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The image-forming properties of the eye can be described
in terms of wave aberration. Understanding the link
between aberrations and the anterior segment geometry is
therefore of crucial importance for (i) comprehending
how the eye works, (ii) modelling the optics of individual
eyes, (iii) optimizing optical solutions, or (iv) designing
surgical strategies. The eye has many innate adaptations
that minimize optical aberrations. In most normal young
eyes, the magnitude of aberrations of the cornea is sig-
nificantly larger than for the whole eye, indicating a
significant role of the crystalline lens in compensating
corneal aberrations. However, due to geometrical and
structural changes, this ocular compensation gets dis-
turbed in different anterior segment conditions, such as
keratoconus, presbyopia, or cataract. Keratoconus pro-
gressively degrades the corneal shape and, consequently,
vision in the adolescence, with a prevalence of 0.05% in
the general population. Meanwhile, presbyopia and cat-
aract are conditions related to aging that affect the
structure of the crystalline lens, one referring to a loss in
accommodative amplitude (presbyopia) and the other to a
progressive loss of transparency (cataract). Presbyopia
affects 100% of the population older than 45 years of age,
impairing reading and near work activities as a result of

the loss of the eye’s crystalline lens ability to focus at near
objects, whereas cataracts affect more than 50% of the
population over 75. Furthermore, the prevalence of my-
opia has alarmingly increased in recent years, especially in
the developing economies of the East Asian area, making
the identification of the optical changes in the eye asso-
ciated with myopia particularly important.

Given the large numbers of potential patients for op-
tical correction of presbyopia and cataract, managing
keratoconus, or slowing down the progression of myopia,
the potential impact of new solutions based on personal-
ized optical designs is undoubtedly tremendous and will
offer both remarkable opportunities and challenges in a
wide range of anterior segment applications. Combining
the technological advances in aberrometry and three-di-
mensional anterior segment imaging techniques with
dedicated ray-tracing and processing tools will allow
building patient-specific eye models for the selection of the
contact and/or intraocular lens design that provides the
best optical quality [1-3].

Furthermore, a better understanding of the optical
corrections and how they interact with the patient’s optics
will help clinicians with selecting the correction that opti-
mizes the visual performance in their patients, for example,


mailto:pablo.perezm@quironsalud.es
https://orcid.org/0000-0003-3591-7567
https://orcid.org/0000-0003-2931-9747
https://orcid.org/0000-0002-3979-4528
https://orcid.org/0000-0002-8082-1751
https://orcid.org/0000-0001-8124-8646
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/9586062

using visual simulators that allow the patient to experience
the difference in visual performance between monofocal or
different multifocal solutions [4]. With the recent expan-
sion of presbyopia-correcting contact/intraocular lenses by
the many variations in design (diffractive and refractive, or
new class of extended depth-of-focus lenses), multiple
zones, and add power, the ability to satisfy the patient’s
visual demands has never been greater, possibly leading to
unprecedented customized eye treatments. In this special
issue, eleven scientific articles and one review article dis-
cuss the implications and possible future directions of
personalized optical designs and manipulating optics
through different applications on the anterior segment of
the eye.

It is well established that favourable interactions be-
tween low- and high-order aberrations can improve the
visual performance [5]. In particular, adding a certain
amount of spherical aberration to defocus can improve
visual quality over defocus alone. Besides defocus, specific
combinations of astigmatism and coma also increase
optical quality. Zhang et al. investigated the correlations
between spherical aberration, astigmatism, and axial
length in a large cohort (6747 eyes) and found that in eyes
with low astigmatism axial length was correlated with
spherical aberration (e.g., a gradual decrease as axial
length increases). In the presence of larger astigmatism
(>2D), however, the authors found different tendencies
between axial length and spherical aberration that would
clearly affect the selection of a toric IOL. Velasco-Barona
et al. evaluated the effect of angle kappa and aberrations
on the visual performance of two different presbyopia-
correcting IOLs (diffractive trifocal: Acrysof IQ PanOptix
and AT LISA tri 839MP). The authors did not notice
association between angle kappa and the postoperative
visual quality. In a different study, Liu et al. provided
clinical advice in choosing presbyopia-correcting IOLs by
comparing the visual performance between the Echelette
Extended Range of Vision (Tecnis Symfony ZXR00) and
the diffractive bifocal (Tecnis ZMBO00). Regarding IOL
power calculation, Ferndndez et al. described that the
postoperative residual refractive error with current IOL
power calculation formulas could be associated with an
under- or overestimation of the real estimated lens po-
sition (ELP). But even if ELP was perfectly predicted, there
may still be some postoperative refractive error depending
on the axial length. Hence, the authors proposed a fic-
titious corneal refractive index estimation as an additional
method to optimize the IOL power calculation.

The replacement of the crystalline lens by an intra-
ocular lens modifies the chromatic dispersion properties
of the eye, depending on the dispersion properties of the
IOL material. Moreover, different IOL materials have
different tendencies to form small fluid-filled vacuoles
(glistenings) within the bulk of the IOL with different
effects on light scattering. Spiezio et al. proposed a new
methodology based on high-magnification digital mi-
croscopy to quantitatively evaluate and characterize such
IOL vacuoles using their critical optical characteristics,
such as vacuole size, density, shape, and orientation

Journal of Ophthalmology

within the IOL material. Elwan et al. showed a new
technique for the treatment of primary posterior capsule
opacification (PCO) or prevention of postoperative PCO
based on a pneumatic technique to perform a posterior
capsulorhexis.

Progressive distortion of the cornea in keratoconus
leads to abnormal corneal topography, resulting in ir-
regular astigmatism, progressive myopia, and increased
high-order aberrations. Although the anterior corneal
surface supposes the dominant factor to corneal aberra-
tions, the posterior corneal surface also has a remarkable
implication in ocular aberrations. Therefore, an accurate
three-dimensional quantification of both anterior and
posterior corneal surfaces is critical for managing kera-
toconus. Velazquez-Blazquez et al. proposed a three-di-
mensional virtual model of the cornea by means of
computational geometry as a novel tool for keratoconic
classification. Corneal surface analysis in corneal topog-
raphers is usually based on fitting the elevation data to
parametric models to obtain the relevant information.
Regarding keratoconus classification based on Scheimp-
flug-imaging surface fitting, Garcerant et al. defined a
toric ellipsoid with fixed eccentricity at the thinnest point
as the best-performing parameter to discriminate between
normal and keratoconus within a myopic population.

In the contact lens field, Wang and Yang described the
effect of decentration of the orthokeratology lens on myopia
progression. Meanwhile, the review article by Remon et al.
proposed novel experimental paradigms for presbyopia
correction and myopia control, such as material platforms,
optical designs, and computational simulations of bifocal
and multifocal contact lenses. In a different study, Carracedo
et al. compared the agreement and repeatability of binocular
open-field and monocular closed-field wavefront autore-
fractor systems. The binocular open-field provided better
results in terms of spherical equivalent and J;, and could be
an excellent tool to evaluate refractive errors in the clinical
practice.

Interestingly, Montagud-Martinez et al. showed a novel
concept of using diffractive corneal inlays for presbyopia
correction. This design not only surpasses the multifocal
performance of the commercial small aperture corneal inlays
but also compensates their limitations in terms of degraded
contrast sensitivity and stereoscopic acuity.
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Bifocal and multifocal optical devices are intended to get images into focus from objects placed at different distances from the
observer. Spectacles, contact lenses, and intraocular lenses can meet the requirements to provide such a solution. Contact lenses
provide unique characteristics as a platform for implementing bifocality and multifocality. Compared to spectacles, they are closer
to the eye, providing a wider field of view, less distortion, and their use is more consistent as they are not so easily removed along
the day. In addition, contact lenses are also minimally invasive, can be easily exchangeable, and, therefore, suitable for conditions
in which surgical procedures are not indicated. Contact lenses can remain centered with the eye despite eye movements, providing
the possibility for simultaneous imaging from different object distances. The main current indications for bifocal and multifocal
contact lenses include presbyopia correction in adult population and myopia control in children. Considering the large numbers
of potential candidates for optical correction of presbyopia and the demographic trends in myopia, the potential impact of contact
lenses for presbyopia and myopia applications is undoubtedly tremendous. However, the ocular characteristics and expectations
vary significantly between young and older candidates and impose different challenges in fitting bifocal and multifocal contact
lenses for the correction of presbyopia and myopia control. This review presents the recent developments in material platforms,
optical designs, simulated visual performance, and the clinical performance assessment of bifocal and multifocal contact lenses for
presbyopia correction and/or myopia progression control.

1. Introduction

Bifocal and multifocal contact lenses (CLs) for presbyopia
correction and/or myopia control can be made available in a
wide variety of platforms, including rigid gas permeable
(RGP) lenses of different sizes from corneal to scleral
supported, soft contact lenses, and hybrid lenses [1]. In
addition to the lens optical structure, bifocality and multi-
focality can also be achieved by reshaping the cornea with
the application of CLs in the technique called orthoker-
atology and has been used widely for myopia correction and
myopia control [2, 3] although its application for presbyopia
correction is still limited [4]. While presbyopia correction

with contact lenses accounts for up to 25-35% of the contact
lens fittings in several countries [5], myopia control contact
lens fittings are still limited to 2-5% of the contact lenses
fitted [6].

The pupil size of the eye and the power distribution
across the lens are related to providing the desired effect for
presbyopia and myopia applications [1, 2, 7]. In presbyopia
correction, the main goal is to provide images focused at
different distances along the optical axis and is, therefore, a
matter of central (foveal) viewing. For older patients senile
miosis imposes a limitation of the area of the device that is
useful to form images in the retinal proximity. However, in
the case of myopia control, in addition to foveal imaging, off-
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axis imaging should also be taken into account as it could be
relevant to achieve the therapeutic effect and slow eye
growth (yet to be confirmed) [8].

In this review article, we present an overview of the
recent developments of bifocal and multifocal contact lens
designs for the correction of presbyopia and myopia
control, including the optical design of different platforms
for bifocality and multifocality, computational simulations
and performance assessment, and their connection with the
visual performance, patient acceptance, and efficacy. For
further information on the performance of earlier designs
for presbyopia correction [1, 9] and myopia control, in-
cluding orthokeratology [10, 11], the reader must consult
the abundant existing literature including several sys-
tematic reviews and meta-analyses on the former topic
[12-16].

2. Platforms for Bifocality and Multifocality in
Contact Lenses

Contact lenses that allow the lens to change the relative
position with the pupil depending on the viewing distance
are mostly built in RGP platforms. Although segmented
bifocal spectacles have been used for myopia control, al-
ternating bifocal contact lenses have not been used for such
purpose. Contact lenses whose optical zone remains stable
regarding the pupil on different eyesight directions can be
built in any platform from corneal to scleral RGP, soft and
hybrid materials.

Most of the more effective bifocal and multifocal contact
lens designs are currently manufactured in soft platforms.
Due to its larger diameter and flexibility, it enables better
control of centration and lens movement compared to
corneal RGP contact lenses. Recently, these multifocal de-
signs that have been introduced on hybrid (in which the
central area of the contact lens is manufactured with rigid
gas permeable materials) and scleral lenses also offer an
excellent solution for presbyopia compensation and myopia
progression control.

While soft, corneal RPG, and hybrid contact lens
platforms have been the object of previous reviews [1],
multifocal scleral supported contact lenses have been re-
cently used for presbyopia correction. Modern RGP scleral
lenses have a large diameter, without any mechanical in-
teractions between the lens, the cornea, and the scle-
rocorneal limbus. Scleral contact lenses (SL) are considered
as one of the best visual correction options for eyes that
were unsuccessful with conventional contact lens modal-
ities, which led to an exponential increase in the number of
publications in the last years [17]. Progress in the
manufacturing process, lens materials, and improved
knowledge on the scleral anatomy boosted the indications
for SL fitting. SL are mostly fitted to improve vision in cases
of irregular astigmatism (from primary corneal ectasias to
keratoplasty) and for providing a therapeutic environment
for managing severe anterior eye diseases (severe dry eye
due to Sjogren’s or Stevens-Johnson syndrome) and also
for normal/healthy corneas with high refractive errors
[18-21].
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The optical principles for scleral lenses are identical to
corneal RGP and hybrid contact lenses, as corneal astig-
matism (regular or irregular) and high-order aberrations are
partially or completely compensated by the tear film res-
ervoir between the lens and the cornea. However, SL wearers
and manufacturers could also take advantage of the unique
stability on-eye during lens wear: these lenses are rota-
tionally stable and have lack of movement with blinking
[22, 23].

Although SL are very stable on-eye, they tend to
decenter. The geometric characteristics of the ocular surface
beyond the corneal borders (flatter sclera in the nasal side),
gravity, and eyelids effect usually make the SL to decenter
inferotemporally [24-29]. However, some manufacturers
are able to overcome this issue by decentering the optic zone
to compensate for this misalignment with the visual axis,
which could be very beneficial for presbyopic and myopia
control designs. Nowadays, multifocal SL account for ap-
proximately 2% of all contact lenses prescribed [30]. Several
SL designs have been introduced to the market in the last few
years, with parameters varying considerably between
manufacturers (center distance or near designs, different
central optic zone diameter, addition powers, and power
profiles), which enhance the importance to follow the fitting
guides and recommendations [31].

3. Optical Designs

3.1. Bifocal and Multifocal Contact Lenses. There are different
bifocal and multifocal contact lens designs commercially
available [32-34]. The International Organization for
Standardization (ISO) [35] Ophthalmic Optics-Contact
Lenses, Part 1: Vocabulary, Classification System and Rec-
ommendations for Labelling Specifications. ISO 18369-1:
2006 (Geneva, Switzerland: ISO; 2006) defined the following
concepts related to the matter of this review article as (i)
bifocal contact lenses: contact lens designed with two optic
zones, usually for distance- and near-vision correction, (ii)
multifocal contact lens: contact lens designed to provide two
or more zones of different refractive power, and (iii) pro-
gressive power contact lens/varifocal power contact lens:
contact lens designed to provide correction for more than
one viewing range in which the refractive power changes
continuously, rather than discretely. Most of these contact
lens designs can also be designed with toric geometry for the
correction of astigmatism, particularly for rigid gas per-
meable lenses and also for some hydrophilic soft contact
lenses. Figure 1 shows different examples of multifocal
contact lens designs.

These design concepts work under two different prin-
ciples [9, 32, 36]: (i) alternating image, in which a translating
movement of the lens when looking downwards results in
viewing through an area with a different refractive power;
and (ii) simultaneous image, where the simultaneous pro-
jection of the images coming from multiple target distances
are presented to the eye at the same time at different focal
planes. Then, in the simultaneous image, there must be a
neural adaptation to select the sharp image depending on the
visual target.
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FiGgure 1: Illustration of different contact lens designs. In red: areas for near vision; in blue: areas for distance vision.

3.2. Simultaneous Image Contact Lens Designs. In simulta-
neous image designs, specific regions of the contact lens are
designed for far and near vision correction, refracting si-
multaneously light from far and near targets through the
pupil for all gaze positions. In this situation, the retina
receives several images: in-focus and out-of-focus. Thus, lens
centration, pupil size, ocular optics, and neural adaptation
are essential for efficient visual performance with these
contact lenses [37]. Further details on the power profiles of
the most current multifocal contact lenses for presbyopia
correction can be found in previous publications: Plainis
et al. [37], Montés-Micé et al. [38], Wagner et al. [39], and
Kim et al. [40].

There are two main types of simultaneous image contact
lens designs concentric multifocal contact lenses and aspheric
multifocal contact lenses.

(i) Concentric multifocal contact lenses: these contact
lens designs have a primary viewing zone in the
center of the lens, which provides either distance or
near power, surrounded by concentric rings of near
or distance power, respectively (see Figure 1). These
lenses are designed as near-center or distance-center
and are classified as biconcentric or multiconcentric
[41-43].

(ii) Aspheric multifocal contact lenses: these contact
lenses designs are based on aspheric designs fitted by
conics, allowing the manipulation of the spherical
aberration to modify the depth of focus. These de-
signs comprise a power gradient that changes ra-
dially across the lens, most frequently in a radially
symmetric fashion [44].

Unlike the discrete segmented rings of distance and
near refractive power surrounding the center of the lens
in the concentric designs, the aspheric designs show
gradual changes in power from the center (center-dis-
tance or center-near) to the periphery of the lens (see
Figure 1).

3.3. Characterization of the Simultaneous Image Contact Lens
Design. Recent studies have published the designed phase
patterns of different multifocal contact lens models (e.g.,
Charman described in its review article the power profile of
the Purevision and Acuvue Oasys along a radius of 3.0 and
3.5mm, respectively, of nominally 0.00D distance power
[32]). This information is essential to develop realistic in-
dividual simulations on model eyes, understand the mul-
tifocal performance of different distributions of near/far
zones across the pupil, and interpret the visual outcomes
[37, 38, 43, 45].

To date, there are different commercial devices that
measure objectively the contact lens power profile and
power maps following the specifications of ISO 18369-2:
2013 (Ophthalmic optics—Contact lenses—Part 2: toler-
ances) [46] and ISO 18369-3:2017 (Ophthalmic
optics—Contact lenses—Part 3: measurement methods)
[47]: ConTest II (Rotlex, Israel), which uses a Moiré fringe
method; Visionix 2001 (Visionix Ltd, Jerusalem, Israel) [43]
and SHSOphthalmic (Optocraft GmbH, Erlangen, Germany)
[39], which are based on Hartmann-Shack technology; and
NIMO TR1504 (Lambda-X, Nivelles, Belgium), based on a
deflectometry technique and the combination of the
Schlieren principle with a phase-shifting method [38, 45]. In
Figure 2, we illustrate the power maps (left), the proportion
of the total pupil area covered by the distance and near
correction as a function of the pupil diameter (center), and
the through-focus Visual Strehl (right) for four different soft
multifocal contact lenses (A: Acuvue Oasys for presbyopia,
medium addition; B: Dual Focus for myopia progression
control; C: Purevision Multifocal, high addition; D: Airoptix,
as they exemplify different design concepts, are widely used
in the clinical practice and information exist about their
visual performance in the literature [37]). Two of these
lenses (A and B) have a multizone design with central-far
design, while C and D are center-near designs. Acuvue Oasys
(A) differs from Dual Focus (B) in the size of the zones,
especially in the central annular. The consequence is an
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FIGURE 2: Illustration of the power maps (left), the proportion of the total pupil area covered by the distance and near correction as a
function of the pupil diameter (center), and the through-focus Visual Strehl for pupil diameters of 4 mm and 6 mm (right) of different
simultaneous image multifocal and bifocal contact lenses: (a) Acuvue Oasys for presbyopia, (b) Dual Focus, (c) PV: Purevision and (d)
Airoptix (redrawn from Plainis et al. [37]). Profiles are designed to provide a distance correction power of —3.00 and an addition power of

+2.00 diopters resulting in —1.00 of near correction power.

improvement for distance vision, especially with small pupil
sizes (around 2 mm). For higher pupil diameters, the area of
the pupil is covered equally by far and near vision correc-
tions, ensuring reasonable contrast for both far and near
images. Dual Focus (B) provides a clear dominance for far
focus with different pupil diameters. Purevision Multifocal
(C) and Airoptix (D) become strongly biased towards dis-
tance correction as the pupil diameter increase. The design of
these multifocal contact lenses (C and D) differs in the
transition zone between near and distance vision.

4. Simultaneous Image

In simultaneous image contact lenses, the resultant image is
a sharp image (in-focus) superimposed on a blurred
background from the out-of-focus images, and it is expected
that patients are able to progressively adapt to this simul-
taneous image situation [48]. However, this blurred back-
ground is sometimes described as ghost images or halo by
patients. Figure 3 illustrates the Snellen E-letter for a the-
oretical diffraction-limited eye (top) and an aspheric-based
design with +0.25 spherical aberration (bottom) from —1.75
to +1.75 diopters (D). This figure exemplifies the challenges
potentially faced by subjects when viewing through multi-
focal simultaneous vision contact lenses (Figure 3 bottom).
Beyond the function for which the lens is designed, either
enhancing the depth of focus or halting myopia progression,
the device has to provide functional visual acuity at different
target distances either without accommodation or with
minimal residual accommodation in the older presbyopic
eye or couple with the subjects accommodation in the case of
the younger eye in myopia control devices.

Multifocal contact lenses relay strongly on centration in
the pupil and pupil size variations with luminance and/or
aging (note that only rays of light of the multifocal pattern
transmitted through the pupil are relevant to the visual
performance). Figure 4 illustrates the through-focus Visual

Strehl of the theoretical diffraction-limited eye and the
aspheric-based design for different environmental light
levels (from high-photopic 1000 cd/m? to mesopic 1 cd/m?).
The theoretical performance of the aspheric-based design
shows a depth of focus of 2.5D under high-photopic con-
ditions (for 4 mm pupil diameter) but is limited to 1.0 D for
low-photopic conditions and under the threshold in mes-
opic environmental light levels.

In addition to these limitations, multifocality and blur
tolerance vary substantially across individuals due to ocular
aberrations and neural adaptation. Therefore, understanding
the coupling effect between the contact lens design, ocular
optics, and visual adaptation is essential to explain the
mechanism of action of a specific multifocal design for
presbyopia and myopia applications.

4.1. Evaluation of the Visual Performance in Simultaneous
Image Designs. Most clinical studies with multifocal contact
lenses are limited to reports of through-focus visual acuity
and contrast sensitivity, generally aiming at a depth of focus
analysis and the improvement in near vision without
compromising distance visual acuity. Aberrometry is an
important clinical tool for objective evaluation of the image
quality and visual performance prediction; however, due to
the coupling of the phase of concentric multifocal designs
there are some technical difficulties in the wavefront re-
construction of current sensors (true ocular aberrations and
the power distribution in the pupil area), requiring an ac-
curate reconstruction method for a proper combination of
the wavefront slopes estimated at far and near distances [49].
Recently, theoretical visual simulations in eye models with
multifocal designs and experimental visual simulators have
shown the theoretical and real visual performance of dif-
ferent lens designs.

Computational models revealed that the multifocal
benefit varied with the number of multifocal zones, showing
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that multiple refractive zone concentric rings (up to 3-4)
were more robust in expanding the depth of focus for
different pupil sizes than two-zone designs [50]. However,
unlike theoretical models, experimental visual simulators
incorporate both ocular optics and neural factors, showing
visual testing of different multifocal patterns and offering
patients a direct visual experience before fitting a specific
multifocal contact lens design. These simulators are based on
adaptive optics elements (deformable mirrors or spatial light
modulators [51-53]) or temporal multiplexing (e.g., SimVis
technology [54-56]) and work by projecting the theoretical
multifocal pattern design onto the patient’s pupil plane,
allowing us to evaluate the effect of different distance-near
pupillary distribution and to test directly the visual per-
formance. Recent studies have demonstrated that the
through-focus visual performance with the same multifocal
pattern varied across individuals, indicating that the specific
performance of the design is highly patient-specific since not
all patients tolerate well the out-of-focus image components

in simultaneous vision [55]. de Gracia et al. [50] showed that
the amount of near addition affected visual acuity differently,
with the largest decrease for intermediate additions (around
2D). In addition, Radhakrishnan et al. [57] demonstrated
that the perceived visual quality under simultaneous vision is
affected by both the near addition magnitude and the dis-
tance-near energy ratio, showing maximal perceptual deg-
radation at around 0.5D additions. Dorronsoro et al. [48, 55]
found that bifocal rotationally asymmetric designs outper-
form other designs in real subjects. Different studies have
also shown that there is an adaptation to the amount and
orientation of blur caused by high-order aberrations [58, 59].
Interestingly, different patients preferred different orienta-
tions of the multifocal pattern (specifically, for angular
designs [60, 61]) and this subjective orientation preference
was predicted by ocular aberrations [48].

5. Patient Selection Criteria

This section intends to discuss the ocular factors that affect
the performance of multifocal devices. The frequency of
selecting a multifocal correction for presbyopia correction or
in myopia progression control, as well as the number of
designs commercially available, is rapidly increasing.
However, the adaptation of multifocal contact lenses is still
challenging for patients and practitioners. The problem is
more complicated than coupling the multifocal design of the
lens and an average value of spherical aberration for the eye
(e.g., +0.25um), as one needs to consider other critical
factors for considering the optimum optical design for
presbyopia or myopia application: pupil diameter (especially,
variations with accommodation, aging, and lighting levels);
ocular changes with accommodation and aging (in particular,
the magnitude and sign of astigmatism and/or spherical
aberration); the on-eye performance (since depending on the
ocular aberrations the lens design could add other ocular
aberrations or subtract them); and the tear film dynamics
(with aging there is a generalized decrease of tear production
and stability).

5.1. Pupil Diameter. Winn et al. [62] investigated the vari-
ation in pupil size over a large range of age and luminance
levels, showing that the pupil size becomes smaller in an
almost linear manner with increasing age (see Figure 16 at
ref. [32]). The typical pupil diameter for a luminance level of
approximately 220 cd/m” in subjects between 20 and 29
years is around 5.5 mm, in subjects between 50 and 59 years
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old is around 4.5mm, and in subjects between 70 and 79
years is around 3.5 mm. The average presbyopic pupil size
for distance vision is below 5.00 mm in diameter under any
light conditions, and a pupil diameter higher than 6.00 mm
would be expected with younger presbyopes and under low
lighting conditions. As mentioned above, the pupil diameter
changes with the accommodation, so that the near pupil is
smaller than the distance pupil. This fact is more relevant in
younger subjects than in presbyopic subjects where the
ability to accommodate is reduced. The reduced pupil di-
ameter has the potential disadvantage of leading to lower
retinal illuminance that affects the visual performance under
low levels of illumination. However, smaller pupils have the
advantage of producing an increasing depth of focus and
better visual performance at distance because the peripheral
less-focused light is excluded. Furthermore, although the
high-order aberrations increase with age, its impact is at-
tenuated when the pupil size decreases. In addition to the
effect of pupil size on light transmission, the pupil size also
may influence the effectiveness of the photoreceptor func-
tion due to the directional sensitivity of the photoreceptors
(Stiles-Crawford effect). Despite its retinal origin, it may be
regarded as effectively because of apodization at the pupil
plane; so the rays passing through the pupil periphery have
lower transmission in comparison to the central pupil. The
potential benefits of the Stiles-Crawford effect are greatest
with large pupils, while pupils smaller than 4 mm tend to
minimize this effect affecting the retinal image quality sig-
nificantly. So, the reintroduction of pupil transmission
apodization is considered as an option to improve the
through-focus retinal image quality [63-66]. Zheleznyak
et al. [67] demonstrated that the pupil’s periphery contains
near addition power for positive spherical aberration, similar
to center-distance designs. As a result, presbyopic eyes with
negative spherical aberration improved with pupil trans-
mission apodization.

5.2. Ocular Aberrations. Because of structural changes in the
crystalline lens (shape, position, and refractive index) that
occur during accommodation, wave aberrations are ex-
pected to change. Spherical aberration has been reported to
shift towards negative values, and different studies also
showed changes in coma, trefoil, and astigmatism, but the
direction of the change was variable [68-73]. With aging, the
optical performance of the eye also changes. Due to the
disruption of the compensatory effect between the anterior
cornea and the internal aberrations, there is an increase in
high-order aberrations. In particular, the spherical aberra-
tion and horizontal coma tend to increase in older eyes [74].
Tabernero et al. [75] showed that the RMS of the higher-
order ocular and corneal aberrations increased with age at a
rate of 0.0032 ym/year and 0.0015 ym/year, respectively. In
this study, the authors did not observe changes in the optical
alignment with age (i.e., the angle kappa remains stable),
assuming, therefore, that variations in the crystalline lens
shape with age might explain most of the increment of
ocular aberrations. Interestingly, it has been also demon-
strated that the optical quality could be improved by adding

certain amounts of spherical aberration to a given level of
defocus, as well as specific amounts of astigmatism and coma
can interact favorably to increase the depth of focus while
minimizing the decrease of visual acuity [76, 77]. Therefore,
the aberrations of individual eyes will determine the effec-
tiveness of a multifocal correction and the achieved depth of
focus.

5.3. Off-Axis Ocular Aberrations. A comparison between
refractive groups shows that myopic eyes have more relative
peripheral defocus as well as a prolate retinal shape than
emmetropic and hypermetropic eyes. However, substantial
differences in relative peripheral refraction for different
degrees of myopia appear at high eccentricities of the visual
field. The horizontal meridian is more myopic than the
vertical meridian. The largest off-axis optical aberrations are
represented by oblique astigmatism, which is induced by the
oblique angle, and coma, showing little difference between
refractive groups. The spherical aberration is more positive
for hyperopes than for myopes and emmetropes [78-80].

5.4. On-Eye Contact Lens Performance. When a contact lens
is placed on the eye, there is an interaction between the lens
design and the patients’ native aberrations. One of the most
common options used to expand the depth of focus is by
modulating the magnitude of the spherical aberration.
Multifocal center-near designs commonly have a negative
spherical aberration; however, there is wide individual
variability in the spherical aberration coefficient across the
population. Therefore, it is possible to find similar values of
ocular spherical aberrations but opposite in sign in com-
parison to the lens design, reducing or cancelling the ex-
pected depth of focus [81-85]. Also, the on-eye performance
of the contact lens may induce aberrations due to decen-
tration [86]. As multifocal contact lens designs become more
complex, centration is more critical. Decentration is due to
lens flexure or fitting results in an induction of astigmatism
and coma, with this induction being proportional to the
amount of decentration. Likewise, decentration of a mul-
tifocal design with a higher magnitude of spherical aber-
ration will produce higher magnitude of inducing
astigmatism and coma; this could be of practical significance
since many contact lenses wearers have their astigmatism
uncorrected. The connection between spherical aberration
and coma and the possibility of balancing coma by mod-
ulation of aspheric designs are recognized in the classic
Seidel aberration theory; so, luckily to date, there are some
strategies that modulate the optical surfaces to decrease the
impact of decentration (e.g., aspheric balance curve) [87].
Furthermore, with binocular viewing multifocal concentric
designs showed temporal decentration, supporting the
strategy of asymmetrical concentric multifocal design to
coincide with the line of sight [88-90].

5.5. Tear Film. Changes in the tear fluid dynamics can in-
duce changes in high-order aberrations [91-94]. Koh et al.
[91, 95] demonstrated that during dynamic aberrometry (10



seconds after blinking), most of the clinically normal sub-
jects showed fluctuations in the high-order aberration
pattern, with these fluctuations being higher in patients with
tear film instability and ocular surface damage.

5.6. Accommodation. The interactions between the multi-
focal designs and the subject’s accommodative response
should be considered to evaluate the visual performance in
the myopia control application.

6. Performance of Contact Lenses for
Presbyopia Correction

Evaluating the performance of contact lenses for presbyopia
correction requires different levels of analysis, including the
assessment of visual acuity at different distances/vergences,
contrast sensitivity function under different lighting levels,
stereoacuity, and the occurrence of subjective complains
related to dysphotopsia [96]. For clarity, the binocular visual
performance is presented in this section. The monocular
performance is usually worse and, in some cases, asymmetric
between dominant and nondominant eye, with possible
implications in stereoacuity [97].

6.1. Visual Acuity. High and low contrast LogMAR visual
acuity has become the standard for clinical visual perfor-
mance assessment during the last ten years (see Table 1). The
results from Fernandes et al. [97] showed better high
contrast visual acuity (HCDVA) compared to previous
studies with Proclear multifocal [99] while high contrast
near visual acuity (HCNVA) was comparable to previous
results reported by Ferrer-Blasco and Madrid-Costa [106]
and slightly better than monovision fitting with the single
vision Proclear lens. Gupta et al. [99] compared a multifocal
contact lens (Purevision multifocal) against monovision and
showed a slightly poorer performance for monovision in
terms of distance visual acuity as in our study. The present
sample is very similar to that study in terms of sample size
and procedures. Similar results to those reported by Gupta
et al. [99] and from Fernandes et al. [97] have been reported
by Richdale et al. [98] for Monovision compared to mul-
tifocal soft contact lenses (SofLens Multifocal, B&L). Those
authors also measured high and low contrast distance and
near LogMAR visual acuity also presenting the values for
spectacle correction (Baseline). Results from Fernandes et al.
[97] were within +1 line of their reported VA for all the
experimental conditions except for Monovision under near
low contrast visual acuity (LCNVA), which performed better
than Multifocal lens in their study. Recently, several clinical
studies also evaluated visual performance with different
contact lenses [103-105, 107]. Bakaraju et al. [103] measured
the high contrast visual acuity (HCVA) and the low contrast
visual acuity (LCVA) for the Airoptix Aqua, the Acuvue
Oasys and extended depth of focus (EDOF) contact lens.
They found that the EDOF provided better intermediate and
near visual performance, with no difference for distance
vision in comparison with the other multifocal contact lens
designs. In a different study, Diec et al. [107] investigated if
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the initial multifocal contact lens performance predicts
short-term dispensing performance, but their results were
not able to predict the short-term performance of a mul-
tifocal contact lens.

6.2. Contrast Sensitivity Function. Contrast sensitivity
function has been recorded in different studies with different
instruments, being a remarkable limitation due to the lack of
comparability among them [108]. More recently, the
Functional Acuity Contrast Test (F.A.C.T) housed on a
Functional Visual Analyzer machine (StereoOptical Co. Inc.,
Chicago, IL) for spatial frequencies of 1.5, 3, 6, 12, and 18
cycles/degree has been increasingly used. This device allows
a systematic control of distance of examination and lumi-
nance conditions and has proved to report comparable
values to Vision Contrast Test System VCTS 6500 (Vistech
Consultants, Dayton, OH) in the same study. A summary of
different studies reporting binocular distance contrast
sensitivity is presented in Table 2.

In a study conducted by Fernandes et al. [97], it was
remarkable that in spite of the good vision that Monovision
patients have at distance in the dominant eye, they do not
perform better than Biofinity MF after 15 days of lens wear.
Similar results have been reported for distance vision with
Distance contrast sensitivity function (CSF) at 3 m using the
VCTS 6500 by Gupta et al. [99] comparing a multifocal
contact lens and Monovision.

Llorente-Guillemot et al. [101] and Madrid-Costa et al.
[102] measured the contrast sensitivity under photopic as
well as mesopic conditions and found an overall decay. The
loss of sensitivity was in the range of 0.25 LogCS units for
lower frequencies of 1.5 and 3 cpd and 0.05 to 0.10 for
medium frequencies of 6 and 12 cpd. Interestingly, it was
under the mesopic conditions where the lenses under
comparison presented statistically significant differences.
For example, Madrid-Costa et al. [102] did not find sig-
nificant differences between Acuvue Oasys and Purevision
under photopic conditions but did for mesopic conditions at
6, 12, and 18cpd where the Purevision lens performed
significantly better. Llorente-Guillemot et al. [101] showed
that the presence of glare could decrease further the per-
formance of Purevision multifocal compared to spectacle
correction.

Different authors have also measured the CSF at near for
presbyopic patients wearing contact lens correction for
presbyopia, and these results are presented in Table 3. When
compared with distance values of CS, some authors found
similar values between distance and near as in the case of
Llorente-Guillemot et al. [101] while others found system-
atically higher values for low and medium frequencies at
distance while found higher CS values at the higher fre-
quency (18 cpd) at near [99]. Madrid-Costa et al. [102] using
the same measuring device, obtained much lower values of
CS for the low and medium frequencies at near and similar
values for the highest frequencies of 12 and 18 cpd. Dif-
ferences in the control of the near distance, ambient illu-
mination, age of the patients, and the impact of different lens
designs used, might explain such a diversity of trends when
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TaBLE 1: Summary of results of recent studies evaluating the photopic binocular high and/or low contrast visual acuity at distance (4 to 6 m)
and near (33 to 40 cm) in presbyopic patients fitted with simultaneous image contact lenses. Visual acuity is expressed in LogMAR units.

Distance low

Lens type/ Distance high Near high contrast Near low contrast
Author (year) . n (Rx) (age) contrast
fitting contrast (LogMAR) (LogMAR) (LogMAR) (LogMAR)
Richdale et al. (2006) Mg:foL"e‘rs:SO“ 0 813 i 010) ~0.10+0.10 0.08+0.15 ~0.03 +0.09 0.14+0.10
(98] o T (50.11 £ 4.70) ~0.12+0.09 0.08+0.15 0.01+0.12 0.21+0.14
Gupta et al. (2009)  “acnovision 20 ~0.01+0.07 0.11+0.11
[99] Purevision (-1.42 +2.87) 0.05 4 0.08 021 40.13
MF (55.0+5.1) =D SR
Garcia-Lazaro et al.  Monovision 22 (0.11+0.12) 0.00 +0.09 0.13+£0.12 0.08 +£0.16
(2012) [100] Pinhole (57.3+5.8) 0.02+0.04 0.16 + 0.06 0.40 +0.19
Llorente-Guillemot ~ Pectacles 20 ~0.05+0.07 0.10 +0.06 ~0.08 +0.06
et al. (2012) [101] Purevision  (~1.42+2.87) ~0.01+0.03 0.18 +0.05 ~0.02+0.05
: MF (53.2+5.3) TLE e LeEt
Madrid-Costa et al. Purlev‘l';s“’n (+03 522 178) 0.00 +0.08 0.11+0.09 0.15+0.08
(2013) [102] Ouasys ME (451 £2.3) 0.01+0.08 0.20+0.58 0.20+0.05
Fernandes et al. Monovision (-0 9122 2.25) —-0.08 £ 0.09 0.11+£0.08 0.05+0.10 0.23+0.12
(2013) [97] Biofinity MF 0 © "3 ~0.09 +0.08 0.11+0.06 0.04 +0.07 0.21+0.09
4 Airoptix 43 ~0.07 +0.08 0.22+0.10 0.13+0.13
][31%1;”]“ etal. (2018) Oasys MF  (—0.65 % 0.88) ~0.06 +0.08 0.27+0.09 0.12+0.11
EDOF (53+5) ~0.07 +0.06 0.27+0.10 0.10+0.11
42
Airoptix ~0.04+0.06 0.28 +0.08 0.48 +0.20
Sha etal. (2016) [104] Oasys MF (=0.35+0.80) ~0.02 +0.09 0.31+0.12 0.52+0.22
(58 +6)
Tilia et al. (2017) Airoptix 41 (=0.6 +0.70) ~0.06+0.05 0.25+0.10 0.48 +0.22
[105] EDOF (53 +6) ~0.06 +0.05 0.24 +0.04 0.42+0.18

TaBLE 2: Summary of results of recent studies evaluating the photopic binocular distance CSF in presbyopic patients wearing contact lenses

for presbyopia correction. Units are LogCS.

Lens type/ LogCS Log CS Log CS Log CS Log CS

Author (year) fitting n (Rx) (age) 15epd)  (Gepd)  (6epd)  (12epd)  (18¢pd)
Monovision 20 (-1.42+2.87) 1.75 1.89 1.77 1.33 0.68
Gupta etal. (2009) 991 p o vigion MF (55.0 £5.1) 1.75 1.93 1.74 112 0.65
Garcia-Lazaro et al. (2012) Monovision 22 (0.11+0.12) 1.49 1.69 1.46 0.94 0.63
[100] Pinhole (57.3+5.8) 1.40 1.64 1.41 0.90 0.60

Llorente-Guillemot et al. Spectacles 20 (-1.42+2.87)

(2012) [101] Purevision MF (53.2+5.3) 151 1.76 169 1.28 0.67
Madrid-Costa et al. (2013) Purevision MF 20 (+0.35+1.78) 1.63 1.73 1.35 1.09 0.7
[102] Oasys MF (45.1 £2.3) 1.54 1.73 1.33 1.07 0.67
Airoptix 1.47 1.26 1.01
Bakaraju et al. (2018) [103]  Oasys MF 43 ( (gfi ;0'88) 1.44 1.21 0.92
EDOF - 1.44 1.21 0.95

trying to compare distance and near values of CS among
studies.

6.3. Steroacuity. Stereoacuity is relevant in presbyopia
correction with contact lenses because some modalities, as
monovision, affect the ability of both eyes to work together
in an effective way to the highest level of binocularity and
stereoscopic perception. In a study conducted by Fernandes
et al. [97] in 20 presbyopes wearing Biofinity single vision
lenses for monovision and Biofinity Multifocal, stereoacuity

was obtained with the Stereo Fly SO-001 (StereoOptical Co,
Inc., Chicago, IL). There were statistically significant dif-
ferences in stereopsis between both modalities being worse
for Monovision, as expected (p = 0.002). Furthermore,
values for this parameter in the Monovision group were
quite scattered with patients showing much worse outcomes
than others. Such differences between groups remained even
after 15 days of adaptation. Values for multifocal lenses after
15 days were very similar to those obtained by previous
authors with other multifocal lenses using other tests [106]
and with Proclear Multifocal using the same test [109]. The
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TaBLE 3: Photopic binocular near contrast sensitivity function for different studies. See also Table 2 for comparison with distance outcomes

for the same studies. Units are LogCS.

Lens type/ Log CS Log CS Log CS Log CS Log CS
Author (year) fitting n RO @) 5od) GBepd)  (6epd)  (2epd)  (18cpd)
20
Monovision 1.62 1.73 1.60 1.19 0.80
Gupta et al. (2009) 991 p L ovigion Mp  (142%287) 158 173 1.53 1.10 0.70
(55.0+5.1)
Garcia-Lazaro et al. (2012) Monovision 22 (0.11+0.12) 1.52 1.60 1.49 1.09 0.85
[100] Pinhole (57.3+5.8) 1.48 1.43 1.21 0.79 0.60
. 20
(Lzlgi;‘;tﬁ S}“ﬂem"t etal Pufgjfstiﬁe;ﬁ (-1.42+2.87) 154 1.62 1.63 121 0.60
(532+5.3)
Madrid-Costa et al. (2013)  Purevision MF (+0 3523 1.78) 1.37 1.59 1.24 1.05 0.67
[102] Oasys MF (45 1 ;2'3) 1.30 1.54 1.12 0.96 0.60

TaBLE 4: Summary of results of recent studies evaluating stereoacuity with different methods in presbyopic patients wearing simultaneous
image multifocal and bifocal soft contact lenses. The unit of stereoacuity is seconds of arc (arcsec).

Author (year) Lens type/fitting

n (Rx) (age)

Method (s) Stereoacuity (arcsec)

Richdale et al. (2006) [98] S(I)\;IE):I;)SV;S;(;\I/}F 38( 5(0_ ?ISi igi)l)()) Randot Preschool stereoacuity test %(2)2 i f;é
Gupta et al. (2009) [99] Px:&gﬁ:(ﬁl: 20 ((5_51(4)111;?)87) TNO random dot stereogram test 1277:j91222
Garcia-Lazaro et al. (2012) [100] Mg?r?}\ll(i)sl?n 22(2(;.;1;5(.)52) Howard-Dolman system i(l)i;lz
Fernandes et al. (2013) [97] é\;[:frllnoi\tf}i,sil\(;[r; 20 (4_8079}; §'§.25) Stereo Fly SO-001 15?15 116975
Bakaraju et al. 2018 [103] (?alsr}(r)sp ;\l/i(F 3 (_(23645— ;0'88) Stereo Fly test Circles 97741—116239
EDOF - 61 +37
Sha et al. (2016) [104] C;Aai sr)(l)sp;\l/;{F 42 (_((5)83i 2)0'80) Stereo Fly test Circles l;t)%iilgil
Tilia et al. (2017) [105] Aég)gt}ix 4 ((_;)3.1416())'70) Stereo Fly test Circles 1491513 Jj_: ;;4

main results of several recent studies are summarized in
Table 4.

Opverall, it can be observed that all simultaneous image
multifocal and bifocal soft contact lenses provide a good
level of stereoacuity while monovision significantly impairs
this function. Moreover, the effect of monovision in ster-
eoacuity seems to remain unchanged after 15 days wearing
the modality, which suggests that if stereoacuity improves
over time with monovision, this is not likely to happen in the
short term.

6.4. Through-Focus Performance. Through-focus perfor-
mance is reported in the so-called defocus curves, which
provide information on the visual performance of the
presbyopic patient at different vergence distances. While
used extensively in clinical research related to surgical so-
lutions for presbyopia [110], it has not been until recently
that these metrics have been more intensively applied to the
assessment of multifocal contact lenses.

We have to differentiate the through-focus perfor-
mance of through-focus curves from the depth of focus

(DoF), which is the ability of the eye to see objects in a
relatively wide range of vergences or distances without
changing the accommodation. This phenomenon has been
extensively reviewed by Wang and Ciuffreda [111] and
their work provides relevant information that might also
apply in the context of multifocal contact lens perfor-
mance because, if the DoF changes with age, pupil size, or
other factors associated with the ageing process of the
human eye, this might also affect the performance of the
patients and this might limit our ability to discriminate
which part of the improvement effect with a certain
contact lens is associated with the optics of the lens itself
or to the DoF of the patient. According to the summary,
they provide in Table 5 the average DoF of the eye ranges
from 0.13 to 0.5D approximately. Their summary of in-
formation also shows that for the majority of studies
dealing with different variables, DoF increases with ageing
and is better for smaller pupil sizes. Both factors will
certainly play a role in the performance of presbyopes
with multifocal contact lenses and highlight the impor-
tance of the pupil size in multifocal contact lens
performance.



Journal of Ophthalmology

11

TaBLE 5: Results from the defocus curves obtained with different contact lenses in different studies. The approximate values have been
extracted from the graphs presented by the authors for 0.0 D of vergence (distance), 1.0 D (1 meter), 1.5D (67 cm), 2.5D (40 cm), and 3.0 D
(33 cm). Units are presented in LogMAR values. Above the shaded row are presented baseline data for no lens situation. Note that Plainis
et al.’s [90] study has been performed on young people under cycloplegia.

Lens type/ VA 0.0D VA -1.0D (1 VA -15D VA -25D VA -3.0D
Author (year) fitting n (Rx) (age) (distance) meter) (67 cm) (40 cm) (33cm)
Kingston and Cox Baseline (no 64 eyes
(2013) [112] lens) presbyopes 0.00 0.05 0.20 0.45 0.60
Naked eye
Plainis et al. (2013) Monocular 12 (_(57211 ;2'12) -0.10 0.0 0.10 0.32 0.42
[90] 3mm pupil evelo _le ed -0.10 0.5 0.20 0.36 0.52
6mm pupil cyclopleged
Naked eye
Plainis et al. (2013) Binocular 12 (_(3723 ;2'12) -0.15 0.0 0.18 0.30 0.48
[90] 3mm pupil ovdlo _le ed -0.15 0.0 0.22 0.32 0.52
Gupta et al. (2009) Monovision 20 (-1.42 +2.87) 0.0 0.02 0.05 0.18 0.32
[99] Purevision MF (55.0+5.1) 0.05 0.04 0.05 0.24 0.40
Madrid-Costa et al. Proclear MF 20 (-0.51 +2.01)
(2012) [113] toric (50.4+7.8) 0-0 0.02 0.05 0.18 0.35
Garcia-Lazaro et al. Monovision 22 (0.11+0.12) 0.0 0.18 0.18 0.08 0.3
(2012) [114] Pinhole (57.3+5.8) 0.0 0.07 0.20 0.4 0.52
Airoptix MF
Binoc 3 mm
.. LOW 12 (-2.24+2.12) -0.15 —-0.05 0.04 0.24 0.32
F;gl]ms etal. 2013)  pinoc 3mm (27+5) -0.05 -0.05 -0.06 0.10 0.22
MED cyclopleged -0.04 -0.05 —-0.06 0.02 0.12
Binoc 3 mm
HIGH
Airoptix MF
Binoc 6 mm
.. LOW 12 (-2.24+2.12) -0.10 -0.02 0.08 0.30 0.40
f;gl]ms etal QOI3) gy oc 6mm (27 £5) ~0.02 ~0.04 ~0.02 0.10 0.24
MED cyclopleged —-0.02 -0.02 —-0.06 0.05 0.16
Binoc 6 mm
HIGH
Madrid-Costa et al. ~ Purevision MF 20 (+0.35+1.78) 0.0 0.04 0.06 0.16 0.24
(2013) [102] Oasys MF (45.1+2.3) 0.0 0.04 0.08 0.20 0.34
Bakaraju et al. 2018 Afroptix = 65.+0.88) —0.07 0.0 0.13
[103] Oasys MF (53+5) -0.06 0.00 0.12
EDOF - -0.07 -0.07 0.10
Tilia et al. (2017) Airoptix 41 (0.6 £0.70) -0.06 0.13 0.48
[105] EDOF (53+6) -0.06 0.12 0.42

The first references to the analysis of defocus curves in
contact lenses are found in Bradley and coauthor’s work,
back in the 1990s [115]. They evaluated the through-focus
performance in two subjects wearing a single vision, a 2-zone
bifocal, and a diffractive bifocal contact lens by assessing the
contrast sensitivity for a 6/9 (20/30) visual acuity letter over a
range of +2 to —4 D of vergence, in 0.5 D steps. Their results
showed an extension of the depth of focus with the bifocal
refractive and diffractive contact lenses at the expense of an
overall drop in contrast sensitivity at distance compared
with the single vision lens. In one subject, the depth of focus
was expanded from distance to a vergence of 2.5 D if a cut-off
point is set at 0.6 log CS values [115].

Gupta et al. [99] showed that the defocus focus per-
formance in early presbyopes between 45 and 55 years of age

was similar between monovision and multifocal aspheric
center-near lenses. Their results showed an average LogMAR
visual acuity for monovision and multifocal lenses of 0.00
and 0.05 at distance, 0.05 and 0.05 at intermediate vision at
66.67 cm, and an average 0.32 and 0.40 at 33 cm (-3 diopters
of vergence), respectively. Madrid-Costa et al. [102] evalu-
ated the performance of two different refractive multifocal
soft contact lenses with an aspheric center-near design
(Purevision Multifocal) and a zonal concentric design
(Acuvue Oasys for Presbyopia). Both lenses performed
similarly for distance and intermediate distances, but the
Purevision lens performed slightly better by half a line of
visual acuity for near distance. Table 5 shows the results of
different studies evaluating the defocus curves with different
multifocal contact lenses.
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FIGURE 5: Reconstruction of the binocular defocus curves drawn at the same scale from different studies: red line: 20 subjects (49-67 years of
age) fitted with Softlens multifocal (Gupta et al. [99]). Blue line: 20 subjects (age: 45-63 yrs) Proclear Toric Multifocal (Madrid-Costa et al.
[113]). Orange line: 20 subjects (age: 42-48 yrs) Acuvue Oasys (Madrid-Costa et al. [102]). Green line: 20 subjects (age: 42-48 yrs) Acuvue
Oasys presbyopia (Madrid-Costa et al. [102]). Black line: 38 subjects (age: 48-62 yrs) Proclear Multifocal (Garcia-Lézaro et al. [116]). Dashed
grey line: expected performance for fully presbyopic eyes (unpublished data from CEORLab-UMinho).

According to the power distribution in multifocal
contact lenses [37, 38] along with the computational pre-
dictions (see Figures 2 and 3), different multifocal contact
lenses in the market should render significantly different
performance. However, as seen in different studies, the
clinically recorded through-focus curves are very similar
(Figure 5). Interestingly while all the lenses give the same
result for negative vergences, positive vergences render
different results between different lenses. This might be
related to the spherical aberration of the contact lenses and
the ability to couple constructively with the positive
spherical defocus to sustain or degrade vision as defocus
increases. The common behavior for negative vergences
might be the result of statistical regression to the mean for
each vergence such that despite the different performances
of different patients, the average behavior is very similar
when compared between samples of different studies.
Thought with some differences due to the ability to control
several variables such as pupil size and aberration structure
of synthetic eyes, similar results were found by Faria-Ribeiro
et al. [117] when evaluating the through-focus performance
of different contact lens designs. The same study confirms
the variability of performance with varying pupil sizes and
over and less than average spherical aberration. Altogether
this confounding results point to the need to better match
the lens design to the pupil size and remaining character-
istics of the patient as described in the previous section
regarding patient selection criteria. In the near future it
should be possible to develop more sophisticated fitting
algorithms that take into account all these variables.

7. Performance of Contact Lenses for
Myopia Control

Considering the intended treatment, myopia control contact
lenses have to prove efficacy in the reduction of axial

elongation besides providing appropriate visual perfor-
mance and safety. Till recently, the use of soft contact lenses
for myopia control has been done off-label, and few have
been subject to clinical trials to evaluate the longer-term
efficacy of these devices. Those include two multifocal soft
contact lenses for presbyopia correction used successfully to
reduce myopia progression. Aller et al. [118] obtained a
reduction of 72% in axial elongation in pediatric eyes
wearing Acuvue Bifocal contact lens. Walline et al. [2]
obtained a 29% reduction in axial elongation with Proclear
Multifocal center-distance design in a pediatric population.
Over the last 10 years, at least 5 different contact lenses
specifically designed for myopia control in children have
been subject to clinical trials. Those include peripheral
gradient contact lenses that emulate the peripheral con-
vergent power induced by orthokeratology [119], soft
contact lenses that induce negative spherical aberration with
the intended effect of improving accommodative response in
myopic children [120], bifocal/dual-focus contact lenses
with larger central zone devoted to distance vision
[42, 121-123], and extended depth of focus contact lenses
with alternating areas of positive and negative power
modulated by inducing primary and secondary spherical
aberration on the front surface of the contact lens ([119]; see
also medium-add power design in Bakaraju et al. [103, 124]
for further information about lens design). Table 6 presents a
summary of some relevant aspects to be considered when
evaluating the performance of bifocal and multifocal contact
lenses for myopia control in children.

7.1. Visual Acuity and Dysphotopsia. Since a pediatric patient
has generally full accommodation capability, near vision is
not usually a concern in visual evaluation. However, the
ghosting induced by some contact lens designs used for
myopia control requires that near vision needs to be
assessed. Other more sophisticated modes to evaluate vision
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TaBLE 6: Outcomes from clinical trials involving the use of bifocal/dual-focus and multifocal (including peripheral gradient and extended

depth of focus) contact lenses for myopia control.

Lens design

. Axial Binocular . Wearin
(trial Binocular near & Adverse
Author (year) . N growth distance . . Accomm. time Discont.
duration, o1k . . visual acuity HC events
moths) (%) visual acuity hours/day
Anstice and 0.10 mm
- DF (10 T: 52 99.9+3.5%* 13.2+2.8
Phillips (2011) ) 0.22mm No change N.R N.R
[42] months) C: 56 (=55%) 100£2.9 11.9+2.0
. 0.15 Improves
glé‘i‘;)efélé] —SA (24) Ej iz 0.16 N.R N.R Acc N.R iﬁfﬁ N.R
’ (—6%) flexibility
. 0.29
Walline et al. T: 27 5/32
(2013) [2] CDMF (24) C: 27 ( 02491(13/) N.R N.R N.R N.R 5/32 N.R
- 0
Lam et al T: 65 0-25 6.5+22  46/111
(2014) [125] DISC (24) C: 63 0'35 N-R N.R N-R 6.3+1.7 47/110 N.R
(-31%)
Cheng et al. T: 53 0.06 +0.06 53/64
(2016) [126] A1) 5 0.00+0.08 N-R N-R N-R 50/63 N-R
0.05
Aller et al. T: 39
(2016) [118] CDBF (12) C: 40 ( 07;:1/) N.R N.R N.R N.R N.R
- 0
Pauné et al T: 19 0.38 11/30
(2016) [11] PG (24) C: 21 ( Ozgg/) N.R N.R N.R N.R 20/41 N.R
- (1]
Ruiz-Pomeda 0.28
et al. (2018) DF (24) g i; 0.45 N.R N.R N.R ﬁéf_;? g;g; N.R
(127] ' (-38%) BE2.
. Visual clarity
Sankaridurg ) 0.44 N
et al. (2019) EDOF (24) L4 58 0.07 subjectively N.R N.R 28173 N.R
[119] C: 39 (~249%) reported better 28/78
? than distance
Chamberlain 0.30 No serious
et al. (2019) DF (36) g; 55;2 0.62 0.0(1)\1113.10 ~0.10+0.08 N.R i;; : ig iiﬁg adverse
[123] ’ (=52%) ’ o events

*Axial length growth: defined as the % of growth in the test group compared to the control group [(AT — AC)/AC]; negative value implies a benefit of the
treatment. ** Visual Acuity Rating Scale (100 =6/6). DISC: defocus incorporated contact lens, concentric refractive; EDoF: extended depth of focus, only
Design III is considered-currently manufactured by mark’ennovy; PG: peripheral gradient; DF: bifocal concentric design with large central zone for distance
vision; CDMF: center-distance multifocal for presbyopia; CDBF: center-distance bifocal for presbyopia; +SA: soft contact lens with the induction of positive
spherical aberration; —SA: soft contact lens with the induction of negative spherical aberration; T: test device: C: control device; AT|AC: increment in
treatment|control groups; HC: high contrast; LC: low contrast N.R: not reported; Accomm.: accommodation; Discont.: discontinuation.

should be used in the future as myopia control devices can
induce some degree of dysphotopsia, particularly under dim
lighting conditions [85, 127]. These complaints could
worsen as the children evolve into young-adults, and they
are exposed to situations where these complaints might be
more noticeable with bifocal and multifocal contact lenses or
even orthokeratology [128] such as night driving. Those
results in the context of clinical trials as well as experimental
studies conducted recently with different lens prototypes
[129] reveal that for the pupil size of younger subjects,
distance visual performance could not be compromised as
measured with visual acuity charts as long as the lens
preserves a significant proportion of the optic zone devoted
to distance vision focus. These findings are compatible with
the simulations presented in Figure 2(b) such that better
distance performance is warranted for larger pupil sizes with

the lens specifically designed for myopia control in children
(dual-focus, MiSight, Coopervision).

7.2. Accommodation Function. Few studies have evaluated
the accommodation and binocular vision balance in children
undergoing myopia control treatments. In the context of the
Cambridge Antimyopia Study, though improvements in
accommodative efficiency were observed with soft contact
lenses inducing negative spherical aberration, these devices
were not successful in retarding axial elongation in teenagers
[120]. Other studies reporting such results generally agreed
that no significant changes are observed with peripheral
gradient contact lenses [11], concentric dual-focus [42, 122],
and defocus incorporated soft contact lens [125]. This is
consistent with the computational calculations of Faria-
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Ribeiro and Gonzalez-Méijome [130], who found no visual
advantage in using the near focus to see closer to the add
power of the lens with the current designs of dual-focus lens.
This is consistent with the wider area of distance vision in the
contact lens with proximal miosis. Instead, some benefit in
using the near focus of the lens if the central zone of the lens
dedicated to distance vision was narrower. However, such
undesirable effect, as underaccommodation at near vision,
would result in hyperopic defocus for light refracting
through the distance zone under such accommodation in-
hibition at near.

7.3. Ocular Length Retardation. Retardation of eye growth
has been the main outcome in most clinical trials related to
the use of contact lenses for myopia control. The effect varies
from nearly 30% in some studies to over 70% in others
[2, 118]. In some instances, the same device renders quite
different efficacy results. However, we have to bear in mind
that the current approach to myopia control with bifocal and
multifocal lenses uses unique “treatment” parameters for the
same device, and therefore the same “dose” is applied to all
patients. As discussed for multifocal contact lenses for
presbyopia and their similar performance for defocus curves,
better patient-to-device selection algorithms could provide
better results in the future. However, this will require a better
understanding of the mechanisms governing the myopiza-
tion process in young children and the mechanisms of action
of optical devices that are able to control the ocular growth.

7.4. Adverse Events. Adverse events have been rarely found
in the context of clinical trials involving pediatric pop-
ulations wearing contact lenses for the purpose of myopia
control for periods from 1 to 3 years. The attrition of patients
to the study varies from over 80% in some studies to less than
60% in others [131]. However, this seems not to be related to
the performance or safety of the contact lenses and most
studies show that those discontinuing their participation do
so for other aspects not related to adverse events.

8. Conclusions

Current bifocal and multifocal contact lens designs for
presbyopia correction and myopia progression control are
focused on providing a robust distance and near visual
performance over a wide range of pupil sizes. However,
considering the different purposes (presbyopia vs. myopia),
ocular characteristics (young vs. adults), and neural adap-
tation, the bifocal and multifocal design of the contact lenses
should evolve in different directions considering the sig-
nificant difference in pupil sizes and the aberrometric profile
of the potential candidates for presbyopia correction or
myopia control. Presbyopia correction is now available over
a diverse range of material platforms including soft, hybrid,
corneal, and scleral rigid gas permeable contact lenses.
Besides orthokeratology, performance with corneal rigid gas
permeable contact lenses, myopia control evolves mainly in
the soft contact lens materials with several lenses undergoing
long-term clinical trials (2 or more years). While presbyopia
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correction with contact lenses accounts for up to 25 to 35%
of the contact lens fittings in several countries [5], myopia
control contact lens fittings are still limited to 2 to 5% of the
contact lenses fitted [6]. Considering the positive results with
the contact lenses evaluated in the studies summarized in
this review, the demographic trends and the increase in
myopia among the younger, it is expected that both fields of
contact lens application experience an expansion in number
and diversity of devices being produced, subjected to clinical
trials and launched to the market over the next decade. This
trend might be more significant in the myopia control field
considering the yet low penetration and the fact that contact
lenses offer a nonpharmacological, minimally invasive, and
well-accepted form of treatment. On the other side, the
presbyopic correction might increase more moderately as it
shares a significant market with the surgical interventions,
and spectacle correction will probably continue being the
dominant option for the next years. It will be interesting to
follow these trends to understand where the next years take
the contact lens field, with these two applications being at the
forefront of the evolution requiring more effective designs.
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Purpose. To evaluate the agreement and repeatability between a new commercially available binocular open-field wavefront
autorefractor, as part of the Eye Refract system, and a monocular closed-field wavefront autorefractor (VX110). Methods. A cross-
sectional, randomized, and single-masked study was performed. Ninety-nine eyes of 99 healthy participants (37.22 + 18.04 years,
range 8 to 69 years) were randomly analyzed. Three measurements with the Eye Refract and the VX110 were taken on three
different days, under noncycloplegic conditions. Mean spherical equivalent (MSE), cylindrical vectors (JO and J45), and binocular
corrected distance visual acuity (BCDVA) were compared between both autorefractors. An intersession repeatability analysis was
done considering the values of repeatability (S,) and its 95% limit (). Results. The VX110 showed more negative values (P < 0.001)
in terms of MSE in comparison with the Eye Refract (0.20 D). Regarding cylindrical vectors, J45 showed statistically significant
differences (P = 0.001) between both wavefront autorefractors, but they were not clinically relevant (<0.05 D). In BCDVA, there
were no statistically significant differences (P = 0.667) between both wavefront autorefractors. Additionally, the Eye Refract was
more repeatable than the VX110 in terms of both MSE (Sr EYE REFRACT = 0.21 D, S, vxiio=0.53 D) and JO (Sr EYE REFRACT = 0.12 D,
Sy vxi10=0.35D). Conclusions. The Eye Refract provided enough accuracy and reliability to estimate refractive errors in different
age groups, achieving better results than the VX110. Therefore, the Eye Refract proved to be a useful autorefractor to be in-
corporated into clinical practice.

1. Introduction

Subjective refraction is the gold standard method to assess
the refractive error because it considers both optical and
neural factors of visual perception. Nevertheless, autore-
fractors provide objective refraction as a starting point to
facilitate subjective refraction.

Based on the current ways to measure objective re-
fraction, autorefractors can be classified as monocular or
binocular, closed- or open-field, and traditional or wave-
front-based [1-4]. Binocular or monocular indicates if the
binocularity is present or not during the measurement, while
closed- or open-field alludes to whether the image of fixation
is virtual or real.

Besides autorefractors that use traditional methods to
measure objective refraction, wavefront autorefractors have
been developed to become a usual device in clinical practice,
especially during the last decade [5]. The main limitation of
wavefront autorefractors is an overestimation of myopia or
underestimation of hyperopia [6-8]. This issue is also im-
portant for traditional autorefractors, both monocular
closed-field [3, 9-12] and binocular closed-field [9, 13].
Despite this limitation, some models of wavefront autore-
fractors demonstrated a good agreement with subjective
refraction in terms of spherical and cylindrical refractive
errors [2, 14-18].

Binocular open-field traditional autorefractors were
developed to avoid myopia that a monocular closed-field
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environment may be generated without cycloplegia [19].
This idea is supported by different studies that showed
similar results between these autorefractors and subjective
refraction in terms of spherical refractive error [1, 4, 20-23].

In the case of wavefront autorefractors, all the com-
mercially available models are monocular closed-field, ex-
cept a new binocular open-field wavefront autorefractor, as
part of the Eye Refract system (Luneau Technology; Char-
tres, France). The clinical implications and limitations of the
Eye Refract are still unknown.

For this reason, the purpose of the current study was to
evaluate the agreement and repeatability between this new
binocular open-field wavefront autorefractor (Eye Refract)
and a monocular closed-field wavefront autorefractor
(VX110). Both systems are commercially distributed by
Luneau Technology (Chartres, France).

2. Methods

2.1. Design of the Study. A cross-sectional, randomized, and
single-masked study was performed. The study was con-
ducted in compliance with good clinical practice guidelines
and institutional review board regulations and following the
tenets of the Declaration of Helsinki, revised and actualized
in 2013 [24]. All trials were performed in the University
Clinic of Optometry of the Universidad Complutense de
Madrid (Madrid, Spain). All participants were voluntarily
included in the study after signing a written informed
consent, where the procedure of all the trials and the purpose
of the study were explained. Participants were free to leave
the study at any time.

Three measurements of the objective refraction with two
wavefront autorefractors (Eye Refract and VXI110) were
taken. One of the autorefractors was used randomly in first
place and the other in second place. All the measurements
were performed on three different days (one measurement
with each wavefront autorefractor per day) in the morning
by the same optometrist, under noncycloplegic conditions.
All visits of each participant were done during a maximum
period of two weeks based on their availability. Refractive
parameters (MSE, JO, and J45) and binocular corrected
distance visual acuity (BCDVA) were compared between
both wavefront autorefractors.

2.2. Sample. Ninety-nine eyes of 99 healthy participants
(37.22 £18.04 years, range 8 to 69 years) were evaluated,
considering one eye per participant randomly. The re-
cruitment was made to obtain the most heterogeneous
sample as possible concerning the age of participants, trying
to involve the same number of participants in each decade of
life. The participants were classified into four groups (total,
teenagers, adults, and presbyopes), whose demographic
characteristics are detailed in Table 1.

Inclusion criteria were as follows: aged between 7 and 69
years and understanding and signing the informed consent
(by the legal tutors, in case of participants under 18 years).
Exclusion criteria were amblyopia, strabismus, or other
ocular dysfunction affecting the binocular autorefraction,
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the presence of any ocular disease, surgery or traumatism,
and the use of systemic or ocular drugs that could affect the
results.

2.3. Eye Refract System. The Eye Refract system (Luneau
Technology; Chartres, France) is a binocular open-field
aberrometer combined with a phoropter. The Eye Refract
incorporates two Hartmann-Shack sensors that perform
objective refraction in both eyes at the same time. The
wavefront metric used for the objective refraction deter-
mination is based on the principle of equivalent quadratic,
using the method of paraxial curvature matching proposed
by Thibos et al. [25] This method considers the high-order
aberrations analysis up to 4™ order, using the Zernike co-
efficients C; and C_ for MSE determination, CZ and C} for
JO determination, and C>2 and C,” for J45 determination
The Eye Refract measures the wavefront under physiological
pupil conditions, and it recalculates the refractive parame-
ters for 3 mm. If pupil size is equal to or less than 3 mm, the
Eye Refract provides the values for its exact size. The
Hartmann-Shack sensors use a near-infrared light of
800 nm, and the pitch of the microlens array is 0.1 mm.

Since the Eye Refract is an aberrometer combined with a
phoropter, it provides both objective and subjective re-
fraction. The results of its efficacy to perform aberrometry-
based subjective refraction in comparison with conventional
subjective refraction were already published [26]. In the
current manuscript, we only report on the results of ob-
jective refraction.

Following the manufacturer instructions, subjects were
instructed to put their chin and forehead on the chinrest and
to look ahead to a test of fixation on the digital screen set at
4m distance. Then, binocular wavefront aberrometry was
measured.

2.4. VX110 System. The VX110 system (Luneau Technology;
Chartres, France) is a multidiagnostic platform that incor-
porates an aberrometer [2]. The VX110 has a Hartmann-
Shack sensor that performs a monocular and closed-field
objective refraction. The wavefront metric used for the
objective refraction determination is also based on the
principle of equivalent quadratic, using the method of
paraxial curvature matching proposed by Thibos et al. [25]
All the refractive variables were considered for a pupil size of
3 mm. If pupil size is equal to or less than 3 mm, the VX110
provides the values for its exact size. The Hartmann-Shack
sensor also uses a near-infrared light of 800nm, and it
measures 1500 points for a pupil diameter of 7 mm.

Following the manufacturer instructions, subjects were
instructed to put their chin and forehead on the chinrest and
to look ahead to a virtual image of fixation at infinity. Then,
monocular wavefront aberrometry was performed in each
eye consecutively.

2.5. Refractive Parameters. Refractive parameters were an-
alyzed in terms of mean spherical equivalent (MSE) and
vertical and oblique cylindrical vectors (JO and J45) with the
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TaBLE 1: Demographic characteristics of the participants in the study.

Groups Number of participants Age (years) Age range (years) Gender (male/female)
Teenagers 21 13.05+4.31 8 to 19 9/12
Adults 33 29.89+5.71 22 to 39 8/25
Presbyopes 45 55.00+£8.14 40 to 69 18/27
Total 929 37.22+18.04 8 to 69 35/64

method proposed by Thibos et al. [27]. The following ex-
pressions were used to calculate MSE, JO, and J45:

MSE = sphere + cylinder/2
JO =—(cylinder/2) x cos (2 x axis)
J45 = —(cylinder/2) x sin (2 x axis)

2.6. Visual Acuity Measurement. Binocular corrected dis-
tance visual acuity (BCDVA) was immediately measured
after finishing each objective refraction. BCDVA was
assessed through the oculars of the Eye Refract, in the case of
the objective refraction with this system, and with trial
frame, in the case of the objective refraction with the VX110.
The high-contrast (100%) ETDRS chart of the digital screen
set at 4 meters of distance was used to measure the BCDVA.

2.7. Statistical Analysis. Statistical analysis was performed
using the SPSS Statistics 23 software (IBM, Chicago, Illinois,
USA). Sample size calculations were performed with sta-
tistical software Granmo 6.0 (Institut Municipal
d’Investigacié Medica, Barcelona, Spain). A statistical sig-
nificance of 95% was established (P <0.05). Results are
shown as mean + standard deviation.

The normality of the variables (MSE, JO, J45, and
BCDVA) was assessed using the Shapiro-Wilk test. A sta-
tistical comparison between the values of both wavefront
autorefractors inside each group (total, teenagers, adults,
presbyopes) was done. Once the normal distribution of all
the variables was confirmed, Student’s t test for paired
samples was chosen for this statistical comparison. Addi-
tionally, a Bland-Altman plot analysis was done to assess the
agreement between both wavefront autorefractors [28].

An intersession repeatability analysis was done con-
sidering the following variables: mean difference between
sessions (bias), its standard deviation (SD), repeatability (S,),
and its 95% limit (r). S, is defined as the square root of the
mean square within-subject standard deviation. r is math-
ematically defined as 2.77 xS, and it represents the limit
value within which 95% of measurements should be [29].
The one-way analysis of variance (ANOVA) for paired
samples with Bonferroni correction was done to assess the
statistical differences between sessions.

3. Results

Table 2 summarizes the mean values of the different vari-
ables under study (MSE, JO, J45, and BCDVA) for both
wavefront autorefractors and their statistical comparison.
In relation to MSE, the VX110 showed more negative
values (P <0.05) in comparison with the Eye Refract for all

groups, except teenagers. Figure 1 shows the Bland-Altman
plot for both objective refractions in terms of MSE. Mean
difference (VX110-Eye Refract) and limits of agreement
[upper, lower] were —0.20 [0.59, —0.99] D for total group,
—0.30 [1.06, —1.66] D for teenagers, —0.24 [0.22, —0.70] D for
adults, and —0.13 [0.50, —0.76] D for presbyopes.

In relation to JO, there were no statistically significant
differences (P >0.05) between both wavefront autore-
fractors. Figure 2 shows the Bland-Altman plot for both
objective refractions in terms of J0. Mean difference (VX110-
Eye Refract) and limits of agreement [upper, lower] were
-0.02 [0.22, —0.24] D for total group, 0.00 [0.10, —0.10] D for
teenagers, 0.00 [0.18, —0.18] D for adults, and —0.03 [0.27,
—0.33] D for presbyopes.

In relation to J45, there were statistically significant
differences (P < 0.05) between both wavefront autorefractors
for total group and adults. Figure 3 shows the Bland-Altman
plot for both objective refractions in terms of J45. Mean
difference (VX110-Eye Refract) and limits of agreement
[upper, lower] were 0.02 [0.13, —0.09] D for total group, 0.01
[0.11, —0.09] D for teenagers, 0.04 [0.14, —0.06] D for adults,
and 0.00 [0.12, —0.12] D for presbyopes.

In relation to BCDVA, there were no statistically sig-
nificant differences (P >0.05) between both wavefront
autorefractors. Figure 4 shows the Bland-Altman plot for
both objective refractions in terms of J45. Mean difference
(VX110-Eye Refract) and limits of agreement [upper, lower]
were 0.00 [0.12, —0.12] D for total group, 0.02 [0.21, -0.17] D
for teenagers, 0.00 [0.08, —0.08] D for adults, and 0.00 [0.10,
—0.10] D for presbyopes.

Tables 3-5 summarize the intersession repeatability
analyses of the refractive variables (MSE, JO, and J45, re-
spectively) for both wavefront autorefractors and the sta-
tistical comparison between sessions.

The intersession repeatability analysis of MSE showed no
statistically significant differences (P >0.05) between ses-
sions with both wavefront autorefractors. The Eye Refract
was more repeatable than the VX110 for all the groups,
especially for teenagers (S, gyg rerracr=0.14D, S,
vxi10=0.92D). In total group, the values of S, were 0.21 D
with the Eye Refract and 0.53 D with the VX110.

The intersession repeatability analysis of JO only showed
statistically significant differences (P = 0.033) between ses-
sion 1 and session 3 for adults with the Eye Refract. The Eye
Refract was also more repeatable than the VX110 for all the
groups. In total group, the values of S, were 0.12 D with the
Eye Refract and 0.35D with the VX110.

The intersession repeatability analysis of J45 showed
statistically significant differences (P < 0.05) between session
1 and session 3 for total group and presbyopes with the
VX110. The VX110 was more repeatable than the Eye
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TaBLE 2: Mean values of mean spherical equivalent (MSE), cylindrical components (JO and J45), and binocular corrected distance visual
acuity (BCDVA) obtained with both binocular open-field (eye refract) and monocular closed-field (VX110) autorefractors.

Parameter Wavefront autorefractor ~ Total group (n=99)  Teenagers (n=21)  Adults (n=35) Presbyopes (n=43)
Eye refract -0.85+2.65 -0.50+1.86 -2.19+3.17 -0.03+2.16
MSE (D) VX110 -1.05+2.69 -0.80+1.94 —2.43+3.25 —-0.16 £2.11
P value <0.001* 0.065 <0.001* 0.002*
Eye refract 0.10+0.41 0.09 £0.31 0.19 £0.42 0.03+0.43
Jo (D) VX110 0.08 +0.40 0.09 +0.32 0.19 £ 0.40 0.00+0.42
P value 0.241 0.622 0.669 0.161
Eye refract —0.01 +0.30 -0.01+0.12 -0.01+0.18 0.00+0.41
J45 (D) VX110 0.01 £0.31 0.00+0.14 0.03+0.18 0.00+0.42
P value 0.001* 0.168 0.004* 0.095
Eye refract -0.10+0.10 -0.07+0.11 —0.14+0.08 —-0.09+0.11
BCDVA (logMAR) VX110 -0.10+0.11 -0.05+0.13 -0.14£0.08 -0.09+0.11
P value 0.667 0.419 0.716 0.978

The results are expressed as mean + SD. The statistical comparison was done between both autorefractors inside each group. *P <0.05, Student’s t test for

paired samples.
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FIGURrE 1: Bland-Altman plot describing the agreement between mean spherical equivalent (MSE) of both wavefront autorefractors for total
group (a), teenagers (b), adults (c), and presbyopes (d). The middle line shows the mean difference (VX110-Eye Refract), and the two dashed

side lines show the 95% limits of agreement.

Refract for all the groups, especially for presbyopes (S, gyr
REFRACT = 0.15D, Sr VX110 = 0.08 D) In the total group, the
values of S, were 0.11 D with the Eye Refract and 0.06 D with
the VX110.

4, Discussion

The current study is the first to evaluate the performance of a
binocular open-field autorefractor (Eye Refract) based on
wavefront analysis. The performance of the Eye Refract was
compared with the VX110, a monocular closed-field
autorefractor. The results showed that the objective re-
fraction performed by the VX110 was more negative in
terms of MSE than the Eye Refract for all groups, except

teenagers. Additionally, the Eye refract was more repeatable
in terms of both MSE and JO than the VX110 for all groups,
but the VX110 was more repeatable in terms of J45.
Overestimation of myopia or underestimation of hy-
peropia has been the main limitation of wavefront
autorefractors since they appeared on the market until
nowadays [6-8], but this issue also affects traditional
autorefractors, both monocular closed-field [3, 9-12] and
binocular open-field [9, 13]. More negative values in the
sphere are associated with the stimulation of the accom-
modation during the measurement process. For the total
group of the current study, the VX110 showed more
negative values in terms of MSE in comparison with the
Eye Refract (0.20 D) (see Table 2). These differences could
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be considered clinically relevant since they were close to
0.25D, values which could be affecting vision [30]. Ad-
ditionally, the Bland-Altman plot for both objective re-
fractions (Figure 1) showed more negative values with the
VX110 in most of the participants. This trend was con-
tinued in all age groups. Also, teenagers were the only
group that did not have statistical differences in MSE
between both wavefront autorefractors (Table 2).

Nevertheless, the difference for teenagers was maximum
(0.30D) in comparison with the rest of the groups. This
maximum difference without statistical significance was
associated with a single participant who obtained more
negative values (around 3.00D) with the VX110
(Figure 1(b)).

As explained above, the overestimation of myopia with
the VX110 could be associated with higher stimulation of
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TaBLE 3: Intersession repeatability of mean spherical equivalent (MSE) obtained with both binocular open-field (eye refract) and monocular
closed-field (VX110) autorefractors in terms of mean difference between sessions (bias), its standard deviation (SD), repeatability (S,), and
its 95% limit (7).

Wavefront Session 1-session Session 1-session Session 2-session Repeatability [95% limit]
Group MSE
autorefractor 2 3 3 (D)
Bias +SD
-0.02+ + +
Total (D) 0.02+0.33 0.00+0.28 0.02+0.29 0.21 [0.59]
P value 1.000 1.000 1.000
Bias+ SD
Teenagers (D) -0.08£0.16 -0.10+0.24 -0.02+£0.19 0.14 [0.40]
P value 0.102 0.188 1.000
Eye refract Bias + SD
Adults (D) -0.02+£0.21 -0.02+£0.23 0.00+0.20 0.15 [0.41]
P value 1.000 1.000 1.000
Bias +SD
+ + +
Presbyopes (D) 0.01£0.45 0.06+0.32 0.04+0.37 0.27 [0.75]
P value 1.000 0.692 1.000
Bias +SD
Total (D) —-0.07 £0.40 -0.05+0.87 0.02+£0.88 0.53 [1.47]
P value 0.325 1.000 1.000
Bias +SD
-0.18+ + +
Teenagers (D) 0.18+0.77 0.18 +1.52 0.36 + 1.49 0.92 [2.55]
VX110 B]:a:ihé% 0.906 1.000 0.843
Adults (D) -0.06+0.28 -0.09+0.22 -0.04+£0.23 0.18 [0.50]
P value 0.760 0.071 1.000
Bias+ SD
Presbyopes (D) -0.02£0.17 -0.12+0.77 -0.10+0.76 0.44 [1.23]
P value 1.000 0.933 1.000

The statistical comparison was done between sessions. *P < 0.05, one-way ANOVA for paired samples with Bonferroni correction.

accommodation [6-8]. However, it seems that this problem  only affected adults and presbyopes who are supposed to be
could also affect to open-field autorefractors [21], which  the groups of age with lower accommodation.

would not explain the differences between both wavefront Considering that accommodative response was not
autorefractors. Besides, this overestimation with the VX110 evaluated, it is necessary to explore other theories that could
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TaBLE 4: Intersession repeatability of vertical cylindrical vector (JO) obtained with both binocular open-field (eye refract) and monocular
closed-field (VX110) autorefractors in terms of mean difference between sessions (bias), its standard deviation (SD), repeatability (S,), and

its 95% limit (r).

Wavefront Grou jo Session 1-session Session 1-session Session 2-session Repeatability [95% limit]
autorefractor P 2 3 3 (D)
Bias+SD
Total (D) -0.04+0.19 -0.03+£0.12 0.02+0.19 0.12 [0.34]
P value 0.077 0.059 1.000
Bias +SD
- + - + +
Teenagers (D) 0.04+0.10 0.03+0.10 0.01 £0.09 0.07 [0.20]
P value 0.276 0.767 1.000
Eye refract Bias + SD
Adults (D) -0.03+0.09 -0.04£0.09 -0.01+0.10 0.06 [0.18]
P-value 0.171 0.033* 1.000
Bias +SD
Presbyopes (D) -0.06 +0.27 -0.02+0.14 0.04+£0.26 0.16 [0.46]
P value 0.478 1.000 0.982
Bias + SD
+ - + - +
Total (D) 0.02£0.22 0.01 £0.10 0.04+0.20 0.35 [0.98]
P value 0.909 0.355 0.196
Bias +SD
Teenagers (D) —-0.01 £0.09 —-0.02+0.08 -0.02+0.08 0.26 [0.73]
VX110 BP;a;Iill;(]; 1.000 0.588 1.000
Adults (D) 0.02+0.15 0.00+0.10 -0.02+0.13 0.33 [0.92]
P value 1.000 1.000 1.000
Bias + SD
Presbyopes (D) 0.04+0.29 -0.02+£0.10 -0.06+0.27 0.40 [1.11]
P value 1.000 0.502 0.458

TaBLE 5: Intersession repeatability of oblique cylindrical vector (J45) obtained with both binocular open-field (Eye Refract) and monocular
closed-field (VX110) autorefractors in terms of mean difference between sessions (bias), its standard deviation (SD), repeatability (S,), and

its 95% limit (7).

Wavefront

Session 1-session Session 1-session Session 2-session Repeatability [95% limit]

autorefractor Group J45 2 3 3 (D)
Bias + SD
Total (D) —0.02 +0.20 -0.01+0.15 0.01 £0.11 0.11 [0.30]
P value 0.812 1.000 1.000
Bias + SD
Teenagers (D) 0.00 £ 0.06 0.02+£0.10 0.02+£0.10 0.06 [0.18]
P value 1.000 1.000 1.000
Eye refract Bias + SD
Adults (D) 0.00+£0.10 0.00 £0.09 0.00 £ 0.07 0.06 [0.18]
P value 1.000 1.000 1.000
Bias + SD
Presbyopes (D) -0.05+0.28 -0.04+0.20 0.01+0.13 0.15 [0.41]
P value 0.671 0.565 1.000
Bias + SD
Total (D) 0.02+0.10 0.02+0.07 0.00+0.10 0.06 [0.18]
P value 0.215 0.031* 1.000
Bias + SD 0.02+0.07 0.01 +0.06 0.00 +0.07
Teenagers (D) e e e 0.04 [0.12]
VX110 Bli)a:ihsl;:) 0.831 0.796 1.000
Adults (D) —0.01 +£0.07 0.00 +0.06 0.01 £0.07 0.04 [0.12]
P value 1.000 1.000 1.000
Bias + SD
Presbyopes (D) 0.04+0.12 0.03+0.08 —-0.01 +£0.12 0.08 [0.77]
P value 0.160 0.038* 1.000

The statistical comparison was done between sessions. *P < 0.05, one-way ANOVA for paired samples with Bonferroni correction.



explain the differences found in MSE between both wave-
front autorefractors. The results of Elsner et al. [31] and Teel
et al. [32] suggested that the differences in the sphere could
be associated with the infrared light of the wavefront sensors
reflecting off in external retinal layers. However, this theory
would not explain the differences in the sphere between both
wavefront refractors since they use the same near-infrared
light of 800 nm. The fact that the Eye Refract measured the
refraction with a test of fixation at 4 m and the VX110 with a
virtual image of fixation at infinity would not support the
differences in MSE either since the Eye Refract uses a fogging
with positive lenses before measuring objective refraction.

On the other hand, it is known that convergence is ac-
companied by accommodation [33]. By this, it could be
thought that the differences in MSE between both wavefront
autorefractors were related to the fact that both measurements
were performed under binocular and monocular conditions.
Despite this, it would be necessary for an additional study
about the influence of the vergence and accommodation in
both wavefront autorefractors to confirm this theory.

The authors of the current study reported the values of
MSE obtained with conventional subjective refraction [26].
The values of MSE were —0.86 D for the total group, —0.63 D
for teenagers, —2.08 D for adults, and +0.25D for presby-
opes. Comparing these values with the current study (Ta-
ble 2), it can be observed that the Eye Refract only showed an
overestimation of myopia superior to 0.25 D for presbyopes
(P =0.021). However, the VX110 showed an overestimation
of myopia superior to 0.25D for adults and presbyopes
(P <0.001) [26]. This overestimation of myopia found with
the VX110 contrast with the results of Gordon-Shaag et al.
[2]. They found no differences in MSE with the same
wavefront autorefractor in comparison with the subjective
refraction performed by a single optometrist. These differ-
ences between both studies could be explained considering
that they only performed one refraction by the same op-
tometrist who could have its prescription criteria. The results
of the current study concerning the VX110 also contrast
with other authors that did not report differences in the
spherical refraction between the newest wavefront autore-
fractors and subjective refraction [2, 15-18]. Nevertheless,
some authors reported more negative sphere values with
different wavefront aberrometers in comparison with sub-
jective refraction during the last decade [8, 32, 34-36],
coinciding with the results obtained with the VX110 in the
current study. No studies assessing the performance of
commercial open-field wavefront autorefractors were found
in the scientific literature.

In terms of intersession repeatability of MSE, the Eye
Refract was more repeatable than the VX110 for all the
groups and sessions (Table 3), but both autorefractors were
very similar for adults. The major benefit of the Eye Refract
was for teenagers since its value of S, (0.14 D) was 6.5 times
lower than the S, of the VX110 (0.92 D). However, this
affirmation should be carefully interpreted because the
sample of teenagers was inferior to the rest of the groups
(Table 1).

Other studies analyzed the intersession repeatability of
MSE with different wavefront autorefractors. In adults,

Journal of Ophthalmology

several authors reported values of r between 0.28 D and
0.53D [2, 16, 23, 37, 38], which agrees with the adults of the
current study (Table 3). All these wavefront autorefractors
keep their differences within a range of £0.25D. No studies
assessing the intersession repeatability with wavefront
autorefractors in other age groups were found in the sci-
entific literature.

Astigmatism is a parameter that wavefront autore-
fractors offer properly [7, 8, 14-18]. Only a few studies
reported differences when comparing cylinder between
wavefront autorefractors and subjective refraction [2, 6], but
these differences were approximate of 0.25D, which is a
value well tolerated by the human eye [39]. In the current
study, despite there were statistically significant differences
in cylindrical component J45 between both wavefront
autorefractors for some groups, they could not be considered
clinically relevant since the mean differences only reached a
maximum value of 0.04 D (Table 2). Therefore, it could be
affirmed that both wavefront autorefractors have the ac-
curacy to properly determine astigmatism for all age groups
since they did not show higher differences in comparison
with conventional subjective refraction (P >0.05) [26].

The intersession repeatability of astigmatism showed
that the Eye Refract was more repeatable than the VX110
(Table 4) for all age groups, while the VX110 was more
repeatable than the Eye Refract in terms of J45 (Table 5). In
J45, since the differences between both wavefront autore-
fractors in terms of r were inferior to 0.25D (except for
presbyopes) and that the magnitude of J45 obtained with
both wavefront autorefractors was substantially lower than
MSE and J0 (Table 2), the improvement in J45 repeatability
with the VX110 was not considered clinically relevant. In
adults, other studies reported similar values of r in terms of
JO and J45 with different wavefront autorefractors
[2, 16, 23, 37, 38].

In terms of BCDVA, there were no statistical differences
between both wavefront autorefractors for all age groups
(Table 2). In the case of the VX110, it is logical to think that
BCDVA is not affected although it seems to overestimate
myopia in comparison with the Eye Refract. This is due to
the capacity of the lens to compensate for a negative
overcorrection, especially in teenagers and adults. Presby-
opes would have more difficulty to accommodate, but their
negative overcorrection was not higher to 0.75D in any
participant (Figure 1(d)). In comparison with conventional
subjective refraction [26], both wavefront autorefractors
showed a statistically significant deterioration (P < 0.05) of
BCDVA for all the groups, except with the Eye Refract for
teenagers (P = 0.126). In total group, this deterioration was
only 0.02 logMAR (1 letter), which is not considered clin-
ically relevant [40].

The current study had some limitations that could be
improved upon in future studies. Visual acuity was mea-
sured under unmasked conditions and using trial frame with
the VX110 and through the oculars with the Eye Refract. A
study of Ohlendorf et al. [41] showed that phoropter could
induce more negative spherical values than trial frame. On
the other hand, all the objective refractions should have been
performed under cycloplegic conditions to prove that the
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VX110 measurement is not influencing the accommodation
stimulus because it is thought that a closed-field environ-
ment could overestimate myopia [19]. Also, it is necessary to
check if these autorefractors could replace conventional
subjective refraction since the objective refraction of the Eye
Refract presented similar efficacy to subjective refraction
[26]. Finally, more studies would be necessary for under-
standing the efficacy, applications, and limitations of open-
field binocular wavefront autorefractors.

5. Conclusions

In conclusion, the VX110 showed more negative values in
terms of MSE than the Eye Refract. Besides, the Eye Refract
was more repeatable in terms of both MSE and JO than the
VX110. Both wavefront autorefractors showed similar re-
sults in terms of J45 and BCDVA.

The Eye Refract provided enough accuracy and reliability
to estimate refractive errors in different age groups,
achieving better results than the VX110. Therefore, the Eye
Refract proved to be a useful autorefractor to be incorpo-
rated into clinical practice.
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Purpose. To evaluate a new technique of posterior capsulorhexis using air support to treat primary posterior capsular opacification
(PCO) during cataract extraction surgery or to prevent postoperative PCO. Setting. (1) Ophthalmology department, Faculty of
Medicine, Minia University, 61519, El-Minia, Egypt. (2) Security Forces Hospital, Ophthalmology Department, Riyadh, Kingdom of
Saudi Arabia. Design. Prospective, randomized, consecutive case comparative non controlled study. Methods. One hundred eyes of
100 patients with a mean age of 63.3 years with dense cataract were enrolled in the study. Fifty of them (group (1)) were with primary
PCO (discovered during the operations) and fifty (group (2)) with clear posterior capsule. All of the patients underwent phaco-
emulsification and posterior capsulorhexis using the air to support the posterior capsule. Then, IOL implantations were done between
the anterior and posterior capsular rims. Postoperatively, each patient was evaluated for the following: visual acuity (UCVA and
BCVA), manifest refractive spherical equivalent (MRSE), intraocular pressure, intraocular lens (IOL) stability, visual axis opaci-
fication, and posterior segment complications as retinal breaks, retinal detachment, or cystoid macular edema (CME). Results. There
were no significant differences in UCVA, BCVA, and MRSE. All cases had a clear visual axis, with stable IOL and normal IOP during
the follow-up period without posterior segment complications. The VA improved significantly throughout the follow-up periods in
both groups without significant clinical difference. Conclusion. Pneumatic posterior capsulorhexis is a new effective technique for the
treatment of primary PCO in dense cataract and for prevention of postoperative PCO with the good visual outcomes and minimal
complications. This trial is registered with NCT04007965.

1. Introduction arouses our thinking about this novel technique for treat-
ment and prevention of PCO.

Posterior capsular opacification (PCO) is one of the com- The currently available modalities to prevent postop-
mon late postoperative complications of phacoemulsifica- erative PCO are as follows:

tion and ECCE rather than its presence in a good number of

patients of long-standing and hypermature cataract in de- (i) Some surgical modifications such as hydro-
veloping countries. The treatment of PCO by YAG laser dissection, repeated nucleus rotation, and meticu-
capsulotomy usually leads to the famous annoying symptom lous polishing of the lens epithelial cells (LECs)
(Musca) and carries the risk of IOL damage, elevation, from the anterior capsular rim and the equator. In
decentration, and tilting [1, 2]. Moreover, it may lead to the 1989, David Apple and his colleagues [3] had
posterior segment complications (cystoid macular edema, demonstrated the value of hydrodissection. In 1992,
retinal breaks, and retinal detachment). While, there is no they emphasized that hydrodissection acts as a

reliable treatment for prevention of PCO, this finding barrier to migration of equatorial cells to the
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posterior capsule and this could reduce PCO [4].
Fine described “cortical cleaving hydrodissection”
technique, [5] which was designed to break the
equatorial adhesions between lens epithelial cells
and the capsule, thus clearance of these cells which
are the progenitors of PCO. In 2006, they pointed
out to the laboratory and clinical evidence that good
hydrodissection, coupled with mechanical “scour-
ing” of LECs from the equator may have a beneficial
effect on decreasing PCO incidence [6, 7].

(ii) Changes in the IOL design and materials: e.g., the
square edge optic heparin coated and acrylic IOL
decreasing the incidence of postoperative PCO than
with PMMA IOLs of similar design with several
studies demonstrated this concept [8-12].

(iii) Pharmacological strategies either to kill the residual
epithelial cells or to prevent their proliferation.
Moreover, the ideal agent must be toxic to these cells
only without being toxic to the corneal endothe-
lium. Experimentally, few agents have been partially
successful without clinical application until now
(13, 14].

Improvement in lens materials and design are well
documented to decrease the incidence of postoperative PCO
[15, 16]. Rotation three times of the hydrodissected nucleus
prior to phacoemulsification and a second hydrodissection
after nucleus removal improve the results [17]. Bimanual
irrigation/aspiration may also help to decrease the incidence
of postoperative PCO [18].

L.1. Current Treatment Options for PCO. Nd: YAG laser
posterior capsulotomy has minor complications such as IOP
rise [19, 20], and serious potential complications are re-
ported such as corneal perforation in a patient with systemic
scleroderma [21]. Other options for PCO treatment are
surgical posterior capsulotomy or capsulectomy, either
primary (intraoperative) or secondary.

2. Patients and Methods

The study was approved by the local ethical board committee
and before the surgical procedure, each patient was ade-
quately educated about the surgery and signed an informed
consent in accordance with the Declaration of Helsinki. The
patients were chosen from the outpatient clinic and operated
at El-Minia University Hospital and Security Forces Hos-
pital, from Jan. 2017 to Jun. 2018. One hundred eyes of 100
patients with dense cataract were included in the study. The
inclusion criteria were as follows: patient age ranged from
50-73 years with a clear cornea, dense cataract, and without
any local or systemic causes for the cataract. Exclusion
criteria were patients with intraoperative positive pressure,
high myopia, and axial length more than 25 mm, corneal
dystrophy, retinal disease, previous ocular surgery, active
ocular diseases, and glaucoma. The study consisted of fifty
eyes (group 1) with PCO and fifty eyes (group 2) with clear
posterior capsule (discovered intraoperative).
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2.1. Preoperative Examination. All cases were subjected to
complete ophthalmological examinations including UCVA,
BCVA, slit lamp biomicroscopy, tonometry, biometery,
dilated fundus examination, and medical history, including
any systemic diseases, and the data were recorded
echographically.

2.2. Surgery. After complete phacoemulsification and irri-
gation-aspiration of cortical matter, we did posterior cap-
sulorhexis using the air to support the posterior capsule and
separate it from the vitreous face using the following unique
novel technique.

2.2.1. The Novel Technique

(1) A dispersive viscoelastic material Viscoat (sodium
chondroitin sulfate 4%-sodium hyaluronate 3%,
Alcon Co) was injected to make the anterior
chamber formed without deepening so that the
posterior capsule is not forcibly pushed backward
and to protect the corneal endothelium.

(2) The posterior capsule punctured centrally using
cystotome, as shown in (Figure 1).

(3) Controllable one-shot injection of 0.1 ml of sterile air
through the posterior capsule puncture (Figure 2)
into the patellar fossa or Berger space (Figure 3). The
air elevates, support, and separates the posterior
capsule from the vitreous face (insulin syringe and
Healon cannula were used) as shown in (Figure 4).

(4) Another viscoelastic injection to the anterior
chamber to stretch the posterior capsule and sand-
wich it between, visco-elastic above and the air below
as shown in (Figure 5).

(5) Posterior capsulorhexis 4mm is now performed
easily using capsulorhexis forceps (Figure 6).

(6) A foldable IOL was implanted between the anterior
and posterior capsular rims (Figure 7).

(7) Complete the operation with I/A of viscoelastic
material (Figure 8) and wound closure followed by
eye dressing.

2.3. Postoperative Examinations. Postoperatively, each pa-
tient was prescribed Tobradex eye drops 0.3% (tobramycin
0.3%—dexamethasone 0.1%, Alcon Co.) with a tapering dose
for 1 month and Vigamox eye drops (moxifloxacin 0.5%, Alcon
Co.) for 2 weeks. Patients were evaluated at each postoperative
visits at 1 day, 1 week, 1 month, 3 months, 6 months, and one
year for the following: visual acuity (UCVA and BCVA),
MRSE, intraocular pressure, intraocular lens (IOL) stability,
visual axis opacification, and posterior segment complications
such as retinal breaks, retinal detachment, or cystoid macular
edema, and data were registered (Tables 1 and 2).

2.4. Statistical Analysis. Patients’ data were registered in
Microsoft Excel, entered, and analyzed using Sigma Plot-
Scientific Data Program for the 2 groups, paired Student’s t-
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FIGURE 6: Posterior capsulorhexis using capsulorhexis forceps in a
case of primary OPC.

FiGgure 7: IOL in place between the anterior and posterior capsular

rims.
FIGURE 3: Retrolental Berger space or patellar fossa (animation).
FIGURE 8: I/A of viscoelastic material.
FIGURE 4: The air elevates, supports, and separates the posterior
capsule from the vitreous face (animation). 3. Results

The patient’s age ranged from 50-73 years, with a mean age
test was used for the UCVA & BCVA means in decimal  of 62.3 years. Fifty males and fifty female patients with dense
values and for MRSE means. For all tests, a P value<0.05  white cataract were included in the study. Group 1 included
was considered statistically significant. fifty eyes with Primary PCO discovered intraoperatively, and



TaBLE 1: Postoperative visual and refractive outcomes in both of the

groups.

Parameters Group 1 Group 2 P value
UCVA Mean Mean

3 months 0.75+0.08 0.80 +0.050 0.82
6 months 1.01 £0.112 1.03+£0.96 1.0
12 months 1.034 +£0.85 1.024 +0.65 0.95
BCVA Mean Mean

3 months 0.96 +0.056 0.993 +0.035 0.90
6 months 1.036 +0.095 1.037 £0.15 1.0
12 months 1.040 +0.085 1.044 +0.075 1.0
MRSE Mean Mean

1 month -1.75+2.50D -1.65+2.00D 0.88
3 months -1.25+1.50D -1.35+1.25D 0.95
6 months -0.65+1.25D -0.50+1.38D 0.98
12 months -0.75+1.05 -0.75+1.03D 1.0

UCVA =uncorrected visual acuity, BCVA =best corrected visual acuity,
and MRSE = manifest refractive spherical equivalent. There were no sta-
tistically significant differences in the means of both of the groups. P <0.05
was considered statistically significant.

TaBLE 2: Demographics and minimal postoperative complications
in both of the groups.

Group 1 Group 2

Number of patients 50 50

IOL stability Stable Stable
Visual axis opacification None None
IOP rise 2 cases (4%) One case (2%)
Iritis One case (2%) None
CME None None

RD None None
Retinal break None None

IOP =intraocular pressure, IOL = intraocular lens, CME = cystoid macular
edema, and RD =retinal detachment.

group 2 had fifty eyes with clear posterior capsule. There
were no intraoperative complications including vitreous
prolapse or rupture of the anterior vitreous face. The patients
were followed postoperatively for 6 visits one day, one week,
one month, three months, six months and one year post-
operatively, for MRSE, UCVA, BCVA, IOP, IOL stability,
visual axis opacification, and posterior segment complica-
tions such as CME, retinal detachment, or retinal break.
Tables 1 and 2 show demographic patients’ data registration.

The differences were not statistically significant re-
garding the preoperative mean UCVA and BCVA between
the two groups. It was ranging from counting fingers (CF) to
hand movement (HM) for UCVA in both groups (P = 0.99)
and for BCVA (P =0.95). There were no significant dif-
ferences at 3, 6, and 12 months in the mean postoperative
UCVA comparing the two groups with visual stability (<
+1.25 D difference in two consecutive visits) (P = 0.82, 1.0 &
0.95): the values were 0.75+0.08 with range, (0.6-0.9),
1.01 £0.112 with range, (0.8-1.2), and 1.034+0.085 with
range, (1-1.2), respectively, in group 1, while it was
0.80+0.05 with range, (0.7-0.9), 1.03+0.096 with range,
(0.9-1.2), and 1.024 + 0.065 with range, (1-1.2), respectively,
in group 2 as shown in (Table 1). The postoperative mean
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UCVA values were 0.8 in 90% of patients, 1 in 95%, and >1
in 100% at 3, 6, and 12 months in group 1, while the cor-
responding values were 0.85 in 90%, 1 in 96%, and >1 in
100% in group 2, respectively. There were no statistically
significant differences in the mean postoperative BCVA in
both of the groups at 3, 6, and 12 months where the values
were 0.96 +0.056, 1.036 +0.095, and 1.040 + 0.085 in group
1, and the corresponding values were, 0.993+0.035,
1.037£0.15, and 1.044+0.075 in group 2, respectively,
where P values were 0.9, 1.0, and 1.0. There were no sta-
tistically significant differences between the two groups
regarding the mean 1, 3, 6, and 12 months’ postoperative
manifest refractive spherical equivalent (MRSE) as shown in
Table 1; the mean postoperative MRSE was —1.75+2.50 D,
-1.25+1.50D, -0.65+1.35D, and —0.75+1.05D in the
group 1, while it was -1.65+2.00D, -1.35+1.25D,
—0.50+1.38D, and -0.75+1.03 D in group 2, in which P

values were (0.88, 0.95, 0.98, and 1.0).

During the follow-up period, no opacification occurs in
the pupillary zone and no posterior segment complications
reported. In the 2 groups, only one case presented by mild
iritis and another three cases with increase IOP in the first
visit, which were controlled by intensifying the specific
medical treatment. All patients improved completely in the
second follow-up visit. All cases in both groups had stable
IOL during the follow-up period with significant im-
provement of the UCVA and BCVA and refraction stability
from one visit to the other one (Tables 1 and 2).

4. Discussion

Cataract surgery is one of the most common ophthalmic
operations worldwide performed. It has been demonstrated
to have excellent outcomes, not only in terms of visual acuity
and low complications but also in terms of reduced func-
tional impairment and improved quality of life measures
[14]. However, posterior capsular opacification (PCO)
postoperatively continues to be a challenging problem, and
the incidence needs to be reduced to zero [7].

Complete removal of all LECs from the capsular equator
by “capsule polishing” techniques is impracticable. Cortical
clean-up using “hydrodissection” and “lens fiber stripping”
may reduce the incidence of PCO formation by reducing the
number of equatorial LECs. Full circumferential capsulo-
rhexis-optic overlap and sharp posterior optic edge did not
completely and permanently prevent PCO in all eyes, es-
pecially over longer periods. Also, primary posterior cap-
sulorhexis is safe and effective and supplements the efficacy
of a sharp-posterior optic edge of IOL forming a “second line
of defense”; however, the surgical skill required limits its
widespread use.

In Egypt, the incidence of primary PCO is higher because
white- and long-standing cataract are more common, and this
finding is in agreement with Joshi, [22] in which he reported
primary PCO incidence of 38% in longstanding and hyper-
mature cataract. The aim of our study was not only to reduce
the postoperative PCO but also to treat the intraoperative
primary PCO. While anterior capsulorhexis is easy to perform
because of the lens support, posterior capsulorhexis is a little
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bit difficult because of absence of such a support in which there
is a potential, retrolental space (space of Berger), or patellar
fossa. Precisely, what we did is we injected the air (0.1 ml) in
the patellar fossa through a minute hole in the posterior
capsule to cushion, support the posterior capsule, and separate
it from the vitreous face and anterior hyaloid membrane
during posterior capsulorhexis in cases with primary PCO
which may be encountered during phacoemulsification for
long-standing cataract and also for clear posterior capsule to
prevent postoperative PCO.

In this work, there is a modification of the primary
posterior capsulotomy which can be used for the treatment
of primary PCO and to prevent postoperative PCO. This
technique had reduced the incidence of PCO to zero with
minimal complications as postoperative transient rise of
IOP. The rise of IOP occurred in two patients out of 50 (4%)
in group 1 and in only one patient out of 50 (2%) in group 2
in our cohort and it was controlled by proper medical
treatment, and this finding was in agreement with [23] in
which they reported a transient rise of IOP after Nd: YAG
laser capsulotomy for PCO. By reviewing the literatures, no
data could be found about a similar technique to prevent
postoperative PCO and to treat the primary PCO. There was
some difficulty to implant the IOL between the anterior and
posterior capsular rims as it needs meticulous handling and
very gentle and slow IOL injection towards the lower part of
the equator with good magnification and zooming; we could
overcome this difficulty as well as we did the anterior
capsulotomy 5.5mm and the posterior capsulotomy 4 mm.
Patients in the study were divided into 2 groups (with or
without PCO). As the aim of this study was to manage the
primary PCO intraoperatively and to prevent postoperative
PCO occurrence in clear posterior capsule in cases of dense
cataract with comparing the safety, effectiveness, and results
of the novel technique in two different occasions, the pri-
mary PCO and the clear posterior capsule because of the
posterior capsule behave differently if it is opacified than if it
is clear. There was a lack of control group without PCCC as it
might be more appropriate; if we do it, we will consider this
point on the future study on a larger group of patients, the
incidence of PCO is well known in cataract surgery with
many literatures, and our study was to evaluate the safety
and effectiveness of this novel technique in lowering the
incidence of PCO in different capsular types (opacified and
clear). By using this technique, we succeeded to decrease the
PCO incidence to zero %, and hence there was no need for
YAG posterior capsulotomy and its complications.

There are no statistically significant differences in
postoperative UCVA, BCVA, and MRSE mean in both of
groups as well as during the follow-up period, no opacifi-
cation occurs in the pupillary zone, no intraoperative
complications including vitreous loss or prolapse of anterior
vitreous face, and no posterior segment complications re-
ported. All cases in both groups had stable IOL during the
follow-up period with significant improvement of the
UCVA and BCVA and refraction stability from one visit to
the other one. A larger series of patients is needed and is
planned to confirm the efficacy and safety of this technique
over a longer period of time and follow-up.

5. Conclusions

Pneumatic posterior capsulorhexis is a new effective, safe
maneuver for the treatment of primary PCO in dense cat-
aract cases and to prevent postoperative PCO with good
visual outcomes and fewer complications, and it can be
performed in patients susceptible for early postoperative
PCO like diabetic and young-age patient.
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Supplementary Materials

VIDEO (1). The Steps of the Novel Technique: 1, irrigation/
aspiration of cortical matter after finishing phacoemulsifi-
cation; 2, injection of viscoelastic material; 3, puncture of the
posterior capsule with cystitome; 4, air injection under the
posterior capsule; 5, pneumatic posterior capsulorhexis; 6,
viscoelastic injection and widening of the main incesion; and
7, implantation of the IOL between the anterior and pos-
terior capsular rim. VIDEO (2). Completion of the Novel
Technique: 8, irrigation/aspiration of the viscoelastic; 9, IOL
in place between the anterior and posterior capsular rim
Supplementary File Figure (1): photo of one case of dense
cataract from our operated cases. Figure (2): photo of the
same case in Figure (1) with primary intraoperative PCO
(posterior  capsular  opacification).  (Supplementary
Materials)
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Prospective, randomized, comparative, and controlled study to estimate the association between angle x distance and higher-order
aberrations (HOAs) with postoperative visual acuity after presbyopia-correcting IOL implantation. Forty-three eyes from 43
patients were included and randomly assigned in two groups for either AT LISA tri 839MP or Acrysof IQ PanOptix IOL
implantation. The OPD-Scan III analyzer was utilized to assess the angle x distance and higher-order aberration (HOAs). Twenty-
three eyes were in the Acrysof IQ PanOptix group and 20 patients in the AT LISA tri 839MP group. The uncorrected distance
visual acuity (UDVA) for the PanOptix group was 0.092 +0.10, whereas for AT LISA tri was 0.050+0.06 (P = 0.229). The
uncorrected intermediate visual acuity (UIVA) for the PanOptix group was 0.173 +0.18, whereas for AT LISA tri, it was
0.182+0.11 (P = 0.669). Uncorrected near visual acuity (UNVA) was 0.068 + 0.04 and 0.085 + 0.07, respectively (P = 0.221). Also,
correlation coeflicient between HOAs and the Strehl ratio for each group were —0.768 (P <0.0001) and -0.863 (P = 0.0001).
Patients implanted with both trifocal IOLs showed excellent postoperative visual performance at all distances at the six-month
follow-up visit. No association was found between angle x distance and postoperative visual acuity regardless of the angle x
magnitude or the two trifocal IOLs inner optical diameter. Also, internal aberrations demonstrated a significant inverse cor-
relation with the Strehl ratio for both trifocal IOLs.

1. Introduction

Trifocal intraocular lens implantation has become an ever
more common solution for cataract patients who pursuit a
spectacle-free option after IOL surgery [1]. Surgical plan-
ning, therefore, poses a significant challenge to achieve
spectacle independence and at the same time meet visual
expectations [1, 2].

Preoperative assessment should be aware among others
of pupil size, preoperative angle x, and significant astig-
matism as key variables that may affect the perceived

outcome for patients who have a presbyopia-correcting IOL
[3]. In addition, tilt and decentration could inflict a negative
impact on the eye’s optical performance, inducing asym-
metric aberrations that in severe cases can decrease optical
quality [4, 5].

Also, a functional deviation between the optical center,
the visual axis, and the pupillary axis of the multifocal IOL
can lead to higher-order aberrations postoperatively,
resulting in decreased visual quality. Therefore, some pro-
pose including the measurement of angle kappa (x) and
angle alpha (a) in preoperative examinations of eyes
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FIGURE 1: Pupillary diameter display and diagram of « angle distance. (a) Comparison of pupillary diameter under mesopic and photopic
conditions. (b) Diagram of x angle formed by the visual axis and the pupillary axis. (c) Graphic representation of x angle, visual axis, and
pupillary axis, showing the center of the visual axis (green cross, representing the center of the reflection points), corneal center (violet dot in
diagram, similar to the anatomic center), and pupillary center (blue dot, representing the center of the circle). The radial distance between
the green cross and the violet dot represents angle alpha («). The radial distance between the blue dot and the green cross represents angle
(x). The + sign represents the positive angle; and the—sign represents the negative angle.

scheduled for multifocal IOL implantation. Although rec-
ognition of the importance of angle x and angle « for
successful multifocal IOL implantation is growing, there are
little data regarding their impact on objective visual quality.

In cases with a considerable angle «, there is a greater
chance of a decentration due to the increased distance be-
tween the pupillary light reflex and corneal light reflex, as
depicted in Figure 1, which could lead to functional
decentration of the trifocal IOL [6].

Most presbyopia-correcting IOLs have multiple con-
centric rings in them with varying powers, and therefore a
mild IOL decentration could result in decreased vision,
inducing high-order aberrations and photic phenomena
including decreased contrast sensitivity, glare, and halos
[6-8]. Although acknowledgment of the importance of angle
x for successful multifocal IOL implantation is increasing,
few data regarding their impact on objective visual quality is
widely available.

This study outlines the overall associations between
angle x distance and both the total and the internal HOAs
when using two trifocal IOLs. It has been described that the
optical axis/center of the capsular bag may not match the
patient’s visual axis when a considerable angle «x distance
(>0.5mm) is evidenced, leading to potentially poor out-
comes when using a trifocal IOL [6].

The purpose of the present study was to estimate the as-
sociation between angle « distance and higher-order aberrations
(HOAs) with postoperative visual acuity and vision quality after
presbyopia-correcting IOL implantation employing either AT
LISA tri 839MP or Acrysof IQ PanOptix IOL.

2. Materials and Methods

2.1. Design and Setting. 'This prospective, randomized,
comparative and controlled study included patients un-
dergoing Multifocal IOL surgery at the Anterior Segment
Surgery Department at the Asociacion para Evitar la
Ceguera, Mexico City, Mexico. The Internal Review Board

approved this study, which was conducted following the
tenets of the Declaration of Helsinki and Good Clinical
Practices Guidelines. All participants were briefed exten-
sively and provided written informed consent before mea-
surements were performed.

2.2. Patients. Cataract patients >50 years of age with lens
opacities graded from NOINCI to NO3NC3 according to the
LOCS I classification system undergoing routine phaco-
emulsification cataract extraction with trifocal IOL implan-
tation were included [9]. Preoperative exclusion criteria for
the study included corneal astigmatism over 1.0 D, ocular
pathologies such as amblyopia, dry eye disease, evidence for
corneal dystrophy, retinal pathology, glaucoma, and previous
ocular surgery. The study comprised a total of 43 eyes from 43
patients: twenty-three eyes in the Acrysof IQ PanOptix group
and twenty patients in the AT LISA tri 839MP group.

2.3. Experiment Design. Prior to the surgical procedure,
partial coherence interferometry- (PCI-) based IOL calcu-
lation was obtained for all cases (IOLMaster 500, Carl Zeiss
Meditec AG). Forty-six included patients were randomly
assigned to two groups for either an AT LISA tri 839MP or
an Acrysof IQ PanOptix IOL implantation after routine
cataract removal (twenty-three patients per group). An
OPD-Scan III analyzer (NIDEK CO., LTD., Tokyo, Japan)
was utilized to assess both the angle x distance, defined by
the radial distance between the center of the pupil and the
visual axis (see Figure 1), HOAs measurements, and the
Strehl ratio for vision quality at the six-month follow-up
visit, as depicted in Figure 2.

2.4. Instrumentation

2.4.1. IOL Master 500. A noncontact optical biometer was
employed; measuring the distance from the corneal vertex to
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FIGUure 2: HOAs measurements using an OPD-Scan III analyzer obtained at the six-month follow-up visit.

the retinal pigmented epithelium (RPE): The IOL Master 500
(Carl Zeiss Meditec AG) measures the axial length, using
PCI with a 780 nm laser diode infrared light. Also, kera-
tometry, white to white distance, and anterior chamber dept,
from the corneal epithelium to the anterior surface of the
lens, were measured using image analysis. Each measure-
ment requires the instrument to be aligned with the visual
axis [10].

2.4.2. OPD-Scan III Analyzer. An OPD-Scan III aberr-
ometer provided the total and intraocular high-order ab-
erration (HOA) data, including the Strehl ratio, with a
mesopic pupil under mesopic (3 cd/m2) lighting conditions
[11]. The OPD-Scan III provides a complete set of maps,
including four different corneal topography maps, local
refractive power of the entire eye due to aberrations at
various locations within the pupil, a variety of wavefront
aberration maps, and photopic and mesopic pupillometry.
By computing the corneal wavefront aberration and com-
paring it with the total wavefront map, it is possible to
estimate optical quality due to the internal aberrations of the
eye. The internal aberrations represent all aberrations behind
the anterior corneal surface. Wavefront data are gathered
from available zones up to a 9.5mm area including 2,520
data point analyses, in 7 zone measurement, adding
the capability to provide for the calculation of mesopic

refractions. Placido disc topography measures 33 rings in a
vertical position and 39 in the horizontal position, including
11,880 data points [11].

2.5. Main Outcome Measure. Angle k distance was assessed
as the extrapolated distance that overlapped the center of the
pupil and the corneal reflex. The total and internal aber-
rations were evaluated separately to differentiate aberrations
originated from the total optic system from the internal
aberrations of the eye.

Also, the uncorrected distance visual acuity (UDVA),
uncorrected near visual acuity (UNVA), and uncorrected
intermediate visual acuity (UIVA) were evaluated. Visual
acuities were measured under photopic conditions using
Snellen visual charts and then converted into logarithm of
the minimum angle of resolution (logMAR) notation.

Key optical and physical features of each IOL are
summarized in Table 1. A depiction of both Trifocal IOLs is
shown in Figure 3.

2.6. Surgical Technique. The same surgeon (CFVB) per-
formed all surgical procedures employing the standard stop
& chop phacoemulsification technique under topical anes-
thesia. 2.2mm clear corneal incisions and 5.0 to 5.5 mm
manually created capsulorhexes were employed for all
surgeries, using the same ophthalmic viscosurgical device
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TaBLE 1: Trifocal IOL features [10].

Feature Acrysof 1Q PanOptix® AT LISA tri 839MP®

Technology Trifocal Trifocal

Diffractive zone (mm) 4.5 6.0

Central zone Diffractive Diffractive

Optic type Nonapodized Nonapodized

Optic diameter (mm) 6.0/4.5mm diffractive region 6.0/4.3 mm trifocal/4.3 to 6.0 mm bifocal

Near add power (D) +3.25 +3.33

Intermediate IOL power (D) +2.17 +1.66

Asphericity (ym) -0.10 -0.18

IOL color Yellow Clear

Inner ring optical diameter 1.164 mm 1.04 mm

1.164 mm
(a)

1.04mm

(b)

FIGURE 3: Inner ring optical diameter of the trifocal IOLs included in the study: (a) Acrysof IQ PanOptix® and (b) the AT LISA tri 839MP®.

(OVD) Duovisc® (3.0% sodium hyaluronate, 4.0% chon-
droitin sulfate with 1.0% sodium hyaluronate ALCON
Laboratories, Forth Worth TX, USA). After cataract removal
and cortical material aspiration, all patients had in-the-bag
implantation of either an AT LISA tri 839MP or an Acrysof
IQ PanOptix in concordance to randomization. Finally, all
remaining OVD under the IOL were removed.

2.7. Statistical Analysis. Descriptive data are shown as
mean + SD and range. Significance was assessed using the
t-student and Mann-Whitney tests. The Pearson correlation
coefficient (r) or the Spearman tests were employed
according to data distribution [12]. Also, linear regression
analyses were performed between angle x and HOAs
measurements for both presbyopia-correcting IOLs. P val-
ues <0.05 were considered to be statistically significant.
Gaussian  distribution was determined using the
D’Agostino—Pearson omnibus normality test for all vari-
ables. Statistical analyses were performed using the Statis-
tical Package for Social Sciences (SPSS) software (version 15,
SPSS, Inc., Chicago, IL; USA). Plots and layouts were
composed using the Prism GraphPad software (Prism Inc.,
version 8.0).

3. Results

The study comprised a total of 43 eyes from 43 patients:
twenty-three eyes in the Acrysof IQ PanOptix group and
twenty patients in AT LISA tri 839MP group. An in-the-bag
IOL positioning was achieved in all cases.

3.1. Preoperative Measurements. No statistically significant
differences were evidenced for age and gender between
groups. Preoperative data of included patients are sum-
marized in Table 2.

3.2. Postoperative Measurements. Six months after the
surgical procedure UDVA, UNVA, UIVA, and « distance
measurements were evaluated. Mean postoperative visual
acuity for all distances and angle « distance measurements at
the six-month follow-up visit are shown in Table 3.

Total HOAs and internal aberrations were evaluated at
the six-month follow-up visit. No statistically significant
differences were evidenced between groups, as depicted in
Table 4.

The Pearson correlation coefficient (r) and linear re-
gression analyses were obtained between angle x distance
and UDVA, UNVA, and UIVA. A nonsignificant mild in-
verse correlation was assessed, as shown in Table 5.

Also, the Pearson correlation coefficient (r) was obtained
between angle x distance and total HOAs and internal
aberrations. A mild nonsignificant positive correlation was
evidenced as depicted in Table 6.

In order to assess visual quality parameters, we obtained
the correlation coefficient (r) between total HOAs and the
Strehl ratio, finding a statistically significant inverse corre-
lation for both IOLs.

Three patients were withdrawn from the final study
analysis due to one surgical complication (zonular de-
hiscence), and two patients failed to attend to their
scheduled appointments after surgery.
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TaBLE 2: Preoperative measurements.
Parameter Value Acrysof IQ PanOptix AT LISA tri 839MP Difference between means P value®
Age Mean + SD 67.52+£8.22 65.29 £8.12 223+2.7 0.423
& Range 57-81 52-80
Mean + SD 0.324+0.38 0.360 + 0.42 0.03 +£0.02 0.251
UDVA (logMAR) Range 0.09-2.00 1.1-2.00
Spherical equivalent (D) Mean + SD 0.24+21 0.34+3.2 0.01 £0.01 0.224
P 4 Range -6.25 to +4.50 ~7.50 to +3.50
Corneal astigmatism (D) Mean + SD 0.43 +031 0.51+0.23 0.04+0.10 0.683
8 Range 0-1.00 0.25-0.1.00
Steep keratometry (D) Mean + SD 44.15+1.30 43.80+1.29 0.36 £0.70 0.210
P v Range 41.7-46.5 42.0-46.3
Mean + SD 43.50+1.23 43.20£1.47 0.39+0.63 0.152
Flat keratometry (D) Range 40.0-45.3 412-451
UDVA =uncorrected distance visual acuity. “Mann-Whitney test.
TaBLE 3: Mean visual acuity and angle x values per group at the six-month follow-up visit.
Parameter Value Acrysof 1Q PanOptix AT LISA tri 839MP 95% CI P value”
Mean + (SD) 0.092+£0.10 0.050 £ 0.06 0.04, 0.13 0.229
UDVA (logMAR) Range 0-0.39 0-0.27
Mean + (SD) 0.173+0.18 0.182+0.11 0.08, 0.13 0.669
UIVA (logMAR) Range 0-0.91 0-0.39
Mean + (SD) 0.068 +£0.04 0.085+0.07 0.08, 0.17 0.221
UNVA (logMAR) Range 0-0.09 0-0.30
Angle « distance (mm) Mean + (SD) 0.337+£0.15 0.278 £ 0.13 -0.24, 0.11 0.093
& Range 0.10-0.62 0.02-0.64

UDVA =uncorrected distance visual acuity; UIVA = uncorrected intermediate visual acuity; UNVA = uncorrected near visual acuity. *Mann-Whitney test.

TaBLE 4: Comparison of the postoperative total and internal aberrations per group.

Value Acrysof 1Q PanOptix AT LISA tri 839MP Difference between medians P value*
Total aberrations

TILT () Mean +SD 0.291+0.22 0.467 +0.45 0.004 0.387

# Range 0.01-1.05 0.07-1.54
Mean +SD 0.381+0.21 0.485 +0.26 0111 0.195

HOAs (pm) Range 0.08-0.86 0.10-1.00
Mean + SD 0133+0.11 0.247 £0.23 0.031 0.164

COMA (um) Range 0.02-0.58 0.05-0.65
Mean + SD 0.289+0.18 0.255 +0.56 0.081 0.073

TREFOIL (um) Range 0.02-0.76 0.15-2.17
Mean + SD 0.045 +0.04 0.326 +0.40 0.098 0.075

SPHERE (ym) Range 0.00-0.17 0.00-1.00

Internal aberration

TILT (umm) Mean + SD 0.440 +0.39 1114218 0.015 0.401

“ Range 0.05-1.50 0.07-9.30
Mean + SD 0.435 +0.67 0.831+1.16 0.547 0.065

HOAs (um) Range 0.10-3.46 0.17-4.0
Mean + SD 0.183+0.20 0.443 +0.42 0.086 0.071

COMA (um) Range 0.01-0.97 0.05-1.2
Mean + SD 0.289+0.18 0.653+1.15 0.054 0.256

TREFOIL (ym) Range 0.05-2.13 015-2.17
Mean + SD 0.140£0.12 0.524 +0.65 0.019 0.509

SPHERE (um) Range 0.02-0.57 0.00-2.29

*Mann-Whitney test.

4, Discussion

Implantation of multifocal IOLs has been associated with
reduced image quality and undesirable visual phenomena
[13-15]. Studies have shown that multifocal IOLs are

associated with a higher incidence of optical aberrations,
causing more halos and glare, than other types of IOLs
[17-20].

There are few studies on the influence of the angle x on
the visual quality of trifocal IOLs [21]. Qi et al. recently



TaBLE 5: Correlation between angle « distance and UDVA, UNVA,
and UIVA.

r 95% CI R’ P .
value
Acrysof IQ PanOptix
(n=23)
-0.52,
UDVA (logMAR) -0.127 _031 0.016  0.573
UIVA (logMAR) -0.279 -0.62, 0.16 0.077 0.208
UNVA (logMAR) -0.095 -0.49, 0.33 —-0.009 0.671
AT LISA tri 839MP
(n=23)
UDVA (logMAR) -0.432 -0.39,0.87 0.187 0.284
UIVA (logMAR) -0.360 —0.84,0.46 0.130 0.380
UNVA (logMAR) -0.452 -0.87,0.36 —0.206 0.258

UDVA =uncorrected distance visual acuity; UNVA =uncorrected near
visual acuity; UIVA =uncorrected intermediate visual acuity. *Pearson
correlation coefficient (r).

TaBLE 6: The correlation coefficient (r) between angle « distance
and internal aberration.

r 95% CI R*> P value*
Acrysof IQ PanOptix
Total HOAs (D) 0.371 -0.05, 0.68 0.138 0.088
Internal aberration (D) 0.304 -0.13, 0.64 0.092 0.168
AT LISA tri 839MP
Total HOAs (D) 0.173 -0.27, 0.56 0.030 0.226
Internal aberration (D) 0.240 -0.21, 0.60 0.57 0.146

*Pearson correlation coefficient (r).

reported that the size of angle x affected the incidence of
glare and halo after trifocal IOL implantation, but that there
were no significant effects on the postoperative vision. The
impact on objective visual quality varied depending on the
patient groupings used; these results might have been at-
tributable to the small sample size or short follow-up time
[21].

Consequently, among other factors, including the pupil
size and the magnitude of preoperative astigmatism, the
angle « is to be considered when analyzing a potential tri-
focal IOL candidate [3]. Also, several studies have suggested
that both the higher-order aberrations and the angle « play a
vital role in predicting the postoperative satisfaction after
implanting a multifocal IOL [4-7].

Harrer et al. reported high variability in angle ¥ mea-
surement in a large number of pseudophakic patients as-
sociated with age and axial length. However, in a regression
model including all cases, the effect of axial length on the
angle x was weak due to the limited number of hyperopic
eyes.

Moreover, HOAs were generally correlated weakly with
the amount of angle x. Nonetheless, a significant correlation
was observed for astigmatism of the 4th order [4].

In our study, the mean postoperative visual acuity was
optimal for distance, intermediate, and near vision in both
groups; which confirms that both trifocal IOLs can provide
good postoperative outcomes. However, no significant
correlation was evidenced between the postoperative visual
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acuity and angle « distance for any trifocal IOL. These
findings suggest that the influence of moderate angle «
distance (mean angle x distance of 0.337+0.15, range
0.10-0.62; and 0.278 + 0.13 range 0.02-0.64, for each group,
respectively) has no significant effect on the visual acuity
after trifocal IOL implantation. Similarly, no significant
correlation was found between higher-order aberrations,
both internal and total aberrations, and the angle « distance
for both trifocal IOLs; which further indicates that there is
no significant association between these variables. Previous
reports by Basmak et al. have described a significant cor-
relation between positive refractive errors and large positive
angle x values [20]. However, these findings are evident
when a considerable number of patients depict large positive
angle ¥ measurements and positive refractive errors.

It is essential to bear in mind that the inner optical
diameter of each trifocal intraocular lens is slightly different.
The PanOptix inner diameter is 1.164 mm, while the AT
LISA tri is 1.04 mm [13]. This particular feature allows the
former a larger angle x of 0.58 mm without associated visual
phenomena according to the manufacturer when compared
with the latter, with a suggested maximum x angle of
0.52 mm. Nevertheless, for the included population, this
factor seemed to have no influence regardless of the pre-
operative angle x measurement on postoperative visual
acuity for any distance.

On the other hand, a statistically significant inverse
correlation was found between total higher-order aberra-
tions and the Strehl ratio, which indicates the more the
decisive decrease on the Strehl ratio, the more HOAs we
encounter, with the consequent decrement on vision quality.

The Strehl ratio is the quotient of the peak intensity of an
aberrated point spread function (PSF) to the ideal diffrac-
tion-limited PSF, with a value of 1.0 signifying perfect optical
quality [20]. Moreover, the corneal Strehl ratio indicates the
level of image quality in the presence of wavefront aber-
rations and provides one of the highest correlations with a
visual performance. Our findings are in concordance to
previously described data on the Strehl ratio and HOAs
correlation [16-20].

Previously reported data have described that the size of
the angle « affected the visual quality of patients after trifocal
IOL implantations [17]; specifically, when the angle « dis-
tance was greater than 0.5 mm, patients’ visual quality de-
creased, and when the angle ¥ was more significant than
0.4 mm, the incidence of glare and halo increased. However,
in our study, no significant effects were evident in the
postoperative vision, regardless of angle « for both trifocal
IOLs.

Another critical aspect of our study is that we yielded the
angle x distance in millimeters using the OPD-Scan III
analyzer. The concept of an angle exists primarily in theo-
retical eye models and ray tracing. Clinically, the concept of
displacement or a chord length is more relevant [17]. While
some anterior segment imaging devices, like the OPD-Scan
III (NIDEK Co., Ltd., Tokyo, Japan) report “angle” kappa,
they are in fact reporting a 2-dimensional Cartesian dis-
placement that roughly correlates with the concept of angle
k. The use of the term “chord” instead of “angle” emphasizes
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the entity described, as well as its uniqueness in the liter-
ature, and the letter “mu” replaces previously used terms
with historically conflicting or misused definitions [17].
Since the pupil center can shift with miosis and mydriasis,
the description of chord mu should optionally include the
state of the pupil [17, 22]. Current optical biometers and
topographers report chord length x (an approximation of
angle x). The Galilei anterior segment analysis system
(Ziemer Ophthalmic Systems) displays X-Y Cartesian co-
ordinates between the corneal vertex and pupil center; the
distance between the corneal vertex and the pupil center (X
and Y Cartesian values) can then be used to estimate the
angle x [17].

Several limitations of this study should be considered.
Only objective measurements of visual outcomes were ob-
tained, without taking into consideration the individual
subjective patients’ perception. Another limitation is that the
number of patients with large angle « distance is limited, and
therefore, more cases are needed to support these findings
further. Also, the sample size is not sufficient enough to
provide information conducive to regulate conduct in this
regard. Finally, no preoperative HOAs were measured;
which could give a distinctive perspective to the previous
state of the patient.

In summary, patients of both groups demonstrated
excellent visual performance. No significant correlation was
evidenced between the postoperative visual acuity and angle
« distance for both groups. These findings suggest that the
influence of angle x has no significant effect on the visual
acuity when using these trifocal IOLs. Further in vivo studies
of a population with different preoperative corneal aberr-
ometry profiles would provide insight into the influence of
higher-order aberrations on trifocal intraocular lenses.

5. Conclusion

In our study, both trifocal IOLs showed excellent post-
operative visual performance at all distances at the six-
month follow-up visit. Moreover, no significant association
was found between angle « distance and postoperative visual
acuity regardless of the angle ¥ magnitude and inner optical
diameter for the two trifocal IOL included.
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Purpose. To investigate the effect of OK lens treatment zone decentration on myopia control. Methods. We retrospectively selected
30 OK lens wearers who met the following conditions in our hospital from more than 1300 cases: wearing lens in both eyes and
only one eye was off-center while the other one was centric for more than 12 months. During the period of follow-up, the UCVA of
each eye was better than 0.1 of logMAR and there were no obvious tropia, Kappa angle, and complications such as glare and
diplopia. Result. Among 30 cases, 15 are males and 15 are females, with an average age of 9.3 + 1.51Y. There were no significant
differences in equivalent spherical lens, astigmatism, e value, flat K, steep K, astigmatism, lens diameter, and toric between the two
groups (p > 0.05). The average distance of decentration was 0.73 + 0.25 mm. Axis growth per year in was 0.20 + 0.24 mm the OK-
lens-decentered group and 0.29 +£0.20 mm in the OK-lens-centric group, which shows significant difference between them
(p <0.05). According to the direction of decentration, 30 decentered eyes were divided into temporal group (20 eyes) and other
direction group (10 eyes). The efficiency of myopia control (the growth of AL per year in OK-lens-decentered eye/the growth of AL
per year in the contralateral OK-lens-centric eye) was 0.69 + 0.50 in the temporal decentration group and 0.75 £ 0.52 in the other
direction group, showing no significant difference between them (p > 0.05). There was no significant correlation between the
efficiency of myopia control and the degree of decentration among temporal decentration group (p > 0.05). Conclusion. This self-
control study without much interference factors shows that the decentration of OK lens can delay the development of myopia
more effectively than being centric when uncorrected visual acuity was acceptable without obvious corneal complications, glare,
or ghosting.

1. Background

Globally, uncorrected refractive errors constitute the second
major cause of vision loss of which myopia is the most
common and well known [1, 2]. To date, it has been esti-
mated that myopia currently affects approximately 30% of
the world’s population, and it has been forecasted that the
number will rise to 50% by 2050 [3]. The prevalence of
myopia in young adolescents is also increasing; for instance,
there are about 70% of senior high school students in China
who have been diagnosed as myopia nowadays [4]. There-
fore, finding effective therapies to slow the progression of
myopia could potentially benefit millions of individuals.
Modern orthokeratology (OK) is a clinical nonsurgical
method for temporary myopia correction and even

controlling myopic progress in adolescents [5-9]. With
professional inspection, clinical monitoring, and careful
personal hygiene management, the safety of overnight OK
treatment has repeatedly been confirmed [10, 11]. Nowa-
days, orthokeratology is considered to be one of the most
promising means of controlling the progress of myopia in
children [12, 13]. The mechanism of myopia control is not
completely clear, but it is generally believed that wearing OK
lenses can reshape the anterior corneal surface, flatten the
central cornea, steepen the paracentral cornea, change the
image quality of the central and peripheral retina, and finally
form the peripheral defocus [14, 15]. However, after
orthokeratology, the center of the corneal optical area
cannot be consistent with the pupil center in some patients.
The decentration of the corneal plastic area may result in the
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increase of corneal irregular astigmatism and higher order
aberration, which results in glare and other symptoms [16].
Previous reports mostly focused on its prevention and in-
fluence; whether the decentration can influence the myopia
progression is rarely reported. The purpose of this study was
to observe the decentration of optical zone after orthoker-
atology and its effect on controlling the myopia, so as to
provide evidence for the mechanism of controlling myopia
after orthokeratology.

2. Methods

2.1. Subjects. In this retrospective study, we reviewed all the
patients who started orthokeratology between January 2015
and December 2017 treated at the Children’s Hospital of
Fudan University.

2.1.1. Clinical Pathway. As the first visit, all the patients
underwent comprehensive examination including cyclo-
plegic refraction, uncorrected visual acuity (UCVA), best-
corrected visual acuity (BCVA), extraocular movements,
corneal light reflection test, intraocular pressure, slit-lamp
examination, fluorescein staining, corneal endothelial cell
density, axial length, dilated fundoscopy, and corneal to-
pography. Appropriate prescriptions for OK lens were given
to them by different experienced doctors, and the patients
were asked to wear OK lenses no fewer than 8h per night
and visit subsequently every 3 months. At every follow-up
afterwards, they took a detailed list of ocular examinations
including corneal light reflection test, slit-lamp evaluation,
fluorescein staining, axial length, UCVA, and corneal to-
pography. All subjects were treated according to the tenets of
the Declaration of Helsinki.

The inclusion criteria include the following: (1) The
spherical refractive error must be less than —5.00 DS with a
refractive astigmatism of —1.50 DC or less and BCVA of
logMAR (logarithm of the minimum angle of resolution)
must be 0.0 or better before treatment. (2) OK lenses must be
worn in both eyes, but only one eye should be direction-
sustained decentered more than 0.5mm and less than
1.5 mm only vertically or horizontally while the contralateral
eye maintained central location. Both the decentration and
central location must maintain for more than 12 months and
the amount of decentration must vary within 0.5mm (de-
termined by corneal topography in four continued visit). (3)
The UCVA of each eye must be better than 0.1 (logMar) after
removal of lens at each follow-up.

The exclusion criteria include the following: (1) The
subjects included should not have obvious corneal com-
plications, glare, duplication, or any other symptoms
(during each follow-up, we routinely asked children if they
had glare, diplopia, or other symptoms and checked both the
condition of corneal and lens care). (2) Subjects with un-
derlying ocular disease such as retinopathy, prematurity,
neonatal problems, history of genetic disease, neuro-
development condition that might affect refractive devel-
opment, or other system disorders associated myopia were
excluded from this study. (3) Enrolled subjects could not
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have any amount of tropia by cover-uncover test at far
(4.0 m) and near (0.33 m) or obvious Kappa angle. Figure 1 is
the corneal topography of an included subject as an example.

2.2. Measurements of Optical Parameter. Cycloplegic re-
fraction was measured two times by specialized technicians
to make sure of the exactness.

2.2.1. Auto Refract Keratometer. K value was measured three
times routinely with auto refract keratometer (NIDEK, Co;
LTD, Japan. Model: ARK-1) by the same specialized tech-
nician, and then, the average value was recorded.

2.2.2. IOL-Master. Axial length was measured three times
routinely with IOL-Master 500 (Carl Zeiss Meditec, Ag. jena,
Germany) by the same specialized technician, and then, the
average value was recorded.

2.2.3. Corneal Topography. Corneal profiles were measured
with Carl Zeiss Atlas Corneal Topography System-9000
(Carl Zeiss Meditec, Inc. California, United States of
America, Model 9000) by the same specialized technician.
And each of the profiles was the best-focus image (the ac-
curacy greater than 95%) from the four frames which were
captured automatically. Either the equivalent e value, steep
K, flat K, and corneal toricity at baseline or the corneal
topography after orthokeratology can be measured precisely
by using Placido rings to map the corneal surface and
provide topography data.

2.3. Measurement of Treatment Zone Decentration. The
amount of decentration of OK lens was measured by finding
the distance between the center of the treatment zone and
the pupillary center [17, 18].

According to the corneal topography, treatment zones
ranged from the corneal apex to where the keratometry
values changed within 1 D and less than 2 types of colors in
the palette scale. The center of the treatment zone after
orthokeratology was determined by marking the farthest 4
edges of the optical zone of the corneal topography map in
the vertical and horizontal direction by software (Photoshop
6.0) and then the intersecting point of these 4 points can be
the center. The pupillary center was determined by corneal
topography with pupil-finding software. The distance be-
tween the center of the treatment zone and the pupillary
center was measured precisely by the ruler of the software
compared with the grid (one grid stands for 1 mm). The way
of measurement can be seen in Figure 2.

After the distance between the pupillary center and the
center of the treatment zone was measured, the subjects
whose decentration is upon 0.5mm both vertically and
horizontally were excluded. Only patients with a decen-
tration larger than 0.5 mm for 12 months were included in
the lens-decentration group; in addition, the decentration
should be less than 1.5 mm, so that sclera would not interact
with the lens.
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FiGure 1: Corneal topography (tangent diagram) of an included subject as an example. x represents the center of corneal topography. A

represents the corneal apex. O represents the pupil center.

FIGURE 2: The measurement of treatment zone decentration. The length of the red line in the right part is the amount of decentration.

2.4. Lenses. All OK patients were fitted with five-zone re-
verse geometry OK lenses (@ ORTHO-K®; ALPHA Corp,
Nagoya, Japan), with a nominal Dk of 104 x 1071 (ecm?/s)
(mL Op/mL-mmHg) or (LUCID ORTHO-K®, LUCID Corp,
Fenghua County, Korea) with a nominal Dk of 100 x 107"
(cm?/s) (mL O,/mL-mmHg) in accordance with the man-
ufacturer’s fitting instructions. After lens dispensing, pa-
tients were recommended to wear their OK lenses for at least
eight consecutive hours every night. Upon stabilization of
refractive error correction, they were instructed to wear their
lenses for at least five nights per week. Refraction, visual
acuity, corneal topography, and lens fitting were evaluated at
every visit. The procedures for fitting, prescription, and
replacement of OK lenses were all performed by experienced
specialists.

2.5. Statistical Analysis. SPSS Statistics 24.0 (IBM Statistics,
Armonk, NY) was used for statistical analysis of the lens
fitting decentration and ocular biometric parameters. The
Shapiro-Wilk test was used to check the normality. The
difference of parameters and axial length growth between
every pair of OK-lens-decentered (OLD) eye and OK-lens-
centric (OLC) eye was compared using the paired t-test. The
rate of axial growth was analyzed concerning lens fitting
decentration by the Pearson correlation (r) test. p value less
than 0.05 was considered statistically significant.

3. Results

Thirty subjects (15 males and 15 females) were evaluated
with their mean age of 9.3 + 1.51 (mean + standard deviation,

range 8 to 13 years). Before orthokeratology, the spherical
equivalent refractive error, spherical refractive error, and
regular astigmatism of the OLD eyes were —2.58 +1.15D
(range —1.00 to —4.75D), —2.39+1.05DS (range —0.75 to
—-4.75DS), and -0.44 +0.52DC (range 0.00 to —1.50 DC),
respectively, while those in the OLC eyes were —2.53 +1.16 D
(range —1.00 to —5.00 D), —2.32+1.06 DS (range —0.75 to
—4.75DS), and —0.50+0.50 DC (range 0.00 to —1.50 DC),
respectively. The difference between two groups was not
statistically significant by paired f test in spherical equivalent
refractive error (p =0.60), spherical refractive error
(p=0.43), and regular astigmatism (p = 0.35). Before
orthokeratology, the steep K, flat K, corneal toricity, and
equivalent e value of the OLD eye were 43.60 + 1.42 D (range
39.75 to 46.00D), 42.78 +1.33 D (range 40.00 to 45.00 D),
0.86 £0.53 D (range 0.25 to 2.25D), and 0.61 + 0.08 (range
0.42 to 0.77), respectively, while those in the OLC eye were
4361 £1.65D (range 39.25 to 46.25D), 42.86+1.56D
(range 39.50 to 46.00 D), 0.84 + 0.54 D (range 0.00 to 2.25 D),
and 0.63+0.10 (range 0.42 to 0.85), respectively. The dif-
ference between two groups was not statistically different by
paired f test in steep K (p = 0.96), flat K (p = 0.40), corneal
toricity (p = 0.80), and equivalent e value (p = 0.15). The
biological parameters of both eyes and data of their lenses
can be seen in Table 1.

Among thirty pairs of eyes, there were three subjects who
wore different grands OK lens in each eye, but the Wilcoxon
signed rank test shows no statistical difference between two
groups (p = 0.102). The lens diameter and lens toricity were
10.59+0.19mm (range 10.00 to 11.00mm) and
—-0.17+£0.38 D (range —1.00 to 0.00D) in the OLD group,
while 10.61+0.17mm (range 10.20 to 11.00mm) and
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TasLE 1: Difference of biological parameters and lens between OLD eyes and OLC eyes.

Parameter (mean + SD) OLD eye (n=30) OLC eye (n=30) p value
Spherical equivalent refractive error (D) -2.58+1.15 -2.53+1.16 0.60
Spherical refractive error (DS) -2.39+1.05 -2.32+1.06 0.43
Regular astigmatism (DC) -0.44+0.52 —-0.50 £ 0.50 0.35
Equivalent e value 0.61+0.08 0.63£0.10 0.15
Steep K (D) 43.60+1.42 43.61 +£1.65 0.96
Flat K (D) 42.78+1.33 42.86 +£1.56 0.39
Corneal toricity (D) 0.86 +0.53 0.84 +0.54 0.80
Lens toricity (D) -0.17+0.38 -0.12+0.36 0.37
Lens diameter (mm) 10.59+0.19 10.61 £0.17 0.18

—0.12+£0.36 D (range —1.50 to 0.00 D) in the OLC group,
showing no statistical difference by the paired t test
(p=0.184 and p = 0.326).

Distance of lens fitting decentration in the OLD group
was 0.73 £0.25mm (range 0.50 to 1.50 mm), including 20
(66.67%) temporal, 4 (13.33%) nasal, 3 (10%) superior, and 3
(10%) inferior (Figure 3). The distance of decentration shows
no statistical correlation with its direction by the Spearman
rank correlation coefficient test (p = 0.165) and no statistical
correlation with the spherical equivalent refractive error
(p =0.65), corneal toricity (p = 0.40), equivalent e value
(p=0.96), lens toricity (p =0.27), and lens diameter
(p =0.99) by Pearson correlation coefficient test.

Mean axial length growth per year in OLD group is
0.20+0.24mm and 0.29+020mm in the OLC group.
Statistically significant difference was found in mean axial
length growth per year between OLD and OLC group by the
paired ¢t test (p = 0.003) (Figure 4).

Because the major direction is temporal, while the other
three directions are too few for statistical analysis, we divided all
OLD eyes into temporal group and other direction group. To
avoid bring individual differences, it is inappropriate to
compare the amount of axial growth directly among different
children. Thus, we use the ratio of axial growth rate between
paired OLD eye and OLC eye to express the efficiency of
myopia control (EMC: growth of AL per year in OLD eye/
growth of AL per year in the contralateral OLC eye) instead of
value of axial growth. The average EMC is 0.69 + 0.50 in the
temporal decentration group and 0.75+0.52 in the other di-
rection group, which shows no statistical difference by two
independent samples t-test (p = 0.75). The mean magnitude of
decentration is 0.70+0.28 mm in the temporal group and
0.80+£0.20mm in the other direction group, showing no
statistical difference by two independent samples ¢-test
(p = 0.27), which eliminates the interference caused by the
different degrees of decentration between two groups.

20 eyes with temporal decentration were selected for
analyzing the relationship between the EMC and the amount
of decentration. The average EMC is 0.69 £0.50 and the
average decentration is 0.70 + 0.28, and there is no statistical
relationship between them by the Pearson correlation
analysis (p = 0.75) (Figure 5).

4. Discussion

Owing to the effectiveness of controlling myopia in ado-
lescents, there is a gradual increase in application of OK

treatment that has been chosen by more than 1.5 million
adolescents in China [19]. However, fitting decentration
cannot be completely avoided during the whole procedure.
In the clinical application of orthokeratology, lens decen-
tration has become a common problem for both physicians
and patients, probably nearly to half percent according to
some study [16, 20, 21]. Since the off-center of OK lens is so
common, whether it can affect the progression of myopia or
not aroused the authors’ interest and attention.

Whether the decentration of OK lens makes difference
on myopia controlling is a fresh and difficult question to
solve because it is hard to measure the decentration and to
exclude the confounding factors especially individual dif-
ferences like age, ocular biometric parameters, eye care
habits, daily exposure of sunshine outdoor, genetic char-
acteristics, and the frequency of wearing spectacles or lens.

About the measurement of decentration, as far as we are
concerned, it can be the distance between the center of the
treatment zone and the initial corneal apex, but it will take a
lot of efforts to make the difference maps on corneal to-
pography between the new one and initial one for all the
patients. It can also be the distance between the center of the
treatment zone and the pupillary center which is used by
many other reports [17, 18, 22]. In the latter one, just a
tangential map at that time is needed and the influence of
Kappa angle can be reduced, so we pick the latter one.

About the results, Wu et al. recently found that the
decentration of OK lens will slow down the growth of
myopia by retrospectively analyzing right eyes of 134 chil-
dren wearing OK lens decentered in varying degrees [22]. It
is an elaborate research but still cannot avoid the individual
differences. In our study, we investigated the sole influence
of overnight OK lens fitting decentration on myopia pro-
gression by self-control study, that is to say, found the
subjects who wore OK lens in both eyes while single OK-lens
was decentered, excluding most of the individual differences,
differing from the previous study. In this research, we found
that for the same child, the axial length of the OLD eye grew
slower than that in the OLC eye according to the usual
definition of decentration [17, 18], which is similar to Wu’s
result. Of course, this is on the premise that the decentration
is less than 1.5mm and the glare, ghosting, or corneal ep-
ithelial staining is not obvious. Therefore, according to the
result, since the decentration of OK lens is hard to avoid
completely in our clinical practice, we need not worry about
the adverse effect of oft-center on myopia control too much
if the vision of children is acceptable; the amount of
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decentration is not very serious and there is no obvious
complications with the child.

The reason of decentration has always been a hot topic.
Chen found that the magnitude of corneal asymmetry vector
significantly contributed to the amount of lens decentration,
whereas the baseline spherical or astigmatic refractive error,
corneal eccentricity, flat K, horizontal visible iris diameter,
or lens diameter did not affect orthokeratology lens
decentration [18]. In our research, there is no significant
difference in corneal asymmetry or other ocular parameters
between two eyes, so why did the continued condition occur
in which one eye is in right position while another is
decentered ? According to our conjecture, it may attribute to
the different strength of eyelid between two eyes and the
doctor’s prescription for lens. The strength of eyelid is hard
to measure or control, and for that reason, it is rarely
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FIGURE 5: Scatter plot for relationship between EMC and the
amount of decentration in 20 eyes with temporal decentration.

reported. The reason why the decentration is monocular is
still unknown, promoting us to continue further study.

It is confirmed that temporal is the most frequent di-
rection of decentration (horizontal and vertical); for ex-
ample, Chen found 84.9% temporal in 106 OK-lens-
decentered eye and Yang found 48.5% temporal in 270 OK-
lens-decentered eye which is the most common direction
[20, 21], and our results are in relatively good agreement
with those of previous reports.

It will lead to errors caused by large individual dif-
ferences if we use the axial length values directly when
exploring the relationship between AL growth and di-
rection or degree of decentration among different children,
so we introduced the new variable named EMC, which
shows how strong the effect of decentration on myopia
control is in the same child. In previous comparative



analysis of OLD eyes and OLC eyes, we used paired ¢ test
because they are from the same child and had the almost
same parameters, which can reflect the difference caused by
different positions more accurately, but when analyzing
EMC, two independent sample ¢ tests were used because the
subjects in OLD group were from different children.
According to the analysis, whether the decentration is
temporal or not does not affect the EMC on the premise
that the interference from its different degrees has been
eliminated. Unfortunately, it is not appropriate to discuss
all directions in detail, because the cases with not-tem-
poral-directions decentration are too few for statistical
analysis. At the same time, from the analysis of 20 eyes with
temporal decentration, we found there was no statistical
correlation between EMC and the degree of decentration
when the distance is over 0.5 mm, while Wu’s study showed
the opposite result [22]. Because of the design of this
retrospective experiment, the sample size for this problem
is relatively small, so we need many large sample studies to
confirm this conclusion.

Although orthokeratology has been proved to be ef-
fective in controlling myopia, it is mechanism is still not
totally clear. The most possible one is considered the pe-
ripheral defocus forced by reshaping the anterior corneal
surface and then changing the image quality of the central
and paracentral retina affecting the axis growth by pathway
of choroid, sclera, etc [23]. One possibility is that a dose-
response relationship exists where greater amounts of pe-
ripheral myopic defocus result in greater reductions in
myopia progression. Another possibility is that there is a
range-response relationship and that any amount of myopic
peripheral defocus above some threshold acts as a “stop”
signal to slow myopia progression. If range-response or
dose-response relationship exists, the greater reductions in
myopia progression in OLD eyes are possible as more pe-
ripheral locations may experience the myopic defocus or
more total peripheral myopic defocus may be formed when
the pupil is closer to the edge of treatment zone [24]. Up to
now, there are rare research studies mentioning the mea-
surement of the peripheral defocus accurately when the lens
is off-center. In addition, testing the peripheral defocus was
limited by the lack of instruments, so it is hard to estimate
the difference of the range and degree of peripheral defocus
between OLD eyes and OLC eyes. It is worthwhile for us to
do further research about peripheral defocus.

In this study, 6 eyes were found to have different degrees
of axial shortening. On the one hand, it may be caused by
measurement error; on the other hand, the most possible
reason is the increase of choroidal thickness after ortho-
keratology and other scholars have also found some similar
cases of shortened axial length [25, 26]. As it is known to all,
IOL-Master measures the length between the corneal vertex
and retinal pigment epithelium along the visual axis using a
red fixation beam, which is the most common way to
measure the axial length, so the thicker choroid will lift the
retinal pigment epithelium and decrease the axial length
measured according to the theory [25, 26]. However, the
relationship between formation of thicker choroid and
peripheral myopic defocus remains to be studied, so as the
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question about whether the increase of blood flow in thicker
choroid affects the progression of myopia.

One of the limitation of this study is that the sample size
is small especially the case with not-temporal-direction
decentration. But to be honest, it is very difficult to find 30
cases that meet the inclusion and exclusion criteria from
more than 1300 cases. Another limitation is we did not
measure the peripheral defocus precisely, which may prompt
us to move on to a more complete prospective study.

5. Conclusion

To summarize, lens decentration is a common phenomenon
in orthokeratology. By excluding most of the interference
factors, we found that OK lens being decentered less than
1.5mm can delay the development of myopia more effec-
tively than being centric when UCVA was acceptable
without obvious corneal complications, glare, or ghosting.
And there was no significant correlation between the effect
and the degree or direction of decentration. But we still do
not recommend the intention to make the lens decentered by
modifying original prescription, because the complications
still can be intractable problems.
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Purpose. To assess the imaging properties of two different designs of a new concept of corneal inlays whose working principle is
based on diffraction. Methods. The quality of the retinal images provided by Diffractive Corneal Inlays (DCIs) was evaluated
theoretically in comparison with Small Aperture Corneal Inlay (SACI). ZEMAX OpticStudio software was employed for the
simulations in an eye model with different pupil diameters (3.0 mm and 4.5 mm). The employed merit functions in the analysis
were the Modulation Transfer Function (MTF), the area under the MTF (MTFa), and the Point Spread Function (PSF).
Comparison was made with the SACI at different defocus conditions. Results. The bifocal nature of the DCIs was demonstrated in
a model eye for the first time. It was shown that the intensity of the near focus depends on the radius of the central zone. Retinal
image quality of the DCI was equal to or exceeded the SACI in the majority of visual conditions as was demonstrated with
simulated images. Conclusions. A new customizable type of corneal inlays has been evaluated using objective numerical sim-
ulations. Improvements in imaging of near objects and in light throughput compared with the popular small aperture inlays were
demonstrated. These findings open a new technical branch of minimally invasive surgical solutions for the treatment

of presbyopia.

1. Introduction

Presbyopia affects almost all adults over 45 years of age, and
it has been estimated that globally there are more than 1.8
billion people with presbyopia, 820 million of whom had
near visual impairment because they had no, or inadequate,
vision correction [1].

At present, the minimum invasive surgical option for
presbyopes who do not want glasses or contact lenses is to
implant a corneal inlay. By means of a femtosecond laser, the
surgeon creates a pocket inside the corneal stroma where the
inlay is inserted, rendering the surgical procedure fast,
simple, and importantly reversible.

Based on the working principle, different options have
been launched in the market in the last years: corneal
reshaping device, refractive corneal device, and small

aperture corneal inlay (SACI) [2]. The last one, commercially
known as Kamra® inlay (AcuFocus, Inc., Irvine, California,
USA), is undoubtedly the most popular due to the reported
good clinical outcomes [3, 4]. This device is an opaque disk
of a biocompatible material (polyvinylidene fluoride) with a
central aperture that produces an extended depth of focus. In
addition, to facilitate the flow of nutrients to cells of the
corneal stroma, the disk has a reduced external diameter and
has more than 8,000 micropores, in a size range of 5-11 pum
diameter. Unfortunately, although SACI implantation can
result in improved intermediate and near vision, it has
several important intrinsic drawbacks. Firstly, only about
twenty percent of the incident light passes through the disc’s
central aperture. Secondly, as much as five percent of in-
cident light is diffracted by the disc’s microholes. Thirdly, as
the SACI is implanted monocularly, the interocular
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TaBLE 1: Phakic model eye with corneal inlay (CI).
Surface Radius (mm) Asphericity Thickness (mm) Refractive index
Anterior cornea 7.80 -0.50 0.20 1.377
Anterior CI 7.80 -0.50 0.005 1.377
Posterior CI 7.80 -0.50 0.315 1.377
Posterior cornea 6.70 -0.30 3.1 1.337
Iris — — 0.1 1.337
Anterior lens 10 3.7 1.42
Posterior lens -6 -3.25 16.58 1.336

asymmetry induced by anisocoria combined with mono-
vision deteriorates binocular summation [5] and stereoa-
cuity [6].

In an effort to avoid these drawbacks, our group recently
proposed a new concept of corneal inlays that take profit of
the diffraction phenomena originated in the micropores of
the SACI [7]. The result, DCI, is a device that, by exploiting
the photon sieve concept [8], creates a diffractive focus for
near vision in the implanted eye, on a personalized basis. In
fact, an additional and important benefit of the DCI is that its
optical characteristics (addition, intensity ratio between the
near and far foci, and so on) can be modified by varying the
size of the pinholes and the pattern of their distribution
indicating that DCIs could be customized for a variety of
specific patient’s needs.

2. Materials and Methods

2.1. Model Eye. The assessment of the imaging properties of
two different DCIs was investigated by implementing a
schematic eye in the Zemax OpticStudio optical design
software (http://www.zemax.com/os/opticstudio ). The phakic
model eye employed in the simulations was the Eye Retinal
Image.zmx included in the Zemax software (see Table 1), in
which the polychromatic receptor photopic spectral sensi-
tivity is simulated using 470, 510, 555, 610, and 650 nm
wavelengths, with relative weights, i.e., of 0.091, 0.503, 1.0,
0.503, and 0.107, respectively.

2.2. Corneal Inlays. Two DCI models with an external di-
ameter of 4.15mm were evaluated in this study, both
designed to provide a near focus corresponding to a typical
addition of +2.50 D. Model DCI #1 was designed with a
central hole of 1.00mm diameter surrounded by 8 rings
conformed by a total of 6394 holes. DCI #2 was designed
with a central hole of 1.6 mm diameter surrounded by 8
rings with a total of 5989 holes. These two models have been
considered to show the versatility in the DCI design and to
study the influence on the resulting image performance of
the central hole diameter. The external diameter corresponds
to the original design [7]. A completely opaque SACI with
the dimensions of the Kamra® has been evaluated in parallel
as a reference. The inlays were located in the model eye at
0.20 mm from the anterior corneal surface as “User Defined
Aperture” (uda) in ZEMAX, with the same radius of cur-
vature and an asphericity of the anterior cornea surface (see
Table 1). The inlay thickness was assumed as 5um, and

diagrams of the evaluated DCIs and SACI are shown in
Figure 1.

2.3. Metrics. The image quality provided by the corneal
inlays in this study was assessed using different merit
functions. First, the MTFs were computed for different
object vergences in the range from +0.5 D to -3.5 D in steps
of 0.1 D. The best focus position of the retina remained the
same for all MTF calculations. In each case, the MTFa was
calculated as the numerical integral (using the trapezoid
rule) for MTFs in a frequency range from 9.5 cpd to 59.9 cpd.
These spatial frequencies correspond approximately to the
sizes of letters of visual acuity charts between +0.5 logMAR
and -0.2 logMAR.

Additionally, simulated images of a visual acuity test
chart were obtained from the PSF provided by ZEMAX by
means of the numerical convolution using a Matlab
(MathWorks, Inc. R2018b) code. The simulations were
performed with polychromatic light using 5 wavelengths as
previously mentioned.

3. Results and Discussion

Figure 2 shows the MTFs provided by the three corneal
inlays at the far and near foci for 3.0 mm and 4.5 mm pupil
diameters, simulating the eye response to photopic and
mesopic lighting conditions, respectively. In order to
enhance the differences, the MTFs in the near focus were
represented on a logarithmic scale in the range from 0.03
to 1.

Note that, except for the distance focus and 3.0 mm pupil
diameters, the performance of both models of DCI is su-
perior to the SACI, even though the diffractive effects of the
SACI (harmful for the image quality, in this case) have not
been considered in the simulations. A better MTF curve was
achieved by DCI #2 at the far focus for both pupils but with
minimum differences. On the other hand, DCI #1 provides a
better near focus than DCI #2. These results can also be
verified in terms of area under MTF. Figure 3 shows MTFa
computed for 3.0mm and 4.5mm pupils in the range of
frequencies that are important in terms of visual acuity.

For 3.0 mm pupil diameter, bigger differences can be
observed between the three designs. DCI #1 has the lower
values for the far focus, but the higher values for the near
focus. These differences are attenuated for 4.5 mm pupil. In
this case, all the three inlays have a comparable performance
at the far focus, but both DCIs maintain an effective near
focus.
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FiGure 1: Diagrams of the corneal inlays evaluated in this study. The red and green circles represent 3.0 mm and 4.5 mm pupil diameters,
respectively.
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FIGURE 2: MTFs at the far and near foci provided by the three corneal inlays considered in this study.

Figures 2 and 3 reveal the image quality of the studied corneal ~  different inlays, for point objects at far and near distances. Note
inlays; however, the main difference between the DCIs and SACI that the scales of the PSFs are different, indicating the different
performance relies in the light throughput, which is more explicit ~ intensities achieved with each inlay model. In these figures, the
in the comparison between the images obtained from the cor-  corresponding simulated images of three Snellen “E”s, with sizes
responding PSFs. Figures 4 and 5 show the PESs provided by the ~ corresponding to 0.4, 0.2, and 0 logMAR visual acuities are
model eye with two pupil diameters, virtually implanted with the ~ shown next to the corresponding PSF.
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FIGURE 5: PSFs and the corresponding simulated images of the three inlays for distance and near objects Zemax model eye with a pupil

diameter of 4.5 mm.

These images have been obtained as the convolution of
the corresponding PSF with the test object. In this way, the
relative intensity of the images and the spatial extension of
the PSFs can be directly compared, except for the SACI at the
near focus; in this case, the image intensity has been mul-
tiplied by a factor of 4 because otherwise this image would be
almost black. Note that in Figure 5, the area of the PSF
window has been extended to cover the spread of the PSF of
the SACI at the near focus.

The image quality and the relative image intensity between
them can be clearly observed in Figures 4 and 5. As can be seen,
the image obtained with SACI is attenuated significantly. This is
a very important fact because it was demonstrated that al-
though the binocular distance visual acuity with a monocularly
implanted SACI induces a binocular summation, the visual
acuity for near distance seems to be close to the near distance
acuity of the eye with SACI [9].

4. Conclusions

In conclusion, we performed an optical simulation on a new
customizable treatment option for correcting presbyopia, the
DCI. We found that the larger transmission of DCI compared

with the SACI makes the proposed inlay highly luminous
efficient, and its diffractive structure provides a near focus.
Moreover, by using different models of the DCI, we have
shown that the intensity ratio between the far and near foci can
be controlled by adjusting the diffractive structure, which
seems to be clinically relevant taking into account the particular
patient’s visual needs. In fact, in this study, we studied two
different designs and demonstrated that the intensity of the foci
of the DCIs depends on the radius of the central zone, being
more intense in the near focus for the DCI #1 than for the DCI
#2, but the opposite happens for the far focus. The PSFs and the
simulated images show the improved performance of the DCI
in comparison with the SACI, especially in near vision.
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Purpose. To compare the clinical outcomes of echelette extended range of vision (ERV) and diffractive bifocal intraocular lenses
(IOLs). Methods. This is a prospective, consecutive, nonrandomized clinical trial. Seventy-three eligible patients (109 eyes)
received the implantation of echelette ERV IOL (Tecnis Symfony ZXR00) or diffractive bifocal IOL (Tecnis ZMBO00). 1 week,
1 month, and 3 months after surgery, visual acuities at different distances were examined. At 3 months, defocus curves, contrast
sensitivities (CSs) with and without glare, optic path difference (OPD) scans, and questionnaires were evaluated. Regression
analyses were applied to discover influence factors on postoperative vision. Results. ZXR00 showed better distance (P < 0.05) and
intermediate (P < 0.001) visual acuities, while ZMB00 was better at distance-corrected near visual acuity (P < 0.001). Multivariate
analyses indicated that worse intermediate (P < 0.001) and near vision (P = 0.013) of ZMB00 might occur in patients with longer
axial length. ZXR00 demonstrated smoother defocus curve and higher CSs. Superior modulation transfer function (MTF) and
higher Strehl ratio (P < 0.05) were shown in ZXR00. In questionnaire evaluation, ZXR00 received better outcomes in self-reported
vision, Visual Function-14 (VF-14) questionnaire, Quality of Vision (QoV) questionnaire, satisfaction, and recommendation
grades. Spectacle dependence did not differ between ZXR00 and ZMBOO statistically. Conclusion. ZXR00 proved to be remarkable
in distance and intermediate vision, defocus curve smoothness, CSs, and visual comfort, while ZMBO0O achieved better near vision.
ZXR00 may attain better near vision if postoperative SE remains slightly negative. Patients with relatively longer axial length might
receive less favorable intermediate and near vision after ZMBO0O implantation. This trial is registered with ChiCTR-ONC-
17011119.

1. Introduction

Intraocular lens (IOL) implantation has become a common
practice for the increasingly large population of cataract
patients; however, it compromised ocular accommodating
ability, leading to postoperative presbyopia and a high
spectacle dependence rate up to 80% [1]. Multiple solutions,
like the monovision of the 1950s, the bifocal IOLs of the
1980s, and the accommodating IOLs, trifocal IOLs, and
extended range of vision (ERV) IOLs of the 21st century,
were developed to tackle the problem.

Compared to monofocal IOLs, multifocal intraocular
lenses (MIOLs) like bifocal and trifocal ones are able to
provide clear images at each focus and alleviate the problem

of presbyopia. They are mostly designed on the principles of
diffraction and refraction. However, the modification of the
light path by MIOLs has created new challenges such as
dysphotopsia, decreased contrast sensitivity (CS), and
compromised night vision [2].

ERV IOLs, on the other hand, were not approved by the
U.S. Food and Drug Administration until 2016. Instead of
adding certain focus, ERV IOLs extended the depth of
focus. The effects of ERV IOLs were achieved based on the
principles of echelette diffractive ring (Tecnis Symfony
ZXR00), spherical aberration induction (SIFI MiniWell), or
pinhole effect (Acu-Focus IC-8) [3]. Unlike MIOLs, ERV
IOLs tend to retain CS to the similar level of monofocal
IOLs [4].
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Clinical trials have demonstrated the presbyopia-cor-
recting effect in bifocal IOL [5] and ERV IOL [6], re-
spectively, but direct comparison between diffractive
echelette ERV IOL and diffractive bifocal IOL, which would
be helpful to highlight the design of echelette apart from
other confounding factors, remains to be rare. Although
Black [7] and de Medeiros et al. [8] reported visual outcomes
after blended implantation of diffractive echelette ERV IOL
and diffractive bifocal IOL, thorough evaluations including
visual acuity, defocus curve, CS, modulation transfer
function (MTF), Strehl ratio, and subjective evaluation that
stress the difference between these 2 IOLs were necessary to
provide optimal IOL-selection strategies.

This study chose Tecnis Symfony ZXR00, the most
widely used diffractive echelette ERV IOL, and Tecnis
ZMBOO0, a diffractive bifocal IOL commonly applied in our
center as well as an analogous to ZXR00, to analyze their
differences on clinical performance.

2. Materials and Methods

2.1. Patient Enrolment. This prospective, consecutive,
nonrandomized clinical trial was conducted at the Eye
Center, the Second Affiliated Hospital of College of Medi-
cine, Zhejiang University, Hangzhou, Zhejiang, China, from
August 2016 to March 2018.

Patients diagnosed with cataract and interested in
presbyopia correction were informed about the study.
Thorough examinations were performed to select eligible
participants. Inclusion criteria were as follows: (a) age from
50 to 80 years old; (b) cataract nuclear density Emery Grade I
to III; (c) axial length from 21.0 to 26.0 mm; (d) angle kappa
no more than 0.5mm; (e) corneal astigmatism within
4.0 mm zone no more than 1.5 diopters (D); and (f) corneal
endothelial cell count (measured by Noncon ROBO Pachy
SP-9000, Konan Medical, Inc., Tokyo, Japan) no less than
1500/mm”. Patients were excluded if they had any of the
following: (a) ocular comorbidities that would influence
postoperative visual acuity; (b) previous ocular surgeries; (c)
traumatic cataract; (d) unstable posterior capsule or loose
zonular fibers; and (e) severe systemic diseases that would
disable the cooperation with postoperative examinations.
Seventy-three eligible patients were consecutively enrolled.
Patients who had definite requirement on intermediate vi-
sion (such as TV watching, board games, and household
duties) were implanted with ZXR00, while those who re-
quired definite near vision (such as reading, writing, and
knitting) were implanted with ZMB00. The investigators of
postoperation examinations and patients themselves were
masked to the type of IOLs implanted.

2.2. Intraocular Lenses. Tecnis Symfony ZXR00 (Johnson &
Johnson Vision, Santa Ana, California, USA) is a hydro-
phobic UV-filtering C-loop IOL. With an overall diameter of
13.0mm and an optic diameter of 6.0 mm [9], the acrylic
acid IOL is a biconvex. Its anterior surface is designed to
provide a negative spherical aberration of 0.27 ym. Its
posterior surface is composed of an achromatic design and
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an echelette, a special type of diffraction grating [10], to
extend the range of vision. The refractive area within the 9
rings of diffractive zone has a diameter of 1.7 mm. Its light
utilization ratio is 92%.

Tecnis ZMBO00 (Johnson & Johnson Vision, Santa Ana,
California, USA) shared a similar design as ZXR00 except
that its posterior surface is composed of 22 concentric
diffractive rings, providing a near addition of +4.0D (+3.0D
on spectacle plane) [11]. The refractive area within the
diffractive zone has a diameter of 1.0 mm, and the light
efficiency is about 82%, with a 1:1 distribution between two
foci.

2.3. Surgical Procedure. IOL power was chosen to target
within 0.5 D deviation from emmetropia. All surgeries were
performed under topical anesthesia by 4 senior surgeons,
each with experience of more than 10,000 cases of cataract
surgeries. The IOLs were implanted through a 2.0 mm limbal
corneal incision. Standard phacoemulsification or femto-
second laser-assisted technique was carried out depending
on the preference of the participants. Postoperative topical
therapy included dexamethasone-tobramycin for 2 weeks
and pranoprofen for 1 month.

2.4. Patient Examinations. Under consistent environmental
lighting condition, patients were examined at 5m, 80 cm,
and 40 cm for monocular uncorrected (UCDVA) and cor-
rected (CDVA) distance visual acuities, monocular un-
corrected (UCIVA) and corrected (CIVA) intermediate
visual acuities, monocular uncorrected (UCNVA) and
corrected (CNVA) near visual acuities, as well as monocular
distance-corrected intermediate (DCIVA) and near
(DCNVA) visual acuities. In addition, monocular defocus
curves from +2.5D to —4.0 D based on best distance-cor-
rected status were also detected. CS with and without glare
under mesopic condition was measured by Glare Tester
CGT-1000 (Takagi Seiko Co., Ltd., Japan) based on best
near-corrected status. 0.5% tropicamide was used for pupil
dilation in order to complete optic path difference (OPD)
scan (OPD-Scan II, Nidek Co., Ltd., Japan) within 3.0 mm
and 50mm pupil. Furthermore, an assessor-directed
questionnaire that included Visual Function-14 (VF-14)
questionnaire [12], Quality of Vision (QoV) questionnaire
[13], day vision score, night vision score, spectacle de-
pendence, satisfaction grade, and recommendation grade
was completed at the last visit for every operation. In
particular, the final score of VF-14 was calculated as the total
scores divided by the number of questions effectively an-
swered (thus excluding “not applicable” responses), multi-
plied by 25, and then deducted from 100 [14].

2.5. Statistical Analyses. Statistical analyses were performed
using SPSS 19.0 for Windows (SPSS, Inc., Chicago, Illinois,
USA). The normality of data was evaluated using the
Kolmogorov-Smirnov test. Comparisons between 2 groups
were made by t-tests or Wilcoxon-Mann-Whitney U-tests,
depending on data normality and homogeneity of variance.



Journal of Ophthalmology

Repeated measures one-way ANOVAs were applied for
comparison across time, while post hoc Bonferroni tests
were applied when needed. For categorical data, Chi-square
tests were applied. STATA 13 (StataCorp LLC, College
Station, Texas, USA) was used for multivariate analyses with
linear regressions. P values less than 0.05 were considered
statistically significant. All tests were analyzed in two-tailed
style.

3. Results

A total of 73 patients (109 eyes) attended to at least 1 follow-
up visit. Missing data were due to personal inconvenience,
refusal to mydriasis for OPD scan, or temporary device
failure. A total of 38 patients (56 eyes) were implanted with
ZXR00, while 35 patients (53 eyes) were implanted with
ZMBO00. No significant difference was found between the 2
groups regarding preoperative characteristics (Table 1). No
intraoperative complication occurred.

3.1. Visual Acuities. 39 eyes implanted with ZXR00 and 28
eyes implanted with ZMB00 completed all 3 follow-up visits,
where repeated measurements of uncorrected visual acuities
and spherical equivalent (SE) showed no significant change
within either group, except that better UCNVA was gained
in ZXR00 after 1 month (P = 0.008) (Table 2).

Table 3 shows ZXR00 achieved better outcomes in
UCDVA (P =0.012) and UCIVA (P<0.001), as well as in
CDVA (P =0.008) and DCIVA (P <0.001), while ZMB00
proved to be excellent in DCNVA (P = 0.001); no significant
differences were discovered between the 2 groups regarding
UCNVA, CIVA, and CNVA. Table 3 also shows that patients
implanted with ZXR00 required less spectacle correction of
SE to gain the best intermediate vision (P = 0.036), but
required more to gain the best near vision (P <0.001) than
patients implanted with ZMB00. Postoperative SE between
the 2 groups differed (P = 0.025), with the ZXR00 group
being relatively more myopic.

Multivariate analysis (Table 4) after adjustment of age,
gender, keratometry, and anterior chamber depth suggested
the negative effect of longer axial length on DCIVA in
ZMBO00 (P <0.001, 95% CI 0.067~0.209). In the analysis of
DCIVA in ZXR00, no significant correlation was detected
among the observed factors.

The relation between longer axial length and worse vi-
sion was also revealed in the DCNVA of ZMB00 (P = 0.013,
95% CI 0.030~0.238) (Table 5). In the analysis of DCNVA in
ZXR00, only age stood out as potential relative factor in the
multivariate model, indicating ZXR00 implanted eyes
achieved better DCNVA in older patients (P = 0.018, 95%
CI -0.015~-0.002).

3.2. Defocus Curve. Defocus curve was tested with every
increment of 0.5D 3 months after surgery (Figure 1). In
contrast to ZMB00, ZXR00 advanced in defocus curve from
0D to —2.0 D but lagged from —2.5D to —4.0 D. Overall, the
curve of ZXR00 was smooth, while ZMB00 peaked at 0D
and -3.0D.

3.3. Contrast Sensitivity. Either with glare (Figure 2(a)) or
without glare (Figure 2(b)), ZXR00 achieved higher CS at
nearly all ranges of spatial frequency, especially at medium
spatial frequency (target sizes of 2.5 and 1.6 degree).

3.4. Optic Path Difference Scan. 3 months after operation, 34
of the ZXRO00 implanted eyes and 26 of the ZMBO00
implanted eyes received effective OPD scans. ZXR00
exceeded in modulation transfer function (MTF) values at
overall spatial frequency for 3.0mm (Figure 3(a)) and
5.0mm (Figure 3(b)) pupil. Strehl ratio was also higher in
ZXR00 than in ZMBO00 for either 3.0 mm (0.06 +0.06 vs.
0.03+0.03, P = 0.021) or 5.0 mm (0.02 + 0.01 vs. 0.01 +0.01,
P =0.005) pupil.

3.5. Questionnaire Evaluation. A total of 98 eyes completed
subjective evaluations 3 months after operation. Table 6
shows better outcomes in the ZXR00 group, including
greater VE-14 score, lower QoV score, higher self-reported
vision score (day and night), higher satisfaction grade, and
higher recommendation grade (all P <0.05). Spectacle de-
pendence showed no statistical difference between the 2
groups (P = 0.426). Only 1 female patient, aged 77 years old,
who had her right eye implanted with ZMB00, demanded
IOL explantation because of severe glare.

4, Discussion

This prospective study compared clinical outcomes of an
echelette ERV IOL and a diffractive bifocal IOL with similar
structures but different optic principles.

As the overall visual performance stabilized after
1 month, clinical outcomes at 3 months after operation were
presented. ZXR00 showed better UCDVA and UCIVA,
while the difference in UCNVA was not significant. As the
postoperative SE differed between the 2 groups, spectacle-
corrected vision performance should be taken into con-
sideration. In this way, ZXRO00 still advanced in CDVA and
DCIVA, but fell behind in DCNVA (0.38 +0.17 logMAR).
Consistently, patients in the ZXR00 group required fewer
positive diopter additions of spectacle to gain the best in-
termediate vision, but more to gain the best near vision.

The superiority of UCDVA and CDVA in ZXR00 over
ZMBO00 could be explained by its achromatic design [15]; a
clinical study showed better distance acuity in ZXR00
compared not only to MIOLs, but also to monofocal IOLs
[16]. Better UCIVA and DCIVA, on the other hand, reflect
the structure of diffractive echelette in ZXR00 to extend the
depth of focus. The “extended range” of ZXRO00 failed to
cover the near range, resulting in a poorer DCNVA. Our
result of monocular DCNVA at 40 cm (0.38 +0.17 logMAR)
in ZXRO00 is consistent with the studies of Pedrotti
(0.33£0.10logMAR) [4], Hogarty (0.31 + 0.10logMAR) [17],
and Pilger (0.33 + 0.12logMAR) [18]. Nevertheless, our study
found that a little negative postoperative SE could com-
pensate for this disadvantage by improving the UCNVA, a
strategy similarly indicated by the study of Cocherner et al.
[19, 20], who found that a micro-monovision of —0.5D
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TaBLE 1: Participant characteristics.

Parameter ZXR00 ZMB00 P value
Patients/eyes (1) 38/56 35/53
Implantation type 0.840

Monocular (1) 20 (35.7%) 17 (32.1%)

Binocular (n) 36 (64.3%) 36 (67.9%)
Age (years), mean + SD 68.77 £8.22 66.87 £6.53 0.186
Gender 0.825

Male (1) 13 (23.2%) 14 (26.4%)

Female (n) 43 (76.8%) 39 (73.6%)
UCDVA (logMAR), mean + SD 0.58 +0.38 0.70+0.45 0.145
Keratometry (D), mean + SD 43.78 £1.51 4390 +1.43 0.677
Axial length (mm), mean + SD 23.65+0.70 23.73+£0.94 0.627
Anterior chamber depth (mm), mean + SD 2.81+0.46 2.76 +0.45 0.604
IOL power (D), mean + SD 21.12+1.49 20.83 £2.13 0.417
Angle kappa (mm), mean + SD 0.20+0.11 0.24+0.14 0.176
Corneal astigmatism (D), mean + SD 0.58 £0.22 0.53+£0.27 0.314
Corneal endothelial cell count (mm?), mean + SD 2532.0 +£260.4 2596.21 +234.9 0.180
Nuclear hardness 0.337

Emery Grade I (n) 20 (35.7%) 21 (39.6%)

Emery Grade II (n) 30 (53.6%) 22 (41.5%)

Emery Grade III (n) 6 (10.7%) 10 (18.9%)

0.099

13 (24.5%)
40 (75.5%)

22 (39.3%)
34 (60.7%)

n number of eyes; UCDVA = uncorrected distance visual acuity; logMAR =logarithm of the minimum angle of resolution; mm = millimeter; D = diopter;

IOL = intraocular lens; SD = standard deviation.

TaBLE 2: Repeated measurements of visual acuities after IOL implantation.

Postoperative visit

Parameter P value
1 week 1 month 3 months
UCDVA (logMAR), mean + SD
ZXRO00 (eyes =39) 0.10+0.14 0.11+0.15 0.09+0.13 0.606
ZMBO0 (eyes =28) 0.22+0.21 0.19+0.16 0.19+0.17 0.415
UCIVA (logMAR), mean + SD
ZXRO00 (eyes=39) 0.19+0.16 0.18+0.17 0.14+0.12 0.161
ZMBO00 (eyes=28) 0.38+0.24 0.35+0.15 0.30+0.15 0.112
UCNVA (logMAR), mean + SD
ZXR00 (eyes = 39) 0.44+0.19 0.35+0.20" 0.34+0.20" 0.008
ZMBO00 (eyes =28) 0.32+0.18 0.28 +£0.19 0.25+0.18 0.126
SE (D), mean + SD
ZXRO00 (eyes=39) -0.19+0.49 -0.21+0.60 -0.19+0.64 0.964
ZMBO0 (eyes =28) 0.23+0.69 0.22+0.71 0.12+0.79 0.088

TP <0.05 compared to the visual acuity of 1 week after operation. UCDVA = uncorrected distance visual acuity; UCIVA = uncorrected intermediate visual
acuity; UCNVA = uncorrected near visual acuity; SE =spherical equivalent; D = diopter; SD = standard deviation.

myopia in 1 eye led to better visual outcome for ZXR00
implantation. For ZMBOO, it should be cautiously implanted
in people with longer axial length, for it is correlated with
worse intermediate and near vision based on our analyses.

In consistent with the visual acuities of different
distances, the smooth defocus curve of ZXR00 excelled
from 0 D to —2.0 D but fell behind ZMBO00 from -2.5D to
—4.0D. As for CS, ZXR00 overwhelmingly exceeded
ZMBO00. The target size of CS showed spatial frequency
range from 6 to 12 cycles per degree (cpd) [21]. Target
sizes of 6.3° and 4" represent low spatial frequency related
to the magnocellular pathway, which is involved in
recognizing moving objects [22]. Target sizes of 1° and

0.7°, on the contrary, represent high spatial frequency
related to the parvocellular pathway, which is involved in
recognizing object details [22]. Popularization of MIOLs
has been challenged by compromised CS, especially
under glare conditions [23], which could endanger night
drivers. However, previous in vitro [24] and clinical [16]
researchers stated that ZXR00 rivaled monofocal IOLs in
CS. The consistent advantage of better CS in ZXR00 over
ZMBO00 here may be attributed to its fewer diffractive
rings and achromatic designs [25].

OPD scans showed that ZXR00 implantation resulted in
higher MTF values and Strehl ratio, which were consistent
with its excellent distance visual acuity and CS.
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TaBLE 3: Visual acuities and refractive outcomes 3 months after IOL implantation.

ZXRO00 (eyes=45) ZMBO00 (eyes =34) P value
UCDVA (logMAR), mean + SD 0.10+0.13 0.19+£0.19 0.012
UCIVA (logMAR), mean + SD 0.15+0.13 0.29+0.17 <0.001
UCNVA (logMAR), mean + SD 0.35+0.19 0.26 +0.21 0.057
CDVA (logMAR), mean + SD —-0.01 £0.07 0.03£0.08 0.008
CIVA (logMAR), mean + SD 0.03+0.11 0.08 +0.15 0.134
CNVA (logMAR), mean + SD 0.10+£0.20 0.10+£0.18 0.719
DCIVA (logMAR), mean + SD 0.12+0.13 0.32+0.19 <0.001
DCNVA (logMAR), mean + SD 0.38+0.17 0.22+0.24 0.001
Int SE add (D), mean + SD 0.72 +0.52 0.94+0.38 0.036
Near SE add (D), mean + SD 1.84+0.62 0.45+1.14 <0.001
SE (D), mean + SD -0.22+0.61 0.12+£0.73 0.025

UCDVA =uncorrected distance visual acuity; UCIVA = uncorrected intermediate visual acuity; UCNVA = uncorrected near visual acuity; CDVA = corrected
distance visual acuity; CIVA = corrected intermediate visual acuity; CNVA = corrected near visual acuity; DCIVA = distance-corrected intermediate visual
acuity; DCNVA = distance-corrected near visual acuity; SE =spherical equivalent; int SE add = addition of diopters to spectacle from the best corrected
distance vision to achieve the best corrected intermediate vision; near SE add = addition of diopters to spectacle from the best corrected distance vision to
achieve the best corrected near vision; D = diopter; SD = standard deviation.

TaBLE 4: Multivariate analysis on the DCIVA (logMAR) 3 months after IOL implantation.

Variables
I0L Correlation indicators ; ) .
Age (year) Gender' Keratometry (D) Axial length (mm) Anterior chamber depth (mm)

Coefficient —0.001 0.024 0.018 0.039 -0.012

P value 0.810 0.730 0.326 0.334 0.811

ZXR00 (eyes =45) LCI -0.007  -0.115 ~0.019 ~0.042 -0.116
UCI 0.005 0.163 0.055 0.120 0.092
Coefficient 0.007 0.147 0.024 0.138 -0.002

P value 0.154 0.053 0.401 <0.001 0.978

ZMBOO (eyes = 34) LCI ~0.003  —0.002 ~0.034 0.067 ~0.153
UCI 0.016 0.296 0.082 0.209 0.149

"For gender, 0 indicates male while 1 indicates female. DCIVA = distance-corrected intermediate visual acuity; TOL =intraocular lens; D = diopter;
LCI=lower bound of 95% confidence interval; UCI=upper bound of 95% confidence interval.

TaBLE 5: Multivariate analysis on the DCNVA (logMAR) 3 months after IOL implantation.

Variables
IOL Correlation indicators ; i )
Age (year) Gender' Keratometry (D) Axial length (mm) Anterior chamber depth (mm)

Coefficient ~0.008  0.015 0.008 0.003 ~0.043
P value 0.018 0.852 0.705 0.956 0.485
ZXRO00 (eyes = 45) LCI ~0.015  —0.148 ~0.035 ~0.092 ~0.165
UCI ~0.002 0178 0.052 0.098 0.080
Coefficient 0.009 0.116 0.009 0.134 ~0.144
P value 0.187 0.286 0.822 0.013 0.192
ZMBOO (eyes=34) LCI ~0.004  -0.102 ~0.075 0.030 ~0.364
UCI 0.022 0.333 0.094 0.238 0.077

"For gender, 0 indicates male while 1 indicates female. DCNVA = distance-corrected near visual acuity; D = diopter; LCI =lower bound of 95% confidence

interval; UCI = upper bound of 95% confidence interval.

The questionnaire analyses uncovered that although near
vision was compromised in ZXR00, its spectacle dependence
was no more than that of ZMBO00. Similar results were seen
in previous nonrandomized [16] and randomized [26]
studies, where, despite the poorer near vision of ZXR00, the
spectacle dependency rate did not differ significantly from a
+3.0DD bifocal IOL, or from a trifocal IOL that had near
addition powers of +2.17D and +3.25D. This could be at-
tributed to the smooth defocus curve of ZXR00 allowing
patients the convenience of slightly adjusting reading dis-
tance for better vision. ZXR00 even reported higher VF-14

score, self-reported vision score, satisfaction grade, and
recommendation grade.

One study showed that glare, one of the most commonly
seen photic phenomena of presbyopia-correcting IOLs
[26-29], appeared at comparable frequency between ZXR00
and apodized diffractive-refractive bifocal IOLs [16]. But our
study revealed better visual quality of ZXR00 by achieving
lower QoV score than ZMBO00, especially in the bothersome
subscale.

Limitations existed in our study, though, as it was not a
randomized clinical trial with a 100% follow-up rate and
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FIGURE 3: Modulation transfer function for 3.0 mm (a) and 5.0 mm (b) pupil 3 months after IOL implantation (cpd = cycle per degree;
*=P<0.05 **=P<0.01; ***=P<0.001).

TABLE 6: Subjective evaluation by questionnaire 3 months after IOL implantation.

Questionnaire ZXRO00 (eyes=54) ZMBO00 (eyes=44) P value
VF-14 score, mean + SD 90.54 +12.63 85.54+13.34 0.021
QoV score, mean + SD 5.06+6.15 8.54+8.35 0.022
Frequency score 2.20+2.43 3.39+£2.99 0.042
Severity score 1.65+2.13 2.64+2.69 0.023
Bothersome score 1.20+£1.74 2.52+2.82 0.006
Self-reported vision
Day score, mean + SD 9.30+1.24 8.39+1.54 0.001
Night score, mean + SD 8.74+1.46 7.73+1.88 0.004
Spectacle dependence 0.426
Independent (1) 32 (59.3%) 21 (47.7%)
Occasionally (n) 18 (33.3%) 17 (38.7%)
Often (n) 4 (7.4%) 6 (13.6%)
Most of time (1) 0 0
Always (n) 0 0
Satisfaction grade 0.045
Very satisfied (n) 26 (48.1%) 11 (25.0%)
Good (n) 19 (35.2%) 17 (38.6%)
Partial improvement () 9 (16.7%) 12 (27.3%)
Little improvement () 0 2 (4.5%)
No improvement (n) 0 1(2.3%)
Worse (n) 0 1(2.3%)
Recommendation grade 0.045
Strong (n) 24 (44.4%) 11 (25.0%)
Possible (1) 17 (31.5%) 13 (29.6%)
Probable (1) 13 (24.1%) 18 (40.9%)
Against (n) 0 2 (4.5%)
No opinion (n) 0 0

n number of eyes; VF-14 = Visual Function-14; QoV = Quality of Vision; SD =standard deviation.

unanimous bilateral IOL implantation due to patients’ 5. Conclusions

compliance. In addition, the possible correlation between

axial length and visual outcomes in ZMBO00 needs further ~ In conclusion, our study provides certain clinical advice in
exploration. choosing presbyopia-correcting IOLs. ZXR00 is outstanding



in distance and intermediate visual acuities, smooth defocus
curve, high CS, and fair visual comfort. ZXR00 may attain
better near vision if postoperative SE remains slightly
negative. ZMBOO is better in near vision, but patients like
night drivers should be cautious because of its lower CS and
more visual disturbances. Patients with relatively longer
axial length should also be informed about less favorable
vision before implanted with ZMB00.
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Assessing changes suffered by the cornea as keratoconus progresses has proven to be vital for this disease diagnosis and
treatment. This study determines the corneal biometric profile in eyes considered as affected by keratoconus (KC) showing
severe visual limitation, by means of in vivo 3D modelling techniques. This observational case series study evaluated new
objective indices in 50 healthy and 30 KC corneas, following a validated protocol created by our research group, which has been
previously used for diagnosis and characterization of KC in asymptomatic (preclinical) and mild visually impaired eyes. Results
show a statistically significant reduction of corneal volume and an increase of total corneal area in the severe KC group, being
anterior and posterior corneal surfaces minimum thickness points the best correlated parameters, although with no dis-
crimination between groups. Receiving operator curves were used to determine sensitivity and specificity of selected indices,
being anterior and posterior apex deviations the ones which reached the highest area under the curve, both with very high
sensitivity (96.7% and 90%, respectively) and specificity (94.0% and 99.9%, respectively). The results suggest that once severe
visual loss appears, anterior corneal topography should be considered for a more accurate diagnosis of clinical KC, being anterior
apex deviation the key metric discriminant. This study can be a useful tool for KC classification, helping doctors in diagnosing
severe cases of the disease, and can help to characterize corneal changes that appear when severe KC is developed and how they
relate with vision deterioration.

1. Introduction

Keratoconus (KC) is a bilateral noninflammatory corneal
ectasia with a prevalence of 54.5 per 100,000, which is
characterized by a stromal thinning that makes the cornea
acquire a conical shape, leading to mild to marked visual
impairment [1].

The geometric decompensation that causes the conical
shape is localized mainly in the temporal lower quadrant
of the mean peripheral region [2] due to a loss of tenacity
that the corneal structure suffer by a reorientation of its
anatomophysiology [3]. In addition, this morphologic

decompensation inducts an increase of the high-order
optical aberrations [4], showing the patients high values of
irregular astigmatism and presenting as their main re-
fractive sign the impossibility of a complete optical
compensation of their ametropia by spherocylindrical
lenses. Consequently, their corrected visual acuity will be
diminished with respect to patients without corneal pa-
thology [5].

There are many classifications in the scientific literature
about the degree of severity of keratoconus [6]; however, it is
difficult in clinical practice to handle the multiple indices in
which these classifications are based, for a proper evaluation


mailto:francisco.cavas@upct.es
https://orcid.org/0000-0002-1329-5093
https://orcid.org/0000-0002-8391-0688
https://orcid.org/0000-0003-2666-3366
https://orcid.org/0000-0002-1504-8475
https://orcid.org/0000-0002-8082-1751
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/8731626

of the disease progression. Also, some of these classifications
present some singularities, such as Keratoconus Severity
Scores [2], which does not consider pachymetry, or the
Amsler-Krumeich classification, which does not take into
account that patients, depending on their manifest re-
fraction, may show important refractive fluctuations caused
by the corneal multifocality that generates the corneal shape
[6]. Besides that, from an optical point of view, patients show
a certainly deteriorated spectacle-corrected visual acuity
during the disease development, in a way that their visual
performance worsens with the progression of the severity
degree of keratoconus. Following this criterion, a classifi-
cation of the stages of the disease has been developed [5, 7],
depending on the corrected distance visual acuity (CDVA).

Furthermore, our research group has developed a three-
dimensional (3D) virtual model of the cornea by means of
computational geometry [8]. These models have been val-
idated for the diagnosis of keratoconus basing on geometric
parameters of volume [9], to predict the response to re-
fractive surgeries [10, 11] or the response to the intrastromal
ring segment implantation in corneas with keratoconus [12],
to analyse nonsurgical corneal modifications, such as
applanation tonometry for intraocular pressure measure-
ment [13], or to analyse the behaviour of corneal tissue
properties in different scenarios [14]. However, to our
knowledge the virtual model has not been used to define the
biometric profile in keratoconus eyes with severe visual
limitation.

Therefore, developing and validating new methods for
the characterization of the changes suffered by the cornea in
severe KC cases is important to help attaining a better
clinical management of it and avoiding the possibility of
irreversible vision losses. Thus, the purpose of this work is to
evaluate the potential value of a virtual 3D model for the
diagnostic of corneas affected by severe KC, conceiving
cornea as a 3D refractive structure. To do so, we have based
on the characterization of its biometric profile (Figure 1) by
means of morpho-biometric indices that register the optic-
geometric decompensation that takes place during this phase
of the disease, as well as we have quantified the existence of
correlations between these indices.

2. Materials and Methods

2.1. Participants. This observational case series study eval-
uated 80 corneas of 80 patients (selected at random to avoid
interference) structured in two groups: a normal group
(healthy corneas), which included 50 subjects presenting no
ocular pathology (37.79 + 14.76 years), and a second group,
composed of 30 patients diagnosed with severe KC
(31.63 £ 7.39 years). The classification protocol for normal or
severe KC cases was run according to reported state of the art
clinical and topographic evaluations [15]. Just one eye of
each patient was selected at random, according to a software-
generated dichotomic random number sequence (0,1),
seeking to elude any possible correlation that might exist
between both eyes of the same patient [9].

All patients were selected according to the RETICS grading
[7]. To be included in the study, patients should have been
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diagnosed as Grade IV keratoconus (severe visual limitation,
0.2<CDVA <04 in decimal scale or 6/30 < CDVA <6/15 in
Snellen chart), focal central/paracentral steepening and corneal
thinning visible in corneal tomography, 3 mm (inferior-su-
perior) I-S mean keratometric difference >1.5 D, and asym-
metric bow tie with or without skewed radial axes over 21
degrees. Patients who had undergone any previous ocular
surgical procedure, suffering from any irritation of the ocular
surface, with signs of significant dry eye, or who wore contact
lenses in the precedent four weeks to their first visit were
excluded from the study [16].

Vissum Instituto Oftalmologico, Alicante, Spain (Vis-
sum), was the place in which these evaluations took place
where the patients were satisfactorily informed about the
study and signed freely their will to participate. The study
was endorsed by the hospital’s Clinical Research Ethics
Committee, according to the ethical guidelines dictated in
the Declaration of Helsinki (Seventh revision, October 2013,
Fortaleza, Brazil).

The data used for this investigation were included in the
official database “Iberia” of keratoconus cases created for the
purpose of multicentre study of keratoconus in the National
Network for Clinical Research in Ophthalmology RETICS-
OFTARED.

2.2. Examination Protocol. All subjects selected for this
study were examined using Sirius System® (CSO, Florence,
Italy), and following a validated protocol previously created
by our research group, which has been thoroughly described
in preceding studies [8, 9]. This protocol comprises two
stages: first, a 3D virtual modelling and then geometric
characterization (Figure 2), and it has proved itself successtful
when used for diagnosis and characterization of KC in
asymptomatic (preclinical) and mild visually impaired eyes
(17, 18].

The final output of this protocol after its application, is a
patient-specific 3D virtual model of the cornea, which is then
analysed to find several morpho-biometric indices (Figure 2).
These indices studied herein, along with their characteristics,
have been previously described in [19] and are summarized in
Table 1, but are used for the first time to study KC eyes with
severe visual impairment. In this work, the surface finally
generated with Rhinoceros software was distorted looking for
the minimisation of the nominal distance between the points in
the space and the surface itself. This distance was ultimately
estimated by the software, showing a mean value for its error of
4370x107'° +3.67x10'* mm (mean + standard deviation).

2.3. Statistical Analysis. Both Kolmogorov-Smirnov test and
Shapiro-Wilk test were run to check data normality. According
to these tests and thereafter, a Student’s t-test was used for
normally distributed samples, while Mann -Whitney-Wilcoxon
U test was chosen for not-normally distributed ones. Correlation
between parameters was assessed by means of Pearson co-
efficient (for normally distributed data) or Spearman’s co-
efficient (not normally distributed). A significance level of 0.05
was fixed for p-values in all statistical tests. Receiver operating
characteristic (ROC) curves were used to determine which



Journal of Ophthalmology

l

Ophthalmological examination devices

Slit-lamp

Phoropter biomicroscope

Goldmann
tonometry

tomographers

Sirius
IOL master

il

Patient-specific morpho-biometric indices

Geometric
modelling

Variables extraction

and analysis ’

l

Diagnosis of
keratoconus with severe
visual limitation

FiGure 1: Use of patient-specific morpho-biometric indices for diagnosis of keratoconus with severe visual limitation.

parameters could be useful in terms of characterization of
diseased corneas, and optimal cutoffs were established using
Youden’s ] index, basing on sensitivity and specificity values
[20, 21]. Graphpad Prism V 6 (GraphPad Software, La Jolla,
USA) and IBM SPSS V 23.0 software (SPSS, Chicago, USA) were
used to make all the analyses.

3. Results

Most of the modelled morpho-biometric indices showed
statistically significant differences when comparing healthy
and severe KC corneas, as shown in Table 2 below.

3.1. ROC Analysis. The predictive value of the modelled
indices was established by an ROC analysis (Figure 3). Five
morpho-biometric indices were identified with an area
under the ROC (AUROC) above 0.85 (Table 3).

Table 4 summarizes all significant correlations between
the modelled biometric parameters for the severe KC group.
Correlation coefficients between parameters for the normal
group have not been included, as their mutual relations have
already been addressed in a previous study [18].

4. Discussion

From a visual point of view, patients of keratoconus disease
show a deteriorated spectacle-corrected visual acuity, in such
a way that when the disease progresses towards a higher
degree of severity, the visual performance of patients gets
worse. Thus, it is of great interest evaluating in a jointly

manner both the geometric decompensation that takes place
in corneal structure due to its structural weakening and the
level of visual limitation that patients show during the
disease progression. In this work, we analysed the biometric
profile of the cornea conceived as a 3D refractive structure
for advanced degrees of keratoconus, whose patients present
a severe degree of visual limitation, according to the RETICS
classification [7].

The volumetric morpho-biometric indices showed a
statistically significant reduced total corneal volume in the
severe KC group when compared with the healthy eyes
group, which is in line with the corneal thinning described
by some authors as the disease progresses [16, 22, 23] due to
a loss of tenacity in the corneal structure [13, 24]. These
results are consistent with the ones reported by previous
studies, which have evaluated the same anatomic index
with devices based on Scheimpflug technology [23, 25] and
similar to the ones reported in previous studies for ad-
vanced degrees of keratoconus [9]. Also, some significant
positive correlations between corneal volume and sagittal
plane apex area of the posterior surface (R*=0.919,
p<0.001), and with sagittal plane area at minimum
thickness point (R*=0.931, p<0.001) were found, so that
when the volume diminishes by the loss of structural re-
sistance that takes place for the progression of the disease,
the sagittal areas (Splareapapex/Splareaminei) also diminish
as the corneal curvature increases. This agrees with the
findings of significant lower volumes associated with
pachymetric reductions in grade II and higher keratoconus
eyes [23].
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FIGURE 2: Protocol followed for the creation of the 3D virtual model and its later analysis.

TaBLE 1: Patient-specific morpho-biometric indices analysed in the study [19].

Morpho-biometric parameters Description

Volume limited by front, back, and peripheral surfaces of the solid model

Total corneal volume (Voly,) (mm?>) generated

Anterior/posterior corneal surface area (Corarea,,/

> Area of the front/exterior and rear/interior surfaces
Corarea,,s) (mm”)

Sum of anterior, posterior, and perimeter corneal surface areas of the solid

Total corneal surface area (Corarea,,) (mm?) model generated

Area of the cornea within the sagittal plane passing through the optical axis

. 2
Sagittal plane apex area (Splareapypey) (mm’) and the highest point (apex) of the posterior corneal surface

Anterior and posterior apex deviation (DeVyapex/DeVpapex) ~ Average distance from the optical axis to the highest point (apex) of the
(mm) anterior/posterior corneal surfaces

Area of the cornea within the sagittal plane passing through the optical axis
and the minimum thickness point (maximum curvature) of the posterior
corneal surface

Sagittal plane area in minimum thickness point
(Splareamini) (mm?)

Average distance in the XY plane from the optical axis to the minimum
thickness points (maximum curvature) of the anterior/posterior corneal
surfaces

Centre of mass X, Y, Z (COMy, COMy, COM,) (mm) Centre of mass coordinates X, Y, Z of the solid

Anterior and posterior minimum thickness point deviation
(Devaminthk/ D evpminthk) (mm)

In addition, regarding the morpho-biometric indices of ~ surface, which can be explained by the tendency of the
the anterior and posterior surface areas, these present a  cornea to retain a conical-shaped architecture in the ad-
statistically significant augmentation, being the greater the  vanced stages of the disease, in which the relation between
area of the posterior surface than the one of the anterior =~ both surfaces is modified by a higher increase of the
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TaBLE 2: Descriptive values and differences in the modelled morpho-biometric indices among the normal and severe KC groups.

. o Normal group (n=50) Severe KC group (n=30)
Morpho-biometric indices . .
Mean SD Min Max Mean SD Min Max z p

Vol (mm?) 25.72 1.53 23.23 29.07 23.74 1.85 20.17 28.40 518 <0.01
Corarea,,,, (mm?) 43.08 0.14 42.77 4333 43.80 059 4266 45.11 -6.56  <0.01
Corarea, o, (mm?) 44.24 0.26 43.53 44.71 45.44 0.95 43.78 47.97 -6.78 <0.01
Corareay,, (mm?) 103.89 1.12 100.73 105.66 105.20 2.13 102.35 112.68 -3.14 <0.01
Splareagpey (mm?) 432 0.26 3.93 4.87 3.86 0.40 2.96 5.02 6.33 <0.01
Splarea i (mm?) 4.31 0.26 3.92 4.86 3.84 0.40 2.97 5.03 6.41 <0.01
DeV,qpex (mm) 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.06 -826  <0.01
Devpapex (mm) 0.07 0.02 0.04 0.09 0.26 0.12 0.05 0.59 —6.68 <0.01
COMx (mm) 0.04 0.02 0.01 0.09 -0.01 0.06 -0.20 0.12 4.23 <0.01
COMy (mm) 0.03 0.02 0.00 0.08 -0.01 0.09 -0.13 0.33 2.57 0.02
COM; (mm) 0.77 0.02 0.71 0.81 0.85 0.08 0.70 1.06 -5.56 <0.01
DeV,ingi (mm) 0.83 0.21 0.44 127 0.91 0.36 0.16 1.68 ~1.12 0.27
DeVymintic (mm) 0.76 0.20 0.38 1.24 0.85 0.34 0.10 1.60 -1.23 0.23

SD: standard deviation; P: statistical test; z: z-score.
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FiGure 3: Curves for modelled indices detecting severe KC.

posterior surface curvature than the one in the anterior
surface, motivated by the biomechanical weakening that
cornea manifests for a reorientation of its anatomophysi-
ology [26]. A tendency in this line of structural weakening
has been reported in previous studies [13, 26, 27]. Vega-
Estrada et al. [7] observed a significant increase in dioptric

power of the posterior corneal surface with respect to the
anterior in advanced phases of the disease. According to
these findings, corneal multifocality that produces the
conical shape that locally acquires corneal surface, drives to a
worsening in patient’s visual performance. Besides, anterior,
posterior, and total corneal surface areas show a strong
positive correlation between them, and their values increase
in the severe KC group, which can be explained by the fact
that structural weakening caused by the presence of fewer
collagen fibres in each lamella leads to a severe local pro-
trusion that increases the corneal surface [2] by the effect of
the intraocular pressure over a structurally weakened bio-
mechanical architecture. These results are coincident with
the ones presented in other studies [16, 22, 28].

The anterior and posterior corneal surface minimum
thickness point deviations show the strongest correlation
between them (R*=0.995, p <0.001). However, these are the
only parameters that show no statistical difference for group
discrimination (p = 0.271 and p = 0.229, respectively). This
addresses the relationship between both corneal surface
curvatures for keratoconus eyes, as it has already been made
in previous studies for both diseased and normal eyes
[16, 28], but also that in the case of severe visual limitation,
this deviation varies so greatly among individuals that
discrimination is impossible.

Anterior apex deviation and posterior apex deviation
increase for the severe KC group. This displacement of the
optical axis has been described as one of the signs of the later
stages of the disease [1]. This is in concordance with some
authors’ findings [23] that suggest a strong correlation be-
tween apex deviation and pachymetric progression index of
the front and back elevations with CDVA of the analysed
patients. Also, posterior apex deviation presents an im-
portant variability with respect to the anterior apex de-
viation, this is motivated by the tendency of the aspheric
profile to reproduce the cornea’s physiologic prolatism in
advanced phases of the disease [16, 28]. It can even be
observed a paraboloid type geometry in virtual 3D models, a
fact that can be relevant to explain the asymmetry that shows
the posterior corneal surface in advanced keratoconus. This
variability has been reported in previous studies [15, 29, 30],
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TABLE 3: The area under the ROC results.

Morpho-biometric indices AUROC Sensitivity Specificity Cutoff value
Corarea,, 0.874 83.3 96.0 >43.275 mm”
Corareago, 0.890 86.7 96.0 >43.160 mm?
DeVapex 0.977 96.7 94.0 >0.001 mm
Devpapex 0.948 90.0 99.9 >0.098 mm
COM, 0.852 73.3 98.0 >0.809 mm

TaBLE 4: The significant correlation coefficient values for the
modelled variables in the severe KC group.

. Severe KC group (n=30)
Measurement correlation

Correlation coefficient p value
Splareap,pex/ Volior 0.919 <0.001
Corarea,n/Corarea o 0.917 <0.001
Corarea,,/Corarea 0.835 <0.001
Corarea,,s/ Corarea 0.899 <0.001
Vol /Corarea, 0.439 0.015
COMy/Splareap,pex 0.448 0.013
COM/DeV,qpex 0.366 0.046
COM_/Corarea, 0.925 <0.001
COM_/Corareays 0.874 <0.001
COM_/Corarea 0.873 <0.001
DeVaminthi/ DeVpapex 0.597 <0.001
Devpminthk/DeVpapex 0.611 <0.001
Splareaingi/Splareasapex 0.989 <0.001
Volio/Splareainthi 0.931 <0.001
COMy/COMy -0.375 0.041
COMx/Dev,minthk —-0.429 0.018
COM/DeVpminthk ~0.476 0.008
COMy/Splareaini -0.403 0.027
DeVaapex/ D€Vpapex 0.995 <0.001

being this one the first in which posterior surface asymmetry
is quantified for keratoconus eyes with severe visual limi-
tation. Besides, this geometric tendency is correlated with
the increase of optical aberrations in advanced degrees of
keratoconus [5, 22, 31].

Results also suggest a strong correlation between centre
of mass Z and anterior, posterior, and total corneal surfaces
(R*=0.925, p<0.001; R*=0.874, p<0.001; R*>=0.873,
Pp<0.001, respectively) as well as a displacement of the
centre of mass along the Z-positive axis, which is logical, as
the loss of corneal volume that steeps the surfaces, should
also force the centre of mass to move towards the protrusion,
as a consequence of the corresponding displacement of both
apex points in the Z-coordinate. This is in line with the
findings of some authors [32, 33], which found that the mean
maximum anterior and posterior corneal elevations were
higher in eyes with subclinical or clinical keratoconus.

Regarding the ROC analysis, the anterior apex deviation
reached the highest area under the curve (AUC, 0.977) with
very high sensitivity (96.7%) and specificity (94.0%) due to
the fact that the apex is the maximum curvature point of the
corneal surface. Moreover, the posterior apex deviation also
shows high discrimination capability (AUC, 0.948) with very
good sensitivity (90%) and excellent specificity (99.9%).
Anterior and posterior corneal surfaces and centre of mass
show high AUC, but although their specificity is high, their

sensitivity is not as good as the one for the deviation of the
apices.

In conclusion, the analysis of corneal biometric pa-
rameters using patient-specific 3D modelling has ascer-
tained statistically significant differences between normal
and KC eyes with severe visual limitation. This computer-
assisted custom approach has determined several indices
that successfully characterize the profile of keratoconic eyes
affected by severe visual limitation. Therefore, this analysis
has proven to be a useful tool for KC classification, helping
doctors to achieve reliable diagnoses in severe cases of the
disease, as well as it has helped to better characterize corneal
changes that take place when severe KC is developed and
how they relate with vision deterioration.
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Purpose. To clarify the distribution of corneal spherical aberrations (SAs) in cataract patients with different corneal astigmatism
and axial length. Setting. Department of Ophthalmology and Vision Science of the Eye and ENT Hospital of Fudan University,
Shanghai, China. Design. Retrospective case series. Methods. The axial length, corneal SAs, and other corneal biometrics were
collected in cataract patients with Pentacam HR and IOLMaster 500. The statistical analysis of the corneal SAs was based on the
stratification of axial length and anterior corneal astigmatism. Results. In total, 6747 eyes of 6747 patients were recruited, with 2416
eyes (58.17 + 16.81 years old) in the astigmatism group (anterior corneal astigmatism >1 D) and others (61.82 + 12.64 years old) in
the control group. In patients with astigmatism <2 D, the total and anterior SAs decreased as the axial length increased (P < 0.001).
The total corneal SAs of patients with astigmatism of 2-3 D stabilized at around 0.29 ym, whereas those of patients with anterior
corneal astigmatism >3 D tended to be variable. Age and anterior corneal astigmatism had positive and negative effects, re-
spectively, on SA in the regression model. Conclusions. Axial length has a negative effect on the anterior and total corneal SAs,
which stabled around 0.33 ym and 0.30 ym in patients with axial length of >26 mm, respectively. Individualized SA adjustments
are essential for patients undergoing aspheric toric IOL implantation with preoperative anterior corneal astigmatism of 1-2 D or
>3 D. Toric IOLs with a negative SA of —0.20 um are recommended for patients with anterior corneal astigmatism of 2-3 D if no
customized therapy is warranted.

1. Introduction

Intraocular lenses (IOLs) have been designed for and are
implanted into aphakic eyes to substitute for natural lenses,
partly to rectify the spherical refractive power in the ocular
optical system. Further advances have been made to restore
the ocular physiological status: multifocal IOLs for both
distance and near vision, toric IOLs to compensate for
corneal primary astigmatism, and aspheric IOLs for the
correction of corneal spherical aberrations (SAs).
Astigmatism of order 2 is a low-order aberration and SA
is a high-order aberration. Nowadays other astigmatism
belonging to high-order aberrations were beyond the cor-
rection of both IOLs and glasses. So only astigmatism of

order 2 was studied and is shortened as astigmatism in this
article. Postoperative residual ocular astigmatism and SAs
lead to halo or other visual complaints and worsen the
optical performance, even when the best-corrected visual
acuity is good. The overall prevalence of astigmatism ranges
from 86.8% to 99% [1]. A considerable proportion of these
eyes in patients with cataract require correction of astig-
matism (43.9% of patients with corneal astigmatism of
>1.0D in Southern China, 46.70% in Northern China,
37.80% in Thailand, and 40.41% in the United Kingdom),
which can be effectively accommodated by the cylindrical
power of the toric IOLs available, as demonstrated in pre-
vious clinical studies [1-10]. The correction of SA is also
widely performed and is clinically important [11, 12].
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When an aspheric toric IOL is required, the correction of
astigmatism is usually considered first [12, 13]. However,
because different aspheric modifications can be made with
the aspheric toric IOLs currently available on the market
from different companies, which have different aspheric
values, postoperative ocular aberrations can be rectified and
the correct selection of the optical parameters of the IOL is
important.

Therefore, in this study, we (1) clarify the differences in
the corneal biometrics of patients when the cutoff point for
defining preoperative corneal astigmatism is 1 D, (2) present
the total and anterior corneal SA states associated with
different astigmatism levels and axial length levels, and (3)
identify the main factors associated with SAs, especially the
statistical correlations between astigmatism and SA. Some
recommendations are also made for the proper correction of
SAs using toric IOLs with an aspheric design.

2. Methods

In this retrospective case series, we recruited patients
scheduled for cataract surgery between September 29, 2016,
and August 15, 2018, at the Eye and ENT Hospital of Fudan
University, Shanghai, China. The main inclusion criteria and
exclusion criteria were described in our previous study [14].
This study was approved by the Human Research Ethics
Committee of the Eye and ENT Hospital of Fudan University,
and adhered to the tenets of the Declaration of Helsinki.
Written informed consent was provided by all the patients.

All ocular data were collected, defined, and presented
following the methods of Zhang et al. [14], using the rotating
Scheimpflug camera (Pentacam HR; Oculus, Wetzlar, Ger-
many) and the partial coherence interferometry (IOLMaster
500; Carl Zeiss Meditec, Jena, Germany). These data included
the anterior corneal astigmatism, central corneal thickness
(CCT), anterior corneal eccentricity and the SAs of the total
cornea (total SA), anterior corneal surface (anterior SA),
posterior corneal surface (posterior SA), index of surface
variance (ISV), index of vertical asymmetry (IVA), kerato-
conus index (KI), center keratoconus index (CKI), index of
height asymmetry (IHA), and index of height decentration
(IHD). All 6 conic coefticients (ISV, IVA, KI, CKI, THA, and
IHD) were collected with a cornea scan of 8 mm diameter,
whereas others were collected with a cornea scan of 6 mm
diameter centered at the corneal apex under the automode of
Pentacam. Corneal astigmatism was divided into with the rule
(WTR), against the rule (ATR), and oblique astigmatism
according to the steep corneal meridian [14].

All patients were divided into four levels based on their
anterior corneal astigmatism, with cutoffs=1D, 2D, and 3D.
To identify practical and operational parameters for clinical
IOL selection, all the patients were also stratified into seven
levels according to their axial length: <20 mm, 20-22 mm
(20mm included while 22mm not, similarly hereinafter),
22-24.5mm, 24.5-26mm, 26-28mm, 28-30mm, and
>30 mm. This resulted in a total of 28 individual groups, with
two preliminary stratifications (by anterior corneal astig-
matism and axial length). In those patients with astigmatism
>1D (including the 1-2D, 2-3D, and >3D levels),
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summarized as the “astigmatism group,” astigmatism cor-
rection was considered when planning their surgery. Patients
with astigmatism <1 D were considered as the control group.

3. Statistical Analysis

To avoid any possible contralateral effect, only one eye of
each cataract patient was enrolled in this retrospective
clinical study.

All continuous data are shown as mean + standard de-
viation (SD). The Kolmogorov-Smirnov test was used to
assess the normality of the distributions of continuous data.
Because the sample of patients with axial length of <20 mm
was small (n=7), this group was removed from subsequent
analyses, and only 24 cross-groups were analyzed. One-way
analysis of variance (ANOVA) was used to compare the
continuous variables among the 24 cross-groups and two-
way ANOVA was used to compare the four astigmatism
levels and six axial length groups twice, once when the data
were stratified by axial length and then again when the data
were stratified by astigmatism levels. When either the
astigmatism level or axial length was taken as the stratifi-
cation factor, the other was considered to be the explanatory
variable. If a significant difference was detected, a further
post hoc multiple comparison test with Bonferroni cor-
rection was performed to identify the exact level making the
difference. Pearson’s x” test was used to compare categorical
items among the WTR, ATR, and oblique astigmatism
groups. Pearson r correlation analyses were used to explore
the relationship between corneal biometrics with astigma-
tism and axial length. A multiple regression analysis was
used to explore the exact statistical contributions of the
explanatory variables to the corneal SAs adjusted by age as
described before [14], in the astigmatism group, the control
group, and all the enrolled patients. All data were analyzed
with SPSS 23.0 (SPSS, IBM Corp., Armonk, NY, USA).
P <0.05 was considered to indicate statistical significance.

4. Results

In total, 6747 eyes of 6747 patients were recruited in this
study, among which 2416 eyes had anterior corneal astig-
matism of >1 D. The numbers of patients in the cross-groups
(axial length x astigmatism) are presented in Table 1.

The demographic data, corneal biometric data, and axial
length of these patients are shown in Table 2 and Supple-
mentary Material Table 1, with comparisons between the two
groups. The average age of the patients in the astigmatism
group was lower than that in the control group (58.17 + 16.81
vs. 61.82 + 12.64 years, respectively, P <0.001). In addition,
several statistically significant correlations of the corneal
biometrics were found with the axial length and the anterior
corneal astigmatism (Supplementary Material Table 2). The
compositions of the astigmatism types varied with the dif-
ferent astigmatism levels and axial length (both P <0.001;
Supplementary Material Tables 3 and 4).

The distributions of anterior corneal SA and total corneal
SA are presented in Figures 1 and 2, respectively. Gradual
step-down trends in the anterior and total corneal SAs were



Journal of Ophthalmology

TaBLE 1: Numbers of patients in seven axial length categories and four astigmatism groups.

Count (percentage in

all) <20 20-22 22-24.5

Axial length (mm)
24.5-26

Total
26-28 28-30 >30

<1 5(0.07%) 209 (3.10%)
1-2 1(0.01%) 76 (1.13%)
2-3 1(0.01%) 22 (0.33%)

2690 (39.87)
907 (13.44%)

Astigmatism (D) 121 (1.79%)

530 (7.86%)
289 (4.28%)
51 (0.76%)

380 (5.63%) 221 (3.28%) 296 (4.39%) 4331 (64.19%)
264 (3.91%) 198 (2.93%) 248 (3.68%) 1983 (29.39%)
55 (0.82%) 39 (0.58%) 62 (0.92%) 351 (5.20%)

>3 0 (0%) 6 (0.09%) 25 (0.37%) 16 (0.24%) 14 (0.21%) 7 (0.10%) 14 (0.21%) 82 (1.22%)
Total 7 (0.10%) 313 (4.64%) 3743 (55.48%) 886 (13.13%) 713 (10.57%) 465 (6.89%) 620 (9.19%) 6747
TaBLE 2: Demographic data of the astigmatism group and the 0.8 -
control group.
Mean + SD Astigmatism Control P value ~ o6
group group g
Eyes 2416 4331 — =
Age (years) 58.17 £16.81 61.82+12.64 <0.001* = o4
Q B S
Gender (male/ 1024/1392 1834/2497  0.976"* s
Female) S
CCT (mm) 538.85+31.56 538.29+31.66 0.486" g 02
Axial length (mm) 25.72+3.18 24.63+2.66 <0.001" =0
SD =standard deviation; CCT =central corneal thickness. *Independent
two-sample t-test; **Pearson’s Xz test. 0.0 -
<1* 1-2* 2-3 >3
08 - Anterior corneal astigmatism (D)
M 20-22 mm M 26-28 mm
. W 22-24.5mm** M 28-30 mm
g 064 M 24.5-26 mm™* W >30 mm
so
= FIGURE 2: Total corneal SA values among cross-groups. Total
E SA =total corneal spherical aberration. *P<0.001 among the
g 0.4 4 different axial length levels when the astigmatism levels were taken
° as the stratification factor. **P <0.001 among the different astig-
‘% matism levels when axial length levels were taken as the stratifi-
5 0.2+ cation factor.
<
0.0 - length of 22-24.5mm and 24.5-26 mm. Further analysis
<1 1-2° 23 23 showed that the anterior SA differed significantly between
Anterior corneal astigmatism (D) patients with axial length of 20-22 mm and those with axial
M 20-22 mm B 26-28 mm length of 22-24.5mm (P <0.001) and between those with
M 22-24.5mm™* i 28-30 mm axial length of 22-24.5 mm and those with axial length of
W 24.5-26 mm** H >30 mm

FIGURE 1: Anterior corneal SA values among cross-groups. An-
terior SA = anterior corneal spherical aberration. *P < 0.001 among
the different axial length levels when the astigmatism levels were
taken as the stratification factor. **P <0.001 among the different
astigmatism levels when the axial length groups were taken as the
stratification factor.

detected as the axial length increased in patients with astig-
matism <1 and 1-2D. Although no statistically significant
differences in SA were detected as axial length increased in
patients with astigmatism >3 D, as mentioned above, the
figures show a very variable pattern in these patients. The
mean values for anterior, posterior, and total SAs differed
significantly among the 24 cross-groups (all P < 0.001). Both
the anterior and total SAs differed significantly among dif-
ferent axial lengths in patients with astigmatism <1 D or 1-2D
(all P<0.001). Both the total SAs and anterior SAs showed
significantly different astigmatism levels in patients with axial

24.5-26 mm (P =0.002) in the astigmatism <1 D group.
The differences in total SA between the following pairs
were also statistically significant: axial length of 20-22 mm
and 22-24.5mm in astigmatism <1D level (P <0.001);
axial length of 22-24.5mm and 24.5-26 mm in astigma-
tism <1D level (P =0.002); axial length of 22-24.5mm
and 24.5-26 mm in astigmatism 1-2D level (P = 0.035);
and astigmatism of 1-2D and 2-3D in the axial length
22-24.5 level (P = 0.010). All these data indicate that, in
patients with axial lengths >26 mm and astigmatism >2 D,
the total SA and anterior SA varied only slightly. The mean
values for total anterior corneal SA could then be calcu-
lated, and were 0.29ym and 0.32uym in patients with
astigmatism of >2 D, and 0.30 ym and 0.33 um in patients
with axial length of >26 mm, respectively.

In multiple linear regression analyses of the astigmatism
group, the control group, and the whole study population,
age correlated positively with total SA and posterior SA (all
P <0.001; Table 3). When adjusted for age, the axial length
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TaBLE 3: Results of multiple linear regressions* of the total corneal spherical aberrations and anterior corneal spherical aberrations in the

astigmatism group, the control group, and the total enrolled patients.

Astigmatism group Control group Total
Coefficient Beta P value Coefficient Beta P value Coefficient Beta P value
Age 0.005 0.521 <0.001 0.005 0.444 <0.001 0.005 0.478 <0.001
Total SA AL —0.007 -0.139 <0.001 —0.008 —0.155 <0.001 —-0.007 -0.147 <0.001
CCT — — — <0.001 -0.027 0.045 0 -0.027 0.009
Age 0.004 0.445 <0.001 0.004 0.361 <0.001 0.004 0.4 <0.001
Anterior SA AL —0.005 -0.117 <0.001 —0.007 —0.148 <0.001 —0.006 -0.135 <0.001
CCT <0.001 —0.056 0.002 <0.001 —0.051 <0.001 <0.001 -0.053 <0.001

* Anterior corneal astigmatism was removed as a factor in all regressions. Beta = standardized coefficient; total SA = total corneal spherical aberration; anterior
SA =anterior corneal spherical aberration; AL = axial length; CCT =central corneal thickness.

correlated negatively with the total SA and posterior SA in
the regression models (all P <0.001; Table 3). Based on the
absolute value of beta, which represents the corre-
sponding variable’s relative contribution in the regression
model, age was weighted 3-4 times more strongly than
axial length.

A shift from ATR to WTR with age was also detected
(Supplementary Material Table 5), which is consistent with
previous findings [15, 16].

5. Discussion

Phacoemulsification combined with IOL implantation is
now much more than a sight-restoring surgery and is indeed
a refractive surgery, with the aims of excellent spectacle-
independent optical performance and less expensive visual
improvement [1, 17].

Postoperative aberrations negatively affect ocular out-
comes, which range from halo in both high-contrast and
ideal lighting conditions to impaired low-contrast or high-
contrast visual acuity when the magnitude of the aberration
is large. Among these outcomes, astigmatism and primary
SA are the most important low-order and high-order ab-
errations, respectively, and both are highly prevalent
worldwide [18, 19].

The amplitudes of all corneal aberrations, presented as
Zernike polynomial coefficients, are affected by the size,
shape, and compositional distribution of the cornea [20].
Therefore, corneal astigmatism and corneal SAs must
sometimes be revised at the same time. In refractive cataract
surgery, toric IOLs are required if patients have an expected
postoperative corneal astigmatism of >0.75D or pre-
operative corneal astigmatism of >1.00 D. Toric IOLs with
SAs of 0, 0.1, —0.18, —0.20, and —0.27 ym are available in
clinical practice. When a preoperative corneal SA is iden-
tified and individualized correction is possible, the appro-
priate toric IOL must be selected from among those with
different aspheric values.

The careful design of IOLs that considers both a patient’s
astigmatism and SA is important in achieving the best
surgical effect. However, previous studies have only com-
pared the visual outcomes of spherical toric IOL implan-
tation and aspheric toric IOL implantation [12, 13] or
aspheric toric IOL implantation and aspheric nontoric IOL
implantation [21]. To our knowledge, no research has

focused on the role of preoperative examinations in design
strategies, so we undertook such an analysis.

Both the anterior corneal surface and the internal optics
(the posterior corneal surface and the crystalline lens)
contribute to the wavefront aberrations passing through the
eye [22]. Crystalline lenses must be removed in cataract
surgery and only the corneal properties need be documented
preoperatively. Because the effect of posterior corneal
astigmatism is much smaller than that of anterior corneal
astigmatism, we did not analyze it here. Extreme myopic
astigmatism and oblique astigmatism, such as keratoconus
[23], are also beyond the scope of this study.

The implantation of toric IOLs is reported not only to
compensate for ocular astigmatism but also to reduce any SA
[24, 25]. Uncorrected astigmatism reduces the small visual
benefit possible by correcting ocular SA with soft contact
lenses [26]. However, a postoperative net SA of +0.1 ym is
recommended because it allows better contrast sensitivity
and an extended depth of focus compared with the aber-
ration-free condition [27-31].

Of the 2416 eyes with astigmatism >1D (astigmatism
group) analyzed in this study, 1983 (82.08%) had astig-
matism of 1-2 D, which was the level of most patients in the
astigmatism group. At this astigmatism level, the anterior
and total SAs were found to vary among the different axial
length groups (P <0.001). When the patients were stratified
according to axial length, in those with axial length of
22-24.5 and 24.5-26 mm, SA differed according to the level
of astigmatism (both P <0.001). The patients in these two
axial length groups comprised a large proportion of the
cataract population (4629/6747 = 68.60%). This suggests that
it is clinically essential to assess the preoperative SA and
determine the SA required for correction because these
patients constitute such a large proportion of the clinic
population.

Although astigmatism of 1-2D requires individualized
SA correction when the astigmatism was >2 D, SA tended to
be stable (no significant difference in SA was detected in
patients with astigmatism of 2-3D or >3 D; also see Fig-
ures 1 and 2). The mean value of the total corneal SA of
patients with anterior corneal astigmatism >2D was
0.29 ym. To achieve a postoperative ocular SA of +0.10 ym,
toric IOLs with a negative SA of —0.20 um should be selected.
Because of the small group size of >3 D astigmatism sub-
group (82 eyes) compared with 2-3 D astigmatism subgroup
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(351 eyes), the 0.32 ym mean total corneal SA in patients
with astigmatism of >3 D and the not small standard de-
viation values of total corneal SA in this group (see the >3 D
astigmatism subgroup in Figure 2), we suggest the selection
of —0.20 ym toric IOLs only for patients with astigmatism of
2-3D and individualized design for those with astigmatism
of >3D.

We used multiple regression analyses to identify the
factors associated with corneal SAs. It was no surprise to find
that astigmatism did not contribute to either the anterior or
total corneal SA in the regression models because Miller
et al. reported that they observed no association between
elevated astigmatism and SA [32]. The negative coefficients
for axial length in the regression were consistent with the
decreasing trend in SA values as the axial length increased in
patients with astigmatism of 1-2 D (axial length < 20 mm was
omitted from the analysis because the population was small).

Age was a factor positively affecting SAs, consistent with
previous findings [33, 34]. Other corneal biometrics are also
reported to correlate with age [35]. Because the members of
the astigmatism group were significantly younger than those
in the control group, the differences in the corneal bio-
metrics of the two groups can be partly attributed to age, but
age does not fully account for the negative role of axial length
in the regression model.

There were some limitations in our study. First, posterior
corneal astigmatism was not taken into account because of
its small magnitude [36], and total corneal astigmatism was
replaced with anterior corneal astigmatism in the statistical
analyses. The anterior-posterior astigmatism axis, the
magnitude of posterior astigmatism, and keratometric
astigmatism all lead to estimation errors [37], and this
caused the corneal astigmatism values to be overestimated in
this study [38, 39]. Second, only IOLMaster was used to
measure axial length. JOLMaster does not have a non-
accommodative fixation target and tends to provide in-
accurate (usually shorter) axial length in subjects with small
pupils. Third, we did not consider dry eye conditions in this
analysis (although we excluded patients with dry eye dis-
ease). However, the presence of dry eye conditions in in-
dividual patients would have affected the accuracy of our
topographic results, and therefore the analytical results [40].
Fourth, no vector analysis was performed because no
decomposed corneal astigmatism JO and J45 values were
available because of the limitations of our devices [19].
Finally, no white-to-white distance was measured in patients
with large and small corneas, which reportedly influence
surgically induced astigmatism and postoperative astigma-
tism [41]. Because of the retrospective design and no
postoperative data available, more comprehensive study
designs and data collection methods are required in future
prospective studies.

6. Conclusions

The axial length had a negative effect on the anterior and
total corneal SAs, which stabled around 0.33 ym and 0.30 ym
in patients with axial length of >26 mm, respectively. The
anterior corneal SA of patients with anterior corneal

astigmatism <2D decreased as the axial length increased.
The total corneal SA of patients with anterior corneal
astigmatism of 2-3 D stabilized at around 0.29 ym, whereas
those with anterior corneal astigmatism of >3 D tended to be
variable. Care should be taken when designing the correc-
tion of ocular SAs in patients undergoing aspheric toric IOL
implantation. Individualized SA adjustments are essential
for patients with anterior corneal astigmatism of 1-2D or
>3 D. Toric IOLs with a negative SA of —0.20 ym are rec-
ommended for patients with anterior corneal astigmatism of
2-3D if customized therapy is not warranted.
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As small imperfections with micrometric sizes, fluid-filled vacuoles, also referred to as glistenings, in intraocular lenses (IOLs)
have been known to induce significant unwanted light scattering that in several cases presumably cause complaints and sometimes
lead to IOL explantation and replacement. This unwanted scatter is of particular concern for patients viewing bright light in
reduced-light conditions such as when driving at night, as the scattered light toward the retina can cause temporary blindness. In
this study, we have developed and implemented an accurate test methodology based on a high-magnification digital microscopy
approach for quantitative multiparameter evaluation and classification of IOL vacuoles depending on their critical optical
characteristics including vacuole size, density, shape, and orientation within the IOL material. Using the multiparameter database
developed by evaluating vacuole characteristics, we established a classification grading system that can be used to evaluate vacuole

effects on light scattering.

1. Introduction

Intraocular lens (IOL) implantation to treat cataracts and
aphakia is one of the most commonly performed surgical
procedures, with about 3.6 million per year in the United States
alone [1, 2]. Since IOLs were first introduced, new IOL designs
and materials have been developed and utilized to improve their
optical properties and clinical outcomes. However, some newer
designs and materials used in IOLs have an increased tendency
to form small, micrometer-sized, fluid-filled vacuoles within the
bulk of the IOL [3-18]. These vacuoles, also commonly referred
to as glistenings, have been shown to reduce contrast sensitivity
(CS) and visual acuity (VA) [13, 14, 17, 19-21], in some cases
requiring IOL explantation [17, 21].

However, in many cases, vacuoles have been found to
have a negligible impact on visual function [5, 7, 10]. A
recent study by van den Berg [22] demonstrated a lack of

correlation between straylight and VA, indicating rather that
small aberrations within the lens are more responsible for
loss of VA. Wider angle straylight, on the other hand, most
commonly causes a loss of CS, which is not as noticeable or
as great a cause for concern. In some cases, however,
straylight can also cause disability glare, so further dis-
tinctions need to be made between the angular degree of
scattered light and clinical effects.

Currently, one of the most commonly employed
methods to classify vacuole severity is the use of a grading
scale, in which IOLs are classified based on the number of
vacuoles counted or observed [6, 7, 13, 14, 23, 24]. This is
usually done through slit-lamp imaging, but in one case,
Scheimpflug imaging was used [23]. The grading scales
generally range from grade 0, having no or trace vacuoles, to
the highest grade, usually either 3 or 4, having extremely
severe vacuoles. Various test methods have been employed
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to measure the clinical and nonclinical effects of vacuoles
and light scatter in general, including subjective patient
reports and VA tests [7, 10, 11, 13, 14, 16, 17, 19-21], in-
tegrating spheres and transmission measurements
[16, 21, 24-26], C-Quant straylight meter measurements
[18, 20, 27-29], and in vivo slit-lamp and Scheimpflug tests
and measurements (7, 10, 11, 13-17, 19-21, 23]. In addition,
two different methods have been independently developed
to physically scan around the back of the IOL to measure
forward scattered light [26, 27, 30, 31]. However, these
methods and reported studies have only been correlated with
vacuoles solely in terms of vacuole size and density.

While vacuoles generally manifest as rounded structures,
they also may appear oblong- or rod-like when observed
under a microscope. This geometric feature has been studied
in a previously published work, illustrating that it results
from either flattened ellipsoid or disc-shaped vacuoles
oriented at a non-normal angle to the IOL plane [9].
However, it is conventionally assumed in most previously
published studies on characterizing individual vacuoles that
all vacuoles are round and behave as spheres while not
considering the general shape and orientation aspect that
causes a significant portion of vacuoles appear either oblong-
or rod-like [4, 8, 20, 32]. None of the current grading systems
account for specific vacuole shape and orientation, rather
looking only at the density and effective diameter. This
minimally classified vacuole characteristic may have an
additional effect on light-scattering properties of IOLs and
merit further investigation.

In the present study, we developed and implemented an
accurate test methodology based on a high-magnification
digital microscopy approach to quantitatively evaluate and
classify IOL vacuoles depending on their critical multipa-
rameter optical characteristics including vacuole size, density,
shape, and orientation. This quantitative multiparameter
evaluation method was used to establish a new classification
grading system that can potentially be employed to evaluate
vacuole effects on light scattering.

2. Materials and Methods

To quantitatively evaluate multiparameter optical charac-
teristics of light-scattering vacuoles in IOLs (such as vacuole
size, density, shape, and orientation), we developed an ex-
perimental test methodology using a high-magnification
digital microscopy approach illustrated in Figure 1(a). The
test system includes a digital optical microscope (VHX-100,
Keyence, Inc.) that provides some advanced features es-
sential for this study such as high magnification in the range
of 75x to 5000x, a large objective working distance of 3 mm
to 48 mm, and a submicron spatial resolution for precisely
measuring IOL vacuole size, density, shape, and orientation.

Before investigation of IOL vacuoles, the accuracy of the
microscope measurements was validated. To do this, a
100 ym calibrated microscopic scale with a minimum spatial
resolution of 2 ym was measured with a digital microscope at
150x and 2000x magnification, along with the measured field
of view (FOV), as illustrated in Figure 1(b). Experimentally
assessing the measurement tool on the digital microscope
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provides an accuracy within 2% and 3% for 150x and 2000x
magnification, respectively.

For vacuole characterization, seven monofocal IOL test
samples were acquired from the manufacturer with varying
degrees of induced vacuoles that had been naturally gen-
erated while stored in a balanced salt solution. The material
and IOL models were not specified, but these variables have
no effect on the methodology or conclusions of this study
[24]. Of these lenses, IOLs #1-6 contain fewer than 500
vacuoles, with vacuole diameters generally between 30 and
50 ym, which is atypical of IOL vacuoles. The seventh IOL
contains approximately 300,000 vacuoles roughly 5um
across, which is more typical, and is used to validate the
methodology used to characterize vacuoles in IOLs #1-6.
IOLs were placed in a saline-filled cuvette simulating in situ
conditions and then positioned under the digital microscope
objective on a precise x-y-z translational stage. The IOL
vacuoles in IOLs #1-6 were imaged and evaluated using the
digital microscope with a magnification of 75x (Figures 2(a)
to 2(f) for IOL test samples #1 to #6, respectively), 100x
(Figures 3(a) to 3(f) for IOL test samples #1 to #6, re-
spectively), and 150x (Figures 4(a) to 4(f) for IOL test
samples #1 to #6, respectively).

For IOLs #1-6, vacuole evaluation was performed using
two different methods. For the first IOL evaluation method,
referred to as “Method 1,” multiple images were taken at
different locations on the IOL at 100x and 150x magnifi-
cation and later analyzed to determine the vacuole density as
well as various geometrical characteristics. For images taken
at 150x magnification, because of the reduced depth of field
(DOF) relative to 75x and 100x, multiple images had to be
taken at different depths throughout the IOL and were
combined to create a composite image. Using a precise
measurement tool on the digital microscope, each individual
vacuole in the 150x composite images was counted, and each
vacuole’s major and minor axes were measured.

For the images taken at 100x magnification, the vacuoles
were only counted, without measuring them, as the vacuoles
appear too small to reliably measure but are large enough to
identify. In addition, at 100x magnification, the measured
FOV is approximately 3.64 mm x 2.65mm, giving a total
area of about 9.4 mm?®. This corresponds to about 1/3 of the
total surface area of a 6 mm diameter IOL. At 150x mag-
nification, the FOV is approximately 2.08 mm X 1.56 mm or
about 3.2 mm?, which corresponds to only about 1/9 of the
total IOL surface area. This smaller FOV requires taking
more images throughout the IOL to accurately infer the
density of vacuoles. Therefore, 100x magnification is used
predominantly for more precisely determining the overall
density measurements for each IOL.

For the second IOL evaluation method, referred to as
“Method 2,” digital microscope imaging to identify and
measure each individual vacuole in each IOL was performed.
Because the lowest available magnification of 75x used in the
study is not able to image the entire IOL at once, composite
images of each IOL were created. Images were taken
throughout IOLs #1-6 using 100x magnification, so that a
composite image of the entire IOL could be stitched to-
gether. Each vacuole was then identified, and its dimensions
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FIGURE 1: (a) Schematic diagram of the high-magnification digital microscopy-based approach for quantitative characterization of IOL
vacuoles: O, high-magnification (75x to 5000x) microscope objective; CCD, digital camera; IOL, test IOL sample placed at in situ simulation
conditions; TS, x-y-z translational stage. (b) 100 um calibration scale with a minimum spatial resolution of 2 ym measured with the digital
microscope at 150x (upper picture) and 2000x (lower picture) magnification, along with the measured FOV.

FIGURE 2: Images of IOL #1 (a), #2 (b), #3 (c), #4 (d), #5 (e), and #6 (f) at 75x magnification. Scale bar, 500 ym.
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FIGURE 3: Images of IOL #1 (a), #2 (b), #3 (c), #4 (d), #5 (e), and #6 (f) at 100x magnification. Scale bar, 500 ym.

were measured using Image] image processing software.
Due to the differences in background brightness and shading
throughout the images, as seen in Figure 5, a direct auto-
matic measurement using Image] was unfeasible and un-
reliable, so each vacuole was identified and measured
manually. A typical stitched composite image of IOL #1 is
shown in Figure 5.

For IOL #7, imaging and analysis was done similarly to
IOLs #1-6, but with some key differences. Because vacuoles
were much smaller and denser, counting and measuring
each individual vacuole as was done in Method 2 is im-
practical, so a modified version of Method 1 was used ex-
clusively. Three composite images were taken near the center
of IOL #7 at 2000x magnification due to the low DOF, and
each vacuole was manually measured and characterized
using a measurement tool on the digital microscope. One of
these images is shown in Figure 6.

As performed for IOLs #1-6, each vacuole in the three
images taken of IOL #7 was counted and measured to
demonstrate the validity of this method for smaller size

vacuoles. The total number of vacuoles present, as well as
overall vacuole characteristics, was inferred based on
analysis of the three images, assuming consistent distribu-
tion throughout the lens.

One previous study demonstrated that vacuoles are in
fact either discs or flattened ellipsoids [9]. However, as most
published studies gloss over this important vacuole char-
acteristic, we have performed an independent investigation
on it. For IOL #1, 7 images are taken at 100x magnification,
tilting the IOL from —40° to 20° from normal incidence in 10
angular increments. To examine the effects that the angle of
observance has on the apparent shapes of vacuoles, a small
section of each image is looked at. Figures 7(a)-7(g) show
images of vacuoles present in IOL #1 taken at —40°-+20°,
respectively, in 10° increments.

As shown in Figure 7, four different vacuoles are
numbered to assist in determining the changes in apparent
shape that occur when changing the angle of observation.
At —40° (Figure 7(a)), vacuoles labeled 1 and 3 appear
elongated. As the angle of observation increases to 20°
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FIGURE 5: Stitched composite image of IOL #1 at 100x magnifi-
cation. Scale bar, 500 ym.

(Figure 7(g)), these vacuoles appear to widen, becoming
more rounded. Conversely, the vacuoles labeled 2 and 4 are
rounded at —40°, and by 20°, they are further elongated. This
helps to confirm that vacuoles manifest as either discs or

®

FIGURE 6: 2000x magnification composite image of IOL #7. Scale
bar, 10 ym.

flattened ellipsoids and that vacuoles that appear elongated
are simply being viewed at a steep angle.

Knowing that vacuoles are in fact either discs or flattened
ellipsoids, despite their apparent oblong- or rod-like ap-
pearance, a method was developed to classify vacuoles based
on their rotation angle with respect to the IOL. For each
vacuole, a rotation angle compared to the normal incidence
angle was estimated, with 0" being in the same plane as the
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FIGURE 7: Vacuoles present in IOL #1 taken with the IOL angled —40° (a), —30° (b), —20° (¢), —10° (d), 0° (e), 10° (f), and 20° (g) from a normal
incidence angle of observance, imaged at 100x magnification. Scale bar, 100 ym.

IOL, appearing to be a perfect circle. The rotation angle was
estimated using the following equation:

R = cos < (1)
where X is the measured major axis length, Y is the measured
minor axis length, and R is the rotation angle. This de-
pendence provides the approximate rotation of each vacuole
from normal, knowing what the resulting apparent di-
mensions of the vacuoles appear to be. This calculated angle
assumes that these vacuoles have a negligible thickness, so
that when viewed at a steep angle, the primary surface being
seen is the vacuole face and not the edge. In addition, it
assumes that the vacuole is circular and not elliptical.

Five vacuole orientation groups are defined based on the
approximate rotation angle of the individual vacuole. The
rotation ranges are chosen based on the microscopic visual

appearances of individual vacuoles, with each grouping
assigned based on the calculated rotation. These five vacuole
groups, defined based on the estimated rotation angle, are
shown in Table 1.

To supplement the data gathered at 100x and 150x
magnification, several individual vacuoles are imaged and
measured at 450x magnification. The acquired data include
images of vacuoles from each orientation group described in
Table 1, and representative examples from each group are
shown in Figure 8 (Figures 8(a) to 8(e) for vacuole group 1 to
group 5, respectively). The 450x magnification used here was
too high to acquire representative samples of vacuoles
present in each IOL, but it was sufficient and necessary to
acquire high-resolution images of individual vacuoles.

To validate the accuracy and precision of the mea-
surements taken, four individual vacuoles in IOL #1 were
imaged four times at 150x magnification. These vacuoles
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TaBLE 1: Defined rotation of each vacuole orientation group.

Vacuole orientation group Rotation angle

Group 1 0-20°
Group 2 20-45°
Group 3 45-60°
Group 4 60-80°
Group 5 80-90°

were each measured, with the resulting tilt angle and
groupings determined. These results were compared to each
other to determine the repeatability of the methodology used
here. These four representative vacuoles in IOL #1, num-
bered as 1-4, are shown in Figure 9.

3. Results

The total number of vacuoles in IOLs #1-6, as well as the
average vacuole diameter, was measured and calculated for
both IOL evaluation methods used. For vacuoles counted
using Method 1, the overall number of vacuoles was esti-
mated, assuming a uniform distribution of vacuoles
throughout the IOL. This estimation also assumes some
standard IOL geometric parameters including an IOL di-
ameter of 6 mm, a center thickness of 0.7 mm, an edge
thickness of 0.5 mm, and spherical front and back surfaces,
giving an IOL volume of roughly 17 mm”. Estimation of total
vacuole count also assumes a thickness of 0.7 mm for the
100x and 150x images in which vacuoles were counted. The
vacuole counts for Method 2 represent the total number of
vacuoles counted in the entire stitched composite image.
These results are shown in Table 2.

Of the six IOL samples studied, IOL #1 had by far the
highest number of vacuoles, with the remaining five IOLs
having more similar numbers of vacuoles. This assessment
was validated using the vacuole counts at both 100x and 150x
magnification. Error was calculated based on the standard
deviation of the vacuoles counted in multiple images of the
same IOL. As expected, the standard deviation for the
vacuoles counted at 100x magnification is significantly lower
than that at 150x magnification, as a larger portion of the
IOL is imaged at a time. In addition, the estimated vacuole
count was more accurate at 100x magnification than at 150x
magnification.

For each IOL imaged using Method 2, the diameter of
each individual vacuole was measured, and the average
vacuole diameter in each lens was calculated. In addition, for
vacuoles imaged from individual 150x magnification images,
as done in Method 1, the approximate average vacuole
diameter including the standard deviation related to the
estimated accuracy and precision of the diameter value was
calculated. These are shown in Table 3.

For each IOL, the overall number of vacuoles present
from each orientation group was determined. For Method 1,
the total number of vacuoles in each group was counted in
each 150x image, to determine the average number of
vacuoles in each group, as well as the standard deviations.
This is shown in Figure 10. For Method 2, each individual
vacuole in the stitched IOL image was identified, measured,

and placed into one of the five groups. The number of
vacuoles from each orientation group in each IOL using
Method 2 is shown in Figure 11.

As expected, IOL #1 has more vacuoles from each group
than the remaining IOLs. While IOLs #2-6 have similar
overall densities of vacuoles, the distribution for the groups of
vacuoles present vary greatly. As shown in Figures 10 and 11,
the only consistent pattern seen is that vacuoles perfectly
normal and perfectly perpendicular, represented, respectively,
by groups 1 and 5, are relatively less common. For vacuole
orientation groups 2, 3, and 4, there is no consistent pattern
for which vacuoles are present more often than others.

Likewise, each vacuole present in the three images of IOL
#7 was identified, measured, and characterized based on the
groupings defined in Table 1. The total number of vacuoles
counted throughout the three images and their proportion for
each orientation group are shown in Table 4. As with IOLs
#1-6, orientation groups 1 and 5 contain the least number of
vacuoles, with most vacuoles being in groups 2-4.

Throughout the three images, an average of 195 vacuoles
are counted and measured, with a standard deviation of 7
vacuoles between the three images taken. Each image taken at
2000x magnification has a total FOV of approximately
150 ym x 110 ym. Assuming a thickness of 0.7mm, this
corresponds to a volume of 1.2 x 107> mm? or about 0.07% of
the total volume of the IOL. Assuming a uniform thickness of
0.7 mm at the imaged location, the total number of vacuoles
throughout the lens is estimated to be about 300,000.

As described previously, the repeatability of the study
was also validated through replicate measurements of the
four vacuoles shown in Figure 9. These vacuole measure-
ments and the standard deviation between them are shown
in Table 5. The propagation of this uncertainty to the cal-
culated vacuole tilt angle is shown in Table 6.

As shown in Table 5, the standard deviation between
measurements is quite small, never exceeding 5 ym. How-
ever, because the vacuole sizes are also relatively small, this
results in a percent standard deviation that generally falls
between 5 and 10%. The propagation of this deviation to
calculated orientation is shown in Table 6 and results in an
uncertainty in orientation of nearly 10 degrees in one case.

4, Discussion

The six IOL samples tested have varying densities of vacuoles
and varying distributions of the five orientation groups of
vacuoles studied. To further evaluate the effects of vacuole
orientation, we determined the theoretical distribution of
vacuole orientations and compared these to the actual
distributions. If a vacuole has an equal probability of
assuming any orientation, the distribution should be
directly based on the ranges used to define the five ori-
entation groups defined in Table 1. Thus, the theoretical
distribution that could be associated with each vacuole
orientation group is illustrated in Table 7, alongside the
experimental average distribution measured in IOLs
#1-6.

As shown in Table 7, there is a discrepancy between the
actual experimental and theoretical vacuole distributions,
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FIGURE 8: Representative examples of vacuoles in group 1 (a), group 2 (b), group 3 (c), group 4 (d), and group 5 (e) with their measured
dimensions and calculated rotations, imaged at 450x magnification. Scale bar, 25 um.
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FIGURE 9: Four vacuoles from IOL #1 imaged at 150x magnification. Scale bar, 100 ym.
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TaBLE 2: The number of vacuoles counted in the stitched images of each IOL and the estimated vacuole count from 100x and 150x images.

Total number of

Estimated number of vacuoles

Estimated number of vacuoles

IOL # vacuoles counted from 100x images from 150x images
#1 470 538 + 35 599 +47
#2 106 127 +11 142 +32
#3 125 127+ 10 112+17
#4 68 75+7 81+21
#5 109 111+18 130+29
#6 57 55+9 73+23

TaBLE 3: The average vacuole diameter for vacuoles in each IOL and the estimated average vacuole diameter from 150x magnification

images.

IOL # Average vacuole diameter (uim) Estimated average vacuole diameter

from 150x images (um)

#1 51 51+3

#2 53 54+3

#3 46 55+2

#4 45 52+3

#5 47 54+4

#6 36 38+3
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FiGure 10: Estimated numbers of each vacuole orientation group in
IOLs #1-6. Error bars represent standard deviations in estimated
numbers.

particularly in groups containing the smallest and largest
rotation angles. This could be related to either a tendency of
vacuoles to assume certain orientations within the lens,
possibly due to polymer orientation, or from random and
systematic error present in the evaluation methods used. As
stated earlier, there is little known about vacuole orientation
within IOLs, so further research needs to be done regarding
whether the vacuole formation could be associated with a
specific trend to orient in certain ways.

Another vacuole characteristic that may affect the cal-
culated vacuole rotations is vacuole thickness. While due to

w7, Orientation group 1
N Orientation group 2
B8 Orientation group 3

E= Orientation group 4
[T Orientation group 5

Figure 11: Counted number of each vacuole orientation group
from stitched composite images of IOLs #1-6.

some methodology and equipment limitations, objective
classification of each vacuole’s thickness was not experi-
mentally performed, some specific assessment can be made
regarding vacuole thickness. For IOLs #1-6, the vacuole with
the smallest apparent minor axis in each IOL is identified, as
shown in Table 8.

In calculation of vacuole tilt relative to the IOL plane, the
thickness is assumed to be negligible. However, through
investigation of the distribution of vacuole “tilts,” as well as
the minimum measured minor axis, the approximate
thickness can be reasonably estimated. In IOLs #1-6, there
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TaBLE 4: The total number of vacuoles for each orientation group counted for the three 2000x magnification images of IOL #7, along with the

percentage distribution of each group.

Vacuole orientation group

Number counted

Percentage of total (%)

#1
#2
#3
#4
#5

17 3
107 18
227 38
241 41

0 0

TaBLE 5: Average dimensions of vacuoles #1-4, along with calculated standard deviation.

Vacuole number Average measured dimensions (ym)

Standard deviation (ym) Percent standard deviation (%)

#1 59.2x43.8
#2 64.8 x 38.5
#3 65.1 x48.6
#4 43.0 x 34.0

2.6x2.9 4.4x6.6
3.7%3.3 5.7%8.6
0.7x1.4 1.1x3.0
2.3x4.8 54x14.1

TaBLE 6: Average calculated orientations of vacuoles #1-4, along with calculated standard deviation.

Vacuole number Average orientation angle (degrees)

Standard deviation (degrees) Percent standard deviation (%)

#1 421
#2 53.3
#3 41.7
#4 37.2

3.7 9
54 10
2.5 6
9.3 28

TaBLE 7: Vacuole orientation group distribution assuming random vacuole orientation.

Vacuole orientation group

Percent distribution (%)

Average measured distribution in IOLs #1-6 (%)

Group 1 22
Group 2 28
Group 3 17
Group 4 22
Group 5 11

9+3
304
25+4
32+5
2+2

are 935 total vacuoles identified and measured. From the
inferred tilts, assuming negligible thickness, the vacuole
oriented closest to perpendicular to the IOL has a calculated
tilt of 83.6". If one assumes that there is an equal probability
of a vacuole assuming any orientation, this means that there
is a 6.4° range, between 83.6° and 90°, that contains no
vacuoles. Assuming that any vacuole tilt or orientation is
equally likely, the odds of none of the 935 identified vacuoles
being in this range is 1 in 9 x 10°°. It is more likely that some
of the vacuoles are in this range, but their thickness slightly
alters the inferred tilt. Assuming equal distributions, there
should be approximately 10 total vacuoles oriented within 1
degree of 90° with respect to the IOL. We can therefore
assume that the vacuoles with the smallest measured minor
axes, shown in Table 8, are in fact these theoretical per-
pendicular vacuoles, and the measured 5-6 ym minor axes is
in fact the thickness.

We can further investigate vacuole thickness in IOL #7.
Of the 592 identified vacuoles, the highest calculated “tilt”
for a vacuole is 75°. The likelihood of none of the vacuoles
having a tilt between 75 and 90 degrees is approximately 1 in
7.5%10*. As with IOLs #1-6, this discrepancy indicates that
vacuoles have a non-negligible thickness affecting the

TaBLE 8: The measured major and minor axes for the vacuole with
the smallest minor axis length in IOLs #1-6.

IOL # Major axis length (um) Minor axis length (um)
#1 31 5
#2 45 5
#3 23 6
#4 36 5
#5 36 5
#6 31 6

estimated vacuole tilt and that the vacuoles having estimated
tilts in the 70-degree range are likely closer to 90°. The
measured minor axis for the identified vacuole with 75°
estimated tilt is roughly 2 ym; however, several other vac-
uoles characterized as being in orientation group 4 have
measured minor axes closer to 1 ym. This indicates that, for
these smaller vacuoles, the thickness is roughly 1um, or
perhaps a bit smaller. While vacuole thickness likely con-
tributes to scatter by individual vacuoles, the main impact on
vacuole characterization as done in this study is likely the
mischaracterization of vacuoles that are in group 5 as being
in group 4.
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Between the uncertainty of vacuole thickness and the
implicit error in vacuole measurements, it may be more
practical to treat vacuole groups 1 and 2 as a single group and
treat vacuole groups 4 and 5 as a single group. As in-
vestigated earlier, a vacuole thickness of 5um, if not
accounted for, essentially sets an upper inferred angle limit
of 84" for a 50 ym vacuole. For a smaller vacuole with a 5 ym
thickness, this limit is even lower. Combined with mea-
surement inaccuracies, this may very well result in some
low-tilt group 5 vacuoles being mischaracterized as group 4,
blurring the line between group 4 and group 5. Likewise, a
50 ym group 1 vacuole with 0° tilt may be measured with up
to 10% inaccuracy, as shown earlier in Table 5. This could
result in a calculated tilt of up to 26°, if one axis is incorrectly
measured as 45 ym rather than 50 ym. This potential error
blurs the line between group 1 and group 2 vacuoles, making
consolidation of these vacuole groups an attractive choice.
The decision to consolidate the 5 orientation groups into 3
broader groups would weaken the overall strength of the
methodology and characterization, but may be necessary,
depending on the accuracy and precision of the equipment
and methods used.

Additional consideration must be given to the unusual
sizes of vacuoles presented in this study. Most observations
of vacuoles note sizes between 2-10 ym, with sizes larger
than 20 ym being rare [4-8, 15, 20, 26, 28]. The vacuoles
studied here are in some cases larger than 50 um, with
vacuoles smaller than 20 ym being rare. However, there are
limited cases and situations in which larger vacuoles, on the
order of 100 #m across, have been observed. One noteworthy
case observed large vacuoles forming shortly after cataract
surgery, requiring immediate explantation. The vacuoles’
sizes were not directly measured or reported, but exami-
nation of the figures reveals vacuoles are roughly 100 ym
across, or perhaps a bit larger [17]. In addition, vacuoles’
sizes have been found to be directly related to the osmolarity
of the surrounding medium, with low salinity media pro-
ducing vacuoles up to 200 ym across [9]. The exact pro-
cedure used for the formation of vacuoles used in this study
is not known, so while the sizes seen here may not be the
most commonly reported, they are not unheard of. However,
the main purpose of this study is to evaluate individual
vacuoles’ sizes and orientations as well as catalog charac-
teristics for each of these evaluated vacuoles throughout the
lens, and this should be minimally affected by the size of the
individual vacuole.

While the test methodology introduced in this study
can be demonstrated to work for vacuoles of sizes in the
micron and submicron range, considerations must be given
to potential limitations of this method for characterizing
small-sized vacuoles. For vacuoles of the size studied in
IOLs #1-6 or larger, we would not expect any additional
issues characterizing vacuoles. However, for smaller vac-
uoles, certain limitations of this study may manifest. First,
because this method requires manual measuring of vacu-
oles, the magnification on the digital microscope must be
high enough for this to be possible. Magnifications of 100x
and 150x, which were primarily employed in this study,
would likely work for vacuoles down to about 10 um, albeit
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with some loss of accuracy. For vacuoles approaching 1 ym
across, higher magnifications were demonstrated to be
necessary. While 2000x magnification was capable of im-
aging the individual vacuoles, there is a corresponding loss
of FOV. This lower FOV corresponds to only about 0.06%
of the total IOL surface or 0.07% of the total IOL volume.
Because of this, it would be inaccurate to assume that a few
sample images of the IOL would be able to represent the
entire lens, especially if the small vacuoles are sparse. In
addition, if an IOL has both large and small vacuoles, a
magnification large enough to image the small vacuole may
be too high to contain a large vacuole in the FOV. While
this could limit the ability to generalize characteristics of
small vacuoles throughout an IOL, the ability to charac-
terize individual vacuoles should be unaffected regardless
of vacuole size.

With a strengthened ability to characterize individual
vacuoles, the next step to take is quantitative evaluation of
vacuole properties that cause scatter and straylight, particu-
larly that which is expected to affect patients’ vision. Extensive
work has already been done in this field, most recently by
Labuz et al., linking vacuole density and area obscured to
C-Quant straylight measurements [18, 28]. However, these
studies, like most previous studies, primarily focus on vacuole
density and average size [4-7, 13, 14, 17, 20, 26, 32]. Vacuole
orientations with respect to the incoming light, however, have
not yet been correlated with measured scatter. Further work
can be done, using these existing methodologies and results,
to link vacuole orientations to scatter.

One additional factor to consider is the direction of
scatter by individual vacuoles. As described by van den Berg
[22], the point spread function (PSF) defining defocused
light can be divided into two domains, these being the
central domain caused mainly by aberrations and the pe-
ripheral domain caused by straylight and wide-angle scatter.
Wide-angle peripheral scatter, as described by van den Berg
and by Werner et al. [31], is unlikely to lower VA in any
meaningful way, as even a large drop in CS will not affect
acuity or visual function. However, close-angle scatter,
caused by aberrations or microaberrations, will directly
impact VA through distortion of the image projected onto
the macula. Further evaluation of scatter caused by vacuoles
of differing orientations should be performed to clarify this
effect, specifically how orientation affects the angle of
scattered light.

That being said, moving forward, it may be beneficial to
examine the effects that vacuole orientation groupings have
on scatter. One can surmise that orientation of vacuoles of
groups 1 and 2 will likely cause the least straylight and
scatter, as incoming light normal to the IOL will also be
normal to the vacuole, transmitting through with minimal
scattering. However, what little light is scattered is also
more likely to be in the central domain described by van
den Berg [22], resulting in a loss of VA. This phenomenon
can be observed in the vacuole images presented in Fig-
ure 8; the backlit group 1 and group 2 vacuoles allow light
to reach the microscope objective, making them appear
white, while the group 4 and group 5 vacuoles divert the
light from reaching the objective, making them appear
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dark. In the same way, the differing scatter potentials of
differently oriented vacuoles likely affect light scatter in the
eye in different ways, so investigation into the clinical and
in vitro effects of differently oriented vacuoles should be
performed.

5. Conclusion

The effects of vacuoles on IOL clarity and light scatter have
been extensively studied but mainly in terms of overall
density and average size of the individual vacuoles. The
orientation of the vacuoles and the distribution of differently
oriented vacuoles have not been studied or considered when
correlating the scattered light with vacuoles. The present
study is focused on a comprehensive quantitative evaluation
of IOL samples with varying densities of vacuoles and
compared not only the size and densities of the vacuoles
present but also the shape and orientation of the vacuoles. A
grading scale was developed to compare vacuoles of similar
sizes but differing orientations within the IOL. It was shown
that similar IOLs with similar vacuole densities can have
differing orientations of vacuoles throughout the lens, which
should be considered in future studies evaluating scattering
by IOL vacuoles.

The presented classification method can be used in fu-
ture studies of vacuoles, particularly regarding their scat-
tering potential. In addition, digital microscopy could be
further refined and utilized to better image IOLs in vivo,
without requiring explantation. This would allow accurate,
noninvasive assessment of vacuole presence, sizes, and
orientations, allowing more informed clinical decisions to be
made.
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Purpose. To establish which reference body offers the greatest sensitivity in keratoconus (KC) diagnosis, obtain normative data for
the myopic population with toric ellipsoid reference bodies, and determine the cutoft points for a population with KC. Methods. A
retrospective, observational study of the entire Scheimpflug tomographer database of the Fundacion Jiménez Diaz in Madrid was
conducted to identify a normal myopic and a KC myopic population. Three different reference bodies were tested on all patients:
best fit sphere (BES), best fit toric ellipsoid with fixed eccentricity (BFTEFE), and best fit toric ellipsoid (BFTE). Anterior and
posterior elevation measurements at the apex and thinnest point were recorded, as well as the root mean square of posterior
elevations (RMS-P). Normative data were extracted, and receiver operating characteristic (ROC) curves were generated to obtain
cutoff points between the normal and KC population. Results. A total of 301 eyes were included, comprising 219 normal myopic
and 82 myopic KC eyes. BFS and BFTEFE produced the best results when measuring posterior elevation at the thinnest point.
BFTE had better sensitivity with the RMS-P. From all measurements, best sensitivity (100%) was achieved with a cutoff point of
8 um of posterior elevation at the thinnest point using the BFTEFE. BFTE was found to hide the cone in certain patients.
Conclusions. Posterior elevation measured at the thinnest point with a BFTEFE is the best-performing parameter and, therefore, is

recommended to discriminate between normal and KC patients within a myopic population.

1. Introduction

Keratoconus is a bilateral, asymmetric, and progressively
degenerative disease. Due to the gradual thinning and
steepening of the cornea caused by this illness, patients
experience increasing irregular astigmatism, which de-
creases visual acuity [1, 2]. The impact that this disease has
on the quality of life can be significant, and as lost vision is
difficult to regain, early detection is essential for proper
follow-up and treatment [3, 4].

This early detection becomes even more important in
patients undergoing laser refractive surgery. Laser pro-
cedures performed on individuals with subclinical and
otherwise stable disease can cause these patients to enter the
progressive stage [5-8]. As a result, this population requires
the most sensitive screening.

Changes in posterior elevation have been described as
one of the first detectable alterations in patients with ker-
atoconus [9-11]. In addition, the root mean square (RMS) of
elevation values is believed to be highly effective in dis-
criminating between keratoconic and normal eyes [12]. The
best fit sphere (BES) reference body has traditionally been
used in elevation maps; nevertheless, there is growing evi-
dence that a toric ellipsoid would be a more useful reference
body [12-15]. Given the different toric ellipsoid options
available in Scheimpflug tomography, more studies are
needed to determine which is the best between the best fit
toric ellipsoid (BFTE) and best fit toric ellipsoid with fixed
eccentricity (BFTEFE).

To the best of our knowledge, only one study has per-
formed this same comparison [12]. Other existing research
studies in the field have used the BFTE as the reference body
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[13-15]. No previous studies assessing the toric ellipsoid
reference body have separated their study populations
according to refraction, and it has been demonstrated that
myopic and hyperopic populations have different normative
data as seen on elevation maps [16, 17]. In light of these
issues, the present study aims to establish which reference
body offers the best sensitivity, obtain normative data for the
myopic population using toric ellipsoid reference bodies,
and establish cutoft points for the keratoconus population.

2. Materials and Methods

A retrospective, observational study was conducted at the
Fundacion Jiménez Diaz in Madrid. The study protocols
used were in adherence to the tenets of the Declaration of
Helsinki. No informed consent was retrieved, as the study
was retrospective and participant identities cannot be de-
rived from published data. Local institutional review board
approval was obtained prior to data collection. The cornea
unit at our institution has a Scheimpflug tomographer
(OCULUS Pentacam HD®), and the entire tomographic
database was reviewed to obtain the sample of normal and
keratoconic myopic eyes.

General inclusion criteria for all eyes (both normal and
keratoconus) were as follows: findings on corneal tomog-
raphy with a quality specification (QS) of “OK” (indicating
best possible quality, in which the measurement is correct
and reproducible), with corneal coverage of at least 9 mm
and no extrapolated data in the central 8 mm. All eyes were
required to have simple or compound myopia (mixed
astigmatism was excluded). All patients were 18 years of age
or older, had not used contact lenses prior to tomography
measurements for at least 1 week for soft lenses and 2 weeks
for hard lenses. None had a history of corneal surgery or
disease that could alter the corneal shape, such as scars,
pterygium, and nodules.

Further specific inclusion criteria for normal patients
were absence of abnormal findings on biomicroscopy, best-
corrected visual acuity of 1.0 on the decimal scale, pachy-
metry within 475 ym and 650 ym, and no personal or family
history of ectasia.

Additional inclusion criteria for keratoconus eyes were
the following: abnormal posterior elevation according to the
global consensus on keratoconus and ectatic diseases and at
least 2 other topographic alterations compatible with ker-
atoconus (corneal thickness spatial profile, percentage
thickness increase, inferior/superior index, maximum
Ambrosio’s relational thickness index, etc.) [18-21]. After
selecting keratoconus patients, only those meeting criteria
for Stage 1 of the Amsler-Krumeich classification were
included.

The patient’s age and eyes were recorded. Tomographic
data included the root mean square of elevation values for
the posterior corneal surface (RMS-P). The elevation of the
anterior corneal surface and posterior corneal surface was
measured at the following points: anterior elevation at the
apex (AA), posterior elevation at the apex (PA), anterior
elevation at the thinnest point (AT), and posterior elevation
at the thinnest point (PT) using 3 different reference bodies
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(i.e., BFS, BFTE, and BFTEFE). The elevation map was set in
the “float,” “optimise shift,” and manual mode with fixed
8mm diameter. All reference bodies included are the
standard options available in the “front” and “back” ele-
vation maps display. No enhanced reference bodies such as
the Belin/Ambrésio enhanced ectasia display (BAD-D) were
used.

For the anterior surface, the BFTEFE uses a fixed ec-
centricity of +0.47, which is equivalent to an asphericity (Q
value) of —0.22. For the posterior surface, it establishes a
fixed eccentricity of —0.45, equivalent to an asphericity (Q
value) of —0.20. This corresponds to the mean value of the
population in the 8 mm zone. The BFTE does not have a
fixed eccentricity but rather calculates it each time to best fit
the eye studied.

Measuring points are corneal positions chosen to fa-
cilitate replication of the measurement. This is why the
corneal apex as well as the thinnest point was selected, where
pathologic changes are most likely to occur. On the other
hand, the RMS is simply a different way to calculate the
average of a set of measurements. The reason to use the RMS,
and not the more familiar mean, is that when data analyzed
have both positive and negative values (like elevation maps
have), negative values cancel out positive values when they
are added while calculating the mean (e.g., the mean of two
elevation values such as +5 ym and -5 ym would give a result
of 0 ym, and an average elevation of 0 ym would suggest no
elevation, which is not the case). The RMS, instead, calcu-
lates the average in a different way. By calculating the square
of each value and then the square root of it, all measures end
up being positive even if the initial value was of negative sign
(overcoming the problem of having positive and negative
values). Using the previous example, the square of —5um is
+25 and the square root of +25 is +5. This way, the RMS of
two elevation values like +5 ym and -5 ym would result in
5um, meaning that the average elevation value for this
cornea is 5um away from the reference body. As all values
are turned into a positive sign, the result does not indicate
whether the value given is above or below the reference body
and it only provides information on its distance from the
reference body. The RMS can be viewed by right-clicking on
the upper part of the elevation maps.

The following information was calculated for all pa-
rameters: mean, median, standard deviation, and the per-
centiles 2.5, 5, 95, and 97.5. The groups were analyzed for
normality using the Shapiro-Wilk test. Student’s t-test was
used to determine the presence of statistically significant
differences between the normal and keratoconic population
at each point of measurement. Receiver operating charac-
teristic (ROC) curves were obtained, and the best cutoff
values were calculated according to the Youden index,
searching for maximum potential effectiveness by com-
bining sensitivity and specificity.

3. Results

A search was done of all the entries contained in the to-
mographic database at the Fundacién Jiménez Diaz hospital
from January 2009 until March 2016. Charts and
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tomographies from a total of 3638 patients were studied. A
total of 301 eyes met the inclusion and exclusion criteria, of
which 219 were normal myopic eyes and 82 were myopic
keratoconic eyes. Table 1 contains the basic demographic
data of the patients studied. The most frequent reasons for
exclusion were the failure to meet tomographic quality
standards, past surgery, use of contact lenses, and other
diseases of the cornea.

Anterior and posterior elevation measurements were
taken at the apex and thinnest point, and RMS-P was
recorded, using the 3 different reference bodies. Mean,
median, standard deviation, and percentile data are sum-
marized in Table 2. Although mean and standard deviation
were calculated, the groups studied did not show a normal
distribution according to the Shapiro-Wilk test, and
therefore, median and percentile values are the correct
measures of central tendency and dispersion to assess this
population. All points measured show statistically significant
difference between the normal and keratoconic population,
with the exception of the AA and PA when measured with
the BFTE. Toric ellipsoid bodies showed a closer fit. Three
out of 4 measurements taken of the normal population using
the BFTEFE had a median of 0 (AA, AT, and PT). BFTE had
2 out of 4 measurements with a median of 0 (AA and AT),
and BFS had none. For the normal population, the 97.5
percentile of the measures of posterior elevation at the
thinnest point was 15.6 um for BFS, 6.55ym for BFTEFE,
and 4 ym for BFTE.

The normal myopic population was compared to the
keratoconic myopic population to determine the best cutoff
point to discriminate normal from diseased eyes. Table 3
shows the cutoff points obtained according to the maximum
potential effectiveness. The sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV)
results obtained, when these cutoftf points were used, are
shown in the same table. Values obtained at the corneal apex
show the worst performance.

Measurements taken at the thinnest point and RMS-P
showed the best results; of these, BFS and BFTEFE had
superior outcomes at the thinnest point of the posterior
elevation map. Cutoff values at this position were 17.5 ym
for BES, 8 ym for BFTEFE, and 3.5 ym for BFTE. Comparing
all measurement points from all reference bodies, the best
sensitivity (100%) was achieved with the BFTEFE in the PT.
The second most sensitive measurement was the BFS in the
PT, with a sensitivity of 97.6%. The BFTE had the best
performance with the RMS-P, with a sensitivity of 92.7% at a
cutoff point of 5.87 ym.

Though this study did not include a subclinical kera-
toconus population, data from normal myopic population
can be used to identify suspicious cases. As the BFTEFE at
the PT was the measurement with the greatest degree of
sensitivity, it is interesting to outline the percentile associ-
ated with the cutoft point of 5 ym (p95) and 6.55 ym (p97.5).
An additional calculation was made at a cutoff point of 6 ym,
showing this to be p97.

Elevation data are obtained manually, meaning that the 3
reference bodies had to be individually visualized and
changed in each patient. During this process, it was noticed

TaBLE 1: Demographic data.

Group
Parameter KC myopic Normal myopic
(n=82 eyes) (n=219 eyes)

Age, median 37 (IQR 23-57) 33 (IQR 22-55)
Sex

Male 64.6% 46.1%

Female 35.4% 53.9%
Eye

Right 52.4% 45.2%

Left 47.6% 54.8%

KC, keratoconus; IQR, interquartile range.

that in some patients, the BFTE completely hid the cone
while the BFS and BFTEFE did not. Two examples of this
behavior are shown in Figure 1.

4. Discussion

The prevalence of keratoconus varies by region and has been
reported to be as low as 0.0003% in a Russian population and
up to 4% in an Iranian location [22, 23]. In the United States
(US), prevalence has been reported around 0.05% [24].
When prevalence is analyzed in the setting of refractive
surgery candidates, percentages are consistently above the
general population, with reports of 6.4% [25], 8.59% [26],
and up to 24% [27]. Furthermore, it is estimated that over 11
million LASIK procedures were performed in the US by 2011
[28]. This becomes relevant as these procedures have
demonstrated a high risk of developing a postsurgical ectasia
in the keratoconus population [5-8]. It is therefore clear that
although the percentage of iatrogenic ectasia may be con-
sidered low, the high volume of surgeries performed makes it
an unacceptable frequent encounter in corneal clinics
[29, 30]. Consequently, screening processes must continu-
ously search for the most sensitive diagnostic tools.

Elevation maps can be used to detect posterior elevation,
that is, one of the earliest signs of keratoconus [9-11]. These
maps compare a patient’s cornea to a reference body, per-
forming the calculation of the reference body at each in-
dividual exam to best fit the studied cornea, outlining the
differences in both [31]. Historically, most ophthalmologists
are most familiar with the BFS, as it is the one with the most
available data, and several tools have been developed based
on this reference surface [10, 32, 33]. Doubt has been cast
over the toric ellipsoid reference body due to the risk of
masking the cone [33]. Nevertheless, recent studies have
revisited this option, finding advantages in terms of sensi-
tivity [12-15]. The ideal reference body should be one that
most closely resembles the studied cornea to be able to detect
early variations from normality while avoiding an almost
perfect fit in the cone of pathologic corneas; as such a close fit
would mask the cone. The results of our study show that the
reference body that best fits this description is the toric
ellipsoid with fixed eccentricity.

Corneas are not perfect spheres but rather are prolate
and toric [34]. This is why toric ellipsoid reference bodies
couple better with the studied cornea than the sphere
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TaBLE 2: Mean, median, standard deviation, and percentiles for each measurement point in the normal and keratoconic population.

. Percentiles
Parameter Group Mean SD Median p
2.5% 5% 95% 97.5%
BFS KC myopic 29.0 8.34 27.1 15.3 17.5 42.0 445 <0.001
RMS-P Normal myopic 15.1 6.97 13.7 5.33 5.91 28.2 31.5 )
KC myopic 5.02 4.68 4.00 -2.00 0.00 14.9 18.0
BES AA Normal myopic 1.80 1.11 2.00 0.00 0.00 4.00 4.00 <0.001
KC myopic 13.3 12.8 12.0 -10.9 -3.00 32.0 35.9
BES PA Normal myopic 1.96 3.06 2.00 —-4.00 -3.00 8.0 8.0 <0.001
KC myopic 13.0 5.80 12.0 5.00 6.00 23.0 27.0
BES AT Normal myopic 2.21 1.71 2.00 -0.55 0.00 5.00 5.55 <0.001
KC myopic 34.7 12.7 32.0 18.0 19.0 53.0 70.8
BES PT Normal myopic 4.81 4.31 4.00 -2.55 -1.00 13.0 15.6 <0.001
BFTEFE KC myopic 13.6 4.73 12.4 6.40 8.14 222 25.0 <0.001
RMS-P Normal myopic 4.20 1.35 4.07 2.36 2.50 6.84 7.60 )
BFTEFE KC myopic 3.51 4.63 3.00 -2.98 -2.00 13.0 16.9 <0.001
AA Normal myopic -0.27 1.07 0.00 -2.00 -2.00 1.00 2.00 )
BFTEFE KC myopic 10.3 12.6 9.50 -12.9 -6.00 29.9 339 <0.001
PA Normal myopic -1.90 3.18 -2.00 -8.00 -7.00 4.00 4.55 )
BFTEFE KC myopic 7.96 5.48 6.00 1.02 2.00 20.0 21.0 <0.001
AT Normal myopic -0.21 0.93 0.00 -2.00 -2.00 1.00 1.00 )
BFTEFE KC myopic 24.4 12.0 22.5 9.00 10.0 45.8 57.8 <0.001
PT Normal myopic 0.07 2.80 0.00 -5.00 -4.10 5.00 6.55 )
BFTE KC myopic 10.2 3.79 9.45 4.27 4.92 17.1 18.1 <0.001
RMS-P Normal myopic 3.84 1.09 3.73 2.20 2.34 6.03 6.33 )
KC myopic -0.79 2.23 -1.00 -4.97 -4.00 3.00 4.97
BFTE AA Normal myopic —-0.35 0.67 0.00 -1.00 -1.00 1.00 1.00 0469
KC myopic -1.61 5.16 -1.00 -11.0 -9.00 5.95 6.00
BFLE PA Normal myopic -3.11 1.44 -3.00 -6.00 —-6.00 -1.00 0.00 0.068
KC myopic 315 3.10 3.00 -1.98 0.00 8.90 11.0
BETE AT Normal myopic -0.29 0.69 0.00 -2.00 -1.00 1.00 1.00 <0.001
KC myopic 10.5 7.41 9.00 -1.00 -0.95 21.0 24.0
BFTE PT Normal myopic -1.05 2.40 -1.00 -5.00 —-5.00 3.00 4.00 <0.001

AA, anterior elevation at the apex; AT, anterior elevation at the thinnest point; BFS, best fit sphere; BFTE, best fit toric ellipsoid; BFTEFE, best fit toric ellipsoid
with fixed eccentricity; KC, keratoconus; RMS-P, root mean square of posterior elevations; SD, standard deviation; PA, posterior elevation at the apex; PT,
posterior elevation at the thinnest point.

TaBLE 3: Cutoff values between normal and keratoconus population at each measuring point with the statistical measures obtained at these
cutoff values.

Parameter Cutoff Sensitivity Specificity PPV NPV AUC (95% CI)

BFS RMS-P 18.7 0.939 0.763 0.597 0.971 0.900 (0.870, 0.940)
BFS AA 3.50 0.585 0.941 0.787 0.858 0.760 (0.680, 0.840)
BFS PA 7.50 0.744 0.945 0.836 0.908 0.840 (0.770, 0.910)
BFS AT 5.50 0.951 0.973 0.929 0.982 0.990 (0.990, 1.000)
BFS PT 17.5 0.976 0.991 0.976 0.991 1.000 (1.000, 1.000)
BFTEFE RMS-P 7.99 0.951 0.982 0.951 0.982 0.990 (0.990, 1.000)
BFTEFE AA 1.50 0.659 0.968 0.885 0.883 0.800 (0.730, 0.870)
BFTEFE PA 4.50 0.732 0.973 0.909 0.906 0.860 (0.790, 0.920)
BFTEFE AT 1.50 0.963 0.977 0.940 0.986 0.980 (0.950, 1.000)
BFTEFE PT 8.00 1.000 0.995 0.988 1.000 1.000 (1.000, 1.000)
BFTE RMS-P 5.87 0.927 0.945 0.864 0.972 0.980 (0.960, 1.000)
BFTE AA -1.50 0.402 0.977 0.868 0.814 0.590 (0.510, 0.680)
BFTE PA -1.50 0.512 0.900 0.656 0.831 0.620 (0.520, 0.710)
BFTE AT 0.50 0.841 0.932 0.821 0.940 0.910 (0.860, 0.960)
BFTE PT 3.50 0.866 0.968 0.910 0.951 0.950 (0.920, 0.990)

AA, anterior elevation at the apex; AT, anterior elevation at the thinnest point; AUC, area under the curve; BES, best fit sphere; BFTE, best fit toric ellipsoid;
BFTEFE, best fit toric ellipsoid with fixed eccentricity; CI, confidence interval; NPV, negative predictive value; RMS-P, root mean square of posterior
elevations; PA, posterior elevation at the apex; PPV, positive predictive value; PT, posterior elevation at the thinnest point.
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FIGURE 1: (a—c) The posterior elevation of a patient measured with the BES (a), BFTEFE (b), and BFTE (c). It is quite evident how, in certain
occasions, the BFTE can hide the cone. (d-f) The same problem in a different patient.

does. This is evidenced by looking at the measures of
central tendency of the BFTEFE and BFTE, which are
closer to 0 than those obtained by the BFS. Also, dis-
persion measurements of the BFS show a wider range
compared to both toric ellipsoid bodies, meaning a bigger
difference between the reference body and the cornea.
Among the toric ellipsoid bodies, the tomographer offers 2
options: toric ellipsoid and toric ellipsoid with fixed ec-
centricity. To understand the difference between both, it is
important to understand what eccentricity means. Ec-
centricity is a measurement that shows how much an
ellipse differs from a circle. Ellipses must have an ec-
centricity value above 0 (0 is a circle) and less than 1 (1 is a
parabola). Fixed eccentricity is the key factor, as it pre-
vents this reference body from creating a nearly exact
match, which would mask the cone, while providing a
comparative surface that best resembles a normal corneal
shape, enabling the early detection of differences. When
the option with no fixed eccentricity was used (BFTE), we
found several cases in which the reference body masked
the cone (Figure 1). This might partly explain the lower
sensitivity of the BFTE, and we do not recommend this
option. The BFS does not mask the cone and behaves well
but, as explained before, the cornea is not a sphere, which
is why the sensitivity is not as good as the one obtained
with a BFTEFE. Of all the parameters measured, the best
results were achieved when measuring posterior elevation
at the thinnest point with the BFTEFE, obtaining a sen-
sitivity of 100% when a cutoft point of 8 was used. It is also
important to note that this sensitivity is not obtained by
sacrificing specificity, as it is near 100% (0.995) as well.

BFTEFE consistently showed better performance for all
parameters, including PPV and NPV. It is nonetheless
important to point out that for KC diagnosis, clinicians
should not rely on one single parameter but rather a
combination of them. It also must be borne in mind that
this study did not include a usual elevation measurement
other studies have used such as maximum elevation. This
measurement poses a special problem: in cases of high
astigmatism, normal patients would show a high elevation
value, falsely indicating disease [35]. This does not happen
when the measurement is taken at the thinnest point.

These results confirm those obtained by Sideroudi et al.
[12], the only difference being that their cutoff point was
7 um rather than 8 ym as in our study. Though the difference
was slight, our groups were not exactly the same, as our
research was carried out in a myopic population, and their
study did not discriminate according to refraction. Though
being a parameter with very good performance, RMS-P does
not offer better sensitivity than posterior elevation at the
thinnest point. To the best of our knowledge, ours is the first
study to assess the cutoft values in a normal and keratoconic
myopic population for toric ellipsoid reference bodies.

To arrive at a cutoff point for suspicious cases (a pop-
ulation not included in the study), normative data from the
normal population can be used. It should be taken into
account that only 5% of the normal population would have
5 yum or more of posterior elevation measured at the PT with
the BFTEFE. Using a cutoft point of 6 ym, it would be 3% of
the normal population. Depending on the intentions of
screening and whether more or less sensitivity is desired,
either of these two values would be useful.



Actual color scales for elevation maps in the Pentacam®
are designed to highlight pathologic elevation using “hot
colors” based on the BFS range. When using a BFTEFE,
these same color scales become less intuitive as the range of
values with this reference body is lower and, as a result, “hot
colors” would only start to appear in more advanced cases. A
suggestion would therefore be to include another option in
the color scale to change the step width every 1.5um (the
actual minimal increase is 2.5um). By creating this new
option, ophthalmologists would be able to view a similarly
intuitive image to what they are used to.

As this is a retrospective study, certain sources of bias are
expected. First, a lack of data impeded many patients from
being included. Second, factors that alter corneal tomog-
raphy (contact-lens use, scars) may not have been recorded
in the charts ending up with the inclusion of patients that
should have been excluded. Nevertheless, since all reference
bodies were tested in all subjects, we expect this bias to affect
the population equally. Third, the most significant difficulty
and probable source of bias is the lack of definition for
keratoconus within the scientific community. Difficulties in
establishing universally accepted diagnostic criteria became
evident in the global consensus on keratoconus and ectatic
disease [18]. Studies involving this population use different
inclusion criteria. Including patients based on tomographic
parameters in a study testing some of these same parameters
was the biggest challenge as not to bias the sample in favor of
one of the reference bodies tested, specially the BES, as it is
the reference body historically used in our cornea service
and therefore the one that the investigators are familiar with.
Using clinical signs was not an option, as they are not
necessarily present in the earliest phases of the disease,
which was our targeted population. The strategy to over-
come this was not to assume a specific value for pathologic
posterior elevation while screening but to allow values
surrounding previously suggested abnormal measures in
combination with other clear pathologic tomographic al-
terations that did not rely on posterior elevation.

This study assessed the role of different reference bodies
in the diagnosis of keratoconus. Detecting progression is
another field in which much has been done but there is still
no consensus. Maximum keratometry (Kmax) is probably
the most widely used parameter but is not yet the ideal one.
The usual cutoff has been set in a 1-diopter increase in 1 year.
However, variations of up to 1.34 diopters can be obtained in
the same patient on exams taken on the same day, especially
in advanced keratoconus [36]. Given the more accurate fit of
the BFTEFE, it could be hypothesized that it would be a good
tool to detect progression. Studies will be needed to prove
this.

On a similar matter, novel techniques have been in-
troduced in the search for the most sensitive tool. Ambrosio
developed an index integrating corneal biomechanics and
tomographic data, showing promising results [37]. Studies
undertaken in this area have most often used and compared
biomechanics to sphere-based reference bodies, especially
the BAD-D [38-42]. It would be of interest to know how the
BFTEFE behaves against these parameters and whether its
integration would enhance detection.

Journal of Ophthalmology

5. Conclusions

BFTEFE outperformed the BFS and BFTE in diagnosing KC.
Of the different measuring points studied, the greatest
sensitivity when differentiating between the normal and KC
population was achieved by posterior elevation measured at
the thinnest point with the BFTEFE, using a cutoff point of
8um. The BFTE was found to hide the cone in certain
patients and, therefore, should be considered unreliable for
KC screening.
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Purpose. To identify the sources of error in predictability beyond the effective lens position and to develop two new thick lens
equations. Methods. Retrospective observational case series with 43 eyes. Information related to the actual lens position, corneal
radii measured with specular reflection and Scheimpflug-based technologies, and the characteristics of the implanted lenses (radii
and thickness) were used for obtaining the fictitious indexes that better predicted the postoperative spherical equivalent (SE) when
the real effective lens position (ELP) was known. These fictitious indexes were used to develop two thick lens equations that were
compared with the predictability of SRK/T and Barrett Universal II. Results. The SE relative to the intended target was correlated to
the difference between real ELP and the value estimated by SRK/T (AELP) (r=—0.47, p = 0.002), but this only predicted 22% of
variability in a linear regression model. The fictitious index for the specular reflection (1)) and Scheimpflug-based devices (1)
were significantly correlated with axial length. Including both indexes fitted to axial length in the prediction model with the AELP
increased the r-square of the model up to 83% and 39%, respectively. Equations derived from these fictitious indexes reduced the
mean SE in comparison to SRK/T and Barrett Universal II. Conclusions. The predictability with the trifocal IOL evaluated is not
explained by an error in the ELP. An adjustment fitting the fictitious index with the axial length improves the predictability
without false estimations of the ELP.

reason for the absence of a clear evidence of differences
between these previous three approaches is the inclusion of

1. Introduction

Intraocular lens (IOL) power calculation formulas have
evolved since the publication of the Fyodorov formula in
1967 [1, 2]. Nowadays, there are several methods for
calculating the IOL power that can be classified in one of
the following groups: (1) historical/refraction based, (2)
regression, (3) vergence, (4) artificial intelligence, and (5)
ray tracing [3]. The first two approaches are considered out
of date, the artificial intelligence is growing in popularity
but not in predictability [4], and the ray tracing [5, 6] is the
promising option that has not still replaced the most used
methods based on the vergence formula. An important

some regression components in all of them, including ray
tracing [3]. In fact, the main difference between vergence
formulas is the number of variables used for estimating the
effective-thin lens position (ELP,), [7] ranging from two in
SRK/T, Hoffer Q, and Holladay I formulas to five or seven
in the Barrett Universal II or Holladay II formulas, re-
spectively [3].

There are several studies that report the predictability of
vergence formulas for eyes with different axial lengths, but
high discrepancies are found in the percentage of eyes
within +0.50 D between studies [4, 8-13]. For instance,
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Shrivastava et al. [14] reported no differences between SRK/
Tand the newer formulas in short eyes, but a meta-analysis
reported superiority of the Haigis formula [15]. The reality
is that there are no clinically relevant differences in the
statistics of centrality for the postoperative spherical
equivalent (SE) between equations, and special attention
should be taken in dispersion [10]. This dispersion of the
data has been reported to be lower for the Barrett Universal
II, which results in a higher percentage of eyes within
+0.50D in medium to long eyes [4, 8-13]. The Barrett
Universal II was born from the theoretical universal for-
mula which considers the thick lens formula [16] and after
an estimation of the lens factor, which is the distance from
the iris to the second principal plane of the IOL [17].
Therefore, the thin lens formula can be used considering
the ELP, as the anterior chamber depth (ACD) plus the lens
factor which can be derived from the A-constant [17].
Other authors have used the terms surgeon factor [18] or
offset [19] instead of lens factor but the aim of these
constants was the same: to estimate the location of the
second principle plane of the IOL optic from a relatively
fixed anatomical reference plane and to compute the ELP,
by means of this factor [16].

If the intended preoperative spherical equivalent (SE)
and the postoperative SE are not equal, the constants
implemented by different formulas can be optimized for
improving refractive results in eyes with different axial
lengths [20, 21], but this may contribute to an error in the
ELP, if the lens position is not measured during the
postoperative follow-up. The aim of this study was to
evaluate if the postoperative SE after implantation of a
trifocal IOL was due to an error in the ELP, estimated with
the SRK/T formula and, if this was not the reason, to
identify the possible sources of error. For this purpose, the
actual lens position (ALP) of each eye was measured after
surgery, and the thick lens formula [22] was used to avoid
the optical approximations required by the vergence for-
mula [2].

2. Materials and Methods

2.1. Subjects and Procedures. The study was approved by the
local Ethics Committee and was performed in adherence to
the tenets of the Declaration of Helsinki. Data from 43
subjects measured at the 3-month follow-up visit were
retrospectively retrieved from our historical database, in-
cluding only one eye randomly in the analysis. The to-
mography obtained at this visit with the Pentacam HR
(Oculus, Wetzlar, Germany) was used for collecting data
including anterior (r;.) and posterior corneal radii (r,.),
corneal thickness (e.), and ALP measured from corneal
vertex (anterior corneal surface) to the anterior IOL surface.
The axial length (AXL), the preoperative ACD, and the
anterior corneal radius (r) were retrieved from the mea-
surements obtained with the IOLMaster 500 system (Carl
Zeiss Meditec AG, Germany). The postoperative best
spectacle refraction was also obtained for each eye com-
puting the SE. The pupil diameter for the conditions for
which the refraction was performed (around 90 lux) was
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estimated as the mean between photopic and mesopic pupils
measured with the Keratograph 5M system (Oculus, Wet-
zlar, Germany).

2.2. Surgery Procedure. All surgeries were conducted by the
same surgeon (X) by means of phacoemulsification or
femtosecond laser-assisted cataract surgery (Victus, Bausch
& Lomb Inc, Dornach, Germany) through clear corneal
incisions of 2.2 mm for manual incisions or 2.5 mm for laser
incisions, both at temporal location. The implanted IOL at
capsular bag was the Liberty Trifocal (Medicontur Medical
Engineering Ltd. Inc., Zsambék, Hungary) based on the
elevated phase shift (EPS) technology, which is an aspheric
hydrophilic IOL with +3.50D of addition for near and
+1.75 D for intermediate at the IOL plane. The preoperative
calculation of the IOL power was conducted with the SRK/T
[19] formula considering the manufacturer recommended
constant of 118.9.

2.3. Thick Lens Formula. All the calculations were conducted
by means of paraxial optics and coupling the measured
optical structures with the thick lens formula [22]. Some
approaches were conducted depending on the system used
to measure the cornea. For the anterior corneal radius (r)
obtained with IOLMaster, the corneal power in equation (1)
(Py) should be estimated with a fictitious index (1), and the
cornea was considered as a single dioptric surface; therefore,
corneal principal planes were approximated to the anterior
corneal surface (Figure 1(a)). For the measurement of both
corneal radii (r;. and r,.) and corneal thickness (e.) with the
Pentacam (Figure 1(b)), the total corneal power was com-
puted with equation (2), and corneal principal planes were
calculated since the cornea was considered as a thick lens
(Figure 1(b)) [22]:

po=" 1, M

T

n.—1 1.3374-n, (ec><nc—1)(l.3374—nc>
P.= + o .
e L) e T1c e

(2)

The characteristics of the IOL implanted in each patient
were provided by the manufacturer, including thickness and
anterior and posterior radii (these are not detailed in the
results as they were required to be kept as confidential by the
manufacturer). Therefore, the principal planes were also
calculated for the IOLs (Figure 1). Finally, to calculate the
equivalent lens for the coupling of the cornea and the IOL, it
was required to define the distances between both optical
structures (ELP) taking the principal planes as the reference
if possible (Figure 1(b)) or the anterior cornea location when
the cornea was considered as a thin lens (Figure 1(a)).
Different approximations for the real effective lens position
depending on the principal planes location were considered:
from corneal vertex to second IOL principal plane (equation
(3); Figure 1(a)), from second corneal principal plane to first
IOL principal plane (equation (4); Figure 1(b)), and from
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(a)

1.3374 1.336

()

FIGURE 1: (a) Model for the calculation of the corneal power derived from anterior corneal radius () and fictitious index (n,). The effective
lens positions for vergence thin lens formula (ELP,,) and for thick lens formula (ELPy) are shown. 1.3374 and 1.336 are the refractive indexes
for the aqueous and vitreous, respectively. (b) Schema for computing the IOL power based on the thick lens formula, both anterior (r,.) and
posterior (r,.) corneal radii were measured, and total corneal power was obtained estimating refractive index of the cornea (n.). Actual lens
position (ALP) and effective lens position (ELP.) from principal planes are represented. H)., H,., Hy}, and Hy, are the first and second

principal planes for the cornea and the IOL.

corneal vertex to first IOL principal plane (equation (5);
Figure 1(a)):

ELP, = ALP + H,, (3)
ELP. = ALP-H, + H,, (4)
ELP, = ALP + H,,. (5)

While equation (3) was the real ELP, that should be
predicted for the vergence formula [2], the other two were
used in the thick lens formula depending if both corneal
surfaces radii (ELP,.) (equation (4)) or only anterior corneal
radius (ELPy) (equation (5)) were used.

The SRK/T is a vergence formula; therefore, it predicts
what would be the ELP, (equation (3)), considering the
biometric eye parameters and an A-constant associated to

the IOL. As we measured the postoperative ALP and cal-
culated the principal planes of the IOL, we can calculate the
difference between the ELP, estimated preoperatively by the
SRK/T formula (hereinafter abbreviated as ELPgryk,T) [19]
and the real ELP, calculated postoperatively (equation (3))
(AELP = ELPgry,1 — ELP,). The correlation between AELP
and the postoperative SE was computed in order to assess the
amount of postoperative SE explained by an error in the
ELP, estimation by the SRK/T formula.

The predictability obtained with SRK/T and the pre-
dictability that would have expected if Barrett Universal II
(white to white and lens thickness not considered) [23] had
been used were compared with those achievable with the
two thick lens equations, for which the corneal power was
derived from the measures of the anterior corneal radius
measured with the IOLMaster (equation (1); Figure 1(a))
or both corneal surfaces measured with the Pentacam



(equation (2); Figure 1(b)). For this purpose, the post-
operative SE refraction was adjusted to the intended target
refraction computed by each formula for the implanted
IOL power [24, 25].

2.4. Fictitious Indexes. The fictitious indexes were defined
as the refractive indexes used for computing the corneal
power that better predicts the postoperative SE after
surgery when the real ELP is known. Considering that the
corneal radii, ELP, AXL, and the IOL characteristics (radii
and thickness) were known after surgery, the only vari-
able for predicting the postoperative SE with the thick
lens formula was the fictitious index. Therefore, an it-
erative process was conducted for obtaining these indexes
considering two possibilities: (1) the corneal power was
derived from a fictitious index (n.) considering anterior
and posterior corneal radii and corneal thickness
(Figure 1(a)) and (2) the corneal power was derived from
a fictitious index (ny) and the anterior corneal radius
(Figure 1(b)). This kind of iterative processes has been
used for finding the best constant that predicts best the
difference between the intended and the actual SE [20].
However, it should be considered that the purpose of
refining constants is to correct wrong estimations of
ELP,. In our study, as the real ELP, was known, other
unknown sources of error were investigated and adjusted
by modifying the corneal power through the fictitious
refractive indexes.

2.5. Statistical Analysis. The normality of data distributions
for the variables evaluated was tested with the Shapiro-Wilk
test, and parametric statistics were selected for testing hy-
pothesis only if the assumptions were met. Correlations were
evaluated with the Pearson r test, and the paired t-test was
used for testing differences between real ELP, and ELPggr/.
The thick lens equation [22] and all the functions required to
estimate the fictitious indexes by means of iteration pro-
cesses were implemented in MATLAB (Mathworks, Inc.,
Natick, MA). The statistical analyses were performed using
the IBM SPSS 24.0 software for Windows (SPSS, Chicago,
IL). Mean +standard deviation [median (interquartile
range)] is used in Section 3 for reporting central tendency
and data dispersion.

3. Results

Mean age of the sample was 68 +8 [70 (7)] years old. The
AELP was significantly correlated with the postoperative SE
relative to the intended target (r=-0.47, p =0.002)
(Figure 2(a)). A linear regression model predicted that the
22% of the variability in the postoperative SE was explained
by an error estimation of the ELP, [F(1, 41)=11.308,
p =0.002, R*=0.22]. No significant correlations of AELP
were found with AXL (r=0.23, p = 0.15) and preoperative
ACD (r=-0.23, p =0.14). The real ELP, was 5.05+0.29
[5.02 (0.32)] mm, and the ELPgpk,r was 5.36 £0.31 [5.39
(0.34)] mm (t=7.336, p <0.0005). The anterior corneal ra-
dius measured by specular reflection (r,) overestimated the
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value measured by the Scheimpflug-based devices in
0.03+0.05 [0.03 (0.05)] mm (£=3.49, p = 0.001), and the
difference was correlated with the average of both measures
(r=-0.36, p = 0.02) (Figure 2(b)).

Mean fictitious refractive indexes for n, and n. were
1.336+0.003 [1.336 (0.004)] and 1.339+0.017 [1.336
(0.021)], respectively. These indexes were correlated with the
axial length of the eye, for both n. (r=0.49, p =0.001)
(Figure 3(a)) and ny (r=-0.33, p = 0.03) (Figure 3(b)). A
multiple linear regression model for predicting post-
operative SE relative to the intended target was conducted
including AELP and #y or n.. The r-square increased from
0.22 to 0.83 after including ny [F(2, 40) = 99.425, p < 0.0005,
R*=0.83], and from 0.22 to 0.39 after including n. [F(2,
40)=12.78, p<0.0005, R*=0.39] in the regression in
combination with AELP (Table 1).

Two thick equations were developed considering different
fictitious indexes depending on axial length. For the thick lens
equation considering anterior corneal radius (1 equation),
= 1.339 was used for eyes < 22 mm, n; = 1.336 for eyes from
22 to 24.5mm, and n,=1.333 for eyes>24.5mm. For the
thick lens equation considering anterior and posterior corneal
radii, n. = 1.328 was used for eyes <22 mm, n. = 1.339 for eyes
from 22 to 24.5mm, and n.=1.350 for eyes >24.5mm. A
multiple linear regression was conducted for predicting ALP
considering preoperative ACD and AXL, obtaining the fol-
lowing equation for ALP=0.527-ACD +0.102-AXL + 0.41
[F(2, 40)=57.20, p <0.0005, R*=0.74]. The predicted ALP
instead of the real measured ALP was used for computing the
predictability with both thick lens equations since the ALP
should be estimated before surgery.

Postoperative SE relative to the intended target was
—0.12+0.38 [-0.11 (0.50)] D for the SRK/T (Figure 4(a)),
-0.20+£0.33 [-0.24 (0.54)]D for Barrett Universal II
(Figure 4(b)), —0.01 £ 0.41 [-0.05 (0.62)] D for n; equation
(Figure 4(c)), and —0.02 + 0.40 [0.01 (0.57)] D for n. equation
(Figure 4(d)). The predictability was significantly correlated
with pupil diameter for n. equation (r=-0.50, p = 0.001)
(Figure 4(e)) and for my equation (r=-0.51, p <0.0005)
(Figure 4(f)). A similar correlation but of less strength was
found for Barrett Universal II (r=-0.31, p = 0.04), but not
for SRK/T (r=-0.04, p = 0.79).

4, Discussion

Optical biometers use the keratometric index (1.3375) for
computing the corneal power from anterior corneal radius.
However, it is well known that this keratometric index is
far from being the one which better predicts the post-
operative SE, and current formulas use a fictitious re-
fractive index from 1.3315 to 1.336, close to the tear film
refractive index which results in better postoperative SE
predictions [7]. The formula used for calculating the IOL
power in this study (SRK/T) uses a fictitious index of 1.333,
which is within this range. It is well known that SRK/T
formula, as any other formulas, reduces the predictability
in more or less degree depending on the axial length of the
eye, corneal power, and other variables [10]. In our study,
we found that an estimated error in the ELP, with the
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FIGURE 2: (a) Postoperative spherical equivalent relative to the intended target for the SRK/T versus the difference between the effective lens
position estimated by the SRK/T formula (ELPggg,r) and the real obtained from the measurement of the actual lens position and the location
of the second principal plane of the IOL (ELP,). (b) Agreement between anterior corneal radius measured with IOLMaster (r,) and

Pentacam HR (r;.).
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TasLeE 1: Multiple regression linear models for prediction of
postoperative SE relative to the intended target.

Variable B SEB B t P
Intercept 154.55 12.73 12.14 <0.0005
AELP (mm) —-1.44 0.11 -1.07  -13.10  <0.0005
M —-115.45 9.52 -0.99 -12.13  <0.0005
Intercept -14.10 4.20 0.002
AELP (mm) -0.98 0.20 -0.73 -4.99 <0.0005
ne 10.67 3.16 0.50 3.38 0.002

SRK/T formula explained 22% of the variability in the
postoperative SE, but a higher percentage of error
remained unknown. It is important to note that in the
regression of Figure 2(a), we maintained an outlier in the

analysis corresponding to the highest postoperative
spherical equivalent of —1.50 D. This value can affect the -
square value due to the small sample. For this reason, we
recomputed the regression equation omitting the outlier,
and the r-square value decreased to 15% (p = 0.01). This
means that the variability explained by a wrong estimation
of the ELP, might be even lower.

Interestingly, we found that when real ELP,, is known,
the fictitious index can be fitted in order to reduce the
predictability error that was not attributed to the ELP,. Our
mean refractive index for computing corneal power and
deriving from anterior corneal surface was n,=1.336 that
has been historically reported by Holladay to be close to the
tear film [7, 26]. By contrast, n.=1.339 was found when
anterior and posterior corneal radii were considered. The
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equation and (f) n; equation.

latter finding is also quite important because ray tracing and
total corneal refractive power have not demonstrated,
as theoretically expected, to provide better predictability
than current formulas [27-30]. From our results, it can be

concluded that a fictitious index is required for computing
corneal power derived from anterior corneal radius, whereas
a different fictitious index is required for total corneal power
calculation.
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Fictitious indexes were correlated with AXL, suggesting
that fitting these refractive indexes depending on the axial
length, the predictability can be increased without over-
estimating or underestimating the ELP from its real value.
The inclusion of ny with AELP in the model of prediction of
postoperative SE relative to the intended target explained
83% of the variability instead of 22%. By contrast, the in-
clusion of n. with AELP in the model of prediction of
postoperative SE after target correction explained 39% of
variability. This means that, even though improving the
prediction of the real ELP, there would be some error in the
postoperative SE that can be corrected by means of modi-
fying de fictitious index and then the corneal power. Fur-
thermore, even though both approaches can improve the
predictability, the corneal power derived from specular
reflection devices would lead to better results [31]. Possibly,
specular reflection devices compute the radius over the tear
film whereas with Scheimpflug devices, tear film is ignored.
In fact, we found that the difference in the anterior corneal
radius measured with Pentacam HR and IOLMaster systems
was correlated with the average from both measures, sug-
gesting that some caution should be considered when using
equations derived from measurements of different devices.

A very important consideration is to evaluate the mode
of change of these fictitious indexes between different ap-
proaches to compute the corneal power. Whereas 7, de-
creased with the increase of axial length and n. increased in
the opposite direction, but with an overestimation of the
corneal power with the increase of AXL in both cases. This
overestimation can be corrected by means of decreasing
or increasing n. with the increment of AXL. Our results are
consistent with those reported by Preussner et al. [32] who
found an hyperopic outcome in very long eyes (>28 mm),
and this was attributed to an overestimation of the corneal
power that can be compensated in normal eyes with a
systematically overestimated ELP, but not being possible in
very long eyes. In fact, even though our sample does not
include very long eyes, applying our linear regression for an
eye of 30mm, we obtained the fictitious refractive index
(m,=1.327) proposed by Preussner et al. [32] for very long
eyes.

The mean postoperative SE relative to the intended target
with the thick lens formulas derived from the study was
reduced in comparison to SRK/T or Barrett Universal II,
both showing a myopic shift that can be explained by the
overestimation of ELP, with SRK/T. The higher was the
ELP,, the lower was the eye power, and consequently, an
overestimation of ELP, led to an underestimation of eye
power, leading to an overestimating of the required IOL
power and resulting in a myopic shift. While the percentage
of eyes within +0.50D was higher for SRK/T and Barrett
Universal II, the percentage of eyes within +1.00 D was 100%
for both thick formulas, with better predictability with
equation in comparison to n. equation. The most interesting
finding is that the percentage of cases with an error higher
than +0.50D corresponded to eyes with the highest and
lowest pupil diameters, suggesting that a hyperopic shift can
be estimated by the formula as a consequence of the presence
of small pupils focusing the image in front of the retina, with

the opposite trend for large pupils. This suggests that, using
these formulas with the trifocal IOL evaluated in our series, a
trend to plus target should be used in patients with smaller
pupils and to a minus target in eyes with larger pupils as
choosing a negative target in small pupils can lead to higher
myopic residuals than those predicted by the formula and
vice versa. This reasoning can be also valid for Barrett
Universal II after constant fitting, but not for SRK/T for
which the correlation with pupil diameter was not signifi-
cantly manifested.

This study is a first approach for the development of
new thick lens equations that can be used when measuring
the corneal geometry with specular reflection or
Scheimpflug-based devices, but it has some limitations that
should be considered. First, the small sample for a par-
ticular surgeon supposes that the ALP prediction formula
might not be transferable to other surgeons. Higher
samples with results obtained from different surgeons are
required for a general estimation of the ALP. Second, the
sample included eyes with AXL ranging from 20.96 to
26.35 mm and therefore with low number of short and long
eyes in comparison to medium or medium-long eyes.
Although the tendency of n, and n. is clear with axial
length, an improvement in the estimation of the fictitious
indexes would be obtained by increasing the number of
eyes, especially for short, long, and very long eyes. Finally,
the predictability of these new formulas has been computed
in the same sample for which they were developed. The
performance of new studies with these formulas in a dif-
ferent sample for confirming the results of predictability is
needed. In fact, in our opinion, future crossover studies are
required assigning different formulas to uniform groups
instead of predicting what would have happened if different
formulas had been used as the current comparative studies
of formulas are doing.

In conclusion, in this study, we have demonstrated that
the postoperative SE with some of the current vergence
formulas can be due to the result of an underestimation or
overestimation of the real ELP. However, even if the real ELP
was perfectly predicted before surgery, some postoperative
SE can appear depending on axial length. This could be
corrected by means of fitting the constant of the formula
leading to a false ELP prediction or by means of optimizing
the fictitious indexes for different axial lengths. We have also
demonstrated that the second option reduces the mean
postoperative SE, either for specular reflection devices or
Scheimpflug-based devices. However, it is important to
consider that the slopes of correlation between both ap-
proaches are of opposite sign. Another very interesting
finding is that higher errors of predictability can be due to
pupil diameter changes during refraction with the used
multifocal intraocular lens. We suggest to include the pupil
diameter in predictability studies for exploring this finding
with other multifocal or monofocal IOLs.
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