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infrared (NIR) illumination, the latter being used to test pseudophakic eyes in clinical
aberrometers and double-pass systems.

Mernops. Two DMIOLs of different design (Tecnis +2.75 D ZKBOO and AcrySof +2.5 D
SV25T0) were tested in vitro in a model eye under both VIS (A = 530 nm) and NIR (A = 780
nm) illumination, and variations in the add power of the lenses were determined. Moreover,
for the two wavelengths, the energy efficiency and modulation transfer function at the
DMIOLs’ far and near foci were measured with pupils of 3.0 and 4.5 mm. Two counterpart
monofocal I0Ls (Tecnis ZA9003 and AcrySof SNGOWF) were included as references in the
comparison.

Resurts. With VIS light, the two DMIOLs produced relatively well-contrasted images at their
near and far foci. Under NIR illumination, the add power increased, whereas the energy
efficiency of the near focus decreased and that of far focus increased. Hence, the DMIOLSs
tended to behave like monofocal lenses because they generated good quality well-contrasted
images only at their far foci.

Concrusions. In addition to changes in add power, the optical performances of the DMIOLs
measured under either VIS or NIR illumination are considerably different. Whereas they show
two distinct (near and far) foci under VIS light, their optical performances under NIR
illumination are clearly biased in favor of their far focus. These results may help prevent a
misleading use of NIR-based clinical instruments for the assessment of eyes implanted with
DMIOLs.

Keywords: aberrometers, cataract surgery, diffractive multifocal intraocular lens, intraocular
lens, pseudophakic eye, visual function testing

Removal of the crystalline lens followed by implantation of a
multifocal intraocular lens (MIOL) is presently a surgical
procedure primarily aimed at providing pseudoaccommodation
to patients after cataract surgery. Diffractive MIOLs (DMIOLs)
have proven to provide reliable and better clinical outcomes
than their refractive MIOL counterparts or accommodating
IOLs,! so there is a growing interest in assessing their optical
performance in vivo. To objectively determine the imaging
quality of DMIOLs in patients, several authors have recently
used both wavefront aberrometers®>> and double-pass-based

simultaneous presence of two or more foci and the strong
dependence that the optical performance of the foci generated
from non-zero diffractive orders have on wavelength!?13 must
be taken into account.

Because the wavelengths of NIR testing are quite different
from the wavelength corresponding to the maximum value of
the photopic sensitivity of the eye under VIS spectrum
(approximately 550 nm), for which DMIOLs are designed,
there is a mismatch between the NIR and VIS wavelengths,
which gives rise to the following issues:

systems.*"® To avoid dazzling the patient, these instruments
measure with illuminating wavelengths of the near infrared
(NIR) spectral band, typically ranging between 780 and 850
nm. In normal and pseudophakic eyes with monofocal IOLs,”
aberrometers are able to correctly account for the change of
optical properties between measuring NIR and visible (VIS)
light® and thus provide both the objective refraction® and the
higher order aberrations of patients.'® Moreover, Lopez-Gil and
Artal'! showed in normal eyes analyzed with the double-pass
method that using the central core in the double-pass images
and ignoring the tails, the NIR data obtained could be reliably
used to predict the modulation transfer function (MTF) of the
eye with green light (543 nm). However, when dealing with
pseudophakic eyes implanted with diffractive MIOLs, the

- A change in add power of the DMIOL between VIS and
NIR (the larger the NIR wavelength, the larger the
measured add power),'? which in turn, has an effect on
halo formation and size.'%15

- A change in distribution of energy between the foci of the
DMIOL.'® This variation in the energetic balance between
the distant and near foci is related to the dependence of
the diffraction efficiency with wavelength.!?

- A significant difference in the optical quality of the
DMIOLSs’ foci.'?13 This difference is produced by the joint
combination of the two former effects.

These phenomena are usually described in the context of
wavefront optics,!” but their origin and implications in clinical
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practice can be elusive for specialists who are not familiar with
the principles of diffraction optics. In this sense, the use of
NIR-based techniques to in vivo characterize the optical
performance of DMIOLs may lead to incorrect conclusions,
as pointed out previously.'®

In vitro optical bench testing of MIOLs!®2° is complemen-
tary to clinical assessments because it is objective and
independent of the patient. Moreover, testing of the lens
performance with different wavelengths is straightforward. In
this paper we present a new in vitro comparison between the
imaging quality of two DMIOLs of different design, the full-
aperture Tecnis ZKBOO (AMO Groningen, Groningen, The
Netherlands) and the apodized AcrySof ReSTOR SV25T0
(Alcon, Fort Worth, TX, USA), when they are tested on an
optical bench under VIS and NIR illumination. By means of a
simple yet rigorous image analysis procedure, we show the
large differences in energy distribution between far and near
images as a function of wavelength (VIS vs. NIR). The
implications that such differences have on MTF are discussed
by comparing the results obtained with the two DMIOLs.
Moreover, the study includes the results obtained with the
monofocal counterpart IOLs (Tecnis ZA9003 and AcrySof
SNOOWE).

METHODS

DMIOL Characteristics

The Tecnis ZKBOO DMIOL, with +2.75 diopter (D) add power,
has an aspheric anterior surface. The diffractive profile covers
the full aperture of the lens and consists of 15 diffractive rings
with step boundaries of the same height, intended for
approximately equal light distribution between the far and
near foci, independent of pupil size. The wavefront-designed
aspheric optics of this DMIOL produce a maximum spherical
aberration (SA) of —0.27 um for a 6.0-mm pupil.

On the other hand, the AcrySof ReSTOR SV25T0 DMIOL
with 42.5 D add power has an anterior apodized diffractive
surface (3.4-mm diameter) within which there is a central
refractive zone (1.0 mm diameter approximately). The outer
region of the lens to the 6-mm edge is purely refractive, and
thus, the central and outer refractive parts of the lens are
intended for distance vision. In addition, the diffractive area
presents seven concentric rings with step boundaries of
decreasing height, which allows for an asymmetrical and
pupil-dependent light distribution between the far and near
foci that benefits the far focus for large pupils.?! The anterior
surface of the SV25TO is designed with negative SA of —0.20
pum for a 6.0-mm pupil.

Additionally, the reference monofocal Tecnis ZA9003 (AMO
Groningen) and AcrySof SNGOWF (Alcon Laboratories) IOLs
were included in our study. We emphasize that each monofocal
IOL shares the same aspherical design and the same material,
with its diffractive counterpart. Thus, the lenses of each pair
(DMIOL and monofocal counterpart) have similar characteris-
tics regarding the compensation for high order aberration
(mainly SA) and the spectral variation of the refractive index.

All studied lenses had a base optical power of 20 D, which
in the case of the DMIOLs corresponded to distance focus.

Experimental Setup for Optical Imaging Quality
Assessment

Assessment of the optical imaging quality of the IOLs was made
using an optical test bench with a model eye (artificial cornea
plus wet cell) that has been described in detail else-
where.%22.23 Supplementary Figure S1 shows a sketch of the
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setup, which was in agreement with International Standard
Organization (ISO) 11979-2 and 11979-9 recommenda-
tions,?%?> except for the artificial cornea that was not an
aberration-free doublet because this was not representative of
the average human cornea, which has intrinsic positive SA.20:27
Instead, we used a double convex lens that provided a level of
SA at the IOL plane of +0.27 pm for a 6.0-mm pupil, > similar to
the one induced by the human cornea on average.?®
Additionally, it showed a dependence of SA on pupil size close
to that of physiological eye models, namely the Liou-Brenan
and Holladay models which have been described in detail
elsewhere.?%23

Light sources consisted of green and NIR light-emitting
diodes (LEDs; Thorlabs GmbH, Munich, Germany) with
emissions centered at 530 nm and 780 nm, respectively. Both
sources had a full-width halfmaximum spectral band width of
32 nm, which represents 6% (at 530 nm) and 4% (at 780 nm) of
the central emission line of the LEDs. Either the green or NIR
LED illuminated the test object located at the front focal plane
of a collimator (200 mm focal length). Test objects were a 200-
um pinhole, for assessment of energy distribution at the foci
planes (far and near), and a four-slit pattern for MTF
measurements.'> The collimated beam illuminated the model
eye with the IOL under test, and an iris diaphragm was used to
control pupil diameter. All pupil diameters mentioned in this
work are referred to in the IOL plane.!>23

Inserted in the wet cell of the model eye, the studied
DMIOL simultaneously formed two (far and near) images of the
test object. These images were magnified and focused onto an
8-bit charge-coupled device (CCD) camera (Wells Research,
Inc., West Covina, CA, USA) by means of a 10X infinite
corrected microscope (Wells Research, Inc.) mounted on a
high-precision translation holder. It was checked for both
wavelengths that the CCD sensor response was linear in the
dynamic range of interest. To improve signal-to-noise ratio,
each image was eventually the result of averaging eight image
frames. A similar procedure was carried out with the
monofocal IOLs. Images recorded with green and NIR
illumination are referred to hereafter as VIS and NIR images,
respectively.

Energy Assessment and MTF Measurements by
Image Analysis

The method of characterizing the energy distribution at the
focal planes of a DMIOL has been reported in detail
elsewhere??23 and is illustrated in Figure 1. The figure shows
the VIS image of the pinhole object captured at the far focus of
the ZKBOO DMIOL. Although the image in Figure 1 is shown in
logarithmic scale of intensity, for the sake of visualization,!5-3°
the original intensity values in the linear scale provided by the
digital 8-bit CCD camera were used in the calculations
described below.

Briefly, the image in a given focal plane consisted of the
core sharp image of the pinhole object surrounded by a blurred
halo-shaped background. This background is principally
formed from an out-offocus image produced by the other
focus of the MIOL but may have additional contributions from a
variety of factors such as the energy expended in higher
diffraction orders,'3 scattering produced by the diffractive
steps of the lens,?!' and residual level of higher order
aberrations, mainly related to insufficient correction of the
corneal SA.??23 Because the gray level of a pixel of the image is
proportional to the energy impinging on that pixel, it is
possible to compute the energy of the light that reaches a
particular region of the image by integrating the gray level of all
pixels belonging to that region. In this way, the energy of the
total image (E,..), which consists of the core plus the
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Ficure 1. Image of the pinhole object in logarithmic scale of intensity
obtained with green (VIS) illumination at the far focus of the ZKB0OO
DMIOL. Arrows indicate regions named core and background,
respectively.

background regions, and the energy just in the focused pinhole
region (E.,.), were computed separately. The energy in the
background (Ep,cg) could be calculated from the difference,
(Erotar) — Ecore)- Finally, the normalized energy (NVE,,,.), which
corresponds to the percentage of energy correctly focused in
the core region, and (VEp,cg), the percentage of the energy
spread in the background, were obtained as the ratios:

(Ecr)re)
(E 1(1[41)

(NEore) = X 100 (1)

and

(E lmckg)

(NEbackg) -
( ~total )

X 100 (2)

The procedure outlined above was also followed in the case
of NIR images.

As for MTF curves, they were obtained as described
previously,'>32 using the corresponding VIS and NIR images

Near

) b)

[(NECore)near] VIS:37%

d)

[(NECore)near]Nlezz%

Far

[(NECore)far]VIS:4O%

[(NECore)far]NlR:7O%
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of the four slit pattern and calculating the Fourier transform of
the line spread function. In our setup, the spatial frequency of
50 cycles/mm approximately corresponded to an angular
spatial frequency of 30 cycles per degree. The criterion for
determining the best planes of focus was to choose those that
maximized the area under the MTF curves. The MTFs for both
VIS and NIR illumination for all the IOLs were obtained for
pupil diameters of 3.0 and 4.5mm.

RESULTS

Figure 2 shows the VIS (Figs. 2a, 2b) and NIR (Figs. 2c¢, 2d)
images of the pinhole object obtained with a 4.5-mm pupil at
the near (Figs. 2a, 2¢) and far (Figs. 2b, 2d) foci of the full-
aperture ZKBOO DMIOL. The VIS and NIR images obtained
with the counterpart monofocal ZA9003 are shown in Figures
2e, 2f, respectively. Figure 2 includes the percentage of the
energy correctly focused (VE,,,.) in each foci. The values of
the VIS and NIR core and background energies obtained with
pupil sizes of 3.0 and 4.5 mm are summarized in Table 1.

Starting with results obtained with VIS light, and for both
pupils, it can be seen that the ZKBOO DMIOL splits the energy
between its near and far foci in a balanced way because
[(VEcordnear] V™ and [(VEcore)pa, Y™ are similar, with values on
the order of 40%, although there is a slight reduction of these
values for the largest pupil. Consequently, the background
energies in the near and far foci (((VEpacednear]V™ and
[((NVEpacedrar] V™) are also similar, with values of approximately
60%,which tend to slightly increase with pupil.

Remarkably, in the case of NIR images, the energy
distribution between the two foci is no longer balanced but,
on the contrary, different values of the energy correctly
focused in the near and far foci are found. In particular, there is
a large reduction in [(VE.ore)near] M} and a large increase in
[(VE ore)arl™ in comparison to those of the VIS images. For
instance, with NIR illumination and a 4.5-mm pupil,
[(NEC()re)neur]NIR = 22%9 whereas [(NEc()re)far]NIR = 70%. The
opposite occurs for the background energies.

The increase in add power of the lens as a result of the
change from VIS to NIR illumination is also shown in Figure
2 through the halo size. In the near focus of the ZKB0OO

Monofocal

[(NECore)]VIS:83%

!

[(NECore)]NIRzgl%

Ficure 2. Images of the pinhole object in logarithmic scale of intensity obtained at the near and far foci of the ZKBOO DMIOL (a, b, ¢, d) and at the
focus of the monofocal ZA9003 IOL (e, f) under VIS (a, b, €) and NIR (¢, d, f) illumination. [(VE) c,e]V's and [(NE) c,,.]N'® = percentage of energy at
the core region with VIS and NIR illumination.
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Tasie 1. Normalized Core and Background Energy Levels at the Foci
of ZKBOO DMIOL
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Taste 2. Normalized Core and Background Energy Levels at the Foci
of SV25T0 DMIOL

Near Foci Far Foci
Pupil
Diameter, mm A, nm  NE.re NEpackg NEcore NEpackg
3.0 530 41 £ 1 59 £ 1 44 + 1 56 + 1
780 25 £ 2 75 =6 71 £ 5 29 + 2
4.5 530 37 £ 1 63 =1 40 =1 60 =1
780 22 + 2 78 + 5 70 = 4 30 = 2

Near Foci Far Foci
Pupil
Diameter, mm A, nm  NE.re NEpackg NEcore NEpackg
3.0 530 32 *+1 68 = 2 63 = 2 37 =1
780 15 = 2 8 +6 81 *+6 19 = 2
4.5 530 13 £ 1 87 *1 61 =1 39 %1
780 6*+1 94 + 5 77 * 4 23 =1

NEjp,cig, percentage of the energy spread in the background; NE¢re,
percentage of the energy correctly focused in the core region.

Table shows normalized percentages of core and background
energy levels (mean * standard deviation) calculated using Equations 1
and 2 at the foci of the ZKBO0O diffractive multifocal intraocular lenses
(DMIOL).

DMIOL, a bigger halo is obtained with NIR than with VIS
light. A larger add power in the case of NIR illumination
makes the far and near focal planes more distant and,
consequently, the defocused image that forms the NIR halo
bigger. In addition, its energy has also increased from
[(NEbackg)near]VIs = 65% up to [(NEbackg)near]NIR = 78%
(Table 1). This effect, although present in the far focus too, is
hardly noticeable due to the halved energy of the big NIR
halo in this focus ([(NEbmkg)/a,-]NIR = 30%), with respect to
the VIS light ([((VEpucre)rarlV™® = 60%).

In the case of the apodized SV25T0 DMIOL and its
monofocal SN6OWF counterpart, the VIS and NIR images
obtained with a pupil size of 4.5 mm are shown in Figure 3. In
contrast to the ZKBOO DMIOL, the VIS light images formed by
the SV25T0 DMIOL (Figs. 3a, 3b) show a biased energy
distribution that benefits the far focus because [(WE )] V™ =
61% is nearly five times larger than [(NVEore)nearl V™ = 13%. This
behavior becomes even more significant when the NIR light is
used (Figs. 3¢, 3d) and produces a faint image of the pinhole at
the near focus (Fig. 3¢), which is barely discernible from the
background and has a [(NVE,q,)near] V™ of only 6% of the total
energy. Conversely, in the far focus (Fig. 3d), the percentage of
energy correctly focused is high with [(WE o)l N® = 77%,
whereas the one spread in the background is relatively small,

Near

b)

[(NECOIe)far]VIS:61%

d)

[(NECore)near] N|R=6%

FIGURE 3.

Far

[(NECore)far]N[R=77%

Abbreviations are as shown in Table 1.

Table shows normalized percentages of core and background
energy levels (mean * standard deviation) calculated using Equations 1
and 2 at the foci of the SV25TO0 diffractive multifocal intraocular lenses
(DMIOL).

with [(VEpceg)ra] ™ = 23% and, thus, a well contrasted image
of the pinhole can be observed. Table 2 summarizes the results
obtained with the SV25T0 DMIOL for both wavelengths and
pupil sizes.

Finally, it is worth pointing out again the size of the halo-
shaped background in the near NIR light image (Fig. 3¢) is
larger than that in the VIS light image (Fig. 3a). As in the former
case of the ZKB0OO DMIOL, the larger add power of the DMIOL
and the increase in energy that deviated toward the far focus
under NIR illumination can explain this intensity distribution.

The MTF curves of the two DMIOLs with both VIS and NIR
illumination are shown in Figure 4 for the case of a pupil size of
4.5 mm. Similar results were obtained with a 3.0-mm pupil.
The MTF of the corresponding counterpart monofocal IOL is
included in these plots for the sake of comparison. It is worth
remarking that the MTF curves of the monofocal IOLs must be
compared to the ones computed for the far foci of the DMIOLs.
We recall that the larger the MTF values, the better the optical
quality of the lens.

Starting with the results obtained with VIS light, Figure 4
shows that the MTFs of the monofocal IOLs (SNGOWF and
ZA9003) reach higher values than the far focus MTFs of their
DMIOL counterparts (SV25T0 and ZKBO0O, respectively) for all
the spatial frequencies, although in the case of the SV25T0

Monofocal

[(NECore)]VIS:SO%

[(NECOfe)]NIR:84%

Images of the pinhole object in logarithmic scale of intensity obtained at the near and far foci of the SV25T0 DMIOL (a, b, ¢, d) and at the

focus of the monofocal SNGOWF IOL (e, f) under VIS (a, b, €) and NIR (¢, d, ) illumination. [(NE) ..,e] V'S and [(VE) ..,.]N'® = percentage of energy at

the core region with VIS and NIR illumination.

Downloaded from iovs.arvojournals.org on 06/29/2019



Investigative Ophthalmology & Visual Science

Diffractive Multifocal I0Ls With Visible and NIR

VIS (A=530 nm)

IOVS | November 2015 | Vol. 56 | No. 12 | 7349

NIR (A=780 nm)

1.0 SV25T0 & Monofocal (SN6OWF) 3 SV25T0 & Monofocal (SN6OWF) “
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Ficure 4. MTF curves were obtained with 4.5-mm pupil under VIS (A =530 nm) and NIR (A =780 nm) illumination at the far (black line) and near
(red line) foci of the (SV25T0 and ZKB00) DMIOLs and at the focus (gray line) of the monofocal (SNGOWF and ZA9003) IOLs.

DMIOL, the values are close to the ones of the monofocal
SNG6OWE Another interesting result is that, although the MTF
curves obtained in the near and far foci of the ZKBOO MIOL
under VIS light are almost equal, and so must be the optical
quality of these foci, there is a difference between the MTFs in
the near and far foci of the apodized SV25T0 DMIOL. The latter
has a far focus MTF that is considerably higher than the MTF of
the near focus for all the spatial frequencies, and therefore, a
better optical quality can be expected for the far focus of the
apodized SV25T0 DMIOL than for the near one.

Interestingly, with NIR illumination, the MTFs computed at
the far focus of both DMIOLs get closer to the MTFs of their
monofocal counterparts, especially in the case of the SV25TO,
whose MTF practically overlaps the monofocal SNGOWFs.
Thus, the optical performance at the far foci of the two
DMIOLs approaches that of the monofocal IOLs, and overall,
there is an improvement in its optical quality with respect to
their performance under VIS light. This result is consistent
with the similar appearance of Figure 2d (ZKBOO DMIOL) and
Figure 2f (monofocal ZA9003), and Figure 3d (SV25T0 DMIOL)
and Figure 3f (monofocal SNGOWF). This similarity, however,
cannot be acknowledged when using VIS light (e.g., Figs. 2b,
2e, or Figs. 3b, 3e).

In addition to the variations concerning the far focus, the
MTFs at the near focus of the DMIOLs also change markedly
from VIS to NIR light (Fig. 4). Thus, the MTF at the near focus
of the ZKBOO DMIOL appears to be lower, and then the optical
quality at this focus worsens under NIR light. In the case of the
SV25T0 DMIOL, because the optical quality of its near focus
was originally low, the deleterious effect produced by changing
the testing illumination (VIS for NIR) on the near focus cannot
be acknowledged to the same extent.

DISCUSSION

Images of the pinhole object obtained in the near and far foci of
the two DMIOLs (ZKB0O and SV25T0) have proven that there
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is always a blurred halo-shaped background surrounding the
focused image (Figs. 2, 3). With VIS light, the percentage of
energy correctly focused on each focus, that is, [(VEcore)near] VS
and [(VE¢or)pr])V™, depends on the particular design of the
DMIOL. For instance, the SV25T0 DMIOL has the highest
[VEcore)farlY™S values for the far focus and the lowest
[(NE cordnearl V™S values for the near focus. This asymmetrical
energy distribution tends to be even more biased to benefit the
far focus for larger pupils (Table 2 experimental data), which is
in agreement with the reported characteristics of the apodized
diffractive profile design of this lens.?! On the other hand, the
ZKB00O DMIOL, with a diffractive profile formed by steps of the
same height, shows a balanced distribution of the energy
between the two foci, with approximately 40% of the energy
correctly focused in each focus independently of the pupil size
(see experimental data of Table 1). Our experimental results
are in excellent agreement with the simulated values of VIS
diffraction efficiency obtained for this type of lens.'?13

More importantly, with NIR illumination, both DMIOLs have
shown, on the one hand, a considerable increase in the
percentage of energy correctly focused on the far focus,
[(VEcore)arl™®, with an associated improvement in image
contrast, and on the other hand, the opposite effect on the
near focus, that is, a significant reduction of [(VE ore)near]l VR
and worse image contrast. Closely related, in the far focus, the
out-offocus blur associated with the energy of the near focus
(which is notorious with VIS light [Figs. 2b or 3b]) is strongly
reduced and thus, the far NIR images of the DMIOLs resemble
those obtained with monofocal IOLs. The consequence, as
confirmed by the NIR MTF curves of Figure 4, is an
improvement in the optical quality of the far focus of the
DMIOLs, which shows an optical performance fairly close to
their monofocal counterparts. Because the opposite occurs
with the near focus, one may describe the effect of testing
DMIOLs with NIR light, in terms of optical performance, as if
they tended to behave like monofocal lenses. This effect is
even more prominent in the case of apodized DMIOLs with
large pupils.
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Although our results were experimentally obtained using an
optical bench, they may be helpful to correctly interpret
clinical outcomes obtained with instruments that use NIR
illumination for the assessment of visual function. For instance,
visual acuity (VA) at different levels of defocus are commonly
obtained with standardized optotype charts using VIS light. In
the case of patients with DMIOLs implants, they typically show
“bifocal” defocus VA curves (meaning curves with two peaks
of VA for far and near distance).>33 However, when an
objective pseudoaccommodation analysis was carried out with
a double-pass system working at the NIR wavelength of 780
nm,> they showed only “monofocal” defocus curves (.e.,
curves with only one peak of far VA), particularly in the case of
patients with large pupils and apodized DMIOLs. Closely
related, double-pass-based measurements performed in this
type of patient with the aim of objectively determining the
optical quality of their far vision®* would more likely lead to
overoptimistic results because, as we have shown, the NIR
light images formed by the DMIOLs in their far focus have
better contrast and optical quality than the corresponding VIS
images (compare Figs. 2b with 2d and Figs. 3b with 3d).
Conversely, the optical quality of the near focus of such
patients would be underestimated in comparison with
measurements obtained with VIS light.

A related issue raised by different authors®>3%37 arises
when measuring patients’ wave aberration and, eventually,
when deriving some associated metrics such as the MTF from
these measurements.> The NIR wavelength used in most
commercial aberrometers also dims the near focus as shown in
our results. Moreover, the longer the NIR wavelength the
weaker the near focus,333%37 and thus, reported wavefront
measurements performed with aberrometers that use longer
wavelengths (808 and 850 nm)3%3339 in patients who have
received DMIOLs implants would produce even more biased
results, which would likely be missing the properties
associated with the near focus and would correspond only to
a benefitted far focus.

Finally, our results have shown another consequence of
testing the DMIOLs with NIR: a notorious increase in the size
of the halo-shaped background. This effect becomes more
evident in the DMIOLs’ near NIR light images (Figs. 2c, 3¢)
because in this plane the background is due to the out-of-focus
contribution of the far focus, whose percentage of energy has
been increased under NIR illumination. This result is certainly
not unexpected because it has been shown that the halo
diameter depends on, among other factors, the add power of
the DMIOL,'#4% which turns out to linearly increase with
wavelength.'?1341 Therefore, the +2.75 D and +2.50 D add
powers of the ZKB0O and SV25T0 DMIOLs at A of 550nm (VIS
light), become +3.90 D and +3.54 D, respectively, under A of
780 nm (NIR) illumination.

We recall our results were obtained from on-axis analyses,
that is, with the MIOLs aligned with the optical system. Earlier
works#2:43 have shown that IOL tilt and/or decentration has an
impact on their optical performance. In addition the human
eye naturally includes pupil decentration (in respect to the
cornea and crystalline lens) as well as lens tilt.

Another potential issue of the study concerns the amount of
SA of the artificial cornea. Although there is a general
consensus about the need for using artificial cornea models
with positive SA to properly test IOLs of aspheric design,?
there is not yet an agreement about the specific value of the
corneal SA that should be used. For instance, Pieh et al.¥2 used
three corneas with SA (6-mm pupil) of +0.054 pm, +0.172 pm,
and +0.416 pm, respectively, for in vitro testing of monofocal
IOLs. The model cornea described by Carson et al.*f had a SA
(6-mm pupil) of +0.2 pm and was used to test the SV25TO
DMIOL. The artificial cornea used in our eye model was
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designed with an SA of +0,27 pum for a 6-mm pupil. Taking into
account the SA of the DMIOLs (SV25T0: —0.20 pm; ZKBOO:
—0.27 pm) the maximum remnant SA would be only +0.07 um
in the case of the SV25T0. Because the maximum pupil
diameter used in this work was 4.5 mm, one would expect
even smaller remnant SA values,*> hence, differences in the
optical performance of the two DMIOLs associated with
differences in the SA compensation have been neglected.
Finally, although the ISO standard has established the VIS
wavelength range of 546 *+ 10nm for IOL testing?® it is worth
remarking that a single wavelength cannot fully represent the
optical performance of the human eye under white (or in
general polychromatic) light. 124647

Overall, the discussed results raise concerns about the use
of NIR light-based clinical instruments such as aberrometers
and double-pass systems to correctly asses the optical quality at
far and near distances of patients with DMIOL implants. This
may help clinicians to better understand the results obtained
when applying aberrometers and double pass systems for the
assessment of eyes implanted with these lenses and alert
people to a misleading use of such results.
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