) fully compensated for corneal SA
(-0.27 pm for the 6-mm pupil), which might give them
some advantage with respect to the Vivity, which only
compensated for corneal SA in part (-0.20 pm, for the
6-mm pupil). In contrast, the Isopure overcompensat-
ed for the corneal SA,*® which may result in a pseudo-
phakic eye with residual negative SA. The aberration
neutral platform of the LuxSmart produced the least
favorable testing conditions: the lack of compensation
for the positive corneal SA had an effect on its optical
quality outcomes. In any case, the damage caused by
the remaining corneal SA on the optical quality results
is expected to be more important for the largest pupil
(4.5 mm), mild for the intermediate pupil (3 mm), and
likely negligible for the smallest pupil (2 mm).

Thus far, few on-bench studies using these IOLs
have been conducted and reported. Interestingly,
however, Schmid and Borkenstein'® analyzed higher
order aberrations in three of them (Vivity, LuxSmart,
and Tecnis Eyhance) and the contrast function of two
(Vivity and LuxSmart).?*? They explained the expected
extended depth of focus effect of both the Vivity and
LuxSmart from the magnitude and type of SA modifi-
cation.’ They used the OptiSpheric IOL Pro 2 device
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(Trioptics GmbH), with a model cornea (SA = +0.28
pm) and a polychromatic light-emitting diode, to
measure the MTF curves of the Vivity and LuxSmart
(22.00 D power) using different pupil sizes, centration,
and misalignment.?? Overall, they did not find that any
of them presented a clearly superior performance but,
in fact, reported similar measurements, particularly
for the 3-mm pupil and centered condition. This result
is in fairly good agreement with our findings for these
two lenses, the Vivity and LuxSmart, which show the
closest performances for the 3-mm pupil among the
four studied lenses. We must state, however, that in
Schmid and Borkenstein'® and Borkenstein et al’s®
work and in ours, corneal asphericity was not com-
pensated for by the LuxSmart and, therefore, the oper-
ating conditions for this lens were less favorable than
those for the Vivity.

Labuz et al* analyzed 20.00 D base power lenses
(Tecnis ZCB0O, Tecnis Eyhance, and Isopure, among
others) with the OptiSpheric IOL Pro 2 device. Con-
cerning the MTF curves obtained using a 3-mm pupil,
they found that the Tecnis ZCBO0O obtained the high-
est MTF values of all of the enhanced monofocal IOLs
studied, particularly at higher spatial frequencies.
This result is in full agreement with ours, although we
measured a larger difference between the Tecnis Ey-
hance and Isopure MTF values at 50 cycles/mm, 0.16
in our study with respect to -0.05.

The results of the through-focus MTFa (Figure B) are
more interesting in terms of their relationship with the
expected visual acuity (Figure C). They illustrate the
differences between the various IOL designs in terms
of maximum optical quality and depth of focus, deter-
mined by the height and width of the MTFa curve, re-
spectively, as well as their dependence on the pupil size.

The MTFa peak position of the LuxSmart IOL
showed pupil dependence (Figure B), with a myo-
pic shift of approximately -1.00 D for the 2-mm pu-
pil, thus benefiting near vision along with the pupil
constriction (miosis) experienced by patients in this
viewing condition. The range of MTFa values of 20
or greater (expected visual acuity = 0.0 logMAR) re-
mained wide for the 2- and 3-mm pupil. This effect
seems to indicate that the central part of the lens, with
the combination of fourth and sixth orders of SA of
opposite signs, still has a noticeable effect when the
pupil widens to 3 mm. As the pupil enlarges further,
the aberration neutral periphery of the lens takes part,
which may explain the shorter focus extension for a
4.5-mm pupil.

The Vivity performed similarly to the LuxSmart for
the reference 3-mm pupil (Figure B), showing a pla-
teau of enlarged depth of focus. This plateau was also
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present with the 2-mm pupil, but vanished with the
4.5-mm pupil, likely due to the involvement of the
lens periphery. The MTFa peak position of the Vivity
remained centered or minimally displaced from the
0.00 D defocus for all of the pupils.

Both the Tecnis Eyhance and Isopure behaved simi-
larly to the monofocal Tecnis ZCB0O for the 2-mm
pupil (Figure B), with one broad MTFa peak, slightly
shifted toward negative defocus. The Tecnis Eyhance
demonstrated a performance even closer to the Tecnis
ZCBO00 with larger pupils. This behavior was expected
because they have the same platform and equal cor-
neal SA compensation. The results are in agreement
with earlier studies reporting on-bench comparison
between the Tecnis Eyhance and the standard monofo-
cal Tecnis ZCB00."'* In contrast, the Isopure reduced
its MTFa height when employing the 3- and 4.5-mm
pupils and its peak shifted slightly toward positive
defocus (hypermetropic). This lens produces a more
negative SA that overcompensates for the corneal SA,
leaving the model eye with residual negative SA. This
fact may explain a decrease in the optical quality for
larger pupils and accounts for the hyperopic shift ob-
served in the MTFa peak. Unless the patient presents
with a small pupil, which is not rare after cataract sur-
gery, such behavior would affect visual acuity with
low illumination.

Moreover, because the pupil constricts for near vi-
sion tasks, it will be beneficial to reach high MTFa
values in the negative defocus zone. This property is
mostly featured by the LuxSmart and Vivity and, to a
lesser extent, by the Tecnis Eyhance.

Several studies have compared the visual acuity
outcomes after implantation of the Tecnis ZCB00 and
Eyhance IOLs. Mencucci et al®** found at 0.00 D defo-
cus a binocular corrected distance visual acuity (mean
+ SD) 0f 0.02 + 0.04 and 0.01 = 0.03 logMAR (P = .554)
for the Tecnis ZCB00O and Eyhance groups, respec-
tively, which is in close agreement with the expected
visual acuity (0.0 logMAR) obtained in our calcula-
tions (Table 2). In contrast, Auffarth et al* reported
better corrected distance visual acuity in both groups
(-0.06 + 0.01 logMAR for Tecnis ZCB0O and -0.02 +
0.01 logMAR for Eyhance). Interestingly, their results
align well with the predicted visual acuity for these
IOLs reported by Labuz et al®** using the approach
proposed in Alarcon et al.'® Regarding the defocus
curves, Huh et al®*® obtained binocular through-focus
visual acuity after 4 weeks, similar to our predicted
visual acuity for both IOLs. The same lenses were an-
alyzed by Unsal et al*® 1 month after surgery. Their
visual acuity graphs are in good agreement with ours,
although they decline slightly faster.
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The through-focus MTFa results we obtained for
the Vivity are consistent with the results provided by
the manufacturer,?® although the expected visual acu-
ity obtained in our calculations slightly overestimated
the clinical visual acuity outcomes reported in their
defocus curves (6 months after surgery in patients
with previous astigmatism < 1.00 D).

Other factors may have an influence on the visu-
al acuity of implanted eyes, such as light scattering,
misalignments, individual amount of preoperative
corneal SA, pupil size, neural pathway, and process-
ing of the retinal image. We have not taken chromatic
aberrations into account either because our study used
green light.

The analysis of halos is important considering that
ERV IOLs are intended to induce a dysphotopsia com-
parable to that of a monofocal IOL and lower than
that of a multifocal IOL.%” From our results (Figure 2),
only the halo of the Tecnis Eyhance was similar to
the monofocal Tecnis ZCB00, whereas the other three
IOLs produced larger halos. The LuxSmart and Vivity
had the greatest halos for the 3-mm pupil, whereas the
Isopure had the largest halo for the 4.5-mm pupil. Iso-
pure performance showed strong pupil dependence.
Vega et al'* and Labuz et al®® found similar results for
the monofocal Tecnis ZCB00, Tecnis Eyhance, and
Isopure. Overall, the halo characteristics accounts for
the residual SA of the eye implanted with a specific
ERV IOL and becomes more evident as the pupil di-
ameter increases.

Taken collectively, our study has highlighted ob-
jective differences in the optical performance of four
ERV IOLs. The LuxSmart and Vivity IOLs showed, for
a 3-mm pupil, a plateau in their through-focus MTFa
curves that extend toward myopic defocus. In com-
parison with a standard monofocal IOL, such a depth
of focus extension should benefit intermediate vision
as predicted by the calculated expected visual acuity.
For instance, the expected visual acuity at -1.50 D de-
focus was Vivity 0.0 logMAR; LuxSmart 0.0 logMAR,
and Tecnis ZCB0O0 0.1 logMAR. In contrast, the Tecnis
Eyhance and Isopure rely on a modest myopic shift of
the MTFa peak, on pupil constriction, to extend their
range of vision. This strategy leads to a good optical
quality for far vision, but more limited extension of the
range of vision. The pupil size has a strong influence
on the optical behavior of the four ERV IOLs, with the
Isopure being the lens that results in the largest halo
and reduction in optical quality with a 4.5-mm pupil.

In the context of the four ERV IOLs evaluated in
this study, we highlight two clear groups among them,
with the Vivity and LuxSmart considered to be differ-
ent from the Tecnis Eyhance and Isopure. The first two
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lenses showed a depth of focus extension (> 0.50 D)
that may benefit intermediate vision with better opti-
cal quality than a monofocal IOL. The latter two lenses
showed a more modest depth of focus extension that
mainly relied on pupil constriction. The pupil size
and the existence of a possible residual SA had an in-
fluence on the optical behavior of the four ERV IOLs.
This comparative assessment reinforces the impor-
tance of attending to the individual characteristics of
each patient when selecting an IOL for implantation.
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Figure B. Through-focus area under the modulation transfer function (MTFa) versus defocus for all four extended range
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Figure C. Expected visual acuity in logMAR units as a function of defocus (D) for the extended range of vision
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