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Purpose: Phakic intraocular lenses (IOLs) have newly been introduced for presbyopia correction, with no studies to date directly
comparing the various models to one another. This study assesses and compares the optical quality of two phakic IOLs - a diffractive
IPCL (Care Group) with +2.5D added power and a refractive Artiplus (Ophtec) - in a laboratory setting.

Methods: A custom-made insert contained a —3D phakic IOL and a 23D monofocal (Precizon Monofocal, Ophtec). Two samples of
each phakic IOL were tested using OptiSpheric IOL PRO2 under spherical and chromatic-aberration conditions at 3 and 4.5mm
apertures at near (40cm), intermediate (67cm) and far distances. Modulation transfer function (MTF) related variables, and the 1951
USAF resolution target images were compared.

Results: The MTFs at far distances, 67cm, and 40cm revealed minor differences between the two IOLs for a 3-mm pupil. Simulated
visual acuity showed no disparity at distance but improved by 0.01 and 0.05 logMAR with Artiplus at intermediate and near points.
Additionally, Artiplus exhibited a plateau in intermediate performance, while the IPCL demonstrated higher optical quality close to
50cm, corresponding to its secondary-focus location. Both lenses showed reduced optical quality with larger apertures. The USAF
resolution target results supported these findings.

Conclusion: Artiplus and IPCL (+2.5D add) showed good optical quality across the focus range, with Artiplus having a flatter
simulated defocus curve. While the expected visual acuity differences were minimal, they may become more pronounced in patients
with larger pupils, warranting further investigation.
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Introduction

Presbyopia — the reduced ability of the natural lens to accommodate — affects almost all individuals by the age of 50,
leaving them with decreased near visual acuity (VA). In 2011 alone, it is estimated that from a total of 244 million cases of
uncorrected or under-corrected presbyopia in people aged less than 50 years, there was an approximate worldwide
$11.023 billion loss in potential productivity.' One novel way to manage presbyopia is by the implantation of phakic
intraocular lenses (IOLs) - IOLs that are placed over the natural lens rather than replacing it. These lenses refract light either
via distinct regions with various radii of curvature, or diffractively by inducing add powers through Fresnel zones, which
refract the light differently than their lens-base.” Phakic IOLs allow for patients to maintain their residual ability to
accommodate, receive a refractive intraocular lens if needed, and avoid an increased risk of retinal detachment during this
procedure if they are highly myopic.®>® Previous studies have extensively reported positive outcomes on various phakic

IOLs in refractive surgery,”’* however few studies have explored their outcomes in presbyopia management.'®"?
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In 2020, Schmid and Luedtke established promising results for the use of phakic IOLs in correcting presbyopia,
where 8 patients undergoing presbyopia correction with a diffractive posterior chamber phakic IOL reached a median
uncorrected distance VA of at least 0.110gMAR with no need for reading glasses at one-month post-operation.'* Four
prospective studies by Stodulka et al, Takahashi et al, Bianchi et al, and Giiel et al have found patients undergoing
presbyopic phakic IOL correction to have significantly improved VA at follow-ups.'>"'® While such studies have reported
positive outcomes for phakic IOL use in presbyopia management, they are limited in numbers and no previous study has
yet directly compared a refractive and a diffractive phakic IOL for presbyopia management.

In this study, we evaluated and compared the optical quality of a diffractive phakic IOL — the IPCL with +2.5 diopters
(D) add power (Care Group) — and a recently introduced refractive phakic model designed for presbyopia correction — the
Artiplus (Ophtec). By measuring their optical-quality metrics and simulating postoperative VA at various aperture sizes
and near, intermediate, and far distances, we aimed to provide comprehensive information on the optical properties of
both approaches in the same study, allowing for better direct comparison of the models and a more personalized selection
of phakic IOL based on patients’ needs.

Methods

Phakic IOLs

The Artiplus Model 470 (Artiplus) is a polysiloxane iris-fixated refractive phakic IOL (Ophtec, Groningen, the
Netherlands),'® which has recently obtained a CE-marking. Its multi-segmented optic using the continuous transitional
focus technology allows for improved VA at near, intermediate, and far distances (Figure 1). Its refractive index is 1.43,
with dioptric powers ranging from +2.0 to —15.0D in 0.5D increments. Artiplus has an overall diameter of 8.5mm with
a 6.0mm convex-concave body. We used an Artiplus IOL with a power of —3D.

The IPCL V2.0 is a hybrid hydrophilic acrylic phakic IOL with a refractive index of 1.465. It features a central hole to
allow aqueous flow and six haptic pads to ensure its stability in the ciliary sulcus (Care Group, Gujarat, India).?’ It has an
optic diameter of 6.60mm that can be customized up to 7.25mm with sizes ranging from 11.00 to 14.00mm (0.25mm
step).”’ The IPCL is available in the broad power range of —30.0D to +15.0D in 0.5D increments. The added power can
also be customized by offering +1.5D, 2D, 2.5D, 3D, and 3.5D secondary foci. In the current study, we used an IPCL
with a power of —3D and an add power of +2.5D, aligning with the range of the Artiplus model.

In our experiments, the optical power of the natural lens was modeled with a 23D Precizon Monofocal (Ophtec,
Groningen, the Netherlands), with no spherical aberration. When assembling the 23D monofocal and phakic IOL with one
another, the overall corneal aberration (0.27 pm) was similar to the mean of 0.280 um (+£0.086 pm) reported in the literature.**

Figure | Artiplus phakic intraocular lens (photo courtesy with permission from Ophtec, the Netherlands)."’
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Optical Setup

The 23D monofocal and phakic IOLs were assembled into a custom-made and 3D-printed insert with the 23D monofocal
placed posterior to the phakic IOL to simulate the in-vivo condition of the natural lens being posterior to a phakic IOL
(Supplemental Figure 1). An estimated distance between the two lenses was 0.5mm, determined based on the IOL

geometry and a dedicated spacer incorporated into the 3D-printed holder, which had a designed gap of 1.2 mm. The
printing accuracy was approximately #0.1mm. This resulting distance was comparable to the separation found between
phakic IOLs and the crystalline lens (0.609:£0.165mm) in the literature.”

The optical quality of the phakic IOLs was evaluated with the Laboratory’s OptiSpheric IOL PRO2 (Trioptics GmbH,
Wedel, Germany), with its design adhering to ISO 11979-2.*** Two samples of each phakic IOL were tested for all
experiments after placing them in a balanced salt solution (BSS, Bausch+Lomb, United States). Two samples sufficed for
the experiments given the OptiSpheric’s accuracy against a reference lens (2% for MTF testing)*® and the lab’s previous

2728 and repeatability”® of the optical quality of IOLs, regardless of type or

studies indicating high reproducibility
refractive power, using the laboratory’s OptiSpheric. Measurements were conducted with a photopic filter, and 3.0-
and 4.5-mm apertures. A corneal model with 0.27um of spherical aberration at 5.15mm was used representing the

22,28-31

average value reported in the normal population, and simulations were performed in polychromatic light to more

closely mimic natural viewing conditions.

Image Quality Metrics

Variables measured with the setup included modulation transfer function (MTF). In addition to comparing the phakic
IOLs” MTF curves, the area under the curve of the MTFs (MTFa) up to 50 Ip/mm with the simulated VA conversion was
calculated using the methods outlined elsewhere.*? The through-focus MTF (TF MTF) was compared at 25, 50, and 100
Ip/mm. Lastly, the 1951 USAF resolution test images were recorded. The results were graphed and analyzed with
custom-made software (MATLAB, MathWorks, USA).

Results
Figure 2 shows the MTF levels of the IPCL and Artiplus phakic IOLs for a 3mm pupil measured at far, intermediate, and
near focus. At this aperture, the lenses showed close MTF values at all distances.

Supplemental Figure 2 shows the TF MTF of the tested phakic IOLs for a 3mm pupil at 25, 50, and 100 Ip/mm at
a defocus range of 1 to —3D at the spectacle plane. At all tested frequencies, both the IPCL and Artiplus IOLs had
a primary peak at 0D. At approximately —1.9D, IPCL had a higher secondary peak compared to Artiplus, but at the

expense of a lower contrast at the intermediate range with a steep decline from the primary to the secondary focus. Given
IPCL being a diffractive phakic IOL, such a bimodal shape of the TF MTF curve is expected.

Figure 3 presents the MTFa and simulated VA (logMAR) for the two lenses at a 3mm aperture. The two lenses had
a similar primary peak at 0D, but IPCL had a second primary peak at approximately —1.9D. At an intermediate defocus of
—1D, Artiplus showed a higher MTFa (0.32 versus 0.25) and better simulated VA (0.05 versus 0.13logMAR) than the IPCL.

At a 4.5mm aperture as shown in Figure 4, the MTF level of lenses at far, intermediate, and near focuses showed
decreased values compared to the 3.0mm aperture, due to the presence of corneal spherical aberration. Notably at the
near focus, IPCL had a lower MTF at all spatial frequencies compared to the Artiplus lens with the 4.5mm aperture,
indicating a deficiency in near performance at higher apertures.

With the 4.5mm aperture, TF MTF values of the lenses at 25, 50, and 100 lp/mm decreased for all lenses compared to
the 3.0mm aperture (Supplemental Figure 3). Still, both models preserved their multifocal properties extending the depth

of focus at 4.5mm.

Nevertheless, the IPCL’s tolerance to hyperopic and negative defocus appeared further reduced at the extreme ends of the
MTFa and simulated VA presented in Figure 5, demonstrating a steeper decline in its optical quality. Artiplus demonstrated
a bimodal simulated VA with peaks of 0.05logMAR at —0.5D and 0.131ogMAR at —2.4D. In contrast to the Artiplus, [IPCL
demonstrated a narrower simulated VA curve with a primary peak of 0.05logMAR at —0.25D. Testing with larger apertures
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Figure 2 Modulation transfer function curves of the tested lenses at three foci for a 3mm aperture. The tested foci included best far, intermediate, and near focus. The
dotted lines show the values of each lens separately; the solid lines refer to the average of two lenses.
Abbreviation: MTF, modulation transfer function.
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Figure 3 The area under MTF curve and simulated VA of the tested lenses at 3mm aperture. The MTFa and simVA are graphed as a function of spectacle defocus. The
dotted lines show the values of each lens separately; the solid lines refer to the average of two lenses.
Abbreviations: MTFa, area under the modulation transfer function; simVA, simulated visual acuity.
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Figure 4 Modulation transfer function curves of the lenses at three foci for a 4.5mm aperture. The tested foci included best far, intermediate, and near focus. The dotted
lines show the values of each lens separately; the solid lines refer to the average of two IOLs.
Abbreviaton: MTF, modulation transfer function.
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Figure 5 The area under MTF curve and simulated VA of the tested lenses at 4.5mm aperture. The MTFa and simVA are graphed as a function of spectacle defocus. The
dotted lines show the values of each lens separately; the solid lines refer to the average of two lenses.
Abbreviations: MTFa, area under the modulation transfer function; simVA, simulated visual acuity.
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Figure 6 The United States Air Force target images for tested lenses across defocus range. The defocus range included +1.0D to —3.0D, at 0.5D increments at 3-mm and
4.5-mm apertures.

also revealed that the optical performance of both the IPCL and the Artiplus was comparable in the intermediate range, with
the two curves overlapping at —1.0D, which contrasts with the lens IPCL performance measured at 3mm.

The USAF resolution target images presented in Figure 6 confirmed the MTFa results. At —1.0D, Artiplus has better
image resolution than IPCL with the 3.0mm aperture, while its resolution became more similar to IPCL at the 4.5mm
aperture. At —2.0D with the 3.0mm aperture, IPCL had a better image resolution than the Artiplus, but at the same
defocus value with the 4.5mm aperture, IPCL had a worse contrast than the Artiplus. Overall, at both pupil sizes,
especially the 4.5mm size, Artiplus had an improved image quality at the ends of the defocus range, compared to the
IPCL.

Discussion

Given phakic IOL’s recent introduction to presbyopia treatment, the literature on laboratory studies evaluating such
lenses is still limited. Our study tested and compared the optical performance of refractive versus diffractive phakic
IOLs — IPCL (+2.5D add) and Artiplus — at 3.0 and 4.5mm apertures for surgical management of presbyopia. We
demonstrated good optical quality of the two models across the studied focus range, with the Artiplus providing a flatter
simulated defocus curve. While expected differences in VA between the two approaches were minimal, they may become
more pronounced in patients with larger pupils.

Our study’s MTF values of the IPCL with +2.5D added power at the 3.0mm aperture decreased with spatial
frequency, and the curves decreased to lower MTF values with an increased aperture size of 4.5mm. The IPCL phakic
IOL for presbyopia has been studied in a laboratory by Yu et al with additional powers of 2D and 4D at a 3.0mm
aperture.®® Yu et al found the MTF values at 100 cycles/mm to be 27% and 24% with the 2D and 4D add powers
respectively, compared to our study with MTF values closer to 11% at 100 cycles/mm. The reason for this discrepancy
and the lower MTF value reported in our study results from differences in the optical setups applied in both studies. The
primary factor limiting the IOL performance using our approach is the presence of corneal spherical aberration. In
contrast, the corneal lens used by Yu et al was designed to minimize spherical aberration, as inferred from its
resemblance to the corneal model outlined in the ISO standard. Another contributing factor is the use of polychromatic
light in our evaluation of IOL performance. By contrast, the optical bench used by Yu et al employed a 546 nm light
source, which is free of chromatic aberration effects and may therefore yield higher objective quality metrics.”® However,
in agreement with our study, they found that the IPCL MTF levels gradually worsen with increasing apertures. This
change was also seen in a prospective cohort study by Stodulka et al where highly myopic patients undergoing
presbyopic treatment with IPCL had difficulty seeing under dim light conditions.'” They found the mean uncorrected
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distance visual acuity (UDVA) to be 0.111ogMAR, with uncorrected near visual acuity (UNVA) improving to J1 for 15 of
17 eyes as the other 2 eyes were J1 at baseline. Schmid and Luedtke retrospectively studied the use of IPCL for
presbyopia treatment in 16 eyes of 8 patients and found 9 out of 16 to be emmetropic with UDVA of at least 0.1logMAR
with no need for reading glasses at one-month post-operation.'* Similarly, in our study, with apertures of 3.0 and 4.5mm,
we respectively found the simulated VA to be —0.011ogMAR and 0.07logMAR at distance. At the near focus, ie, at —2D,
we found simulated VA to be 0.03 and 0.16logMAR for the two apertures respectively, which may show a lack of need
for reading glasses. Overall, based on our and other studies, we can conclude that IPCL for the treatment of presbyopia
can result in significantly improved near and far distances, but the len’s design appears to be susceptible to pupil-size
changes.

The Artiplus lens studied is currently being clinically investigated by Giiel et al as part of a prospective non-
controlled multicenter clinical trial.'"® The one-year clinical trial has shown that at 6 months post-operation, mean
monocular UDVA, uncorrected intermediate VA (UIVA) at 80cm, and UNVA at 40cm were 0.01+0.08, 0.03+0.08, and
0.07+0.091ogMAR respectively, with binocular UDVA, UIVA, and UNVA being —0.06+0.08, —0.01+0.07, and 0.02
+0.08logMAR respectively.** The results of this study appear to agree with ours for far and intermediate, but not fully for
near distance. With the 3mm aperture, we found the simulated VA to be approximately —0.02, 0.06, and 0.12 logMAR at
far, intermediate, and near focuses (respectively 0, —1.25, and —2.5 defocus values). It is important to note; however, that
our results simulate the scenario of complete accommodation loss, which can differ from real-world clinical cases. In
practice, the loss of accommodation is a gradual process, and patients receiving such lenses often retain some ability to
accommodate.*> Laboratory studies thus can predict the maximum lens-related depth-of-focus improvement that patients
may experience at various distances, with possibly better outcomes for those whose lenses may still have residual
accommodation.

Lastly, our work did not study the EVO Visian Implantable Collamer Lens by STAAR Surgical (Monrovia,
California, USA). This lens is a collagen and poly-hydroxyethyl methacrylate iris-fixated refractive phakic IOL with
dioptric powers ranging from —0.5 to —18.0D.*® It has a plate-haptic design with a central convex/concave optical zone
ranging from 4.9 to 5.8mm diameter and a 0.36mm diameter central port allowing aqueous flow.>**” The STAAR phakic
IOL for the treatment of presbyopia has been studied prospectively by Rateb et al showing uncorrected VA improving
from 1.3+0.06logMAR to 0.76+0.2l0gMAR post-operatively.*® Alfonso et al studied the STAAR lens to correct moderate
to high myopia and presbyopia and found postoperative UDVA and corrected DVA (CDVA) values of 0.09 £+ 0.19 and
0.02 + 0.03l0gMAR, following bilateral implantation in 40 patients.** To be able to offer a comprehensive review of
phakic IOL options available for patients with presbyopia, future studies comparing the STAAR phakic IOL to the
Artiplus and IPCL phakic IOLs can be significantly beneficial.

In addition to the range of vision, which typically distinguishes presbyopia-correcting IOL solutions, another key
differentiating factor is the occurrence and severity of photic phenomena. These unwanted light effects involve the
perception of glare, halos, or starbursts when looking at light sources, such as streetlights or headlights of cars at night.*’
In studying presbyopia-correcting IOLs, literature has found photic phenomena to greatly vary between lens types, and to
be one of the most common complaints of patients undergoing IOL procedures - as high in 32.9% of eyes found by de
Vries et al.***! Generally, a lower incidence of photic phenomena has been associated with the refractive rather than the
diffractive principle in the context of multifocal IOLs implanted into the capsular bag.** It is of interest to confirm
whether this can also be observed in the context of phakic multifocal IOLs. Therefore, by studying photic phenomena
rates with phakic IOLs and their comparison to other methods of presbyopia treatment, we can gather more information
on the rate of side effects associated with phakic IOLs, which warrants further clinical and laboratory investigations.
Additionally, due to the limitation of the OptiSpheric setup, this study did not evaluate the effects of IOL decentration or
tilt on the IOL performance— factors that have been shown to impact visual outcomes resulting in symptoms such as glare
or visual halos.***** Future studies on the impact of tilt and decentration on phakic IOL outcomes may add insights into
the side effects of such IOLs.
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Conclusion

Our study evaluated and contrasted the optical quality of diffractive versus refractive phakic IOL models — IPCL with
added power of 2.5D and Artiplus — for the management of presbyopia at near, intermediate, and far distances simulating
various pupil sizes. We found that both IPCL and Artiplus can effectively expand the range of vision, potentially
alleviating visual symptoms in presbyopic patients and restoring vision at intermediate and near distances. Although the
optical quality of both models was comparable at a 3mm pupil size, an increase to 4.5mm led to reduced defocus
tolerance, with the IPCL model appearing more affected. While our study aids in directly comparing the two models and
choosing a phakic IOL more appropriate based on patients’ individualized needs, it still needs to be considered that lens
performance may differ under in vivo conditions due to the interaction between the IOL optics and the eye’s intrinsic
aberrations and residual accommodation. Future studies evaluating the impact of these aspects and the perception of
photic phenomena in presbyopic patients undergoing phakic IOL implantation can provide physicians and patients with

a more comprehensive understanding of their treatment options.

Abbreviations

BSS, balanced salt solution; CDVA, corrected distance visual acuity; D, diopters; IPCL, implantable phakic contact lens;
IOL, intraocular lens; MTF, modulation transfer function; MTFa, area under the modulation transfer function; TF MTF,
through-focus modulation transfer function; UDVA, uncorrected distance visual acuity; UIVA, uncorrected intermediate
visual acuity; UNVA, uncorrected near visual acuity; VA, visual acuity.
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