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SUMMARY OF THE THESIS
Purpose

Multifocal contact lenses are a common treatment for presbyopia (age-related loss of
accommodation with age), and they are an emerging method for myopia control (aiming at
stopping the progression of excessive axial elongation in near-sightedness). Multifocal
contact lenses operate under the principle of simultaneous vision. Multifocal designs are very
complex, it is difficult to understand how they impact vision neither in normal nor presbyopic
subjects. Multifocal contact lenses do not restore accommodation in the presbyope. Also, it
is not clear how accommodation may be compromised in young myopes fitted with contact
lenses, not even the mechanism of operation of multifocal contact lenses in slowing down
myopia progression, and how the pupil size impacts certain designs of multifocal lenses.
Besides, multifocal contact lenses, while expanding the range of focus, degrade image quality
at different distances. The impact on perceived and functional vision of these lenses should
largely depend on their optical design. Myopia depends on a precise understanding of the
interactions between optical blur, multifocal design, visual function, and accommodation.
Adaptive Optics (AO) visual simulators are complex systems that combine different active
optical elements allow to control and manipulate the eye optics. In particular, they allow the
simulation of complex multifocal designs and study systematically the impact on vision non-
invasively. This is particularly useful to study the impact of multifocal designs on the eye optics
and in the visual function (foveal and periphery) and is very promising to investigate their
limits for Presbyopia and Myopia applications. Moreover, changes in the real MCLs in the eye
can be quantified using anterior segment optical coherent tomography (OCT) systems,
allowing differentiation between the design and MCLs on eye effects. In this thesis we used
AO visual simulators to study the impact of the multifocal contact lenses on the eye (foveally
and periphery), in terms of visual acuity for far and near, the role of accommodation in vision,
accommodative response for different induced accommodative demand, interactions with
native aberrations of the eye and effective optical properties of multifocal contact lenses for
myopia control. Additionally, anterior segment OCT allowed us to quantify changes in the
structural properties of these lenses on the eye, as the functioning of the multifocal contact
lenses depends on the proper deployment of the multifocal power profile on the cornea and
optical interactions between the lenses and eye.

Methods

In this thesis, we have used two different custom-developed AO visual simulators (Viobiolab,
CSIC, Madrid) were used. First, a monochromatic AO system provided with a Deformable
mirror allowed evaluation of the through-focus visual performance (Visual Acuity), with real
multifocal contact lenses on the eye of center near design with three different additions
(Low,Medium,High) in two different age groups (young adults, presbyopes) in the presence
and absence of accommodation. Second, a polychromatic AO system allowed the simulation
of the multifocal lenses in a Spatial Light Modulator as phase maps, and through-focus visual
acuity was measured and compared with the real contact lenses. The SLM channel was also
used to simulate multiple designs of multifocal/bifocal patterns. The objective



accommodative response was evaluated for different accommodative demands induced by
Hartmann-Shack aberrometry measurements. In the third monocular AO system (KTH
University, Stockholm, Sweden), consisting of Hartmann-Shack, a deformable mirror, and a
monitor for stimulus presentation, we measured the peripheral acuity threshold and
wavefront aberrations to evaluate the foveal and peripheral visual quality and
accommodation with multifocal contact lens designs. Finally, a custom-developed Anterior
Segment Optical Coherence Tomography (AS-OCT) to evaluate the contact lens profile on the
eye, and potential conformity to the cornea.

Results

Multifocal contact lenses on eye of center-near design with different additions
(Low,Medium,High) were evaluated, the multifocal contact lenses produced a small but
consistent degradation at far while consistent benefit at near in the absence of
accommodation and this degradation increases with increasing addition of the lenses. These
lenses did not degrade the near vision significantly, in fact improving the near vision in the
absence of accommodation (paralyzed accommodative state). The through-focus visual
acuity was captured through multifocal designs simulated in the spatial light modulator which
was very similar to the results with the real contact lenses on the eye. The effective optical
properties of the MiSight lenses are the large peripheral blur and the more asymmetric point
spread function due to additional astigmatism and coma, and this leads to the larger
accommodative response. The center-distance, positive spherical aberration-inducing lenses
produced a reduced/lower lag of accommodation in all subjects. The AS-OCT showed that
the soft multifocal contact lenses conform to the underlying cornea, both in the central area
and in the periphery. However, the near central add is provided as expected.

Conclusions

The AO visual simulation has allowed the simulation of multiple multifocal lens designs on the
optical elements and allowed us to test multiple designs at the same time. It also allowed
testing these lenses before physically fitting them on the eye in the clinic and also making
lenses specific to the individual requirements. The center-near multifocal design lenses
decreased the accommodative lag hence providing a consistent vision from far to near in
terms of through-focus visual acuity, although at the expense of a certain amount of
degradation at far. The accommodative response was measured for the first time in this
system, with the lens designs simulated in the SLM and capturing the aberrations of the eye
while inducing defocus (accommodative demand) with the badal. The performance and
interaction of these lenses are driven by the individual presence or absence of native high-
order aberrations which alters the accommodative response. Factors such as pupil size,
multifocal lens design, native aberrations of the eye, amount of spherical aberration induced
should be considered in the management of myopia with MCLs and to gain insights into the
mechanism of operation of these lenses.



RESUMEN DE LA TESIS EN CASTELLANO
Objectivo

Los lentes de contacto multifocales son un tratamiento comun para la presbicia (pérdida de
acomodacion relacionada con la edad con la edad) y son un método emergente para el control
de la miopia (con el objetivo de detener la progresién del alargamiento axial excesivo en la
miopia). Las lentes de contacto multifocales funcionan bajo el principio de visidon simultanea.
Los disefios multifocales son muy complejos, es dificil entender como impactan en la visién ni
en sujetos normales ni con presbicia. Las lentes de contacto multifocales no restauran la
acomodacion en el présbita. Ademas, no estd claro cdmo puede verse comprometida la
acomodaciéon en miopes jovenes equipados con lentes de contacto, ni siquiera cudl es el
mecanismo de operacion de los lentes de contacto multifocales para ralentizar la progresion
de la miopia, ni tampoco como afecta el tamaiio de la pupila a ciertos disefios de lentes
multifocales. Ademas, las lentes de contacto multifocales, al expandir el rango de enfoque,
degradan la calidad de la imagen a diferentes distancias. El impacto en la vision percibida y
funcional de estas lentes deberia depender en gran medida de su disefio éptico. La miopia
depende de una comprensidon precisa de las interacciones entre la borrosidad dptica, el
disefio multifocal, la funcién visual y la acomodacién. Los simuladores visuales de Optica
Adaptativa (AO) son sistemas complejos que combinando diferentes elementos dpticos
activos permiten controlar y manipular la éptica del ojo. En particular, permiten la simulacién
de disefios multifocales complejos y estudian sistematicamente el impacto en la visién de
forma no invasiva. Esto es particularmente util para estudiar el impacto de los disefios
multifocales en la dptica del ojoy en la funcidn visual (foveal y periferia), y es muy prometedor
para investigar sus limites para aplicaciones de Presbicia y Miopia. Ademas, los cambios en
los MCL reales en el ojo se pueden cuantificar utilizando sistemas de tomografia coherente
Optica (OCT) del segmento anterior, lo que permite diferenciar entre el disefio y los MCL en
los efectos oculares. En esta tesis utilizamos simuladores visuales de la AO para estudiar el
impacto de las lentes de contacto multifocales en el ojo (foveal y periférico), en términos de
agudeza visual de lejos y de cerca, papel de la acomodacién en la visidn, respuesta
acomodativa para diferentes demandas acomodativas inducidas, interacciones con
aberraciones nativas del ojo y propiedades opticas efectivas de lentes de contacto
multifocales para el control de la miopia. Ademas, la OCT de segmento anterior permitio
cuantificar los cambios en las propiedades estructurales de estos lentes en el ojo, ya que el
funcionamiento de los lentes de contacto multifocales depende del despliegue adecuado del
perfil de potencia multifocal en la cérnea y de las interacciones dpticas entre los lentes y el
ojo.

Metodologia

En esta tesis hemos utilizado dos simuladores visuales de AO diferentes desarrollados a
medida (ViobiolLab, CSIC, Madrid). En primer lugar, un sistema AO monocromatico provisto
de un espejo Deformable, permitio evaluar el rendimiento visual a través del foco (Agudeza
Visual), con lentes de contacto multifocales reales en el ojo de disefio de centro cercano con
tres adiciones diferentes (Bajo, Medio, Alto) en dos edades diferentes. grupos (jovenes



adultos, présbitas) en presencia y ausencia de alojamiento. En segundo lugar, un sistema AO
policromatico permitio simular las lentes multifocales en un Modulador de Luz Espacial como
mapas de fase, ya través del enfoque se midid la agudeza visual y se compard con las lentes
de contacto reales. El canal SLM también se usé para simular multiples disefios de patrones
multifocales/bifocales. La respuesta acomodativa objetiva se evalué para diferentes
demandas acomodativas inducidas a partir de mediciones de aberrometria de Hartmann-
Shack. En el tercer sistema monocular AO (Universidad KTH, Estocolmo, Suecia), que consta
de Hartmann-Shack, un espejo deformable y un monitor para la presentacién de estimulos,
medimos el umbral de agudeza periférica y las aberraciones del frente de onda para evaluar
la calidad visual foveal y periférica y la acomodaciéon con Disefios de lentes de contacto
multifocales. Por ultimo, una tomografia de coherencia éptica del segmento anterior (AS-
OCT) desarrollada a medida para evaluar el perfil de la lente de contacto en el ojo y la
conformidad potencial con la cérnea.

Resultados

Se evaluaron lentes de contacto multifocales en el ojo de disefio centro-cerca con diferentes
adiciones (Baja, Media, Alta), las lentes de contacto multifocales produjeron una degradacion
pequeia pero consistente en lejos mientras que un beneficio consistente en cerca en
ausencia de acomodacién y esta degradacién aumenta con aumento de la adicién de las
lentes. Estas lentes no degradaron significativamente la visidn de cerca, de hecho, mejoraron
la visién de cerca en ausencia de acomodacién (estado acomodativo paralizado). La agudeza
visual a través del foco se capturd a través de disefios multifocales simulados en el modulador
de luz espacial que fue muy similar a los resultados con los lentes de contacto reales en el ojo.
Las propiedades 6pticas efectivas de las lentes MiSight son la gran borrosidad periférica y la
funcién de dispersidn de puntos mas asimétrica debido al astigmatismo y coma adicionales,
y que esto conduce a una mayor respuesta acomodativa. Las lentes inductoras de aberracién
esférica positiva de distancia central produjeron un retraso de acomodacion reducido/menor
en todos los sujetos. El AS-OCT mostrd que las lentes de contacto blandas multifocales
conforman la cérnea subyacente, tanto en la zona central como en la periferia. Sin embargo,
el complemento central cercano se proporciona como se esperaba.

Conclusiones

La simulacion visual de AO ha permitido la simulacién de multiples disefios de lentes
multifocales en los elementos dpticos y nos ha permitido probar multiples disefios al mismo
tiempo. También permitié probar estos lentes antes de colocarlos fisicamente en el ojo en la
clinica y también fabricar lentes especificos para los requisitos individuales. Los lentes de
disefio multifocal centro-cerca disminuyeron el retraso acomodativo, por lo que
proporcionaron una visiéon consistente de lejos a cerca en términos de agudeza visual de
enfoque, aunque a expensas de una cierta degradacién de lejos. La respuesta acomodativa se
midid por primera vez en este sistema, con los disefos de lentes simulados en el SLM y
capturando las aberraciones del ojo mientras se inducia el desenfoque (demanda
acomodativa) con el badal. El rendimiento y la interaccidn de estos lentes estan impulsados
por la presencia o ausencia individual de aberraciones nativas de alto orden que alteran la



respuesta acomodativa. Factores como el tamafio de la pupila, el disefio de la lente multifocal,
las aberraciones nativas del ojo, la cantidad de aberracién esférica inducida deben tenerse en
cuenta en el tratamiento de la miopia con MCL y para obtener informacién sobre el
mecanismo de funcionamiento de estas lentes.
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CHAPTER-1 INTRODUCTION

Multifocal designs have different applications in Presbyopia treatment and Myopia control but are
challenging in terms of simulation and understanding their interactions with the subject’s optics and
implications on vision. Multifocal contact lenses working under the principle of simultaneous vision
are known treatments for presbyopia, the age-related loss of crystalline lens accommodation affecting
almost all the population over the age of 45 yrs, but they are also proposed solutions for myopia
progression control, a lifelong condition characterized by high prevalence, a significant risk in terms
of associated ocular pathology. They are challenging in terms of simulation and understanding their
interactions with the subject’s optics and implications on vision. This thesis is aimed to understand the
coupling of the optics of the eye with different multifocal lens designs, and how those impact visual
function at different distances, in emmetropes and myopes. We validated the use of Adaptive Optics
visual simulators, by comparison of the through-focus visual performance and aberrations through
real contact lenses on the eye, and simulations in a spatial light modulator/Deformable Mirror. AO
simulations allowed measurements of visual acuity, aberrations, accommodation, and pupil diameter.
This work allows assessing the effects of different multifocal lens design on vision, shedding light on
the mechanisms of a range of focus expansion (under paralyzed accommodation and in presbyopes),
and on the mechanisms of myopia development and myopia control in myopes (contribution of the
peripheral optics, and accommodation). This research work is part of the MYFUN (Myopia
Fundamental Understanding needed) European research network.

The current chapter presents an overview of the optics of the eye and the major elements involved in
the development of presbyopia and myopia. It presents refractive errors and higher-order
aberrations, and visual simulation techniques through adaptive optics. It finally discusses solutions for
controlling myopia progression and, in particular, (current and prospective) designs for multifocal
contact lenses.



Chapter-1 Introduction

1.1 MOTIVATION FOR THIS THESIS

The interaction between the human eye and multifocal contact lenses is very crucial to understand,
how the native aberrations of the eye play a role in the effectiveness of the multifocal contact lenses
to expand the range of focus in presbyopia, and as supposedly proposed solutions for myopia control.

In presbyopia, the presence of a center-near region in the lens, or induction of spherical aberration
improves near vision, and the expense of degrading visual quality at far. In myopes, soft contact lenses
of different designs are proposed for the control of myopia progression, either by preventing
hyperopic defocus in the periphery, or improving the accommodating response (and decreasing
supposedly myopic accommodative lag).

Adaptive Optics (AO) visual simulators allow the possibility to simulate and have a subject experience
different optical designs before lens fitting. The subjects can see through the designs mapped as phase
maps onto the active components of the adaptive optics visual simulator (Spatial Light Modulator)
and this gives an opportunity to test multiple designs, without any discomfort. It also allows evaluating
the interaction of the contact lens designs with the eye’s optics.

The motivation for this thesis is then to bridge the gap in the understanding of the coupling of the lens
design to the optics of the eye, and its impact on visual performance and accommodating response.
Ultimately, this will allow the most effective designs for presbyopia correction and myopia control and
a customization



Chapter-1 Introduction

1.2 THE HUMAN VISUAL SYSTEM

The human visual system comprises the eye and visual cortex. It is the most sophisticated and durable
image processing system, using a well-balanced combination of optical, biological, and psychological
processes. The vision process can be divided into 3 stages: the first involves ocular optics and describes
how the optical system of the eye creates images on the retina; the second is known as the retinal
stage and describes how photoreceptors sample the retinal image and transform the light energy into
nerve impulses that travel to subsequent steps in the visual process; and the third is known as
neural/cortical stage where the image is processed in the brain to enable perception of the final image.
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Figure 1.1. Schematic representation of the 3 stages of visual process. (A) The human eye (optical stage), (B)
layers of the Retina (retinal stage), and the (C) Visual pathway from the retina through the optic nerve to the
primary visual cortex (neural/cortical stage)(1).

1.2.1 Overview: The Ocular optics

In terms of anatomy, the human eye is made up of three layers: an outer layer made of fibrous tissue
that acts as a thick wall to protect the eye's interior structures. The anterior region of the eye is
composed of opaque sclera for the remaining three-quarters, with the last one-sixth being made up
of a clear cornea. To protect the exposed sclera, the conjunctiva is tightly connected at the sclera-
cornea junction or limbus. lIris, ciliary body, and choroid comprise the three components of the
intermediate vascular layer (anterior to posterior respectively). All of the eye's interior structures
receive nutrients from it. Rods and cones, as well as other nerve cells, are found in the retina, a
photosensitive layer that makes up the inner neural coat. These photo-reactive cells convert light into
electric signals when exposed to it, which travel down the visual pathway to the visual cortex and
enable vision.
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The eye has an approximately spherical shape of about 24mm in diameter in an adult. The optical
system of the eye is made up of two lenses, the cornea ,and the crystalline lens, and by a transparent
media the aqueous and the vitreous humor (Figure 1.2). The light first enters the eye through the
cornea which is a transparent avascular tissue with a large number of nerve endings.

The cornea is about 12mm in diameter, about 0.6mm thick, and has a refractive index of 1.366. Most
of the eye power is generated in this step (73%). Next, is the iris, a colored muscle that acts as a
diaphragm controlling the amount of light that enters the eye, this diaphragm where the light enters
is the pupil, with a diameter of 2mm to 8mm in a young adult. This variation, depending on the level
of illumination, controls the quantity of light that reaches the retina and plays a vital role in the retinal
image quality. The pupil is followed by the crystalline lens, a transparent structure controlled by a
ciliary muscle, which is capable of modifying its shape to keep the image clear at the retina. Its
refractive index varies from one zone to another from 1.42 in the center to 1.39 in the periphery. Then
the light eventually reaches the back of the eye where the retina is located.

Sclera

Chororoid >~
Retina>:
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Posterior chamber
/\< Zonules
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[

Vitreous humour

Fovea

Optic disc — L

Optic nerve

Optical axis

___vVjsual axis

Ciliary body

Figure 1.2. Horizontal cross section of the human eye showing the structures of the eye, the visual axis (the
central point of the image focusing in the retina), and the optical axis(2).

The human crystalline lens, which is located between the iris and the vitreous humor, is a clear,
biconvex lens with aspheric surfaces. The crystalline lens is a densely packed structure with concentric
fibers in an elastic capsule. The ciliary body and lens equator are linked by bundles of zonular fibers
that are organized radially. The lens has an equatorial diameter of 10mm and an anteroposterior
thickness of roughly 4mm when it is unaccommodated. The average curvature of the front surface is
10mm, whereas the curvature of the posterior surface is 6mm. The thicker nucleus at the center and
the rather loosely packed cortex are formed by lens fibers that the capsular epithelium regenerates
throughout its lifespan. It adds around 16D to the eye's overall power.

With varying object vergence, the crystalline lens can change its size and shape. Accommodation is
the term used to describe the process of a lens's optical power increasing while its shape changes.
When the ciliary muscle contracts during accommodation, there is less zonular tension at the lens
equator, which causes the lens capsule to relax. In turn, this causes the lens' anterior curvature and
center thickness to rise. In actuality, the traditional near triad, also known as the accommodative
reflex, is accompanied by the two eyes converging and the pupil constricting (miosis). The mechanical
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properties of the lens change with age, leading to the loss of accommodation ie presbyopia. For
younger people, the aberrations between the cornea and lens compensate each other (spherical
aberration), but this balance gets disturbed with age or different pathologies.

Near vision
f“- Ciliary body

“{Ciliary muscle

Figure 1.3. Structure of the crystalline lens showing the change of shape during accommodation for near vision
and relaxing for distance vision.

1.2.2 The Neurosensory Retina

The Retina is a light-sensitive tissue that allows gathering of the information contained in the images
formed by the eye’s optics. The human retina is formed by a large variety of cells organized in a very
stratified manner. A radial section of a portion of the retina reveals the organization of the different
retinal layers. Figure 1.4 shows a section of the retina with the cells that form it and how they are
connected, in layers from the outside to the inside of the eye. The neural retina consists of three main
groups of neurons: the photoreceptors, the bipolar cells , and the ganglion cells. The rods and cones
together comprise the photoreceptors. Rod photoreceptors are responsible for scotopic vision (dim
light conditions), while cones are responsible for photopic vision, the intermediate vision where the
two types of photoreceptors intervene is mesopic vision(2). These cells when they receive suitable
light stimulus are excited and transduce electromagnetic energy into electrochemical signals, which
are transmitted through successive neurons in the retina itself and then to the brain. The first-order
neurons bridging photoreceptors and ganglion cells are known as bipolar cells. The retina's innermost
ganglion cells, which are relay neurons, are located near the lens and the front of the eye. Between
the ganglion cells and photoreceptors, there are two other types of cells: horizontal and amacrine so
that the transmission of information can follow different paths within the connection of the different
retinal cells and it will depend on their location on the retina. Thus, in the fovea, each photoreceptor
cone connects with a bipolar cell, and this in turn with a ganglion following the most direct path(3,4).
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Figure 1.4. Schematic of the retina and their major synaptic connections. Rods, Cones, Horizontal, Amacrine,
Bipolar and Ganglion cells(5).

The central area of the retina, called the macula, has an approximate area of 5.5mm in diameter and
is rich in cones surrounded by a non-photosensitive pre-retinal pigment. The macula provides sharp
and detailed vision and prevents short-wavelength radiation from reaching that area of the retina. The
center of the macula has a depression that occupies approximately 1.5mm in diameter and subtends
an angle of 5 deg, it is called the fovea. The central portion of the fovea is the foveola where the image
of the fixation object is formed. The foveola or central fovea is composed entirely of cones. The total
count of cones is about 6.4 million and roughly 125 million rods in the retina(5,6). The spatial
distribution and density of the photoreceptors limit the resolution of the eye. There are three types
of cone photoreceptors: red, green, and blue cones (long, medium , and short wavelength sensitive
cones or L, M and S cones depending on which portion of the spectrum, their photopigment absorbs
the most)(7). Normal trichromatic color vision utilizes all three cone photopigments (Figure 1.4). Cones
exhibit three different types of photopsins, corresponding to short, medium , and long wavelengths
with absorption peaks at 419nm, 531nm , and 559nm. Rods present the same spectral sensitivity,
preventing the sensation of color to appear under low light conditions. The absorption of light within
the rod photoreceptors is done by a special protein molecule known as rhodopsin, belonging to the
wider type of photopsin molecules. The absorption peak of rhodopsin is around the 496nm
wavelength.

An effect of the directionality of the photoreceptors is described as the Stiles-Crawford effect. When
the intensity of the light coming through an off-axis pupil point is adjusted to balance the brightness
drop, there is an associated change in the perceived hue(8-10).
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Figure 1.5. (Left) Linear density of cones, rods and ganglion cells as a function of eccentricity in the fovea. (Right)
Spectral sensitivities of the L, M and S cones in the human eye(11).

1.2.3 The Visual Cortex

The primary visual cortex is where the information from the eye finally arrives after traveling further
down the visual pathway (Figure 1.6). The optic chiasm is the point at which the fibers that make up
the optic nerve exit the eye and continue uninterruptedly to various parts of the brain. The majority
of them (about 80%) carry information to the lateral geniculate nucleus via the optic tract; the
remaining information is used to control eye movements, the pupillary reflex to light, as well as
mechanisms for synchronizing biological cycles (hypothalamus). The left visual field's information
travels to the right lateral geniculate nucleus through the optic chiasm, while the left visual field's
information travels to the left lateral geniculate nucleus, and so on.

They continue from there to the lateral geniculate nucleus of the thalamus before ending at the main
visual cortex, a large region in the occipital brain (area V1- primary visual cortex). Here, for the first
time in the entire perception process, the primary visual cortex received input from both eyes, that is
there is binocular convergence that allows the construction of a single image of the visual scene. The
visual cortex is where the information is processed, and it influences how shapes, orientations, colors,
movement, size, noise reduction, edge filtering, color separation, image compression, motion analysis,
pattern recognition, and other brain processing activities are handled.(12).

Lateral geniculate body

Optic tract

Optic radiation Optic chiasm
/ ptic nerve
Q \ j / Left eye

¢ T) iﬂ/\%

Figure 1.6. The primary visual pathway from the eye to the visual cortex, showing the optic nerve, optic tract,
optic chiasm, the lateral geniculate nucleus and the optic radiation(13).

Visual
cortex
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In conclusion, the human visual system process visual information in 3 stages: optics (focussing on the
image), retinal (signal transduction light in electrical impulses) and finally the brain processing (cortical
stage at the visual cortex).
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1.3 THE OPTICAL QUALITY OF THE EYE

The human eye is an imperfect optical system. The optical quality of the images projected on the
retina depends on several factors: scattering, diffraction, aberrations , and misalignment of the ocular
components. All these phenomena contribute to the degradation of the retinal image. Scattering
occurs at the cornea(14), but much more prominently in the lens, increasing with age (due to increased
opacity in the crystalline lens). Diffraction is produced by the edges of the pupil and affects the
maximum resolving power of the eye, acting as a low pass filter for spatial frequencies of the
image(15). The effect of diffraction depends on pupil size, which is affected by the luminance
conditions, alongside other factors.

Aberrations vary across eyes, both in magnitude and distribution, and their patterns are unique to an
eye and it changes with age(16—18), with a pupillary diameter(19,20), with refraction(21-23), with
accommodation(24,25) and with eccentricity(26—28) , etc. Those aberrations can be divided into two
main groups: monochromatic and chromatic aberrations (Figure 1.7). The following section will
describe them in more detail.

Figure 1.7. Simulated image A) Diffraction limit B) Monochromatic aberration defocus + astigmatism, using
Matlab (Model thesis author).

1.3.1 Monochromatic aberrations

When only one wavelength is taken into consideration, monochromatic aberrations arise because of
irregular shapes, misalignments of the optical surfaces relative to the optical axis, and
inhomogeneities in the refractive indexes of the media. In a Zernike polynomial representation, the
low-order aberrations (defocus and astigmatism) generally exhibit the largest magnitude in normal
eyes. Defocus in the eye is referred to as ametropia, with myopia for the negative sign of defocus (an
excess of power, shifting the image plane in front of the retina), and hyperopia for the positive sign (a
lack of power, shifting the image plane behind the retina). The eyes with no significant defocus and
astigmatism are referred to as emmetropic. Optometric refraction, i.e defocus and astigmatism in
diopters can be calculated from Zernike polynomials using the following formulas.

-cg 43 ) _-c% 2V6 ) _—céz 2V6
o [ e 1
Eq. (1.1)
Where coefficients (Cnm, ‘M’ defocus, and ‘)’ astigmatism at 0 deg or 45 deg) are expressed in
micrometers, and ‘r’ is the pupil radius in mm. Such refractive errors are usually corrected with
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spectacles or contact lenses. Detailed explanations of the refractive errors and corrections are
included in the following sections.

The monochromatic wavefront aberration is usually described as a phase map, W (x,y), representing
the distortions of the wavefront as it goes through an optical system. The wavefront surface is
orthogonal to the corresponding rays going into the eye (or exiting the eye) at every point. Figure 1.8
depicts a schematic illustration of the effect of ocular aberrations on the quality of the retinal image
in (A) an aberration-free eye where all parallel rays are entering the pupil and will intersect the retina
at the same point, the wavefronts will be spherical, and the image point will be in the center of the
wavefronts; and (B) an aberrated eye where there is no longer a point focus, different rays will
intersect the retina at different points, and the wavefront will no longer be spherical.
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Figure 1.8. Diagram showing the impact of monochromatic wave aberrations on the quality of the retinal image
in an A) aberration-free eye and an B) aberrated eye (29).

Wave aberrations can be defined as the separation between each wavefront point and the ideal
sphere at the exit pupil allowing the optical aberration to be defined in terms of wave aberration
maps(30). Mathematically, a polynomial series can be used to characterize the wave aberration of a
general optical system. Because they are orthogonal across the unit circle and ocular aberrations often
correspond to circular pupils, Zernike polynomial expansion has become the industry standard for
describing ocular wave aberration data(31). The so-called Zernike coefficients, which represent the
magnitude of each aberration present, can be used to weigh the sum of Zernike polynomial functions
that describe a wave aberration. The spatial frequency of Zernike modes increases with their order.

W(xy)= Z cn Zn (xy)
n,m Eq. (1.2)

Where W (x,y) is the wave aberration phase in microns as a function of polar coordinates, Cnm are
the corresponding Zernike coefficients, and Znm (x,y) is the Zernike polynomial of order ‘n’ and
frequency ‘m’. A set of recommendations regarding the sign, normalization , and order were
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established by The Optical Society of America (OSA, currently OPTICA) and that will be followed
throughout this thesis(32).

Apart from the low order aberrations, the eye also suffers high order aberrations (HOAs), which are
not usually measured in clinic.

|
)
5

Figure 1.9. Zernike polynomials up to 5th order. Each row in the pyramid corresponds to a radial order of a
polynomial, and each column to a meridional frequency.

The ocular spherical aberration was measured for the first time by Ames and Proctor in 1921(33).
Smirnov(34) in 1961 measured ocular aberrations using the vernier alighment technique. Other more
recent techniques are the spatially resolved refractometer, the ray-tracing , and the Hartmann-Shack
wavefront sensor. Most aberrometers operate by measuring the deviation of the emergent wavefront
(outgoing aberrometry) or the image of the standard beam at the retina to determine the local
derivative (slope) of the wave aberration (ingoing aberrometry). In this thesis, an outgoing
aberrometer called a Hartmann-Shack wavefront sensor (HS) that we developed specifically for this
purpose was used.

The monochromatic high-order aberrations (HOAs) are measured using monochromatic light, typically
near-infrared (NIR). The human eye has reduced sensitivity to NIR light, which makes the
measurement more comfortable for the subjects, and also avoids the pupil constriction induced by
visible light. However, for evaluating the effect the aberrations would have on visual performance it
is necessary to consider them in the visible spectrum. It has been experimentally shown that HOA
measurements in NIR and green light are nearly identical(35,36), only differing in the defocus term.
The longitudinal chromatic aberration of the eye can be then calculated as the chromatic difference
of focus between the red and blue ends of the visible spectrum.
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1.3.2 Chromatic aberrations
Chromatic aberrations appear as a consequence of the chromatic dispersion of the ocular media,
producing a change in the aberrations as a function of wavelength(37). Chromatic aberration adopts
two forms: Longitudinal Chromatic Aberration (LCA) and Transverse Chromatic Aberration (TCA). LCA
results in a wavelength-dependent change of refractive power(37,38) while TCA produces a
wavelength-dependent change in the magnification of an extended image(38,39). LCA is said to be
relatively constant among subjects(38,40), TCA has a high variability preventing its correction using
the average values(41).

LCA —~——— _ .

Figure 1.10. Schematic showing the chromatic aberrations of the eye. Top panel shows the LCA and below
panel shows the TCA.

The ocular media of the human eye have a lower refractive index for longer wavelengths than for
shorter ones. As a result, the eye that is emmetropic for green light is myopic for blue light and
hyperopic for a red light. Across the visible spectrum (from 400 to 700 nm), the amplitude of LCA in
the eye approaches roughly 2D(2,38,42). In TCA the objects in blue light are less magnified than the
red light.

1.3.3 Optical quality metrics

Several optical quality measures have been established, which are typically computed from the
measured wave aberrations. Additionally, as optics impose initial limits on vision, there have been
several attempts to link optical and visual quality. Typically the largest correspondence between
optical and visual quality has been found using retinal image quality metrics for optical quality.
However, other metrics are often used for convenience. The following sections describe the optical
quality metrics used in this thesis.

A. Root Mean Square wavefront error (RMS)

The Root Mean Square wavefront error is a common global pupil plane metric for assessing optical
quality (RMS). The degree of divergence between a perfect wavefront and the actual one is
represented by the Root Mean Square (RMS) wavefront error, which is frequently used as a general
metric for optical quality from the Zernike coefficients (wave aberration). A lower RMS indicates better
optical quality. An ideal concordance between the wavefront and the reference sphere is implied by
a theoretical "zero" value. RMS is often used as a quantitative objective indicator of optical quality at
the pupil plane level, either including all aberrations, high-order aberrations, or specific terms or
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orders. In Equation (1.3), the piston (CO) and tilts (CO%1) have been removed, since they only represent
a displacement of the image and not degradation.

RMS=

Eq. (1.3)

Where Cnm is the Zernike coefficient corresponding to the order ‘n’ and the frequency ‘m’. RMS is
measured in microns (um).

B. Retinal image quality metrics

Retinal image quality measures derived from wave aberration incorporate the combined effects of
diffraction and aberrations but exclude scattering. Utilizing criteria that are based on retinal image
quality, which have been shown to more closely correlate with visual function, the optical quality is
characterized. Retinal image quality measurements employed in this thesis include the Point Spread
Function (PSF), Modulation Transfer Function (MTF), Strehl Ratio (SR), and Visual Strehl Ratio (VSOTF).

Point Spread Function (PSF)

Light from a point source is scattered throughout the image as indicated by the Point Spread Function
(PSF). The size of the pupil, aberrations, blur, and diffraction are all factors that affect it. A perfect
optical system has an Airy disk as its point spread function (diffraction is the only restriction) (43). A
bigger PSF than the aberration-free PSF for the same pupil size is produced when there are ocular
aberrations because they spread out light over a region.

The pupil function, P(x,y) defines how light is transmitted by the eye’s optics, where P(x,y) is the pupil
function, A(x,y) is an apodization(44,45) function (when the waveguide nature of cones is considered)
and W(x,y) is the wave aberration (in Cartesian coordinates). P(x,y) is zero outside the pupil.

P(x,y) = A(x,y) exp(i’F W (x,y)) q. (14)

The PSF is calculated as the squared magnitude of the inverse Fourier transform of the pupil
function(29,46,47) where FT is the Fourier transform operator, K is the constant and z is the distance
from the pupil to the image.

PSF(x,y) =K ’FT [A(x, y) exp(i Z%W(x, y))]

x
z

Y
Jy=y,

x
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et 5,

Eq. (1.5)
Modulation Transfer Function (MTF)

The Modulation Transfer Function (MTF) is the ratio of the image contrast to the object contrast as a
spatial frequency. Mathematically, it is the modulus of the Fourier transform of the PSF which is the
Optical Transfer Function (OTF)(48). This function explains how the contrast of sinusoidal waves is
altered by the optical system and shows how much the object's frequency content is transferred to
the image by the optical system. The transmission of frequencies from object to the image will be
worsened by system aberrations as the MTF will decline more quickly. High spatial frequencies, or the
minute details in the image, experience a significant contrast decrease.

MTEF(x,y)=|FT(PSF(x,y))| Eq. (1.6)
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Aberrations reduce the contrast (MTF) of the retinal image or translate the image sideways to cause
a spatial phase shift with spatial frequency (PTF). Good MTF readings and low PTF values suggest a
high-quality OTF in the eye.

Strehl ratio (SR)

The Strehl ratio (SR) is a scalar metric calculated as the ratio of the aberrated eye's maximum PSF value
to the maximum PSF value in a diffraction-limited eye. The range of the SR can be between 0 and 2,
with 1 defining a perfect optical system.

max(PSF)

SR =
SPATIAL = o PSFpL) fq. (L7)

In the frequency domain, the SR is computed as the volume under the MTF of an aberrated system
normalized by the diffraction-limited MTF, for the same pupil size.

S22 150 MTF (fy.fy)d fxdfy

SRFREQUENCY =
Where MTF is the MTF of the aberrated wavefront, while the MTFDL is the diffraction-limited
MTF(29,47).
Visual Strehl (VS)

Visual Strehl (VS) is an image quality metric that has been reported as an optimum metric for
predicting the visual performance of the eye based on its aberrations. The VSOTF is determined in the
frequency domain, and the OTF is weighted by the neural contrast sensitivity function (CSFN).

Vs _ J-eoloo CSEN OTF(fufy)dfxdfy

- Ifooo f_oooo CSFN.OTFpL(fx.fy)dfxdfy Eq. (1.9)

Where CSFN is the neural contrast sensitivity function, OTFDL is the OTF limited by diffraction, OTF is
the OTF of the aberrated system, and (fx,fy) are the spatial frequency coordinates.
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1.4 REFRACTIVE ERRORS

The formation of a clear image on the retina is a prerequisite for the proper operation of human vision.
Emmetropia is defined as a refraction state where, when accommodation is at rest, parallel streams
of light from infinity are focused at the retina. Because of this, an emmetropic eye consistently
produces a clean image of a faraway object without the need for any internal optics change. Infinity is
the distance at which an emmetropic eye may concentrate clearly without exerting too much effort
to accommodate. Ametropia is a refraction condition where, with accommodation at rest, parallel
beams of light from infinity concentrate in front of the retina (myopia) or behind it (hypermetropia),
in one or both meridian (astigmatism), or in both (hypermetropia). The various types of refractive
errors will be covered in this section, along with associated epidemiology.

1.4.1 Hyperopia

The name "hypermetropia" comes from the Greek word "ops," which means "eye" and implies
"beyond measuring." Farsightedness, or hypermetropia, happens when parallel light beams from
infinity concentrate behind the retina while accommodation is at rest. The consequence is a blurry
retinal image because the retina is behind the posterior focus point and distant point of the eye (Figure
1.11). Young people with mild to moderate hypermetropia can readily be accommodated by using
accommodation techniques.

1.4.2 Astigmatism

The words "astigmatism" and "stigma" are both ancient Greek words that mean "point" (absence).
Due to uneven refractive power in various meridians of the refractive surfaces (cornea and/or lens),
astigmatism is a refractive mistake that occurs when parallel light rays enter the eye and are unable
to focus at a single place. The distance in the retina between two focus locations is known as the Sturm
interval. The least distorted field of vision in an untreated astigmatic eye is known as the "circle of
least confusion."

After a uniform shift in refraction, regular astigmatism happens when the meridians with the highest
and lowest refractive powers are parallel to one another. With-the-rule (WTR) and against-the-rule
(ATR) astigmatisms are two types of common astigmatism that depend on whether the meridian is
steep or flat. The eye's most curved meridian is perpendicular to the negative astigmatic axis, which
is perpendicular to both the WTR and ATR (49).

1.4.3 Myopia

The name "myopia" comes from an ancient Greek word that means "to close" and "ops" is the word
for eye. A refractive eye disorder known as myopia, sometimes known as nearsightedness, occurs
when light rays entering the pupil are focused in front of the retina, causing distant objects to seem
blurry. Due to an imbalance between the eye's optical power and axial length, light rays in myopia fail
to focus on the fovea (2). Figure 1.11 illustrates how the emmetropic eye's optical system allows light
rays to pass through and focus on the retina for clear distance vision, whereas the myopic eye's light
rays fall short and focus in front of the retina.

Myopia can be classified as low (-0.5 to -2.99D), moderate (-3.00 to -5.99D), or high (-6.00D) dioptric
levels in terms of power (50). According to the age of onset, myopia was categorized as follows:
Myopia that was present at birth and persisted throughout the neonatal years is referred to as
congenital myopia. Myopia appears in young people between the ages of 6 and 20. People aged 20 to
40 were impacted by early adult-onset myopia, but those beyond 40 are affected by late adult-onset
myopia.



Chapter-1 Introduction

Normal vision

Hyperopia Astigmatism

Figure 1.11. Schematic of emmetropic (normal vision), myopic eye, hyperopic eye , and astigmatism.

1.4.4 Prevalence of myopia

Myopia is the leading cause of vision impairment worldwide, as well as the second most common
cause of blindness(51). The prevalence of myopia has rapidly grown in recent decades, especially in
East Asia, reaching epidemic levels(52) and the Western Pacific region. The incidence of myopia
increasing all over the globe, including the United States(53,54) and Europe (53,54). If myopia
progression continues at this rate, half of the world’s population will become myopia by the year
2050(52). The predictions assume that increased urbanization and development in countries will
continue to spread the associated lifestyle changes, such as decreased time outdoors and increased
near-work. The so-called high-pressure educational systems in East Asian countries seem also a factor
in the growth of myopia prevalence.

The burden of myopia is not only associated with poor sight (which can be compensated with the
appropriate correction), but with the increased risk of other sight-threatening pathological changes,
such as retinal detachment, myopic macular degeneration, and glaucoma, causing permanent vision
loss(55,56). The term “pathological myopia” is used to describe situations where high myopia levels
have resulted in irreversible changes. The myopia associated with excessive axial length elongation of
the eye leads to structural changes in the posterior segment, such as myopic maculopathy, high
myopia-associated optic neuropathy, and retinal detachment. High myopia is the main risk factor to
develop pathologic myopia, although it can also occur in low levels of myopia. The development of
posterior staphyloma, which is the outward protrusion of all layers of the posterior eye globe with
advancing age, as well as the axial length growth are the two main causes of myopic macular
degeneration. High myopia patients who have widespread, patchy macular atrophy, CNV, and/or
Fuchs' spot are said to have myopic macular degeneration, a disorder that threatens their vision(57).
The axial length elongation associated with highly myopic eyes often creates myopia-associated
glaucoma-like optic nerve damage, also known as optical neuropathy. This typically occurs in high
myopic eyes with a secondary macro disc or peripapillary delta zone at a normal IOP. Optical
neuropathy causes irreversible loss of vision(57). Retinal detachment is another common complication
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of high myopia, this risk increases with increasing refractive error due to the changes in the peripheral
retina. The risk of retinal detachment also greatly increases with age.

Globally, 217 million individuals have moderate to severe visual impairment, 188.5 million people have
mild vision impairment, and 36 million people are blind (58). There are 826 million people who suffer
from near vision impairment, according to statistics. (59). A recent study(52), Myopia is most common
among those aged 20 to 39 worldwide, and it is projected that this trend will continue at the current
rate of development. Additionally, some research connected increasing myopia progression and
education level (60,61). Numerous methods to slow the progression of myopia have been proposed
as a result of the rapid increase in this visual impairment; these methods are discussed in the following
sections.

1.4.5 Risk factors of Myopia

Myopia is a multi-factorial disorder with genetic, behavioral, and environmental influences that can
affect both myopia onset and progression. This section will investigate potential risk factors as well as
the forerunner of myopia prediction (62-64).

Genetic influences

Significant evidence suggests that myopia has a hereditary component that cannot be accounted for
by a typical environment. Recent research has linked myopia to a variety of factors, including genetics
(55,65,66). When one or both parents are myopic, the prevalence of myopia in children is frequently
enhanced (67-69). Myopia is a defining characteristic of some diseases, including the heritable
connective tissue diseases Marfan syndrome and Stickler syndrome (70). It has been demonstrated
that the inheritance of myopia is complicated, with X-linked, autosomal recessive, or autosomal
dominant patterns (50,71).

Near work and education

Numerous research (69) have discovered a link between early schooling, myopia, and education level
(72,73). Myopia and levels of near employment have been found to have weak relationships
(68,69,72). Researchers have looked into the connections between juvenile-onset myopia, near work,
academic success, and parental myopia (69). Significant associations with myopia were found for both
parental myopia and, to a lesser extent, close labor. There have been connections shown between
myopia development and progression and the lag of accommodation during close work (74-76).
Children with myopia may accommodate a close target less than emmetropic children (74) and show
an insufficient accommodative response(74). The hyperopic foveal retinal blur is what causes myopia
to evolve, then minimizing this blur may stop the advancement of myopia.

Outdoor time

Studies have demonstrated that light has a protective effect on the development of refractive abilities.
The best indicators of future myopia were found to be fewer sports and outdoor activities combined
with myopic parents. Spending time outside may lower the likelihood of developing myopia and guard
against it, although the exact mechanism by which this occurs is uncertain. An increase in the retinal
transmitter dopamine, which inhibits eye growth, is stimulated by the greater intensity of light that
can be found outside, suggesting that it may offer protection. Animal research back up this theory
(55,77-79). According to a different study, the greater distances faced outside compared to indoors
may encourage dioptric flattening, which would affect how the eye reacts to the subsequent defocus
(55). Children in a different study who were exposed to light everyday had much slower axial
elongation than children who were exposed to less outside light (80). Another theory around outdoor
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activity is that because it does not necessitate large levels of accommodation in response to distant
stimuli, the lag in accommodation required to respond to nearby targets is lessened, and as a result,
axial elongation is not induced (81).

1.4.6 Ocular optic disruption in Myopia: Central and Peripheral optics

Studying HOAs of the myopic eyes can help to understand whether the retinal image quality has an
impact on myopia development. Some studies have found a higher amount of HOA in myopes
compared to emmetropes(82,83). Spherical aberration in particular has shown a significant
correlation with refractive error(82). Some studies have reported a decrease in visual acuity when in
myopes , especially high myopes and hypothesized that the decrease was due to retinal stretching but
other studies did not find this decrease when the refractive error was corrected with contact
lenses(84).

The optical quality of the eye differs across the visual field with the best optical quality achieved close
to the fovea, whereas with eccentricity it degrades. Even in the absence of refractive errors in central
vision (emmetropia), the eye experiences a large amount of optical errors in the periphery. It has been
found that emmetropic and hypermetropic eyes are relatively myopic in the periphery, whereas
myopic eyes have a hypermetropic shift off-axis. HOAs also increase with off-axis angles. Astigmatism
is more dominant in the periphery and in terms of HOAs, coma is dominant off-axis. Spherical
aberration is more uniform across the visual field and it is, on average, the dominant higher-order
aberration on the axis(85,86).

1.4.7 Role of Peripheral Retina

At birth, humans tend to be emmetropic. Through the process of emmetropization during childhood,
hypermetropia is reduced. Hypermetropia that occurs at birth triggers axial elongation. If the eye
continues to elongate after emmetropization myopia occurs(87).

Animal experiments have demonstrated that axial elongation can be halted or initiated depending on
the placement of the image relative to the retina. Experiments in chickens and monkeys with
defocused vision, either with negative (image behind the retina) or positive (image in front of the
retina) spectacle lenses, revealed that their visual system altered their refractive state by accelerating
or slowing axial elongation to compensate for the imposed defocus (88,89). This was true in both the
fovea and the peripheral retina. It was previously thought that only foveal optical errors could govern
eye growth, however, it has now been demonstrated that peripheral image quality, even in the
presence of a sharp foveal image, can influence ocular growth. Benavente-Perez et al(90). found that
marmosets whose peripheral visual field was defocused positively developed hypermetropia whereas
the negatively defocused animals developed myopia. They concluded that eye growth can be
manipulated by the peripheral image quality. Figure 1.12 shows the schematic representation of an
eye showing peripheral hypermetropic and myopic defocus while the foveal image is in focus, the
hypermetropic defocus blurs the peripheral image, a growth signal is sent to the eye and axial
elongation occurs while with the myopic defocus there is a peripheral blurred image, and a signal is
sent to stop axial growth.
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A) B)
Triggers growth Stops growth

Figure 1.12. is a schematic representation of eyes with A) foveal emmetropia with peripheral hypermetropia and
B) foveal emmetropia with peripheral myopia are shown. Peripheral hypermetropic blur triggers axial elongation
whereas peripheral myopic blur stops axial growth.

In a foveally, emmetropic eye, relative peripheral hypermetropia occurs when the peripheral image is
focused behind the retina, whereas relative peripheral myopia occurs when the peripheral image is
focused in front of the retina. In addition, relative peripheral refraction can explain why foveally
myopic eyes are less myopic off-axis , and thus their periphery is relatively hypermetropic compared
to the fovea (although the peripheral image is still located in front of the retina without correction).
Thus, the dioptric correction needed is more negative in the fovea than in the periphery. Similarly,
foveally hyperopic eyes tend to be less hyperopic eccentrically, resulting in a relatively myopic
periphery compared to the fovea (although the peripheral image is still focused behind the retina
without correction) as shown in Figure 1.13. These, do not indicate that relative peripheral refraction
is the causing factor of myopia, but are more likely related to the shape of the eye. Therefore, the role
of peripheral optics in myopia onset and development is not entirely clear, and relative peripheral
refraction is not the only factor that affects peripheral image quality.

A) B)

Relative hyperopic Relative myopic
periphery periphery

Figure 1.13. Schematic of an eye A) A foveally myopic eye with relative hyperopic periphery B) foveally hyperopic
eye with the relative myopic periphery.
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1.5 MYOPIA CONTROL INTERVENTIONS

In recent years, a variety of therapies to delay or stop the growth of myopia have been studied.
Interventions are proposed based on various theories on why myopia develops, and they include
peripheral defocus manipulation and the reduction of near accommodative effort. This section
presents different interventions for myopia control and will focus on soft multifocal contact lenses
and the active mechanism for myopia control, which is the one studied in this thesis.

1.5.1 Pharmaceutical agents

Atropine, a pharmaceutical cycloplegic agent, a non-selective muscarinic antagonist in low
concentration has been found to slow down the increase in axial length and myopia progression,
although its action and mechanism are not yet understood. A study by Yam et al(91). investigated the
1-year effect of 0.05%, 0.025% , and 0.01% concentration of atropine in myopic children aged 4 to 12
years, after a year it was found that 1% atropine demonstrated less overall spherical equivalent
myopia progression and axial length elongation. On the other hand, in the ATOM1(92,93) study, The
1% atropine had the biggest rebound impact, resulting in the greatest progression of myopia, whereas
the 0.01% atropine had the least myopic rebound effect and the most persistent effect of all
concentrations. Furthermore, the 0.01% concentration caused the least pupil dilatation and
accommodative loss. In comparison to higher doses, 0.01% atropine had the strongest therapy
efficacy in delaying the progression of myopia (92).

1.5.2 Orthokeratology

Orthokeratology (ortho-k) lenses remodel the cornea overnight. The center cornea is flattened by the
hard gas-permeable lenses, temporarily reducing or eliminating refractive error (93). According to a
recent study, axial elongation has been decreasing over time (94-96). Some claim that the peripheral
retinal image shell may move to myopic defocuses as a result of orthokeratology lenses' steepening
of the peripheral corneal image shell, reducing axial growth (97). Axial length is a more trustworthy
comparative metric since ortho-k modifies corneal curvature and refractive error. In another study,
the depth of the anterior and posterior chambers as well as lens thickness were examined. When axial
changes were compared, related changes in vitreous chamber depth were found. Therapies that slow
the progression of myopia and have a long-term effect on the degree of myopia must have a low risk
of patient harm. Wearing ortho-k lenses all night could increase the chance of getting infections like
microbial keratitis (98).

1.5.3 Scleral cross-linking

It is thought that one underlying issue in the progression of myopia is aberrant scleral re-modeling
that leads to weakening, thinning, and expansion of the scleral tissue. Collagen cross-linking naturally
occurs in the body with age and UV light exposure. Cross-linking helps to enhance and strengthen the
biomechanical properties of the tissue. Given the aberrant changes in the sclera of myopic patients, a
similar hope for the stabilization of myopic change via cross-linking of the sclera is held in the research
community. There are two forms of scleral cross-linking: physical and chemical. The cross-linking
occurs at the level of the outer sclera which is helpful in that it potentially avoids a structural change
in the retina/choroid.

The physical method requires opening the conjunctiva to expose the scleral tissue. This is followed by
the activation of riboflavin via UVA (370 nm) or blue light. (460 nm) which leads to the excitation of
riboflavin to the triplet state and subsequent production of reactive oxygen species. This cross-linking
process forms new chemical bonds between collagen and other molecules or between two collagen
molecules. The chemical cross-linking enhances scleral stability with reagents such as glutaraldehyde
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or glyceraldehyde with reactive groups that can cause molecules to form new covalent bonds.
Chemical cross-linking has been shown to improve the stiffness of the sclera more effectively than
physical cross-linking(99-101).

1.5.4 Optical approaches for myopia intervention

As was said in Section 1.4.5, when a negative lens is placed in front of the eye, the focal point is in the
back of the eye, causing a hyperopic retinal defocus that promotes axial elongation and renders the
eye relatively myopic. A plus lens, on the other hand, places the focal point in front of the retina, which
results in myopia and relative hyperopia. Optic procedures attempt to stop the progression of myopia
based on that justification.

1.5.4.1 Monofocal solutions
Under-correction

Initially, it was thought that under-correction might stop the growth of myopia by lowering the
accommodative demand for close tasks. Alder et al(102). For a 18 month period, the effects of wearing
eyewear with full myopic refractive error correction versus under-correction of myopia by +0.50D in
children with myopia were compared. When compared to fully corrected children, the under-
corrected participant showed a modest, but non-significant increase in myopia progression of 0.17D.
These results were consistent with many other studies(102,103). The risk is that a loss of sharp
distance vision caused by under-correction procedures will result in behavioral changes such as
reduced outside activities, favoring myopia progression.

Single-vision soft contact lenses

To correct refractive error, contact lenses are widely used as an alternative to or in addition to
spectacle lenses. In comparison to single-vision glasses that have very little spherical aberration, most
soft lenses with spherical surfaces experience negative spherical aberration in negative powers (104),
but this may appear to cause a hyperopic shift in the peripheral refraction, which may promote axial
growth of the eye compared to single vision glasses that have very little spherical aberration (105). In
contrast to spherically surfaced spectacle lenses, spherical contact lenses generate a greater
peripheral myopic shift (2). As a result, if myopic peripheral refraction slows myopia advancement,
then single-vision contact lenses may be more protective against myopia progression than single-
vision spectacles. To summarize, there is no convincing evidence in the literature that typical soft
contact lens usage causes either slower or quicker myopia progression.

1.5.4.2 Multifocal solutions
Spectacle Lenses

One of the theories The idea that hyperopic retinal blur at the fovea generated by a high lag of
accommodation during close work drives axial growth of the eye and is crucial to myopia progression.
Spectacle-based techniques for myopia control have been shown to reduce myopia progression by
lowering accommodative demand. Several studies have been conducted to assess the usage of PALs
and bifocal lenses to slow myopia progression by reducing accommodative strain at near (106-111)
Given that they are simple to fit, widely recognized and tolerated, affordable, and less invasive,
spectacle lenses have several advantages over other types of myopia therapy. All multifocal lens
designs, including bifocal lens designs, result in relative myopic shifts in peripheral refractive errors,
at least in the superior retinal field (112). There is evidence that certain populations, such as people
with significant accommodation lags and people with esophoria at closer viewing distances, may be
more affected by treatment with relative plus power for near tasks.
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Soft Multifocal contact lenses

Soft multifocal contact lenses traditionally used in the treatment of presbyopia, are now also a
proposed solution for myopia progression control. These lenses work under the principle of
Simultaneous vision which is an image focused at near vision projected onto the patient’s retina
overlaid with a degraded image for distance vision, or a focused image for distance vision
superimposed on the defocused image of the near scene(113). The asphericity induces a spherical
aberration (SA) that causes expanding the depth of focus (DOF). Even though the best image suffers a
certain degradation due to induced SA, the expected gain at near is expected to counteract the slight
degradation at far, in the majority of patients (114-116). The design of the lenses is originally intended
for presbyopes and are used off-label. Different designs of the lenses have been investigated they are
discussed as follows:

Center-near design lenses have positive power in the center which abruptly (segmented designs) or
gradually decreases towards the periphery. Center-near lenses are a common design for presbyopia
correction, and are less frequent in myopia control. To this category belongs the contact lens 1-DAY
ACUVUE MOIST MULTIFOCAL (aspheric center-near design, Johnson & Johnson Vision Care, Inc) used
in the studies in Chapters 3,4,5, and 7.

Center-distance designs, with the central region, corrected for far, and an addition in the peripheral
region of the lens, are the most common designs for myopia control. As in center-near lenses, the two
zones can be segmented with a sharp transition zone, or via an aspheric curve that progressively
increases towards the periphery on the anterior surface of the CL to compensate for near vision. The
center-distance lenses are said to induce positive spherical aberration(114,117). Traditionally these
lenses have been prescribed for myopia control based on their potential effect of decreasing
hyperopic defocus in the periphery. However, recent studies report that The effects of center-distance
lenses on the periphery are not as significant as expected, as they cause myopic defocus exclusively in
one meridian rather than the entire retinal periphery (112).

Myopic Defocus
light rays I Increases Myopic Refractive Error I Aspheric Concentric
FAR FAR
Hyperopic Defocus:
Stimulus for further TRANSITIQN o
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light rays Hyperopic Defocus

Figure 1.14. (Left) A schematic representation of the principle of the multifocal contact lenses on controlling
myopia progression. (Right) different designs of MCLs A) Aspheric design B) Concentric design. Adapted from
Charman et al(118).

Multizone-concentric design. The center-near/distance designs described above comprise only two
zones or a progressive gradual increase/decrease of power towards the periphery (progressive design)
or present in distinct zones (concentric ring design). Other categories of designs involve multiple zones
that alternate near-far zones as concentric rings. An example of this design is the Misght contact lens
(Cooper Vision, Inc), a multi-zone center-distance design, approved and commercialized for myopia
control(119). These contact lenses were created to provide a global retinal picture quality that was
enhanced for locations on and anterior to the retina and deteriorated for locations posterior to the
retina to prevent axial elongation (i.e. across both the central and peripheral retina). Chapter 7 in this
thesis studies the effect of the Misight lens on accommodation, vision foveally , and in the periphery.
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Figure 1.15. A schematic representation illustrating myopic and hyperopic defocus, and the possible target for
ideal correction(93). On theright is the Misight lens which has two treatment zones, creating a peripheral myopic
defocus that causes the image to focus in front of the retina and slow axial elongation. Myopia is corrected in all
gaze positions.

1.5.5 Accommodation and myopia

Three main processes that occur when viewing a near object: accommodation, which changes the
curvature of the crystalline lens to focus the eye, and miosis, which increases the depth of focus similar
to a pinhole camera. The eyes adduct to converge the visual axes and keep the image on the
corresponding areas of the retina (120,121). It is believed that these occurrences are simply related,
not connected and that any one of the three may be absent without having an impact on the other
two. (121). Most people accommodate less than is necessary to bring the subject into focus when they
are either presented with close targets or with minus power lenses in front of their eyes. The lag of
accommodation, also known as underaccommodation, is measured as the difference between the
observed accommodating response and the accommodative stimulus. Myopia development has often
been linked to continuous near work requiring high levels of accommodation(122). Several
epidemiologic studies have revealed a link between the volume of near work and the development of
myopia(69,123,124) and suggested that the larger amount of accommodative effort needed during
near activity is a factor in the development of myopia. More specifically, a large body of work refers
to the hyperopic blur produced by the lag of accommodation (i.e the eye not accommodating
completely to shift the image plane to the retina) to close targets, which results in the image lying
behind the retina, as the trigger or contributor to eye elongation. This is also consistent with studies
on experimental models of myopia in many animal species, that show robust responses in eye
elongation to hyperopic defocus imposed with negative lenses(81). Several studies have reported
larger lags of accommodation in myopes compared with emmetropes(74,125-128), although it is
debated whether this is a cause or a consequence of myopic changes (129,130). Differences in
accommodative lag have even been related to the higher amounts of high-order aberrations, since
myopes have, on average, larger high-order aberrations (HOAs) (82,83,131,132). The potential link
between myopia development, reduced accommodation, optical aberrations, and hyperopic defocus
(particularly in the peripheral retina) has motivated various non-pharmacological alternatives for
myopia control. Among those options, bifocal, and progressive additional spectacle lenses (133-136),
orthokeratology (137,138) and soft multifocal contact lenses (MCLs) have shown different levels of
success in controlling the progression(133,134).

According to experiments conducted on animals, hyperopic defocus caused by lenses accelerates axial
eye growth, which causes myopia (81). As accommodative lags induce hyperopic defocus, high lags
are considered a risk factor for myopia(74,111,128,139). Higher accommodating demands are
associated with a greater lag of accommodation in myopes, according to human studies (74,129), the
myopia of more recent onset(140,141) , and blur-driven accommodation induced by negative
lenses(76). Larger lags also are associated with the progression of myopia(76,128). Direct evidence of
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an association between near work and myopia has been difficult to obtain (as explained in the
previous section).

Pupil

Sympathetic and parasympathetic nerves control pupil size, and the dilator and sphincter muscles in
the iris act as antagonists to change this. Pupil size is regulated by ambient light and tends to reduce
with age(142). Also, generally, pupil size decreases during accommodation(142). Both the baseline
pupil diameter and its light and accommodation response vary across the populations. Pupil size is
important in refractive multifocal corrections in presbyopes, as the relative area of the contact lens
devoted for far and near depends on pupil diameter. When using dual or multifocal contact lenses,
which depend on a sufficiently large pupil diameter to provide access to the peripheral retina, pupil
size can also be crucial.
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1.6 AGING PROCESS IN THE EYE: PRESBYOPIA
Presbyopia

With age, the eye loses its ability to focus near objects. The ability of accommodation declines steadily
with age from 14D during infancy to 1.5D at 60 years of age(143). This age-related physiological
inadequacy in accommodation is called Presbyopia (Figure 1.16). This decrease in the amplitude of
accommodation results primarily from the stiffening of the crystalline lens material. For the majority
of the population, the symptoms of presbyopia start at around 40-45 years, when the amplitude of
accommodation decreases below functional ranges(143). Several factors influence the perceived
onset of presbyopia, including the patient’s preferred working distance, the nature of the close work,
uncorrected residual myopia, light levels, or the presence of ocular high-order aberrations.

Presbyopia
Corrected

Presbyopia

Image behind the Image on the
retina retina

Figure 1.16. Near vision in a presbyopic eye (Left), the crystalline lens is unable to accommodate. Presbyopic
eye with correction (Right), focused on the retina.

Lens unable to \\
accommodate

Other accompanying factors to lens aging include increased thickness and lens diameter, index
gradient flattening, surface steepening, and the shift of spherical aberrations to more positive
values(144). These changes are due to the continuous growth of the lens, accumulating fibers in the
lens nucleus. Chemical modifications also occur, inducing a decrease in the transparency and
increased scattering of the lens, resulting in a cataract later in life

1.6.1 Presbyopia solutions

Presbyopia is treated by using a convex lens—properly referred to as the "near addition"—to add
additional positive power. The amount of addition given is regulated by the patient's age, working
distance, and needs. There are numerous strategies to treat presbyopia, either non-surgical
(spectacles or contact lenses) or surgical (modifications in the cornea or IOL implant)
treatments(118,143). Most frequent presbyopic solutions are based on: Alternating vision (bifocal and
progressive spectacle lenses) where changes in gaze or head position allow the selection of the
viewing zone for the desired distance(143,145), Monovision where one eye is corrected for distance
and the other for near vision (usually dominant eye for far)(146,147), simultaneous vision It is a
growingly common simultaneous vision-based approach where the eye is concurrently developed for
near and far vision, typically in the form of contact lenses or intraocular lenses (148).

1.6.1.1 Contact lens designs for presbyopia

Compared to spectacles, contact lenses offer a wider field of vision because they are placed closer to
the eye, causing less distortion. Besides, unlike progressive spectacles that require changing gaze, and
produce image distortions particularly when looking through the corridor between far and near
regions, multifocal contact lenses operate under the principle of simultaneous images and sharp/focus
of images for far and near are always present. A drawback to the use of contact lenses at an older age
is the increased incidence of dry eye(149,150). Contact lenses for presbyopia correction tend to be



Chapter-1 Introduction

refractive (segmented or smooth profiles): two focal points for far and near (bifocal), multifocal
contact lenses where the distribution of the near and distant regions can also vary, as the central
region can be either devoted to distance or near. Some of the examples of bifocal contact lenses for
presbyopia are CooperVision Biofinity Multifocal, Bausch and Lomb Ultra contact lenses for
presbyopia, Biotrue One day for presbyopia, Alcon Air Optix Plus HydraGlyde Multifocal.

Aspheric Concentric
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Figure 1.17. Different designs of MCLs for presbyopes A) Aspheric B) Concentric. Adapted from Charman et al.

Aspheric design (Figure 1.17), currently the most widely used designs in the field of CLs are progressive
design with aspherical geometry, with a wide variety of designs available in the market. Aspheric CLs
designs are rated for a certain viewing distance in the central area and an aspherical curve that
produces a progressive variation in power as you approach the periphery. In this thesis, we have used
a center-near design contact lens design of low, medium , and high addition (1-DAY ACUVUE MOIST
MULTIFOCAL, Aspheric center-near design, Johnson & Johnson Vision Care, Inc) to compare the visual
performance (Chapter 3 & 4).

1.6.1.1 Intraocular lenses design for presbyopia

Unlike multifocal contact lenses that are placed on the eye, intraocular lenses are implanted
intraocularly. Generally, they are implanted following removal of the intraocular lens material,
generally inside the capsular bag that is left intact (except for a window, capsularhexis created to allow
surgical maneuvers). I0Ls are generally implanted in patients that require cataract removal, although
there is an increasing number of procedures performed in younger patients, referred to as clear lens
extraction or refractive lens exchange. The first intraocular lenses were made of PMMA
(polymethylmethacrylate). Since then, materials, designs , and techniques have continually evolved.
The monofocal form of intraocular lens is still the one that is implanted most frequently today.
Patients with monofocal intraocular lenses with fixed focal lengths are spectacle free for one distance
(generally far), but the quality rapidly deteriorates at other distances, requiring the usage of near
spectacles. Relatively frequent management of presbyopia is monovision, where one eye is implanted
with a monofocal lens at the far, and the contralateral eye with a monofocal lens at the near.
Candidates for monovision with IOLs tend to be those previously fitted with a monovision correction
with contact lenses. Increasingly used corrections of presbyopia with intraocular lenses include
multifocal, hybrid, or EDOF lenses, and (very limited) accommodative IOLs.

Accommodative IOLs

Accommodative lenses are monofocal lenses with flexible haptics capable of mobilizing their optical
zone, thus varying their focus. When the ciliary muscle contracts, the zonular fibers relax and the
energy released allows the lens to move forward, thus increasing its dioptric power to focus at close
or intermediate distances. In practice, the true accommodative effect achieved with these designs is
small and highly variable(151,152).

Multifocal and EDOF IOLs
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Multifocal IOLs aim at producing multiple foci or expanding the depth of focus in the eye. We can
divide multifocal 10Ls according to the optical principle used to create multifocality in refractive or
diffractive lenses.

= Refractive Lenses: based on the phenomenon of refraction of light, which is the change in
direction experienced by a ray of light obliquely passing from one meridian to another with a
different refractive index (IOL material)(153-155). An example of refractive, bifocal IOL is the
Oculentis MPlus, with a segmented, non-centrosymmetric near/far distribution.

= Diffractive Lenses: based on the scattering phenomenon that light experiences when it passes
through the edge or step of a transparent surface. Diffractive lenses use the optical principles
of diffraction and refraction to form two independent focal points, far and near(156—158).
Examples of diffractive trifocal I0Ls include the Alcon Panoptix or PhysIOL FineVision I0L.

= EDOF IOLs are generally refractive 10Ls with the aim of producing an extended range of focus
with constant vision quality (generally from far to intermediate). Examples of refractive EDOF
IOLs include the Alcon Vivity or the PhyslOL Isopur I0L(159-162).
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1.7 CLINICAL REPORTS OF MULTIFOCAL CONTACT LENSES
INTERVENTIONS FOR MYOPES

Two theories have been proposed to support the use of MCLs as an intervention in progressive
myopia. The first is based on correlations between myopia and greater accommodative lag that have
been discovered (74,111,128,130). No matter where on the lens it is, the existence of a near addition
that provides a focus at a close distance will lessen the amount of accommodative lag-induced
hyperopia defocus, thereby weakening the signal for eye growth. Myopia progression control lenses
often have a center-distance design. Clinically, however, MCLs with a center-near configuration has
also been beneficial for people who have a significant accommodation lag and are near esophoria
(163). The second theory for how MCLs work to correct myopia is based on evidence that the
peripheral retina is important for proper emmetropization (93,164,165). In particular, it is believed
that the peripheral hyperopic defocus caused by myopic eye globe shape and its correction with
typical spherical lenses stimulates the growth of the eye (93). According to this theory, MCLs would
halt the progression of myopia by causing myopic peripheral defocus, which would offset naturally
occurring hyperopic defocus and function as a stimulus for eye growth. However, other studies either
found no correlation between peripheral defocus and foveal axial elongation or discovered statistical
variances in the retinal morphology of myopes or emmetropes, raising doubts about the role of the
peripheral retina in the development of myopia (166,167).

Walline et al(168) In a two-year prospective research, kids aged 8 to 11 with Proclear D soft multifocal
contact lenses with a +2.00D add. Twenty-seven of the 40 children finished the trial and were matched
in terms of age and gender to participants from a prior study who were using single-vision soft contact
lenses. For the multifocal and single-vision wearers, the adjusted mean axial elongation was 0.29mm
+ 0.16mm and 0.41mm % 0.16mm, respectively. The scientists concluded that using soft multifocal
contact lenses over the two-year treatment period reduced axial length elongation by 29%.
Sankaridurg et al(169) Recently, the results of a two-year clinical trial with five arms, in which children
were randomized to receive soft contact lenses with single vision, two soft lens designs that imposed
myopic defocus across the peripheral and central retina, or two extended-depth of focus (EDOF) soft
lenses incorporating higher-order aberrations to modulate retinal image quality, were published. The
axial elongation was reduced by between 22% and 32%, with the single vision group making the
maximum progress (0.58mm), while the other groups made less progress (0.41mm-0.46mm). Paune
et al(170). For the experiment, a soft radial refractive gradient (SRRG) contact lens was employed. This
lens corrects the central refraction while creating a peripheral myopic defocus that moves
progressively from the center of the optical axis outward. After two years, myopia growth was 43%
slower in kids who wore SRRG contact lenses. Cheng et al(171) The reduction of relative peripheral
hyperopia was achieved by creating a soft contact lens for myopia control with a positive spherical
aberration in the optical design to shift retinal hyperopic defocus in the opposite direction. The first
six months showed the biggest myopia control impact, which was around 56%; at the end of the year,
it had significantly decreased to 20%. These contact lenses performed more effectively overall than
similar ophthalmic lenses in the treatment of eye conditions. This might be because soft contact lenses
follow the movements of the eye, maintaining the optical correction's center for all viewing gazes.

Chamberlain et al(119) published results of a three-year randomized clinical trial of MiSight 1-day soft
contact lenses where the mean change in axial length was 0.32mm. A study by Aller et al(172).
reported the most encouraging result of 70% using a different kind of soft contact lenses that are
bifocal, although this was only observed for the kids with eso fixation discrepancies at close. A study
by Anstice and Philips et al(173), designed a dual focus soft contact lenses to limit the progression of
myopia. The lens has a central zone for refractive error correction and concentric treatment zones
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with +2D addition to impose concurrent peripheral myopia defocus for far- and close-range viewing.
Compared to the control eyes, which progressed by -0.69 (-0.38) D during the first period, the dual
focus test eyes' myopia rose by -0.44 (-0.33) D. There was an increase in axial length of 0.11 (0.09) mm
and 0.22 (0.0.10) mm, respectively. In the second phase, similar figures were discovered. 70% of the
participating children had a reduction in myopia progression of 30%, and 50% of the children saw a
reduction of 50%. These results suggest that myopia progression can be slowed by continual myopic
defocus and concurrent clear images. Lam et al(174), compared the performance of a specially
manufactured "Defocus Incorporated Soft Contact" (DISC) lens to single vision contacts. The DISC lens
had a concentric ring design with an addition of +2.50 D, which was alternated with the distance
correction. This addition was significantly higher than the +2.00 D addition used in the Anstice and
Phillips (2011) lens. At the study's conclusion, the DISC group experienced 25% less progression and a
corresponding reduction in axial elongation.
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Figure 1.18. Comparison of the effects of soft bifocal and multifocal contact lenses on reducing the progression
of myopia. The percentage difference between the treatment and control groups during the study period is
represented by the bar. The dotted line shows the annual decrease in myopia progression (D/year). Adapted
from Tien Y. Wong(175).
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1.8 SIMULATING MULTIFOCAL CONTACT LENSES
1.8.1 Adaptive Optics: The technique

Initially, the techniques were proposed in 1953 by Babcock(176) for astronomical applications, in
order to correct distortions introduced by the atmosphere on the astronomical images retrieved by
ground-based telescopes. The practical implementation of AO was accomplished in the 1970s(176)
using a shearing interferometer to measure the aberrations generated by a turbulent medium and
corrected them with a piezoelectric deformable mirror. Since then, the technique has been widely
used in the field of astronomy. Normally, an artificial guide star is generated by a laser source from
the ground to measure the aberrations induced by the atmosphere at any point in the sky. The
correction is then performed by dedicated optics within the telescope. The AO systems can be
separated in two groups: open-loop and closed-loop systems. In closed-loop systems, measurements
of aberrations and their modulation are done iteratively following a feedback loop, the wavefront
system has to be located after the wavefront modulator in the path of light. In open-loop systems, a
single measurement of aberrations is done with a single correction , and no feedback is provided by
the sensor, the wavefront sensor is typically located before the corrector.

The AO techniques were applied in vision research starting in the 1990s. The aberrations were typically
measured with the help of artificial light, which is a point-like spot emitting from the observer’s retina.
Normally, it is created by using a laser beam passing through the ocular media. AO provides an
unprecedented platform to study the optics of the eye and its visual performance. Liang et al.(177)
demonstrated the first closed-loop AO system that could deliver "Supernormal Vision and High-
Resolution picture" and correct higher-order aberrations in the eye. The first system required 4-5
loops and 15min for each loop of measuring and correcting the wave aberration to complete the
correction.

Correction of the wave aberration in real-time was not possible until the development of automated
wavefront sensing, which allowed the first real-time measurement of the eye’s wave aberration(178).
The most significant temporal changes can be captured using an adaptive optics system with a closed-
loop bandwidth of just a few hertz(179). The use of the AO system to measure, correct, or produce
aberrations paves the way for a greater variety of experiments to investigate the relationship between
optics and vision, both in the high-resolution retinal picture and psychophysical testing.

1.8.2 Optics and the Brain: AO-based Visual Simulators

Adaptive optics can be used to manipulate aberrations in addition to correcting them, going beyond
the imaging-related uses and possibilities. Through manipulation of the wavefront, we may test the
visual system and compare the outcomes under various optical conditions(46,136,180). We have the
ideal technology to investigate how optics affects vision and comprehend visual function, perception
, and accommodation change when the environment is seen through simulated multifocal contact
lenses. Such applications will be the main emphasis of this thesis.

Designing novel ophthalmic optic components and studying the visual system is vital, as was evident
in the previous sections. Furthermore, visual testing through modified optics can be carried out
utilizing an adaptive optics system to manipulate ocular aberrations, which may ultimately result in
improved optical solutions. When innovative phase profile designs are intended to be applied in
permanent elements, such as intraocular lenses or multifocal contact lens profiles, using an AOVS for
non-invasive preliminary testing has significant advantages. In the process of creating novel
ophthalmic optical components, this is one of the most exciting applications for adaptive optics visual
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simulators. When a non-reversible therapy is planned, it is essential to use the AOVS to demonstrate
to a patient the outcomes of a certain correction prior to surgery.

1.8.3 Principal components of an AO system
A schematic of AO shows a basic layout of an AO system for the eye (Figure 1.18). Adaptive optics
corrections in the eye are comprised of three steps, represented in the figure.

Wavefront sensing - The wavefront sensor receives light that has been reflected off the retina and
guantifies any remaining wavefront distortion.

AO control - In order to determine the proper voltages to apply to the wavefront corrector in order to
change its form, the centroid coordinates are extracted from the wavefront sensor data and processed
by a calculator.

Wavefront correction - The deformable mirror changes its shape in response to the inputted data and
returns the light to the sensor.

An adaptive optics control computer connects the wavefront sensor and the wavefront corrector,
which are located in pupil-conjugated planes.
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Figure 1.18. The basic design of an AO system with the three parts of the procedure for imaging and vision testing
(1) Wavefront sensing (2) AO control, and (3) wavefront correction are all mentioned. Adapted from Roorda
2011.

1.8.4 Wavefront sensing techniques

In order to create cutting-edge vision correction techniques like adaptive optics, tailored contact
lenses, and/or laser refractive surgery, it is crucial to have wavefront sensing technologies. The
spatially resolved refractometer(181,182), laser ray tracing(183,184), and the Hartmann-Shack
wavefront sensor(185)are the three most popular wavefront sensors. Hartmann-Shack wavefront
sensors have been used in this thesis.

Hartmann-Shack Wavefront Sensor (HS)
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A HS sensor contains a two-dimensional array of a few hundred lenslets, all with the same diameter
and the same focal length. A narrow beam of light is sent into the eye through the pupil and focuses
on the retina. The focused light acts as a point source that is reflected, and as it passes through the
eye it forms an aberrated wavefront due to ocular aberrations. This aberrated wavefront exits the eye
and ends up on a microlenses array. The microlens array sub-divides the aberrated wavefront and
focuses the sub-divided parts on a corresponding spot on a detector. The displacement of each spot
from the reference (flat/aberration-free) wavefront spot, represents the local slope of the aberrated
wavefront over the pupil. From these slopes, the wavefront can be reconstructed and described by
Zernike polynomials. In an ideal eye, light reflected from the retina leaves the pupil as a collimated
beam, and HS spots form along each lenslet's optical axis, forming a grid of spots that are uniformly
spaced apart in the focal plane of the lenslet array. (Figure 1.19).
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Figure 1.19. A schematic representation of the principle of the Hartmann-Shack wavefront sensor. On the left
side, the narrow beam of light that enter the eye (dashed line) and the wavefront that exits the eye are shown.
On the right side, the microlens array, the detector, and the spot pattern are shown. The aberrated wavefront
and the displacements from the reference wavefront are shown as black spots, whereas the open circles are the
reference wavefront and the corresponding ideal image positions(186).

1.8.5 Active optical elements for visual simulation

Wavefront modulators, or simply correctors, are devices that can change the incoming phase of the
wavefront in a controlled manner. This action is typically accomplished by altering the optical path of
the light. The use of such devices in the AO system is fundamental. There are two main types of
wavefront modulators: Deformable mirrors (DMs) and liquid crystal spatial light modulators (LC-
SLMs). In this thesis, SLMs were used for simulations.

Deformable Mirror (DM)

DMs are devices that allow fast control of the wavefront, controlled by a series of actuators located
at its rear, deforming the mirror in the desired way. The actuators are composed of a magnet located
behind the reflective membrane and a coil. Depending on the voltage applied, the surface of the
mirror is deformed by the active movement of the actuator to introduce gain/delays in the optical
path of the different parts of the wavefront after reflecting the beam on the mirrored surface. DM is
not suitable to simulate abrupt phase change patterns.
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Figure 1.20. Schematic representation of the continuous flexible surface magnetic deformable mirror and the
corresponding 52 actuators in the MIRAO52 (Imagine eyes, France)(48).

Spatial Light Modulator (SLM)

The Liquid crystal SLM (Figure 1.21) devices introduce phase retardation by locally changing the
refractive index of the liquid crystal (LC) material. An applied voltage to an LC cell changes the
orientation of the molecules inside. A typical device contains a large number of cells, or pixels, allowing
for precise phase modulation. The LC-SLM operates either in transmission or in reflection, with
reflective SLMs exhibiting higher resolution. Although the stroke of a single SLM cell is not large
(usually up to 2w, dependent on the wavelength)(187), phase wrapping can be employed in order to
extend the working range dramatically. The modulation depth changes the wavelength, negatively
affecting their performance in wide-spectrum light.

The SLM(48) has greater versatility than deformable mirrors continuous-membrane since they are not
subject to a continuous surface, they can introduce abrupt phase changes, allowing the simulation of
more complex multifocal patterns(188). Due to their working principle of changing the refractive index
of LC material, LC-SLMs are wavelength sensitive. Using them in white light or polychromatic
conditions , in general, requires special considerations. This simulation technology has been used in
this thesis to simulate bifocal and multifocal contact lens designs in Chapter 3,6.

Glass substrate

Glue seal ITO

Spacer ————_})

Liquid crystal layer .
Aluminum layer (pixel arrays)

CMOS silicon backplane
Figure 1.21. Schematic of a typical LCOS-SLM. Adapted from Zhang et al.(189).

1.8.6 Adaptive Optics Visual Simulators

Before the lens fitting on the eye, adaptive optics (AO) visual simulators are used to test patients with
MCL designs' eyesight. In some circumstances, it is even possible to accomplish this before
manufacturing potential commercial MCLs or specially-made lenses tailored to the patient's demands
(136,188,190-193). Through the use of AO simulations, new multifocal corrections can be investigated
in terms of how the patient's optics interact with a particular correction, differences between
corrections can be compared, and ultimately the correction that best enhances patients' perceptions
of visual performance and quality is chosen. Numerous studies in the literature cover the topic of using
visual simulators to project a certain multifocal design onto the pupil plane. As a result, the patient
has previous experience with a multifocal correction, and the interaction between the multifocal
phase profile and the patient's eye aberrations is realistic. In earlier research (188,194) the
Polychromatic AO visual simulator from VioBiolLab was used to examine generic multifocal (2, 3, or 4
zones), concentric zonal, and asymmetric refractive multifocal designs that had been mapped in the
Spatial Light Modulator (SLM) (CSIC, Madrid, Spain) (136,188,195-197). Surface-modulated
segmented phase maps that were SLM-simulated performed consistently and showed variations in
perceived visual quality that was dependent on the number of zones and the distribution of the
distant, intermediate, and near zones (194). The same AO device (as well as SLM) was used to mimic
two multifocal I0OLs (bifocal refractive and trifocal diffractive) with comparable TF visual acuity. Phase
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maps representing the IOL simulated in the SLM and the real IOL (in a cuvette) physically projected in
the eye vyielded similar TF visual acuity curves (136). Additionally, visual performance with the
implanted IOL in the same individuals who underwent simulations of the trifocal IOL prior to cataract
surgery was identical (198). Additionally, previous studies using SLMs to simulate bifocal, trifocal, and
tetrafocal corrections as well as angular and radially segmented corrections reported perceived visual
quality at far, moderate, and close ranges (192). Other studies have also used SLMs to simulate the
effect of corneal inlays on visual performance (199) and to map different types of diffractive optics
(200).

The eye's optics may be manipulated in a fairly flexible way using AO visual simulators. As an
alternative, various smaller visual simulators that aren't reliant on active AO have been created
expressly to model multifocal optics. Examples include the systematic investigation of the effects of
near addition (191), the near-far pupillary distribution in bifocal corrections (190,191,201), and the
effect of rotation of an asymmetric bifocal pattern on perceived visual quality and visual acuity using
a two-channel simultaneous vision simulator equipped with a transmission SLM (202). Additionally,
testing interactions between the natural aberration pattern of the eye and the spatial distribution of
the lens design is possible using both the AO and the 2-channel Simultaneous Vision simulators.

Visual simulators in the clinic

Visual simulators allow the simulation of different patterns (multifocal, bifocal, diffractive)(188,203)
following a non-invasive procedure. In addition, visual simulators are useful to identify and test
multiple conditions before physically fitting lenses in the eye, and also to choose a pattern specific to
that individual. The majority of AO visual simulators are prototype versions (29). However, based on
the above-mentioned technology, various clinical visual simulators have been created (Figure 1.22).
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Figure 1.22. Commercial visual simulators A) Crx1 by Imagine Eyes B) VAO by Voptica C) SimVis Gekko by
2EyesVision.

The ImagineEyes Crx1 is one of the commercially available DM-based simulators (204,205). DM-based
simulators are typically monocular, while there have been reports of lab systems with binocular vision.
Voptica sells a gadget called the VAO which is an SLM-based binocular simulator (206,207). SimVis
Gekko, produced by 2EyesVision, is a commercial device that uses the technology (208) It functions as
a wearable, head-mounted, see-through, completely programmable, and remote-controlled device.

1.8.7 Changes in the ocular structure with MCLs: Optical Coherence
Tomography (OCT)

The Optical Coherence Tomography (OCT) procedure is frequently carried out using a Michelson
interferometer and is based on the low coherence interferometry premise. Low-coherence
interferometry, a traditional optical method, is the foundation of OCT. A broadband light source's
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interferometric qualities are the foundation of low-coherence interferometry, which was utilized in
photonics to measure optical echoes and backscattering in optical fibers. The first biological
application of low-coherence interferometry was reported by Fercher et al. in 1988(209) for
measuring the eye axial length(210) Soon after its discovery, the optical sectioning capability of the
OCT was used to view in vivo microscopic tissue structures at depths beyond the capability of
traditional confocal microscopes. The following significant benefits of OCT over alternative imaging
methods include: (1) As infrared is the typical laser source, it is safe for human tissue and comfortable
for the patient when used at a controlled power; (2) High resolution (1-10 m) can be achieved because
the system is based on a low-coherence interferometer and the resolution is constrained by the laser's
coherence length. (3) Additionally, the system can be fiber-based, making it simple to create a
compact, inexpensive OCT. (4) Real-time imaging can also be accomplished, (5) and it is faster than
other imaging techniques. OCT has become a crucial tool in biomedical imaging because of these
benefits, particularly in the field of ophthalmology (being now very common in the clinic).

The two primary subgroups of OCT technology are time-domain (TD) and spectral-domain (SD) OCT.
In TD-OCT, the depth-scanning signal of the sample correlates to a mechanical axial movement of the
reference mirror, which directly measures the autocorrelation of the light field (209,210). In contrast,
the autocorrelation in SD-OCT is determined using the Fourier transform of the directly observed
power spectral signal. Modern OCT systems are typically not based on time-domain theory, but rather
on SD-OCT, which is faster (there is no axial movement of the reference mirror dependent) and
significantly more sensitive for the same laser intensity. Setting up a spectrometer (SD) to find the
interference signal is one way to use SD-OCT (211) or using a swept source (SS) to scan the frequency
of the laser(212). The most recent development in ocular imaging is SS-OCT, which has a deeper depth
range (up to 50 mm) and a faster speed (up to 1.68 MHZ) (213,214).
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Figure 1.23. (A) Spectral-Domain OCT (B) Swept-Source OCT. Adapted from Pablo Perez’s thesis(214).
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The anterior portion hasn't been examined with OCT as frequently as the retina. All optical techniques
intended for direct imaging of the posterior corneal surface and crystalline lens produce distorted
images due to ray refraction at the cornea and lens. Furthermore, the scanning technique results in
fan distortion (resulting in a combination of geometric aberrations, including field distortion,
astigmatism, and spherical aberration). In the recent past, accurate data regarding the cornea and the
entire anterior region were retrieved using correction algorithms.

The method used to measure the geometry and biometry of the anterior segment of the eye in this
thesis is a specially created SD-OCT, and the actual laboratory implementation is discussed in Chapter
2.
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1.9 OPEN QUESTIONS

(1)

()

(3)

(4)

(5)

(6)

In recent years, the use of multifocal contact lenses (MCL), which operate on the simultaneous
vision concept and project an image that is simultaneously focused at near and far, has
increased. Their use spans from presbyopia, an age-related condition where MCLs are
increasingly used for providing functional vision at near, and in young myopes, where MCLs
are offered as a solution for myopia progression control. Adaptive optics technology allowed
simulations of multifocal patterns, allowing systematic non-invasive studies of visual function
and accommodation in subjects. The current thesis addresses the following questions using
Adaptive Optics visual simulations of multifocal contact lenses

How is the visual performance with the same Multifocal contact lenses in presbyopia versus
a young population? In particular to what extent do multifocal contact lenses improve vision
at near and degrade vision at far in comparison with monofocal contact lenses in these two
populations?

Are visual simulators capable of replicating the visual performance of contact lenses on the
eye?

To what extent does a multifocal contact lens on the eye conforms to the cornea, and is the
theoretical contact lens multifocal pattern preserved on the eye?

How do the eye’s aberrations interact with the contact lens design? In particular, what is
the influence of native eye aberrations in the through-focus optical performance with a
contact lens?

To what extent the optical design of the multifocal contact lens (positive/negative spherical
aberration; center distance/center near; smooth vs segmented profile modulates the
accommodative response (and therefore accommodative) lag in myopic subjects?

Is peripheral image quality used by the eye to detect the sign of defocus? In particular, how
is peripheral image quality modified with different multifocal contact lenses?
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1.10 GOALS OF THE THESIS

The main purpose of the thesis is to use a custom-made polychromatic Adaptive Optics visual
simulator system to understand the impact/interaction of multifocal contact lenses of different
additions and designs on the visual function and optics of the eye.

The specific goals are:

To evaluate the through-focus visual acuity (TFVA) performance with the multifocal contact
lenses in the eye, in the presence and absence of accommodation in different age groups

To compare the through-focus visual acuity in patients wearing multifocal contact lenses in
the eye and with corresponding simulated multifocal patterns in the Spatial Light Modulator
(SLM) using a multichannel adaptive optics visual simulator

To evaluate the contact lens profile on the eye, and potential conformity to the cornea using
a custom-developed spectral anterior segment OCT (AS-OCT)

To evaluate the influence of native ocular aberrations on the through-focus optical
performance of MCLs and to understand the contribution of eye aberrations in the inter-
subject variability of multifocality parameters

To evaluate the impact of induced spherical aberration and contact lens design in the
accommodative response of young myopes

To evaluate the short-term impact of multifocality foveally and peripherally on
accommodative behavior clinically and visual quality over the visual field
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1.11 HYPOTHESIS

The thesis addresses the following hypothesis:

e MCLs improve visual performance at near at the expense of some degradation of visual
performance at far, both in presbyopes and young myopes. The effects are largely dependent
on the specific lens design.

e Visual simulators allow subjects to experience vision with multifocal contact lenses prior to
testing them on the eye

e The intended profile of the multifocal lens design is largely preserved when fitted on the
cornea

e The interactions between the eye’s optics and the lens design are subject dependent,
therefore should be considered when prescribing a given lens design.

e The accommodative response of young myopes through multifocal lenses is largely dominated
by the lens design. The modulation of accommodative response may be responsible for the
success or failure of multifocal contact lenses in myopia control

e The center-distance design, lenses inducing positive spherical aberration reduces the
accommodative lag in myopes

e MiSight contact lenses in myopia control have a larger peripheral blur, a more asymmetric
point spread function due to the additional astigmatism and coma, and that this leads to the
increased accommodative response
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1.12 STRUCTURE OF THE THESIS

The body of this thesis is structured as follows:

CHAPTER 1 presents a brief introduction to the studies and concepts and the motivation of the thesis

CHAPTER 2 provides an overview of the psychophysical methods and description of monochromatic
and polychromatic Adaptive optics optical setups used throughout this thesis. In particular, it includes
how the Adaptive Optics system is used to measure the subject’s aberrations, visual acuity , etc
including its calibrations, validation ,and developed custom software with their specific characteristics.
It also includes a description of the active elements of the Adaptive Optics system, which were used
to simulate complex patterns of multifocal contact lenses, 10Ls, etc.

CHAPTER 3 presents a study that evaluates the visual quality of multifocal contact lenses in two age
groups (Young adults, Presbyopes). The visual acuity was measured using the 8-Alternative forced
choice method with a tumbling E letter. Center near aspheric design MCLs of three additions Low
(+1.25DS); Medium (+1.75DS); High (+2.50DS) were tested in the presence (Natural accommodation)
and absence of accommodation (Paralyzed accommodation). With paralyzed accommodation, the
through-focus visual acuity was measured for a 5/4/3mm pupil controlled by the artificial pupil of the
system, while with natural accommodation the pupil size was not controlled and it was the natural
pupil of the subject.

CHAPTER 4 presents a study that evaluates the quality of visual simulating technologies by comparing
through-focus visual acuity with simulated MCLs and real MCLs in the eye in the same subject group.
A Spatial Light Modulator (SLM) was used to simulate the MCL (1) Through-focus optical quality of the
MCLs on the bench (1-pass correlation metric) (2) Through-focus decimal visual acuity (TFVA) with (a)
SLM simulated MCLs and (b) real MCLs was measured on 7 subjects. Monocular in monochromatic
light using the 8-Alternative forced choice method.

CHAPTER 5 presents a study that evaluates the contact lens profile on the eye, and potential
conformity to the cornea using Optical coherence tomography (AS-sOCT). AS-sOCT images were
obtained on 13 subjects with naked eyes and with MCLs on the eye. All eyes were tested with the
same MCLs (5 repetitions).

CHAPTER 6 presents a study that evaluates the impact of MCLs design and addition on
accommodative behaviour in young myopes (n=6). A Hartmann-Shack wavefront sensor in an
Adaptive Optics (AO) visual simulator was used to measure the wavefront aberrations in 6 myopic
subjects while viewing a stimulus changing between 0-6D (randomized, 1D steps) through
multifocal/bifocal corrections, under natural viewing conditions, measurements were repeated
S5times for repeatability. The corrections were simulated in the Spatial Light Modulator, or a
deformable mirror, and the accommodative response was calculated from wavefront aberrations. 7
conditions were tested: NoLens and when viewing through aspheric designs of high, medium add
(2.50D,1.75D), bifocal (2.5 D) - center distance (CD), center near (CN) and with inducing positive and
negative 1um spherical aberration (PSA, NSA) using deformable mirror was measured.

CHAPTER 7 presents a study that investigates the short-term impact of multifocality on
accommodative behavior and visual quality over the visual field. Two multifocal contact lens designs
were evaluated and compared to single-vision spectacles: (1) MiSight (center-distance design) (2) 1-
Day Acuvue Moist (center-near design). 8 myopic subjects underwent foveal clinical accommodation
evaluation (letter visual acuity, near point of accommodation, accommodative facility, and
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accommodative response) as well as 10% contrast vision evaluation (resolution grating acuity) foveal
and at 20° nasal visual field with those contact lenses, and spectacles as a control.

CHAPTER 8 presents a summary of the major findings of this thesis.
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CHAPTER-2 METHODS

This chapter describes the experimental setups used in this thesis, especially two different Adaptive
Optics (AO) systems developed previously at the Visual Optics and Biophotonics Lab (VIOBIO
lab)(29,46), as well as a 3D spectral domain OCT. In this chapter we describe also the objective and
psychophysical experiment’s measurements that have been carried out during the time of the thesis,
and the methodology common to the different studies described in later chapters.

Although both systems include the fundamental components of an adaptive system, they differ in
their capabilities. The monochromatic AO system was the first generation of AO and has been used to
test the effects of manipulating optical aberrations on visual perception and visual performance. In
particular, to test the visual benefits produced by correcting high-order aberrations in visual
acuity(215), contrast sensitivity(216), familiar face and facial expression recognition(217),
accommodation dynamics(132,218), the ability of the visual system to adapt to the level and
orientation of the aberrations(180), and the impact of astigmatism(219-221).

The polychromatic multichannel AO visual simulator system was the second generation of AO and has
allowed for the measurements of monochromatic and polychromatic aberrations in the phakic and
pseudophakic eye with objective and subjective techniques in a broader spectral range
(supercontinuous laser) and has represented a significant advance in visual simulation capabilities,
combining for the first time different active element technologies such as the deformable mirror,
phase plate, real IOLs in a cuvette, spatial light modulator, and tunable lens working under the
principle of temporal multiplexing(136,188,194,222).

The author of the thesis worked in both systems, providing alignment and calibration when needed.
In the monochromatic AO system as a user of psychophysical measurements aiming at investigating
the visual acuity with different additions of multifocal contact lenses in the eye, Chapter 3. The
polychromatic multichannel AO visual simulator system, has been involved in the alighnment,
calibration of specific channels, and implementation of optical elements in the system. This has
allowed the author to have more knowledge of the system and develop projects that are detailed in
the following chapters. This was done with the guidance of Dr. Maria Vinas and the help of the other
members that make up the AO team, supervised by Prof. Susana Marcos.
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2.1. ADAPTIVE OPTICS BASED VISUAL SIMULATORS

Two custom-developed AO systems were used in this thesis. Common components of the systems
include a wavefront sensor (HASO) that allows the aberrations of the system and the eye to be
measured. Once the aberrations are measured, they are corrected using a Deformable mirror (DM).
Both elements, the DM and HASO are in conjugate pupil planes and work in a closed loop to measure
and correct aberrations. In combination with the AO elements, a psychophysical channel allows to
perform psychophysical measurements under aberration correction and manipulation.

Following four different processes, measurements and closed-loop correction of wave aberrations
were carried out: local slope acquisition, interaction matrix acquisition, command matrix construction,
and lastly close-loop correction of wave aberrations. An artificial eye with a 50.8mm focal length
achromatic doublet lens and a revolving diffuser serving as an artificial retina was put in the pupil
plane of the device to perform this process on a bench.

Contact lenses are simulated on the DM (smooth, spherical aberration patterns) or the SLM
(segmented and segmented patterns). A series of control studies were performed to ensure
equivalency between the simulated pattern and the real contact lens.

2.1.1. General description of the Monochromatic AO system

This was the first AO system (monochromatic AO) in the VIBIO lab which was designed and developed
in 2006(132,218). A detailed description of the system has been presented in previous studies. The
system is composed of 5 different channels. (1) The main components of the system are a Hartmann-
Shack wavefront sensor (HASO 32 OEM, Imagine eyes, France) composed of a matrix of 32 x 32
microlenses with a 3.6mm effective diameter and an electromagnetic deformable mirror (MIRAO,
Imagine Eyes, France) with 52 actuators in a 15mm effective diameter. (2) Superluminescent Diode
(SLD) coupled to an optical fiber (Superlum, Ireland) emitting 827nm provides illumination. An
irradiance of 8uW on the cornea was set according to the ANSI standards, from which the limit of
exposure when measuring human eyes was set to 90mA. (3) A motorized Badal system is used to
compensate for the refractive error, and also induce defocus in some cases. (4) The stimuli were
presented on a CRT monitor (Mitsubishi Diamond Pro 2070, Australia) and were controlled by the
psychophysical platform ViSaGe (Cambridge Research System, UK). (5) A CCD camera (TELI, Toshiba,
Japan) that monitors the pupil is conjugated to the eye. The camera allowed for continuous pupil
viewing, and the line of sight was utilized as a guide to properly center the subject's eye within the
system (x-y-z stage).

Custom Matlab and Visual C++ routines were used to control the system from two different
computers. One computer was used to control the Badal system and the AO system (DM, Hartmann-
Shack wavefront sensor), and the other computer was used to control the ViSaGe psychophysical
platform and the Mitsubishi Monitor.

Figure 2.1 shows a schematic of the VIOBIO lab monochromatic AO system that has been used in the
study presented in Chapter 3 of this thesis
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Figure 2.1 A) A diagram showing the system's five channels. AO-control channel with the Hartmann-Shack
wavefront sensor and the deformable mirror (green); illumination channel with an 827 nm SLD source (red);
Pupil monitoring channel; Psychophysical channels, one with a mini-display and the other with a CRT monitor
(blue) (yellow). B) A picture of the key parts of the VioBio lab's monochromatic AO system. Modified from
Sawides thesis (46)and Marcos et al(215).

2.1.2. General description of the Polychromatic AO system

The AOIl system is a polychromatic multichannel AO visual simulator in the VioBio lab which was
designed and developed from 2015(29) to 2019. A detailed description of the system has been
presented in previous studies(29,188,195,197,223) where it was used to evaluate the visual benefits
of AO correction, vision with simulated multifocal correction, optical aberrations in pseudophakic and
phakic eyes, chromatic aberrations and their visual impact, and neural adaptation to ocular
aberrations. Figure 2.2 shows a schematic diagram and top view of the polychromatic multichannel
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AO visual simulator set-up. The current configuration of the system is formed by 8 different channels.

Different chapters of this thesis were performed in this AOIl system.

(1)

(2)

(3)

(4)

(5)

The lllumination- Channel, contains a supercontinuum laser source (SCLS, SC400 femto-power
1060 supercontinuum laser, Fianium Ltd, United Kingdom), in combination with a dual
acousto-optic tunable filter (AOTF) module (Gooch & Housego, United Kingdom), operated by
radio frequency (RF) drivers, to automatically select the wavelength in the different channels
(visible 450-700 nm or near-infrared light 700-1100 nm, in our system configuration). Very
recently, in 2020, the dual module was substituted by a single VIS module (Fyla SL, Spain),
which allowed higher control of the wavelength selection. The output is a collimated beam
coupled to two independent multimode fibers. One for visible light (VIS) and the other for
near-infrared (NIR) light, with a spectral bandwidth of approximately 12nm (10-12nm (VIS),
12.15nm (NIR)). The illumination coming from the two independent fiber channels of the SCLS
enters the system collinearly through a hot mirror (HM), allowing wavefront sensing and
retinal aerial imaging with VIS and NIR light. The 2-mm diameter beam entering the eye is
slightly (1mm) decentred with respect to the pupil center to avoid corneal reflections in the
Hartmann-Shack images. A variable-size pupil (VS-P) allows modifying the beam size and
position entering the eye. The illumination coming from the VIS multimode fibre is also used
to monochromatically illuminate the visual stimuli. The laser power measured at the corneal
plane ranged between 0.5 and 50uW, which was one order of magnitude below the ANSI
standard’s safety limits at all tested wavelengths

The AO channel consists of a Hartmann-Shack wavefront sensor (microlens array 40 x 32,
3.6mm effective diameter, centered at 1062 nm, HASO 32 OEM, Imagine Eyes, France) and an
electromagnetic deformable mirror (DM) (52 actuators, 15-mm effective diameter, 50- um
stroke, MIRAO, Imagine Eyes, France), to measure and correct subjects and system
aberrations respectively. Both devices are placed in conjugated pupil planes of the system
through different relay lenses. Thus, an x2 magnification factor is achieved from the subject’s
pupil plane to the deformable mirror and an x0.5 from the subject’s pupil to the microlenses
array plane.

The SLM-Channel that consists of a reflective phase-only LCoS-SLM (PLUTO-VIS; VIS resolution:
1920 x 1080; 0.7” diagonal; Pixel pitch: 8.0 um; image frame rate: 60Hz; max resolution: 62.5
lines/m; 8bits, Holoeye Photonics AG, Germany) is used to generate the multifocal designs. A
linear polarizer is placed in the path of the SLM at the calibrated polarization angles, in this
case, 232 degrees, to ensure maximum efficiency.

The Testing Channel, placed in a conjugate pupil plane of the system, allows evaluation of
alternative simulating technologies. In the current configuration, it allows a) phase plates (i.e.
representing angular or radial segmented zonal designs with different powers), and b) real
IOLs (in a custom-developed cuvette). There are two possibilities to test real I0OL, cuvette 0D
IOL and non-0D IOL (around 20D) using a Rassow system. Or other simulating technologies,
such as the tunable lens (Lens model; EL-10-30-TC; aperture: 10mm; tuning range +8.3 to
+20D; Offset lens: -5.00D, Optotune AG, Switzerland) called SimVis operating by temporal
multiplexing

The Retinal imaging Channel allows capturing retinal images and consists of a CCD camera
(Retina 1300, CCD Digital Camera, 12-bit, Monochrome, 6.7 x 6.7 um pixel size, 1024 x 1280
pixels; Imaging, Canada), and a camera lens (Sigma Mini-Tele 1:35, 135-mm focal length
multicoated Japan) in the ‘double-pass retinal’ imaging channel. The laser beam is filtered
before entering the eye using a spatial filter.
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(6)

(7)

(8)

The Psychophysical Channel, placed in a conjugate retinal plane, consists of a Digital Micro-
Mirror Device (DMD) (DLP DiscoveryTM 4100 0.7 XGA, Texas Instruments, USA) and allows
displaying visual stimuli with a 1.62 deg angular subtend. The DMD is monochromatically
iluminated with light coming from the SCLS (555nm) or with a fiber white light source
(Halogen Fibre Light Sources LQ, Output Power 20-250 W, 3.000-3.400K, Linos; Qioptiq, Rhyl,
UK). When light is perpendicularly incident on the flat surface of the DMD, light can be
deflected towards two possible directions at £12° (optical angle) by each micromirror, hence
projecting high-resolution grayscale stimuli. The brighter pixels are projected onto a common
screen using the ‘ON-position” while deflecting light away with the ‘OFF-position’ provides a
darker appearance. The amount of time each pixel is ON or OFF is varied to create a gray scale
image, with lighter gray pixels corresponding with mirrors being ON more than OFF. A D4100
DVI to DMD (D2D) Interface Board (Digital Light Innovations Incorporated, Texas Instruments
Incorporated, USA) was added to the original DLP Discovery 4100 kit in this system's
configuration to display a video on the DMD via a DVI interface and control the generations
of grayscale images. The DMD was calibrated to offer linear brightness levels and has an
effective luminance of 100 cd/m2 (calibrated with a Cambridge Research Systems ColorCal
luminance meter/colorimeter). The gamma correction was calibrated using the ViSaGe
platform and Cambridge Research System ColorCal colorimeter, with 64 tones, linear fitting,
and 64 readings per line. It was then applied to the DMD after being validated using a
technique similar to that used in Psychtoolbox’s visual gamma demo. A holographic diffuser
(HD) placed in the beam path breaks the coherence of the laser, providing uniform
illumination of the stimulus.

The Pupil Monitoring Channel allows monitoring of pupil size and subject position during
measurements. It consists of a camera (DCC154M, High-Resolution USB2.0 CMOS Camera,
Thorlabs GmbH, Germany) conjugated to the eye’s pupil. Subjects are stabilized using a dental
impression and the eye’s pupil is aligned to the optical axis of the system (with an x-y-z stage
moving a bite bar) using the line of sight as a reference, while the natural pupil is viewed on
the monitor.

The Badal optometer Channel (formed by two lenses of a 125-mm focal distance and two
mirrors) allows correction or induces defocus. Mounted on a motorized stage can be
controlled by the researcher automatically or by the subject using a keyboard. Three
automatized shutters allow simultaneous illumination of the eye and the stimulus for
monochromatic light or white light. To ensure constant pupil diameter during measurements,
an artificial pupil is placed in the first pupil plane of the system with x1 magnification from the
subject’s pupil.

All optoelectronic and mechanical elements of the AO set-up were automatically controlled
and synchronized using ready-made or custom-built software programmed in Visual C++ and
C# (Microsoft, Redmond, WA, USA) and Matlab (MathWorks, Natick, MA, USA)
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Figure 2.2. The VioBio Lab polychromatic multichannel AO visual simulator system in its ultimate version (2022)
is shown in Figure A. Channels for illumination (red line), AO (green line), SLM (yellow line), retinal imaging (pink
line), pupil monitoring (purple line), and psychophysical (blue line) are all shown (blue line). Near-infrared light,
visible light, the pupil plane (PP), the retinal plane (RP), the lens (L), the mirror (M), the hot mirror (HM), the
polarizer (POL), the retinal pinhole (E-RP), the artificial pupil (AP-PP), and the variable size pupil (VS-P) are all
used in this sentence. Modified from Vinas et al. and Benedi-Garcia et al.(29,224) B) Top view photo of the
VIOBIO Lab system in its 2019 configuration.
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2.2 OPERATION AND CALIBRATION OF THE SPATIAL LIGHT
MODULATOR

This section briefs about the Spatial Light Modulator (SLM) channel of the AO system. The SLM was
used to simulate the multifocal/bifocal designs in many of the chapters of the thesis. An active matrix
reflective mode phase-only liquid crystal display made of liquid crystal on silicon (LCoS) is controlled
by a spatial light modulator (SLM) (PLUTO-VIS; Holoeye Photonics AG, Germany) (LCD). An LCoS display
enables wavefront phase modification by altering the refractive index and consequently the optical
path by applying various voltages to the device's various pixels. As a result, there is a phase difference
between the various pixels, with each degree of the phase corresponding to a distinct level of gray. To
provide the highest level of effectiveness, a linear polarizer is positioned in the path of the SLM (POL)
at the calibrated polarization angle. Each of the 256 gray levels utilized for the phase pattern
corresponds to a different phase shift that is achieved when various voltages are applied to each LCoS
pixel.

2.2.1 Phase pattern generation using the SLM

The LCoS active matrix reflecting mode phase-only LCD driven by the SLM was used to generate
complex phase maps after being numerically simulated using Matlab techniques and converted
into.jpg files. The Fourier Optics wavefront maps are used to construct phase maps, although SLM can
only provide a limited range of phase modulations, generally equivalent to one wave of compensation.
Remapping the extra phase to a phase between 0 and 27 is required (47,225). Phase wrapping, a
straightforward modular procedure that yields a maximum phase difference of 2m, is employed to
accomplish this. To do so, multiplying each wavefront point by the appropriate wave number yields
the wavefront's phase (k=2m/1)(29).

The angles are then wrapped in lambdas, in radians, to the range (0 to 2r), where 0 maps to 0 and 2
maps to m. The wavefront is now confined to the range of 0 and 2w and expressed according to its
phase. The resulting pattern is then an image in greyscale, where each shade of grey represents a
certain phase difference between 0 and 27.
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2.3 PSYCHOPHYSICAL ROUTINES FOR IN VIVO MEASUREMENTS

This section describes the general protocols followed by the subjects who participated in the studies.
A total of 35 subjects participated in the different experiments described in this thesis. The inclusion
criteria for the subjects were: good general health, no ocular pathology, no previous ocular surgery,
and no binocular vision anomaly. The studies were conducted on young and presbyopic subjects in an
age range of 22 to 53 years old. The refractive error ranged from 0 to -5.5D with less than 0.75D of
astigmatism.

2.3.1 General protocols with human subjects
Ethics Statement

Prior to enrolment in the study, all participants signed an informed consent form after being fully told
about the nature of the studies and the potential outcomes. All protocols had received prior approval
from the bioethical council of the Spanish National Research Council (CSIC), and they all adhered to
the principles of the Helsinki Declaration.

Refractive error measurements and ophthalmologic evaluation

Before the experiments, the subjects followed a routine optometric evaluation at the School of
Optometry Clinic of the University Complutense of Madrid (UCM) which includes sphero-cylindrical
refractive errors and tests for adverse effects of mydriasis. Also, in the optometry cabinet
corresponding to VioBio Lab (Institute of Optics), a measurement of the refractive error was carried
out objectively using an autorefractor (AR 597, Humphery Zeiss Inc., Germany) that allowed an initial
adjustment for the measurement of the best subjective approach with the Badal system.

Pharmacological pupil dilation

Tropicamide 1% was administered sub-cycloplegic for all studies. Two drops were administered 10
minutes before the study began, and one drop was administered every hour. Prior clinical evaluations
had been performed on each participant to look for any negative mydriasis effects.

Alignment of the eye and pupil monitoring

A tooth impression was made using nontoxic mouldable paste on mountable metal support in order
to precisely center and align the subject's eye with the optical system. For alignment, this impression
was positioned on an x-y-z stage. The monitor displays the natural pupil while the pupil of the eye was
oriented to the optical axis of the system utilizing the line of sight as a reference. The subjects may
fixate on a red LED or a Maltase cross that is projected on the DMD.

Best subjective focus correction with the Badal System

A blurred Maltase cross is projected on the DMD, and the subject is instructed to select the best
subjective focus (beginning from an artificially generated myopic defocus) while viewing it while using
a keyboard to operate the Badal system. In order to prevent wasting any of the DM's capacity, which
is needed for correcting HOAs and causing specific aberrations, the defocus of the subject is corrected
using the Badal system rather than the DM. The best subjective focus was obtained for the different
states of aberrations (AO-correction or natural aberrations) under test. The process of searching for
the best subjective focus is repeated several times until the standard deviation between the values is
small and the mean of the values is chosen.
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2.3.2 Measurements of Aberrations in the AO systems
A calibration of the AO channel is performed before each testing session. Before each experimental
session, the four steps—wavefront measurement, interaction matrix acquisition, command matrix
building, and closed-loop system aberration correction—were completed each day with the artificial
eye. The interaction matrix was generated for the entire pupil diameter, whereas the correction was
carried out for a specific pupil diameter (depending on the psychophysical experiment, typically 5 or
6mm pupil diameter was used). Once, the aberrations of the system were corrected called “flat mirror
state” is loaded in the DM before the measurements on real subjects. After that, the subjects were
aligned to the system and placed in the badal at the best subjective focus (as chosen by the subject),
according to the protocol described above the aberrations were measured to obtain the natural
aberrations of the subject. This thesis only involves measurements of the subject’s aberrations and
did not involve correction or induction of the eye aberrations.

2.3.3 Measurements of Accommodative response in the AO system
The accommodative response to a stimulus in the psychophysical channel was obtained from the
Hartmann-Shack. The process outlined below was followed in chapter-7 of this thesis.

Once the subject is properly aligned, the best subjective focus for far vision (0D badal position) was
initially searched with the Maltese cross illuminated at a wavelength of 555nm, subjects moved the
Badal using the keyboard towards the position where the blurred stimulus appeared sharp for the first
time, after repeating for at least 5 times that value was set as zero. Natural aberrations were measured
with the Hartmann-Shack wavefront sensor at different accommodative demands as induced by the
badal system (0-6D), in 1D steps. These aberration measurements were made in 827nm NIR, while the
accommodative stimulus was displayed in the DMD of the psychophysical channel illuminated in
555nm.
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2.4 EXPERIMENTAL PROCEDURES

Psychophysical studies provide quantification of the link between the qualities of the physical stimulus
and the perceptual experience. (226)

2.4.1 Visual stimuli

Different images were used in the experiments depending on the psychophysical tasks, which include
high contrast Snellen E-letter for VA tests, Siemens star or Maltese cross for best focus, and specific
cross as an accommodative stimulus. All the stimuli were presented in the DMD of the polychromatic
multichannel AO system except for the Maltese cross stimuli which we presented in the CRT monitor
(monochromatic AO). In the polychromatic multichannel AO visual simulator, the stimuli subtended
1.62 degrees, while in the monochromatic AO, the stimuli subtended 1.98 degrees (Figure 2.3 from A-
D).

=

Figure 2.3. Example of stimuli used in the experiments of this thesis. A) Snellen E-letter (used in different sizes
and orientations); B) Siemens star; C) Maltese Cross; D) Accommodative stimulus

2.4.2 Psychophysical measurements under Adaptive Optics controlled

aberrations
We have used different psychophysical paradigms throughout the thesis. The subject’s responses
were recorded (using a keyboard in all cases) and analyzed off-line.

Visual Acuity

Visual acuity was measured using a four or eight Alternative Forced Choice procedure (4AFC-4
orientations: up, down, left, right; 8AFC-8 orientations the same as 4AFC which includes oblique
positions addition to that) depending on the age of participants. The stimulus was a high contrast
tumbling Snellen E-letter displayed on the DMD or CRT monitor. Subjects were asked to identify the
orientation of the E-letter, whose size and orientation changes during each trial. Each run had 40 trials
that were displayed for 0.5 seconds. With Psychtoolbox, a Matlab algorithm called QUEST (Quick
Estimate by Sequential Testing) was created (227—-229) to select the size of each stimulus and optimize
the estimation of the spatial resolution threshold, following the subject’s response. The cut-off point
was set at 75%. The average of the ten most recent data was used to estimate the threshold for VA
measurement. The measurements were discarded if convergence was not reached. VA was expressed
in terms of decimal or logMAR VA (logMAR = -log10/decimal acuity). This has been described in detail
with specifications in Chapters 3 and 4.
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Figure 2.4. A) Example of VA QUEST, 40 trials convergence; B) Keyboard directions to indicate the different
stimulus orientations (up-down (8,2), left-right (4-6), oblique (1,3,7 & )).

Subjective Best Focus at different Wavelengths

When observing a particular blurring stimulus that was illuminated with a variety of visible light
wavelengths, the Badal system was used to achieve the optimal perceived focus. The subject moves
the Badal until the stimulus looks sharp. The search for the sharpest image was repeated several times
to have an average measure and a small standard deviation. More detail and specifications are
described in Chapter 3.
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2.5 OPTICAL QUALITY ANALYSIS
2.5.1 Optical quality metrics

From the wave aberration measurements obtained from the Hartmann-Shack wavefront sensor, we
can calculate the image of a point on the retina (PSF), MTF and OTF, are some of the metrics used to
evaluate the optical quality of a retinal image, described in detail in chapters 6. These measurements
allow us to evaluate the optical quality of the subject’s retinal image and compare it to the subject’s
perceptual perception. The eye is a low-pass filter in humans. Consequently, the drop for high spatial
frequencies is larger (fine details in the image). The Strehl ratio (SR), a metric that compares the
maximum image of a spot on the retina of an aberrated optical system to the maximum PSF of a
system without aberrations, is frequently used to assess the quality of an optical system.

If we weigh the SR and NCSF, as a result, we have Visual Strehl (VS), a metric that describes the optical
quality of the subject eye, used in Chapters 6 and 7. The NCSF is the neural contrast sensitivity function
of the visual system ignoring optical factors and has been defined as the observer’s contrast sensitivity
function (CSF) divided by the MTF of their eye(230-232).

B JIC NCSF(y p ) - OTFy z) dfy df,

VS = ——
ff—OONCSF(fxnf)’) * OTFDL(fx;fy) dfx dfy

Where NCSF is the Neural Contrast Sensitivity Function, OTF the Optical Transfer Function of an
aberrated eye, OTFDL the OTF of a diffraction limit (DL) eye, and (fx,fy) the spatial frequency
coordinates. In Marsack et al(233) study, the VS metric has been shown to account for 81% of the
variance in high-contrast logMAR VA, making this metric a strong predictor of visual performance in
normal eyes.

2.5.2 Correlation metric

The optical quality of images collected in on-bench measurements was analyzed using a 2D-correlation
metric(48,136). A series of images were taken (1 pass-images, 1P), and each image was correlated
with a reference image. The stimulus used in all cases was a Snellen E-letter (Chapter 4). The
correlation coefficient (correlation of the E-letter with a reference monofocal correction and each
recorded image in the same conditions: laser power, pupil diameter, exposure duration, Badal location
at 0D) of the image series was obtained following the centering of each image.

TF 1P E-letter optotype image series
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Figure 2.5. TF optical quality. TF image correlation metric (1P) of an E-optotype (side images in each focus), for
a monofocal lens and reference image.
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2.6 3D — ANTERIOR SEGMENT SPECTRAL DOMAIN OCT

2.6.1 Custom setup

In a spectral domain OCT (SD-OCT) system, a spectrometer with a line scan camera records a spectral
fringe pattern (channelled spectrum), and a tomogram line is produced by unevenly sampling the
recorded fringe pattern using Fourier analysis. With this method, imaging can be done much more
quickly without the need for mechanical depth scanning, and 3D anterior segment data can be
collected in a matter of milliseconds with a high degree of lateral and axial resolution to assess ocular
anterior segment biometry (from the anterior cornea to the posterior crystalline lens/IOL).

In recent years, various new components and specially created processing algorithms have been
added to the customized SD-OCT system in the VIOBIO lab, which was created in partnership with
Nicolaus Copernicus University (Torun, Poland). A detailed description of the setup was described in
previous thesis and publications(211,213,234,235).

The main components of the SD-OCT system are the light source, reference arm, sample arm (which
includes an accommodation/fixation channel, scanning galvanic mirror, objective lens, and subjects),
and spectrometer (including condensing lens, grating, and line-scan camera). A superluminescent
diode (SLD, (A0 = 840nm) with a near Gaussian emission bandwidth of 50 nm (Superlum, Ireland)
serves as the light source. In order to prevent back-reflected light from the reference and sample arms
from returning to the SLD, the laser beam is separated into reference and sample arms by a fiber mate
to an 80:20 fiber coupler. The reference arm is made up of a collimating lens to create a collimated
beam, a neutral density filter to adjust the power of light in the reference arm, a converging lens, and
a reference mirror to improve detection performance.

In the sample arm that includes the fixation channel, a second beam splitter is installed for
measurement reasons. This channel features the Badal system, which consists of two achromatic
doublets with identical 150 mm focal lengths that form an x1 afocal system, two flat mirrors, and a
motorized stage (VXM-1, Velmex) that may be rotated to alter the optical path between the lenses.
This makes spherical refractive errors compensable. Vergence is adjusted using the Badal technique
from -10D to 10D, and trial lenses positioned in the pupil plane are used to make up the difference.
The image stays in focus under all circumstances (in 1-D steps). For the fixation channel, a 20/25 white
Snellen E-letter presented on a black background using a Digital Light Processing (DLP) pico-projector
(854x480 pixels, Picopix PPX2055/F7, Philips NV, Amsterdam, Netherlands; 55 Lumens) subtending a
5-arcmin viewing angle serves as the fixation stimulus. To create an average luminance of about
30cd/m2 in a dark setting, two neutral density filters (ND 16) are added after the picoprojector.
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Figure 2.6. Set up of the actual custom developed Spectral-Domain Optical Coherence Tomography device at
the VIOBIO lab (Institute of Optics)

2.6.2 Experimental procedure

The visual fixation stimuli are displayed on a screen external to the body via a picoprojector. The
fixation stimulus is a picoprojector (854x480 pixels, Philips NV, Amsterdam, Netherlands; 55 lum),
which projects a 20/25 white Snellen E-letter against a black background at a viewing angle of 5
arcmins. Following the picoprojector, two ND 16 neutral filters were employed to produce an average
brightness of roughly 30cd/m2 in a fully dark environment. We developed a Matlab script that can
move the target every 0.5 pixels along the horizontal and vertical axes once it has been first aligned
with the OCT axis in order to measure in the line of sight. The collimating lens causes a collimated
beam to be created on the cornea. The galvanometer optical scanners, which are made by Cambridge
Technology Inc. in Bedford, Massachusetts, are driven by an analog input/output card from National
Instruments in Austin, Texas. An objective lens is required to collimate the main beams' rays and focus
the irradiance impinging on the sample. Beam splitting is used to combine the light that has been split
into its components and transmitted to the spectrometer after being reflected back by the reference
and sample arms. The components of a spectrometer include a condensing lens for collimating light,
a volume diffraction grating for spatially separating the spectrum, and a magnifier objective comprised
of two converging lenses for focusing the signal on the detector. To measure the interference fringes
of the spectrum, a 12-bit line-scan CMOS camera with 4096 pixels (Basler sprint spL4096-140k; Basler
AG, Germany) is used.
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Accommodation channel
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Figure 2.7. On the OCT, a channel for external accommodation and fixing has been implemented. an image of
the moving stimulus that will help your eyes align more clearly.

2.6.3 Data Analysis

The algorithm is summarized in three different steps(214):

(1) 3-Dimage processing:

Volume clustering and multilayer segmentation: Classes of related point volumes were
established. Classes with volume sizes below a predetermined cut-off were removed. The
threshold was calculated as a certain percentile between 95 and 99% of all connection points.
The number of classes was further reduced with the application of volume clustering, and the
larger volumes (cornea, iris, crystalline lens, ICRS, and I0L) were automatically categorized.
Following the classification of the volumes, an algorithm based on the first derivative
boundary region identification identified the locations of each A-peaks scan and ranked them
according to their locations and intensities.

(2) Volume (3) Multilayer (4) 3-D corneal
Clustering Segmentation surfaces and iris

(1) Raw data

Figure 2.8. lllustration of the segmentation process
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CHAPTER-3. VISUAL PERFORMANCE
WITH MULTIFOCAL CONTACT
LENSES IN YOUNG ADULTS AND
PRESBYOPES

To limit the progression of myopia in young eyes, where MCLs may be prescribed, and in presbyopes,
where MCLs are increasingly utilized to make up for the lack of accommodation, it is crucial to have a
better understanding of visual performance with multifocal contact lenses (MCLs). The through-focus
visual acuity (TFVA) with center-near MCLs of various adds was evaluated in the study presented in
this chapter, and the effects of accommodation, age, and pupil diameter (in cycloplegic patients) on
visual performance were also examined.

This chapter is reproducing the paper by Vedhakrishnan et al.(236) “Visual performance with
multifocal contact lenses in young adults and presbyopes”, published in Plos One (2021). The co-
authors are Maria Vinas, Clara Benedi-Garcia, Pilar Casado, and Susana Marcos.

The work was presented as a poster at ARVO annual meeting in 2020 by Vedhakrishnan et al. under
the title “Vision with Multifocal contact lenses”. It was also presented as an oral presentation by
Vedhakrishnan et al in the PhD day event conducted at Complutense University, Madrid, under the
same title.

The author of this thesis designed the experiment, implemented the experimental protocol,
performed the experimental measurements on subjects, collected and analyzed the data, and
prepared the manuscript in collaboration with Maria Vinas and Susana Marcos.
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3.1 Introduction

One of the most frequent eye conditions, myopia is becoming more and more prevalent worldwide
and is regarded as a serious global health issue (237). Many different therapies have been suggested
to stop the progression of myopia. Based on the theory that retinal blur is the visual signal that
promotes the development of refractive error, optical therapies have been preferred to slow down
myopia. Multifocal contact lenses (MCLs), which operate on the idea of simultaneous vision, i.e.,
projecting an image focused simultaneously at far and near, have been utilized more frequently in
recent years among these optical techniques (111).

All people over the age of 45 are affected by presbyopia, the age-related decrease in the crystalline
lens's capacity to dynamically accommodate from far to near. Presbyopia is increasingly being treated
with simultaneous vision, such as MCLs and multifocal intraocular lenses (MIOLs). While still correcting
vision at a distance, these multifocal corrections seek to restore the near vision capabilities lost in the
presbyopic eye. Different studies(198,223,238,239) Through-focus (TF) visual performance measures
in presbyopic individuals treated with MCLs or MIOLs show an improvement at close distance, typically
accompanied by a decline at a distance. It's crucial to choose the right correction and optimize patient
management if you are aware of the elements that affect MCL performance in presbyopes, including
lens design, pupil diameter, and residual accommodation.

Even though it has been noticed that the effect is lessened at close distances, center-distance
multifocal lenses are likely to cause peripheral myopic defocus for far distances (112). Since the
center-distance lenses predominantly produce myopic defocus in one meridian rather than the entire
retinal periphery, their effects on the periphery are not as significant as could be predicted (112).
Surprisingly, a study discovered that myopia-related peripheral defocus might still occur in eyes
wearing center-near multifocal lenses (240), probably reflecting the wide inter-subject variation in the
peripheral retina's shape. Therefore, as the sign of defocus in the peripheral area can vary, the MCLs'
process could not entirely depend on doing so. While the majority of the peer-reviewed literature on
using MCLs to manage myopia progression mentions the use of center-distance lens designs
(115,240), Additionally, there is anecdotal evidence that center-near lens designs have been successful
in halting the growth of myopia (163,240).

Studies have investigated the degree to which MCLs interact with accommodation. Petterson et
al.(241) found no difference in accommodation in young participants wearing multifocal aspheric
contact lenses compared to their lag with single vision lenses when subjects were wearing bifocal
center-distance corrections, suggesting that pre-presbyopic adults do not relax their accommodation.
Contrary to what was found in a study on accommodation dynamics with induced spherical aberration
(using adaptive optics), accommodative lag is modified differently depending on whether there is a
positive or negative spherical aberration (corresponding to center-distance add or subtraction)
(equivalent to center-near add) (132). According to that study, positive spherical aberration increased
accommodative lag whereas negative spherical aberration reduced it, which may support the usage
of center-near addition lenses. Interestingly, Theagarayan et al.(138) both positive and negative
spherical aberration contact lenses were utilized, and the same result was found: Again, suggesting
that center-near MCLs would prefer a more precise accommodative response, adding negative
spherical aberration enhances the slope of the accommodation stimulus-response curve and
minimizes latency of accommodation. This contrasts with adding positive spherical aberration.
Regardless of the mode of action, the existence of a close addition, whether central or peripheral,
appears to generate a potent enough inhibitory signal to halt the advancement of myopia. Because
there are more center-near lenses available commercially, it is interesting to examine visual
performance in young adults wearing center-near addition lenses.
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Center-near lenses are more common among presbyopes than center-distance lenses because
comparative studies have shown that center-near lenses perform better (242,243). Except for minor
adjustments, one might anticipate that the optical design of MCLs will be fairly similar for both target
populations (young adults and presbyopes). The fact that accommodation is functional in young adults
when MCLs are prescribed, at least to a far greater extent than in presbyopes, indicates a significant
fundamental difference between the two groups. Additionally, young people tend to have larger
pupils than people with older eyes (119,244). However, in both groups, the unintended visual
compromise brought on by simultaneous vision, which has mostly been assessed in investigations on
presbyopic subjects, is a potential drawback to the use of MCLs (245). Understandably, the majority
of studies seen yet on young adults wearing MCLs assess their effectiveness in slowing myopia
progression (133,172,246,247), and only a few studies have thoroughly evaluated visual performance
and visual quality with MCLs(238,248,249). In fact, differences in visual performance with MCLs are
expected to depend on several lens design factors (i.e., the power profile of the lenses, near
add(104,250) , and the patient’s optical profile, including pupil size(114,250) and optical aberrations).
To the best of our knowledge, no prior study has evaluated the impact of lens design, inherent
aberrations, pupil diameter, and the presence or lack of accommodation on TF visual performance
with MClLs.

In this work, we assessed TF visual performance with center-near multifocal designs that were
commercially available, with additions of three distinct magnitudes (low, medium, and high) at various
foci, both with natural and paralyzed accommodation. A group of young adults and a group of
presbyopes participated in the study.

3.2 Methods

Through-focus visual acuity (TFVA) was assessed in young adults and presbyopes, two groups of
participants with various refractive profiles, under natural lighting, both with natural and paralyzed
accommodation, and for various pupil diameters. The measurements were performed both with and
without MCLs (NoLens) on the eye.

3.2.1. Subjects

In the study, 15 participants of European descent were split into two groups: (1) 5 presbyopes, average
age 53 *2.0; average spherical equivalent 0.25+0.9D; (2) 10 young adults, average age 26.9+2.2;
average spherical equivalent -2.2+0.8D. The profiles of the different subjects are shown in Table 1. All
test individuals had experience placing on and taking out contact lenses because they regularly wore
soft lenses or occasionally wore them.

The CSIC Institutional Review Boards had given its blessing to the study protocols, which adhered to
the principles of the Declaration of Helsinki. Before the experimental session, all participants
completed an informed permission form after receiving information about the study and its
experimental methods.
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Duration:
Gender
Habitual
Age Measured | Spherical | Astigmatism | Astigmatism
Subject | Group (H)/Occasional
(yrs) Eye error (D) (D) axis (deg)
(0) lens
wearer
S1 24 F oD -1.25 -0.5 70 O (SCL)
S2 24 F oD -2.5 - - H (SCL)
S3 24 M oD -4.5 - - O (SCL)
S4 24 F oD -4 - - O (SCL)
(%]
-
S5 = 25 F oD -0.5 - - O (SCL)
<<
S6 % 26 M oD 0 - - O (SCL)
-
o
S7 > 26 F oD -4.5 - - H (SCL)
S8 27 F oD -1.5 - - H (SCL)
S9 31 F oD -1.75 -0.5 90 O (SCL)
S10 38 M oD 0 -0.5 108 O (SCL)
S11 47 F oD 1.5 - - 0 (MCL)
S12 52 F oD 2.5 - - H (MCL)
o
o
S13 o 53 F oD -2.75 - - H (MCL)
%
s14 | 55 M oD 0 - - 0 (MCL)
S15 58 M oD 0 - - H (MCL)

Table 3.1: Individual refractive indices of the two groups' participants (young adults and presbyopes). ID, age,
gender, measured eye (always the dominant eye), spherical error, astigmatism, astigmatism axis, and period of
lens wear: habitual (H) or occasional (O) of the SCL and MCL (for standard soft CLs).

3.2.2. Multifocal Contact lenses (MCLs)

In this trial, 1-Day Acuvue Moist MCLs were used (Johnson and Johnson Vision Care, Jacksonville, FL,
USA)(193,251). It has a center-near aspheric profile and is a soft daily disposable lens. With three
separate enhancements, Low (+1.25D), Medium (+1.75D), and High (+2.50D), all individuals were
fitted with a -2D for far. A prior study using the identical MCLs demonstrated that the depth of focus
increased as the number of lenses was added (193). A motorized Badal system was used to correct
the subject's remaining refractive error.
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3.2.3. Experimental set-up
A custom-built Adaptive Optics (AO) system, which was previously extensively documented, was used
for the measurements (217). The system and setup are described in detail in section 2.1.1 of this thesis
(Figure 2.1). The visual stimulus channel contained a conjugate pupil plane with a 7-mm artificial pupil,
allowing measurements with various pupil diameters (5, 4, and 3 mm).

3.2.4. Experimental procedure

Each subject underwent two separate sessions of measurement. Alcon Cusi, Barcelona, Spain,
performed the first session while using 1% Tropicamide to induce cycloplegia (2 drops before the
experiment, and repeated every hour). The non-cyclopleged eyes were used for the second session.
In both sessions, TFVA measurements were performed under 4 different settings (NoLens, LowAdd,
MediumAdd, and HighAdd real MCLs in the eye). TFVA measurements were made in session 1 for
pupils with diameters of 5, 4, and 3 mm, with the artificial pupil of the system controlling the pupil
size. Measurements were only taken for the normal pupil in session 2 (i.e., not limited by the artificial
pupil in the system). Every session took place on a different day (separated by 1-2 days or less). With
regular breaks, session 1 lasted for 7-8 hours. The second session lasted for around 4 hours. Prior to
the start of the measurements, the subjects were given contact lenses at the beginning of the session,
instructed to put them in, and given 10 to 15 minutes to adjust. The addition of the MCLs was kept
blinded from the individuals.

In a dimly lit space, all measurements were made monocularly (with the dominant eye). The subjects
received information about the purpose of the experiment before the measurements began, and they
also went through some practice runs. The position of the Badal system was then adjusted by the
subject to provide the finest focus possible under each circumstance (NoLens, LowAdd, MediumAdd,
HighAdd). The zero-defocus setting for each situation was calculated by averaging five of the best
focus values. The optimal focus with these MCLs did not deviate from the NolLens by more than
0.375/0.50/0.50D across conditions (LowAdd/MediumAdd/HighAdd), which is consistent with the
anticipated focus shift generated by these MCLs (193,203) and demonstrating that for distant vision,
the far focus (rather than a near focus) was always chosen.

3.2.5. Through-focus visual acuity (TFVA)

The whole dioptric range of 4 D (-3.00D to +1.00D) in 0.5 D steps around the optimum focus was used
to test visual acuity (VA) for each condition. A forced choice with eight alternatives was used to
measure VA (8AFC) (252) technique using the QUEST (Quick Estimation by Sequential Testing)
algorithm and Tumbling E letters (Black E letters on a white backdrop) created with the Psychtoolbox
software (228) to determine the order in which the test's provided stimuli—letter size and
orientation—will be presented after the subject's response. The orientation of the E-letter had to be
determined by the subjects, and depending on their response, the stimulus size in the subsequent
presentation changed. Each VA measurement was subjected to 35 trials of the QUEST routine, with a
75% threshold criterion. The average of the 10 most recent stimulus readings was used to estimate
the threshold VA measurement. VA was calculated using the formula logMAR = -log10 [decimal
acuity](253).

3.2.6. Data Analysis

For each subject and condition, various metrics of analysis (illustrated in Fig. 3.1) were derived from
the TF curves, evaluating absolute values of visual performance at various distances (Fig. 3.1 A),
relative differences in performance with MCL in comparison to a standard spherical correction (Fig.
3.1 B), and the consistency of vision across distances (Fig 3.1 C).
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Metrics of Analysis

Absolute values of VA Visual Degradation/Benefit ratio Visual Imbalance
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Fig 3.1. Example of several metrics for S#9, a young subject, using NoLens and MediumAdd CL. (A) Depth of
Focus (defined as the dioptric range where VA is better than 0.2logMAR) is indicated by a horizontal line, and TF
logMAR VA highlights the absolute value of logMAR VA at far (best focus), intermediate (1.5D), and near (2.5D)
distances. (B) Visual degradation at a distance (dark green) and near (differences in logMAR VA for NoLens and
MCL) (2.5D, Visual benefit at near). (C) Visual Imbalance across Distances for the NolLens (Red bar) and
MediumAdd CL, defined as the Standard Deviation of the logMAR VA values over the TF curve (Green Bar).

Absolute VA values for far The TFVA curve's (0D), intermediate (1.5D), and near (2.5D) values were
extracted (A). These figures represent the visual performance of the MCLs at various distances.

Depth-of-focus (DOF) is outlined as the defocus range where the VA is at least 0.2 logMAR [43].

Visual Degradation at far & Visual Benefit at near was acquired as the difference between VA with
MCLs in comparison to VA with NolLens at far (best focus) and at near (+2.50 D), as shown in Fig 1. (B).
The formula for defining visual degradation at far is (logMAR VA @far (NoLens) - logMAR VA @far
(MCLs)). The formula for the Visual Benefit at Near is (logMAR VA @near (NoLens) - logMAR VA @near
(MCLs)). MCLs are anticipated to improve visual performance at close range and decrease visual
performance at a distance (i.e., negative values) (i.e., positive values). The classifications made using
ratios in earlier research are identical to those made here because the logarithmic notation of logMAR
differences is converted to ratios in other metrics, like decimal visual quality or perceptual scorings.
[44].

Visual Imbalance, shown in Fig. 1, is the standard deviation of VA throughout a TF curve and is
illustrated in Fig. 1(C). This meter accurately measures the variations in visual performance over a
range of distances. For example, it is expected that VA with a bifocal correction or monofocal
correction in a patient with paralyzed accommodation will vary more across distances (resulting in a
higher standard deviation and therefore a higher visual imbalance) than with extended depth of focus
lenses producing a smoother variation of VA across distances (lower standard deviation, and thus
lower imbalance). Visual imbalance after normalizing (by a factor of 0.2) is used to assess visual
constancy, which is then multiplied by -1.

Overall quality metric the visual degradation/benefit and visual constancy metrics were combined to
create this metric. The overall metric is defined by Visual benefit at near — Visual degradation at far +
Visual constancy. A high overall visual performance is shown by a positive value, whereas a low visual
performance is indicated by a negative value. The differences in visual performance among lenses and
age groups were examined, and these metrics were analyzed across all individuals and lenses.

SPSS Statistics 24.0 was used to conduct the statistical analysis (IBM, United States). The Shapiro-Wilk
test was used to verify the normality assumption. A power analysis (Post hoc analysis) was performed.
All the comparisons within the group for each condition had a power value greater than 0.8, indicating
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a sufficiently large sample. Some comparisons across the two groups (young adults and presbyopes)
had a power value of 0.4-0.6 which still indicate significant results. Specific non-parametric tests were
used: (1) the Mann-Whitney U test to analyze differences between two independent samples (young
adults, presbyopes) (2) the Wilcoxon test to analyze differences between two related samples
(Accommodation, Visual Benefit and Degradation, Visual Imbalance) within each group, and (3) the
Kruskal-Wallis test to analyze differences between NolLens and MCLs conditions. The similarity in the
shape of the TF curves between the individual’s native VA and with the MCLs was done using a cross-
correlation analysis, with lag k and rho values representing the largest spike of the series when the
elements of both TF curves match exactly and the correlation coefficient, respectively.

3.3. Results

3.3.1. Visual Acuity at far and near

Figure 3.2 (A) displays the VA at a distance (best focus) and (B) the VA at a near distance for all
individuals and lenses as a function of age, including both paralyzed (solid symbols) and natural
accommodation (open symbols). Different hues correspond to various lens types (LowAdd: Orange;
MediumAdd: Green; HighAdd: Purple and NoLens: Red). In terms of quality, only three participants in
the group of young adults had logMAR VA that was significantly worse than 0 under various MCL
settings. The worst VA values also occurred for Medium and HighAdd MCLs in most cases (except for
individuals 1 and 3, all 24 years old). With the MCLs in the group of young people, the best VA was
attained at close range. The MCLs' (LowAdd/MediumAdd/HighAdd) performance with natural
adaptation varied statistically considerably between the two young adults. (Kruskal-Wallis test,
p=0.011) and presbyopes (Kruskal-Wallis test, p=0.033) for far.

Visual Acuity at Far and Near
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Fig 3.2: Near and far logMAR VA. For all lenses and situations, (A) logMAR VA at far and (B) logMAR VA at close,
with age as a function. The color of the lenses can be used to distinguish them. NoLens in red, LowAdd in orange,
MediumAdd in green, and HighAdd in purple. Open symbols represent natural accommodation, while solid
symbols represent paralytic accommodation. Young adults are the subjects to the left of the separation bar,
while presbyopes are the subjects to the right of the separation bar.

In presbyopes, there were statistically significant differences in VA between far and near for the
NoLens condition and with all MCLs with both natural and paralyzed accommodation (Wilcoxon signed
rank test, NoLens/LowAdd/MediumAdd/HighAdd: p=0.043 for paralyzed and natural accommodation,
respectively). This shows that presbyopes have degraded near vision as expected and that MCLs do
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not improve near vision to the same extent as they do far vision. With all MCLs and the Nolens
condition with paralyzed accommodation, VA was statistically significantly different between far and
near in young adults (Wilcoxon signed rank test, p=0.005/0.005/0.007/0.005), but only for the NoLens
condition (Wilcoxon signed rank test, p=0.007) with natural accommodation.

Young adults and presbyopic groups had significantly different VA under natural accommodation for
both far (Mann-Whitney U test, NoLens/LowAdd: p=0.008; MediumAdd: p0.001; HighAdd: p=0.003)
and near (Mann-Whitney U test, p0.001). Under paralytic accommodation, statistically significant
differences between young adults and presbyopes occurred in nearly all circumstances for far and
only with the Nolens (p=0.028) for near (Mann-Whitney U test, NolLens (p=0.013), MediumAdd
(p=0.003), and HighAdd conditions).

As anticipated given the lack of accommodation and smaller natural pupil diameters, there were no
appreciable differences between VA assessed under paralyzed and natural accommodation in
presbyopes. However, owing to operative accommodation, there were statistically significant
variations in VA assessed under paralyzed and natural accommodation in young adults across all
circumstances (Wilcoxon signed rank test, NoLens/LowAdd p=0.005; MediumAdd/HighAdd p=0.007).

3.3.2. Through-focus VA: Effect of lens design and accommodation
TFVA — Paralyzed Accommodation

Figure 3.3 depicts the TFVA measured with a fixed 5-mm diameter pupil in all young adults (top panels)
and presbyopes (bottom panels) for all three lenses (LowAdd: Orange; MediumAdd: Green; HighAdd:
Purple) as well as the NolLens condition (NoLens: Red), under-paralyzed accommodation. When
comparing the TFVA curves between conditions (NoLens/LowAdd/MediumAdd/HighAdd) within each
group, no statistically significant differences were found between the groups. This suggests that the
visual performances were similar across the conditions.
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Fig 3.3. Under paralyzed accommodation, TFVA values are displayed for all participants and circumstances with
5 mm pupil diameters. (A) young adults (top panels); (B) presbyopes (bottom panels). Conditions are NolLens,
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LowAdd, MediumAdd, and HighAdd, in that order. Lens color indicates condition - NoLens in red, LowAdd in
orange, MediumAdd in green, and HighAdd in purple.

TFVA — Natural Accommodation

In the top panels of Fig. 3.4, all young adults and presbyopes with all 3 lenses (LowAdd: Orange;
MediumAdd: Green; HighAdd: Purple) and the Nolens condition (NoLens: Red) had their TFVA
assessed under natural accommodation (and natural pupil diameter). Young adults and presbyopes
have considerably different TFVA curves, showing an obvious influence of accommodation in the
younger group and a less distinct qualitative effect of MCLs. Unlike under paralyzed accommodation
(where both young adults and presbyopes show similar trends, i.e., narrower TFVA with NoLens, which
broadens with MCLs), TFVA curves are notably different between young adults and presbyopes,
indicating a clear effect of accommodation in the young group, and the effect of MCLs in this group is
not qualitatively as clear.

Overall, no statistically significant differences were identified between the paralyzed (Fig. 3.3) and
natural accommodation (Fig. 3.4) within any group for the presbyopic population. However, due to
the presence of accommodation in the young adult’s group, there were statistically significant
differences between paralyzed and natural accommodation for all conditions (Wilcoxon signed rank
test, NoLens: p=0.005, LowAdd: p=0.005, MediumAdd: p=0.007; HighAdd: p=0.005).
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Fig 3.4. TFVA curves under natural accommodation with normal pupil diameters for all subjects and
circumstances. (A) young adults (top panels); (B) presbyopes (bottom panels). Conditions are NoLens, LowAdd,
MediumAdd, and HighAdd, in that order. Red indicates no lens, orange low addition, green medium, and purple
high addition.

3.3.3. Intersubject Variability

Young adults' intersubject variability in VA at best focus rose with MCLs with paralyzed
accommodation, while it decreased with NoLens (0.023logMAR). The overall inter-subject variability
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was higher with paralyzed than with natural accommodation, despite differences in inter-subject
variability not reaching statistical significance in either group.

3.3.4. Average Through-focus VA

Figure 3.5 displays the TFVA curves for paralyzed accommodation (left panels) and natural
accommodation (right panels) for young adults (A) and presbyopes (B) averaged across participants
(right panels). A separate lens type is represented by each line (LowAdd: Orange; MediumAdd: Green;
HighAdd: Purple and NolLens: Red). In young adults, there was a statistically significant difference in
the TFVA curve shape between the conditions of normal accommodation and paralyzed
accommodation (cross-correlation: lag k=0; rho=0.561 Nolens; rho=0.204 LowAdd; rho=0.360
MediumAdd; rho=0.337 HighAdd). As expected, given the much-reduced accommodation, there were
no statistically significant variations in the TFVA curves' shapes in presbyopes (cross-correlation: lag
k=0; rho=0.965 NolLens; rho=0.979 LowAdd; rho=0.897 MediumAdd; rho=0.950 HighAdd).

Medium and HighAdd MCLs improved performance at the intermediate and near vision in comparison
to the NolLens and LowAdd situations when accommodation was paralyzed in both groups and natural
in presbyopes. When young adults were housed in a paralyzed position, the average DOF increased
from 1.95 D (NoLens) to 2.25 D (HighAdd), but in presbyopes, it increased from 1.4 D (NoLens) to 1.5
D (HighAdd).
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Fig 3.5: Average TF logMAR VA for the paralyzed and natural accommodation groups, across all participants.
Average TFVA curves for presbyopes and young adults, respectively. Right plots: natural accommodation; left
plots: paralyzed accommodation. Each lens condition is indicated by the color - Purple: HighAdd, Green:
MediumAdd, Orange: LowAdd, and Red: NoLens.

3.3.5. Through-focus VA: effect of pupil diameter

Young adults (A-upper panels) and presbyopes (B-lower panels) were subjected to TFVA
measurements under paralyzed accommodation and averaged across all participants for three distinct
pupil diameters (5, 4, and 3 mm) for the LowAdd, MediumAdd, and HighAdd lenses (Fig. 3.6). For the
three pupil sizes with the NolLens, LowAdd, and MediumAdd lens conditions, VA at distance was
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typically within 93% LogMAR in young adults. With larger pupils, VA for the HighAdd lens significantly
enhanced (0.08 logMAR shift from 3-mm to 5-mm pupil). For presbyopes, on the other hand, VA at far
was highest with the lowest pupil diameter in the NoLens condition (0.05 logMAR shift), Medium, and
HighAdd lenses (0.042 and 0.041 logMAR shifts).

TFVA Averaged across all subjects and 3 pupil sizes
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Fig 3.6: Average TF VA for pupils with sizes of 3, 4, and 5 mm while accommodating paralysis. Lens color indicates
condition - NoLens in red, LowAdd in orange, MediumAdd in green, and HighAdd in purple. (A) young adults; (B)
presbyopes.

In all cases, the partial correlation coefficients between the TFVA curves of the 5-mm pupil and the 3-
and 4-mm pupil diameters varied from 0.464 to 0.797 and 0.548 to 0.806, respectively, and were
statistically significant (p0.001). In presbyopes, DOF increased from 1D (3mm) to 1.5D (5mm) on
average across all lenses in young adults, and from 1.5D (3mm) to 2D (5mm) in young adults (Partial
correlation, p<0.001). For all lenses with the largest pupil, the TFVA curves in young adults had a
propensity to be wider (by an average of 42.14%). However, in presbyopes, performance at the best
focus was better with the 3-mm lens, and the broader curve was discovered with the 5-mm pupils.
For the HighAdd lenses, performance at the best focus was better with the 3-mm lens, and the larger
curve was found with the 5-mm pupils. Between 0.01 and 0.11 was the standard deviation for all
participants.

3.3.6. Visual Acuity at far, intermediate and near

From the TF curve, we calculated the average impact of the multifocal lenses on VA at far (0OD),
moderate (1.5D), and close (2.5D) distances. The average visual acuity (VA) of young adults (A) and
presbyopes (B) at those distances for all lenses (LowAdd: Orange; MediumAdd: Green; HighAdd:
Purple; and NolLens: Red), both for paralyzed (solid bars) and natural (open bars) adaptation
circumstances, is shown in Fig. 3.7.
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Fig 3.7. Average logMAR VA for far, intermediate, and close ranges for both paralyzed accommodation and
natural accommodation (across participants). young adults, i.e. (B). presbyopes. Red indicates no lens, orange
low addition, green medium addition, purple high addition, solid bars indicate paralyzed accommodation and
open bars indicate natural accommodation.

In all situations at far, intermediate, and close distances for natural accommodation, VA was
statistically substantially superior in young adults than in presbyopes (Mann-Whitney U test, NoLens
p=0.0008; LowAdd p=0.008; MediumAdd p<0.001; HighAdd p=0.003). In terms of paralyzed
accommodation, VA for far (Mann-Whitney U test, NoLens p=0.013; MediumAdd p=0.003 and
HighAdd p=0.019); intermediate (Mann-Whitney U test, NolLens p=0.019; MediumAdd/HighAdd
p0.001); and near (Mann-Whitney U test, NoLens p=0.028) was statistically better in young adults than
in presbyopes.

Young adults, but not presbyopes, demonstrated statistically significant differences in VA values for
all circumstances at intermediate (Wilcoxon signed rank test, p<0.013) and near (p<0.007) for
paralyzed and natural accommodation. In young adults and presbyopic subjects, VA at intermediate
and near was, on average across conditions (lenses and accommodation status), poorer than at far in
all cases, with differences of -0.11 and -0.18 logMAR for intermediate and -0.20 and -0.32 logMAR at
near respectively. Under natural accommodation, VA was consistently superior to 0 logMAR in young
adults.

3.3.7. Visual Benefit at near and Visual Degradation at far

Fig 3.8 shows the visual degradation at far (Left panels, A and C) and the visual benefit at near (Right
panels, B and D) for young adults (upper panels) and presbyopes (lower panels) produced by all lenses
(LowAdd: Orange; MediumAdd: Green; HighAdd: Purple) relative to the NolLens, as a function of the
lens near add. Positive values in the y-axis represent a gain and negative values represent a loss in
visual performance produced by the lens. Lines represent linear regression fitting of the data, as a
function of near add values (slopes are in logMAR/Diopter of near add; and r stands for correlation
coefficients).

On average, the MCLs produced a small but consistent degradation of far vision with increasing add
in both groups and conditions (s=-0.013 logMAR/D, r=0.98 in young adults; s=-0.03 logMAR/D, r=0.24
in presbyopes), and a consistent benefit at near in the young adults with paralyzed accommodation
(s=0.06 logMAR/D, r=0.75), and in presbyopic subjects with both paralyzed (s=0.013 logMAR/D,
r=0.58) and natural accommodation (s=0.029 logMAR/D, r=0.96).
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Visual Benefit at Near and Degradation at Far
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Fig 3.8: Visual Benefit and Visual Degradation at far. In young adults (upper panels) and presbyopes (lower
panels), visual degradation at a far (A), and visual benefit at a near (B), are assessed as differences of logMAR
VA with the MCLs and NoLens, averaged across participants. Orange indicates a low addition, green a medium
addition, and purple a high addition, respectively, for lenses. The fill pattern indicates the accommodation
condition (solid symbols: paralyzed accommodation; open symbols: natural accommodation). Regression lines
are displayed as dashed lines in the case of natural accommodation and as solid black lines in the case of
paralyzed.

3.3.8. Visual Imbalance

As a function of near add, the visual imbalance metric is depicted in Fig. 3.9 for young adults (Fig. 3.9
A) and presbyopes (Fig. 3.9 B), with averaged data for all lenses (NolLens: Red; LowAdd: Orange;
MediumAdd: Green; HighAdd: Purple) across subjects and conditions. This metric accounts for
variations in VA across the TF curve in all conditions (solid symbols: paralyzed accommodation; open
symbols: natural accommodation).

Young adults and presbyopes showed statistically different visual imbalances with natural
accommodation in all situations (Mann-Whitney U test, NoLens p=0.001, LowAdd p0.001, MediumAdd
p0.001, and HighAdd p=0.003). Additionally, young adults in all situations showed statistically
significant variations in the visual imbalance between paralyzed and natural accommodation
(Wilcoxon signed rank test, NoLens p=0.005, LowAdd p=0.007, MediumAdd p=0.005 and HighAdd
p=0.009), but not presbyopes.

Young adults with paralyzed accommodation (s=-0.06 D-1; r=0.65) and presbyopes with both
paralyzed and natural accommodation (s=-0.01 D-1; r=0.88) had a reduction in visual imbalance on
average with increasing add. Young individuals with natural accommodation had the lowest
imbalance, yet even in this case, the visual imbalance was diminished by 13.33% with MCLs compared
to the NolLens condition (averaged across the three near additions).
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Fig 3.9: Visual imbalance along the VA curve. Young adults (A) and presbyopes (B) using various lenses and
paralyzed (solid symbols) and naturally accommodating (open symbols) data are shown (averaged across all
subjects). (Lens status is shown by color: Red: Nolens, Orange: LowAdd, Green: MediumAdd, and Purple:
HighAdd.) Regression lines are represented by solid black lines for paralysis and dashed lines for natural
accommodation.

3.3.9. Overall Visual Performance with MCLs

The visual degradation/benefit and visual imbalance measurements (normalized) from the preceding
sections are combined to create this analysis. According to the specified metric, the lens performs
better overall when the value is higher. The total visual quality was favorable in each instance, even
though the metric might also have negative values. Young folks living in paralyzed accommodations
displayed the best overall performance (LowAdd:0.36; MediumAdd:0.37; HighAdd:0.35). With
LowAdd lenses, presbyopes’ performance (under both natural and paralytic accommodation) was at
its best (0.22). With paralyzed accommodation, the overall performance with MCLs was superior to
the overall performance with natural accommodation (by 76.2% in young adults and by 17.7% in
presbyopes).

3.4. Discussion

MCLs are well-known presbyopia treatments. The use of MCLs as a common method to arrest the
progression of myopia makes it crucial to assess the visual performance of these lenses and determine
the numerous factors that affect it. Some presbyopia MCL designs may be applicable in myopes, even
if the state-of-the-art currently prioritizes center-distance designs to treat myopia, and particular
lenses appear to target this market. Therefore, it is important to comprehend the basic variations in
MCL function between presbyopic and young adult individuals.

Our study looked at a center-near multifocal lens design and assessed the impact of different near add
levels (low, medium, and high) on visual acuity in two age groups (young adults and presbyopes with
natural and paralyzed accommodation). All participants in the study wore the identical -2 D distance-
corrected contact lens, regardless of their refraction, to decrease the number of variables. The
remaining defocus was then corrected with a Badal system. The TF optical performance of the
multifocal lenses was calculated in a prior study using the same MCLs (based on their theoretical
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power profile), and this information was used as the basis for simulations of the lenses in a
Simultaneous Vision Simulator (193,194,254) and a Spatial Light Modulator in an Adaptative Optics
system(203) The TFVA of subjects who were presbyopic was measured using the MCLs on the eye and
the comparable SimVis simulated lenses. In line with a previous study, we discovered that MCLs
reduced far visual acuity when compared to a monofocal condition (NoLens). This is to be expected
because simultaneous vision corrections split the energy into two foci, where a blurred image is always
superimposed atop a sharp component. Overall, we observed a significant intersubject variability with
paralyzed accommodation (Fig. 3.3) and intra-subject variances that varied with lens design, paralyzed
or normal accommodation (only in young adults), and to a lesser extent, pupil diameter (Fig 3.6). Due
to the fact that visual acuity decreases with age, presbyopes had maximum visual acuity (usually far
vision with NoLens) than young adults did.

The near add magnitude is a critical factor in multifocal lenses. All subjects were put through three
MCL addition tests (Low: +1.25D; Medium: +1.75D; High: +2.50D). Lower additions are prescribed to
early presbyopes and higher additions to older presbyopes in clinical practice with presbyopes
because the choice of addition is related to the remaining accommodation amplitude. A wide variety
of adding capabilities are considered suitable for prescription MCLs to progressive myopes.

Based on earlier research, where we employed simultaneous vision simulators to examine how near
addition to pure simultaneous vision visual acuity affected performance (136,164,165,194) in patients
with paralyzed accommodation, we found that far vision was not equally degraded with all near add
magnitudes. A difference that could be solely explained on optical grounds, additions about +2.50D
created a bigger degradation than additions lower and higher. Testing lenses with enhancements
greater than +2.50 D was not possible for the current investigation. In any case, the average increase
in far visual degradation with near add observed in the current investigation, both in young adults and
presbyopes, is consistent with that earlier finding, i.e., with HighAdd the degradation at far was larger
than the Low and Medium additions.

Clinical trials conducted in the past on young adults wearing MCLs have revealed varying degrees of
visual impairment. Fedtke et al(238) found that bifocal lenses reduced visual acuity when compared
to single vision lenses, though the reduction was less noticeable when using MCLs with negative
spherical aberration (center-near design). On the other hand, Shah et al(249) found relatively higher
high contrast visual acuities with concentric lenses and with center-distance, exceeding the visual
acuities reported by Anstice & Philips, Walline et al, and Fedtke et al(173). With center-near MCLs with
HighAdd, Fedke et al. recorded a high contrast visual acuity of 0.10 0.12 logMAR, whereas the center-
near LowAdd achieved the best overall visual acuity, up to -0.05 0.11 logMAR. Additionally, we found
that performance with LowAdd lenses performed more similarly to the NolLens condition than with
higher add MCLs. In any event, we did not find that the center-near MCLs significantly worsened single
vision, so it does not seem appropriate to not use MCLs based on the possibility that they perform
worse than center-distance MCLs, as recommended in previous work (256). Furthermore, while
differences in pupil diameter between young and presbyopic subjects have frequently been cited as
potential reasons for the different performance of center-near add MCLs in both groups, our results
show only minor variations in TF performance with pupil diameter, indicating that pupil diameter only
has a minor impact on their performance.

The TF-related young adults and presbyopes (as well as presbyopes with natural accommodation)
display identical visual performance with paralyzed accommodation, with consistent performances
with increasing near add, suggesting that the lens designs take precedence over other considerations.
The curves in the same patients expand with natural accommodation, demonstrating that
accommodation affects the MCL performance in young adults in addition to lens design. In order to
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focus on the near aiming lower accommodating demand, the near peak of accommodation could be
adjusted to achieve this. The defocused image of the near focus is always out of focus, suggesting that
young adults accommodate the entire range utilizing the far peak (by different amounts). In this
situation, a center-near and the spherical aberration’s natural change in combination with
accommodation may help to reduce accommodative latency and enhance performance at close range.
Most of the subjects in our study wearing Medium and HighAdd lenses (Fig. 3.4) seemed to employ
the far peak to account for the full tested near vision range. Only two participants (S#3, S#10) seemed
unable to handle the entire range.

Our findings demonstrate that MCLs create more consistent vision across distances. The high level of
acceptability of MCLs, when prescribed to myopes, may be explained by the hypothesis that a higher
visual constancy is a preferred scenario over overall better (but also less uniform) vision, as achieved
in young adults with natural vision. The success of multifocal lenses in controlling myopia should be
taken into consideration when choosing them for myopes, although great near and distant vision
cannot be compromised. The best lens design can be chosen based on performance using the overall
visual quality metric, which also considers other factors including visual consistency. The application
of new Simultaneous Vision Simulators would permit non-invasive testing of a variety of designs
without placing them on the eye (193,194,202). It is advised to give patients (both young and
presbyopic) experience with multifocality prior to fitting due to the relatively high intersubject
variability.

In conclusion, the current study shows that center-near lenses have some visual benefits at close range
in presbyopes and young adults with high contrast visual acuity while retaining far vision. When
treating myopia and presbyopia using MCLs and learning more about how these lenses work, factors
including visual impairment at a distance, visual benefit up close, and visual consistency (uniformity
of vision across distances) should be considered. Future research on the visual quality of MCLs may
examine contrast sensitivity and the Multifocal Acceptance Score metric, which employs natural
sceneries for far/near and day/night lighting to gauge perceptual quality with non-high contrast
images (257,258).

3.5. Conclusions

e For all conditions, VA was generally superior in the young adult group compared to the
presbyopic group (NoLens and MCLs)

e In young adults, the shape of the TFVA curve was significantly different between paralyzed
and natural accommodation conditions. In contrast, presbyopes did not show significant
differences between paralyzed and natural accommodation, as expected due to lack of
accommodation in the older group.

e In comparison to the Nolens, the MCLs reduced the visual imbalance (variations of VA
consistency from far to near). The result is consistent with an increase in the negative spherical
aberration with center-near design, which has a favorable effect in decreasing
accommodative lag.

e The MCLs produced a small but consistent degradation at far in all conditions, and a consistent
benefit at near in young subjects with paralyzed accommodation and in presbyopic subjects
with both paralyzed and natural accommodation. Visual degradation at far increases with
more addition in the lenses.
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e Under paralyzed accommodation, both in presbyopes and young adults, the depth of focus of
the TF curve increased with increasing pupil diameter (3mm to 5mm).

In this chapter, we have studied the visual performance with real multifocal lenses of three different
additions in young adults and presbyopes, and compared across the subject groups, with and without
accommodation and different addition of the lenses. In the next chapter, we will study the ability of
the Spatial Light Modulator to simulate these designs of multifocal contact lenses and compare the
visual performance of the simulated vs real contact lenses in the eye.




Chapter-4 Vision with Spatial Light Modulator Simulating Multifocal Contact lenses
in an Adaptive Optics system

CHAPTER-4. VISION WITH SPATIAL
LIGHT MODULATOR SIMULATING
MULTIFOCAL CONTACT LENSES IN
AN ADAPTIVE OPTICS SYSTEM

As multifocal contact lenses (MCLs) expand as a solution for myopia though traditionally used in the
treatment of presbyopia experiencing multifocal vision before physically fitting them on the eye
becomes critical both to systematically test different multifocal designs and to optimize selection
specific to each subject in the clinic. In this chapter, we evaluated the ability of a Spatial Light
Modulator (SLM) to represent MCLs by comparing through-focus visual acuity with real CLs on the eye
and simulated MCLs in the SLM.

This chapter is reproducing the paper by Vedhakrishnan et al(203). “Vision with Spatial Light
Modulator simulating multifocal contact lenses in an adaptive optics system”, published in BOEx
(2021). The co-authors are Maria Vinas, Sara Aissati, and Susana Marcos.

The work was presented as an oral presentation by Vedhakrishnan et al in the PhD day event
conducted at the Complutense University, Madrid, under the title “Comparison of vision with real and
simulated MCLs in Spatial Light Modulator”.

The author of this thesis designed the experiment, implemented the experimental protocol,
performed the experimental measurements on subjects, collected and analyzed the data, and
prepared the manuscript in collaboration with Maria Vinas and Susana Marcos.
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4.1. Introduction

Presbyopia, an age-related eye disorder in which the crystalline lens loses its capacity to dynamically
focus, can be corrected by multifocal contact lenses (MCLs) (259). In addition, MCLs have shown
promising results in controlling myopia progression(133,172,255). MCLs operate on the simultaneous

vision theory, which entails the simultaneous projection of both a far- and a near-focused image. For
presbyopes, center-near, center-distance, and concentric alternating-zone types of MCLs are available
on the market. Presbyopes gain intermediate/near vision at the expense of some optical degradation
at far (143,249,259,260). It is unclear how MCLs slow down eye growth in myopes, however, they may
do so via lowering peripheral hyperopic defocus or by lowering accommodative lag (93,130). The MCLs
that are typically utilized to halt the growth of myopia are center-distance or alternate center-near
and distance zones (104).

In a recent study by our group (236), In two age groups (young myopes and presbyopes), we
investigated the visual performance with center-near MCLs on the eye in the presence and absence
of accommodation. We discovered that accommodating young myopic subjects generally compensate
for the multifocal visual performance compromise at far vision (236).

There are more and more commercially available MCL designs, and the main difference among them
is their power profile. While some designs have aspheric smooth surfaces that try to increase the eye's
depth of focus rather than establishing two distinct foci, others have quite abrupt transitions between
near and distance. The locations and quantity of pupillary zones allocated for far and near also vary
between designs (143,259). The effectiveness of the MCLs with regard to visual performance in various
populations, the impact of added near magnitude, and other design factors have been the focus of
some studies (116,261,262) or the effect of the eyes aberrations and pupil diameter (263). Due to the
intricate nature of the experimental techniques, which demanded the testing of numerous MCLs on
the same patient, the scope of those research was, however, constrained.

The Simultaneous Vision Simulator- Sim + Vis technology, often known as SimVis, is an alternative to
spatial visual simulators. SimVis is a small device with a wide field of view that operates on the idea of
temporal multiplexing with an optotunable lens driven at high speed (193,254,264,265). Based on that
technology, the wearable, binocular, and see-through SimVis Gekko system (2EyesVision, Madrid,
Spain) was developed for commercial use. To our knowledge, only the SimVis visual simulator has
been reported to accurately imitate MCLs that are now available on the market (193). In that study, a
channel in the Polychromatic AO visual simulator from VioBioLab was used to implement the Sim +
Vis Technology. High-contrast visual acuity targets were used in the investigation, which was
conducted for fixed pupil diameter (4 mm). The average TF visual acuity with the real MCL on the eye
was nearly matched by simulations, showing that the SimVis effectively reflects the power profile of
the MCL (193). Despite the positive outcomes of that work, additional research is required to fully
understand the phase map representation and the possibility of visual simulators representing MCLs.
The phase map representation of the MCL, along with additional compensations for dynamic effects
in the optotunable lens, serves as the foundation for the temporal patterns that drive the SimVis
temporal multiplexing simulators (193,265). The representation of MCLs in terms of phase mapping
involves several implicit assumptions, some of which may include potential differences between the
theoretical and actual power profiles, conformity of the MCL to the underlying cornea, decentration
of the lens, and shift between the corneal and pupil plane.

Using an SLM (PLUTO-VIS; Holoeye Photonics AG, Germany) in an AO visual simulator, we investigated
the accuracy of a phase map representation of a commercially available MCL design in this work for
the first time to our knowledge. This method retained the natural interactions between the
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aberrations of the lens designs and the aberrations of the subject. We specifically assessed TF visual
performance (TF visual acuity) in the same participants with real MCLs on the eye and the identical
designs (center-near aspheric MCLs of three different addition magnitudes (low/medium/high)
simulated in an AO visual simulator. The ability of the SLM to imitate the MCLs were evaluated by
comparing the real and simulated TF curves. In an earlier study (193) We simulated the multifocal
lenses of various additions using the SimVis visual simulator. As the basis for several laboratory-based
visual simulators and, to our knowledge, one commercial visual simulator, we are using an SLM in the
current investigation. The work thus supports the use of phase map representations of MCLs, which
are also utilized as a first step in other types of simulators like SimVis, as well as the usage of SLM-
based simulators to mimic MCLs (at least with monochromatic stimuli).

4.2 Methods

The three simulated MCLs' TF optical performance was evaluated on a bench. Under cycloplegia and
a fixed pupil diameter of 5 mm, through-focus visual acuity (TFVA) was assessed with both simulated
and real MCLs placed in the eye. We chose 5-mm pupils because this size ensures that the retinal
image was influenced by both near and far vision. Three MCL additions were used to measure all
patients (low, medium , and high).

4.2.1. Subjects

The study included a total of 7 participants, whose ages ranged from 24 to 55, had spherical errors
between -4.00D and -1.50D, and had astigmatism less than 0.75D. The profiles of each patient are
displayed in Table 4. Except for S6 and S7, every subject regularly wore contact lenses. Prior to
beginning the measurements with each MCL, a contact lens settling period of 10 to 15 minutes was
given to all subjects to ensure proper fitting and comfort. The study protocols received approval from
the CSIC Institutional Review Boards and adhered to the principles of the Declaration of Helsinki. Prior
to any study procedures, informed consent waivers were signed by all participants after they received
information about the study and its experimental methods. The IRB assigned project reference
number is 080/2016.

Age Measured Spherical Astigmatism  Astigmatism

Subject (yrs) eye error (D) (D) axis (deg)
s1 24 oD -4 - )
s2 27 oD 0 - )
3 27 oD -4.5 - -
s4 28 oD -1.5 - -
S5 31 oD -1.75 -0.5 90
S6 48 oD 1.5 - -
S7 55 oD 0 - -

Table 4. Shows the individual refractive profile of the two groups of subjects (Young myopes and Presbyopes):
ID, age, Eye measured, Spherical error, Astigmatism , and Astigmatism axis

4.2.2. Multifocal contact lenses

The MCLs used in this investigation were soft, daily disposable, with a center-near aspheric profile
(higher plus power is in the center and gradually reduces towards the periphery), the base curve of
8.4 mm, and diameter of 14.3 mm, and were made of etafilcon A with a 58% water content (193,266).
Three different additions (low, medium, and high) of center-near MCLs were examined in this study.
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All patients wore -2 D for far (with the residual refractive error corrected using the Badal Optometer)
and with three different additions: Low (+1.25D), Medium (+1.75D), and High (+2.5D). This eliminated
any potential differences in MCL performance related to lens base power (i.e., lens thickness and
central near zone diameter).

4.2.3. Adaptive optics visual simulator

Measurements were made in the VIOBIO lab's polychromatic multichannel AO visual simulator
system, which are thoroughly discussed in prior publications (136,195,198) and section 2.1.2 of this
thesis. The Spatial Light Modulator was used to see the visual stimuli for the study's purposes. A 5-
mm artificial pupil was positioned in a conjugate pupil plane to ensure the measurements were
conducted with the right pupil diameter.

4.2.4. SLM phase map generation

The phase map created for the SLM using the three MCLs is shown in Figure 4.1. In order to numerically
simulate the designs, MATLAB procedures were employed. The designs were afterward programmed
in a reflective phase-only LCoS-SLM using the same protocols as Vinas et al. (2017)(194). To obtain a
maximum phase difference of 2, as specified by the SLM's calibration, a wrapping process (188) was
used on the phase patterns. The resultant pattern is a greyscale image, with each shade of grey
denoting a specific phase difference between 0 and 2. At the conjugated pupil plane, where the SLM
was positioned, images were produced for a 5-mm pupil. The SLM was calibrated for a wavelength of
555 nm using the methods recommended by the manufacturer. The MCL phase maps have a distance
power of OD.

Low Add Mid Add High Add
(+1.25D) (+1.75D) (+2.50D)

Fig.4.1. Phase maps of the MCLs simulated in the SLM for LowAdd (+1.25DS), MediumAdd (+1.75DS) , and
HighAdd (+2.50DS). Pupil diameter = 5mm.

4.2.5. On-bench through-focus optical quality

TF optical quality through the SLM simulated MCLs was tested on a bench using 1-pass TF images of
an E-letter (0.86 logMAR, 29arc min) optotype displayed in the DMD imaged on an artificial eye made
up of a 50-mm focal length achromat and a CMOS sensor acting as a "retina" (DCC1240C - High-
Sensitivity USB 2.0 CMOS Camera, 1280 x1024, Global Shutter, Color Sensor, Thorlabs GmbH,
Germany), as described earlier (194). 555 nm light from the SCLS was used to illuminate the stimuli
(similar to the measurements in patients). The Badal optometer was moved from +1D to -4.5D in 0.25
steps for all measurements to achieve focus changes.

4.2.6. Experimental procedure in subjects

Measurements were performed on subjects when they were being cycloplegic with 1% Tropicamide,
monocularly (using their dominant eye, as determined by the Miles test), and without correcting for
any of their intrinsic aberrations in a dimly lit setting (20 cd/m2) (2 drops prior to the experiment, and
repeated every hour). The study started after 20 minutes of cycloplegia. The eye that wasn't being
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measured was covered with a patch throughout the experiment. To align the patient with the system,
the instrument's optical axis was placed in the center of the subject's pupil, which was visible in the
pupil monitoring channel. After settling into a centering position, the subject was told to move the
Badal system in order to achieve the best focus for far vision by utilizing a Maltese cross. When
compared to their projected best focus, the subject was told to start with positive defocus values.
After several focus settings were made, the zero-defocus setting was determined to be the average of
at least five focus settings. This procedure was applied repeatedly for each of the analyzed conditions
(LowAdd/MediumAdd/HighAdd and NoLens) utilizing both real and simulated MCLs.

Seven different conditions were divided over two sessions to test TFVA (see Section 2.7). Session 1:
NoLens (control), LowAdd Real MCL, MediumAdd Real MCL, HighAdd Real MCL, and Session 2: NoLens
(control), LowAdd SLM simulation, MediumAdd SLM simulation, and HighAdd SLM simulation. Every
time an MCL was placed on the eye, a settling period of 10 to 15 minutes was given. At the beginning
of each condition, the MCLs' fitment and centration were verified in the slit lamp. Sessions 1 and 2
lasted between 3 and 4.5 hours, respectively. Two separate days were used for each session.

4.2.7. Through-focus visual acuity (TFVA)

Using a Badal optometer, VA was assessed for a fixed defocus range of -3D to +1D in 0.5 steps. VA was
calculated using an 8-Alternative Forced Choice (8AFC) (252) technique using Tumbling E letters (Black
E-letter on a Green Background at 555 nm shown on the DMD display) and QUEST (Quick Estimation
by Sequential Testing) algorithm programmed with the Psych toolbox software (228,229,267) to
determine the order in which the test's provided stimuli—letter size and orientation—will be
presented after the subject's response. The orientation of the E-letter had to be determined by the
subjects, and a quaternion estimate technique was used to adjust the stimulus size in the subsequent
presentation by following the subjects' responses. Each VA measurement was subjected to 35 trials of
the QUEST routine, with a 75% threshold criterion. The average of the previous 10 stimulus values was
used to estimate the threshold VA measurement. VA was calculated using the formula logMAR = -
log10 [decimal acuity] (253).

4.2.8. Data analysis

Image quality was measured for the on-bench optical quality experiment (TF E-letter imaged in the
artificial eye) as the image correlation coefficient between the E-letter obtained for a particular
condition (MCL and all focus points) and the image of the E-letter with NoLens (monofocal at best
focus). A comparison of the real and SLM simulated MCLs' TFVA curves for patient measurements was
done. (1) The Shapiro-Wilk normality test was conducted between the two groups (real MCLs &
simulated MCLs) (2) Non-parametric tests were conducted to compare specific conditions between
the actual and simulated MCLs. (3) Intraclass correlation coefficients were calculated to examine the
association between SLM and actual MCLs. (4) Shape similarity of the TF curves as determined by the
cross-correlation of the SLM and actual MCL TFVA curves. To examine any differences between the
outcomes of the SLM simulated and real MCLs, statistical analysis was carried out using SPSS software
Statistics 24.0 (IBM, United States). Additionally, two analyses were carried out: (1) RMS difference of
the linearly interpolated TF curves (SLM vs real MCLs), in a 4-D range; and (2) Bland-Altman analysis
(SLM vs real MCLs).
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4.3. Results

4.3.1. Through-focus optical performance (on-bench) of the simulated MCLs
For the three MCLs simulated in the SLM (Low, Medium, and HighAdd), with defocus varying from -
4.5 to +1 D, Figure 4.2 A displays TF raw images of an E-letter stimulus projected in the artificial eye
for each MCL. Qualitatively, the series of images show that the depth of focus increases with increasing
additions. The calculated TF optical quality measure (image correlation) from those photos is displayed
in Figure 4.2 B. For LowAdd, MediumAdd, and HighAdd MCLs, respectively, the highest picture quality
correlation at the best focus was 0.99, 0.93, and 0.87. For LowAdd, MediumAdd, and HighAdd MCLs,
respectively, the image quality decreased by 28.9%, 18.4%, and 6.4% at -0.25 D from the best focus.
With increased near addition, the best-focus peak shifts negatively, along with a minor decline in
image quality at best focus and curve broadening.

On-Bench through focus performance

MediumAdd (add +1.75D)

HwhA(ld ( l(l(l +2 ﬁD)

TF_1PE optotvpe

1
0.9
0.8
0.7
0.6
0.5

‘15 -1 -05

1P image correlation metric

Defocus (D)
LowAdd -e-MediumAdd -e-HighAdd B

Fig.4.2. TF optical performance on the bench (A) On bench TF one-pass (1P) image series of an E-letter through
the SLM simulated MCLs (LowAdd: Upper panel; MediumAdd: Middle panel; HighAdd: Lower panel). (B) TFimage
correlation metric for the three SLM simulated MCLs (LowAdd: Orange; MediumAdd: Green; HighAdd: Purple).

4.3.2. Through-focus visual performance real and simulated MCLs—individual

data

For all three adds (LowAdd, first column, orange; MediumAdd, second column, green; HighAdd, third
column, purple), all subjects, and when assessed with a fixed pupil diameter, Figure 4.3 displays the
TF logMAR VA with the simulated (dashed lines) and real MCLs (solid lines) (5 mm). Real and simulated
MCLs at each focal position are contrasted using black bars.
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Fig.4.3. TFVA with both simulated (dashed lines) and real MCLs (solid lines). The subjects are displayed in distinct
rows. There are a distinct MCLs addition in each column (LowAdd — first column, orange; MediumAdd — second
column, green; HighAdd — third column, purple). The control condition with no lens (monofocal) is shown by the
grey lines. The difference between the simulated and real curves is shown by the black bars. Data are for
paralyzed accommodation and 5-mm pupil diameters.

For LowAdd, MediumAdd, and HighAdd MCLs, respectively, there is an average magnitude difference
of -0.01, -0.07, and 0.06 logMAR units between real and simulated MCLs at best focus. In terms of
individual MCLs, the median differences between real and simulated MCLs are, for LowAdd,
MediumAdd, and HighAdd, respectively, -0.048 with 95% Cl [-0.078, -0.017], -0.049 with 95% ClI [-
0.080, -0.014], and -0.033 with 95% Cl [-0.069, 0.000]. The average Simulated-Real difference (with
sign) was negative (-0.04 + 0.01,-0.03 + 0.01, and -0.03 + 0.04, for LowAdd, MediumAdd, and HighAdd
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MCLs, respectively), showing that the simulated MCLs performed on average a little bit better than
the real MCLs.

Shape similarity metric (Individual data)

Rho (crosed correlation)

S1 S2 S3 S4 S5 S6 S7
mLowAdd = MediumAdd = HighAdd

Fig.4.4. Shape similarity metric displaying unique data for each subject for each of the three conditions (cross-
correlation of the TFVA curves with real MCLs on eye and simulated MCLs) (LowAdd: orange; MediumAdd: green;
HighAdd: purple).

For all subjects, Figure 4.4 displays the shape similarity measure (rho) comparing the actual MCLs on
the eye with the simulated MCLs imprinted on the SLM. The average shape similarity metric for
LowAdd, MediumAdd, and HighAdd MCLs was k=0, rho = 0.889 0.03, k=0, rho=0.825 0.05, and k=0,
rho=0.651 0.08 (average rho across individual subjects), respectively. This shows a high degree of
correspondence between real and simulated MCLs, not only in terms of VA magnitudes but also With
HighAdd MCLs, only two patients (S3 and S6) displayed rho values below 0.5.

Bland — Altman plot
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Fig.4.5. Bland-Altman figure for VA comparing real and simulated MCLs, with the three MCLs (LowAdd: orange;
MediumAdd: green; and HighAdd: purple) showing data for individual participants throughout the entire focus
range (-3D to 1D). Two standard deviations apart from the mean are represented by vertical dashed lines.

Figure 4.5 compares the VA measured with real and simulated MCLs using Bland-Altman plots for all
individuals and defocus settings for each MCL (LowAdd: orange; MediumAdd: green; HighAdd:
purple). Two standard deviations are represented by dashed lines. As a function of mean VA values,
there is no trend for differences between real and simulated MCLs. For LowAdd, MediumAdd, and
HighAdd, the average intraclass correlation coefficients were 0.905 with a 95% confidence interval of
[0.818,0.947], 0.853 with a 95% confidence interval of [0.754,0.912], and 0.792 with a 95% confidence
interval of [0.655, 0.874].

4.3.3 Averaged TFVA

Figure 4.6 displays TFVA curves for all additions averaged across subjects (LowAdd, orange;
MediumAdd, green; HighAdd, purple; NolLens, grey). Solid lines represent actual MCLs on the eye,
whereas dashed lines represent simulated MCLs. For Low, Medium, and High additions, respectively,
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the average RMS difference between real and SLM simulated MCLs in the TFVA curves was 0.016
1+ 0.004, 0.013 £ 0.004 and 0.025 + 0.009, respectively.

The Bland-Altman plot of the averaged VA data across subjects for various MCL conditions is shown in
Figure 4.7. Given that each letter has a value of 0.02 log units, the confidence intervals for the Low
and MediumAdd were +0.01 logMAR, while those for the HighAdd were +0.06 logMAR (difference of
3 letters), indicating VA differences of less than one letter. For LowAdd, MediumAdd, and HighAdd,
the average bias was -0.049, -0.039, and -0.035 logMAR, respectively. Additionally, for all additions,
there was a highly significant shape similarity between the actual MCLs on the eye and the simulated
MCLs (Crossed correlation: LowAdd: k=0. Rho=0.995; MediumAdd: k=0; HighAdd: k=0; averaged
across all subjects).

Averaged Through Focus VA

LogMAR VA
e

0.5

3 2.5 2 1.5 -1 0.5 0 0.5 1
Defocus (D)
LowAdd (Real MCLs) LowAdd (Simulated MCLs)
——MediumAdd (Real MCLs) —o MediumAdd (Simulated MCLs)
——HighAdd (Real MCLs) —e HighAdd (Simulated MCLs)

NoLens

Fig.4.6. By focusing on VA and averaging all subjects (LowAdd, orange; MediumAdd, green; HighAdd, purple).
Measurements with real MCLs on the eye correspond to solid lines; measurements with simulated MCLs on the
SLM correspond to dashed lines; the grey line denotes the NoLens (monofocal) control condition.

Bland — Altman plot (Averaged across subjects)
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Fig.4.7. Comparing genuine and synthetic MCLs, the Bland-Altman plot of VA for the three MCLs (LowAdd:
orange; MediumAdd: green; HighAdd: purple) averaged across individuals. Plotting is done for a standard
deviation of +2 from the mean.

4.4 Discussion

MCLs have shown to be an effective therapeutic option for slowing or stopping the progression of
myopia, and they are increasingly being used as a therapy for managing presbyopia. Visual simulation
is an effective method for quickly comparing different MCL design parameters on the same patient
and isolating features that are only linked to design, as opposed to MCL fitting or wearability. In several
papers in the literature, AO visual simulators are used to test both commercial intraocular lenses and
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experimental lens designs to imitate visual performance with multifocal designs (188,194,201). In a
previous study, we looked into the temporal multiplexing principle-based simultaneous vision
simulator (SimVisability )'s to represent MCLs. In this work, we compared vision in the same subjects
using real MCLs on the eye and a simulation of the MCLs in an SLM of a lab AO device. Since this is a
common assumption in all simulators and an intermediary stage in SimVis simulations, it is crucial to
compare performance with the real MCL to the spatial phase representation of an MCL (derived from
the MCL power map).

Three various additions (low, medium, and high) center-near MCLs were examined in this study. By
allowing all patients to wear -2 D for far distance, any potential disparities in MCL performance related
to lens base power (i.e., lens thickness and central-near zone width) were avoided. Additionally,
measurements were carried out with a fixed pupil diameter and during cycloplegic to prevent the
effects of accommodation. For the SLM-simulated MCL on the bench, the effect of the tested MCLs to
expand depth-of-focus with increasing near addition was shown with both the real MCLs and the SLM-
simulation of the MCLs (TFVA curves, Figs. 4.3 and 4.6). (1-P correlation metric in Fig. 4.2). These
findings relate favourably to earlier literature. The average VA values obtained in this investigation are
comparable to those discovered in earlier studies that made use of the same MCLs, paralyzed
accommodation, and similar pupil diameters (4-5 mm). The VA was reported to be 0.31 logMAR at
near, 0.13 logMAR at intermediate, and -0.06 logMAR at far in a prior study using SimVis simulated
lenses (193). The VA was 0.37 logMAR at near, 0.12 logMAR at intermediate, and -0.05 logMAR at far,
according to a study evaluating the real MCLs' (236) performance on the eye. These values are within
the scope of our report, which includes both real and SLM-simulated MCLs. For SLM against real MCL
at 40 cm & 67 cm for Near and Intermediate distances, 0.27 vs 0.37 logMAR at Near, 0.09 vs 0.12
logMAR at Intermediate, and -0.06 vs -0.05 logMAR at Far. In general, VA at intermediate and near
distances are better in free accommodation (subjects with low and medium additions typically have
some residual accommodation). Similar to earlier research, variations in ocular aberration patterns
between people (and their interactions with the lens optics) as well as neural factors must be the
cause of performance variances with the same MCL across subjects. The differences between the TFVA
and the real MCLs and the SLM simulated MCLs are, on average, within -0.04 logMAR. In general, the
shape similarity measure (indicating the relative TF performance) between simulated and real MCLs
is high. Interestingly, there is a modest bias towards greater performance (17% to 22.2%) with the
SLM simulation than with the actual MCL, despite the average TF differences being below statistical
significance. Individually, several participants or situations (e.g., S1, all MCLs, S3 MediumAdd lenses,
and S5, all MCLs) showed almost complete agreement between simulation and real MCL. At different
defocus settings in each subject and addition power, respectively, a great degree of similarity between
the real and simulated lenses was found. Other times, the simulated MCL outperforms the real MCL
practically everywhere (S4). Most significantly, however, variations above 0.1 logMAR are restricted
to a small number of isolated defocus conditions, mostly with HighAdd MCLs. We hypothesize that
these inconsistencies may potentially result from MCL degradations or tear film disruption, motion-
related effects during blinking that are present with real MCLs on the eye but absent from the
simulations in the SLM, and other factors that may be attributable to the tear lenses. Because
disparities with HighAdd MCL tend to be higher, the effect of MCL decentration seems to be the most
likely cause. Our research shows that the SLM simulator can successfully simulate multifocal vision in
rotationally symmetric center-near MCLs, simulating the visual experience at far, intermediate, and
near distances offered by real MCLs. The SLM was used with an AO system, a fixed pupil diameter,
and monochromatic stimuli for this work, which was carried out in an experimental set up. Even
though it has been demonstrated that the SLM accurately depicts the phase maps describing the MCL
optics, there are still a number of issues: As the phase map is precisely mapped on the SLM for a single
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wavelength, there may be (1) possible chromatic artifacts. As we matched the illuminating wavelength
to the phase map calculations, these artifacts were not present in the current study, but they may be
a problem with polychromatic targets (268) (2) the reflective nature of the SLM limits the ability to
create a very compact simulator, and (3) the small field of view (2 deg) is not a problem in visual acuity
testing, but it restricts the ability to represent real-world scenes. These limitations do not apply to
SimVis simulators based on the temporal multiplexing principle. However, they vitally depend on a
phase map that accurately depicts the MClLs.

According to the most recent research, the implicit presumptions used to depict the MCL as a phase
map are often true. In a previous study (193) In SimVis, we compared TFVA with actual MCLs and MCL
simulations. Unlike the current study, which examined MCLs with different base powers (from -9D to
+6D), only one MCL design was fitted to each patient (the one recommended by the fitting guide
protocol). Although MCLs were simulated using SLM in the current study, the degree of through-focus
performance similarity with the SimVis MCL and the real MCL was comparable to that found there,
with a similar shape similarity metric (k=0 & rho = 0.895, 0.944, and 0.915 for the Low, Medium, and
HighAdd, respectively). In a previous SimVis study, it was discovered that real MCLs performed better
on average than VA measures obtained using SimVis simulations. The slightly higher average VA
(16.6%) with real MCLs compared to SimVis simulated MCLs may be due to an inability to account for
the eye's optics, specifically a positive spherical aberration in the eye and negative spherical aberration
in the MCL, which may occur with real MCLs but is not possible under temporal multiplexing.
Additionally, recent advancements in the corrections of dynamic effects in optotunable lenses
(264,265) have made SimVis' representations of the TF optical performance more accurate, which may
ultimately lead to an even better match between the SimVis-simulated MCLs and real MCLs in
accordance with the findings of the current study. High contrast visual acuity targets were employed
in the current investigation and the preceding study to measure visual performance. Other
measurements, however, might be a better indicator of visual quality in the actual world. In a recent
study (258), we provided the multifocal acceptance score metric MAS-2EV, which offers a more
thorough assessment of vision in the actual world. Natural images representing day and night
situations at a distance and up close were presented. In addition, because it can be completed in
around 2 minutes per correction, especially with the SimVis simulator, it is highly suited for evaluating
vision with multifocal corrections (actual or simulated) in a clinical setting. In conclusion, our
investigation shows that the SLM may be used consistently to simulate multifocal vision in people
before actually testing them on the eye, simulating the visual quality at different distances offered by
the real center-near MCLs under test. Measurements were made while the accommodation was
paralyzed and the pupil diameter was fixed. We did not attempt to completely characterize
performance under more natural circumstances because the purpose of the study was to compare
the visual performance of the real MCLs on the eye and the SLM-simulated MCLs. Furthermore, only
high-contrast visual acuity was compared; other characteristics of perceived visual quality, which may
be measured using different psychophysical paradigms that use real-world images, were not included
in the comparison (202,258,264,269). Except for situations where tear film breakup or decentration
disrupted quality with the real MCL, the subjects nonetheless indicated informally that there was a
high degree of agreement between the perceived quality of the E letters between real MCLs and
simulation.
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4.5 Conclusions

At least in monochromatic light, spatial phase map representations of MCLs, mapped in an SLM, can
depict the profile design of the MCLs, separating MCL design elements from those related to lens
wearability and physiology. Accurate visual models of MCLs show great promise for contact

ophthalmology practice and even before the production of new lenses, allowing patients to try out
various MCL designs quickly and completely non-invasively. Future research will take into account
mimicking center distance MCLs because these lenses are increasingly utilized to slow the evolution
of myopia as well as to correct presbyopia.

In this chapter, visual performance with multifocal contact lenses both real lenses and simulated lenses
was evaluated through-focus, demonstrating the spatial light modulator is capable of accurately
simulating the performance of the real lenses. In the next chapter, we will study to what extent the
profile of the lens fitted on the eye matches the theoretical profile of the lenses
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CHAPTER-5. IN VIVO ASSESSMENT
OF MULTIFOCAL CONTACT LENS
FITTING BY IMAGING THE ANTERIOR
SEGMENT OF THE EYE WITH
OPTICAL COHERENCE TOMOGRAPHY

Multifocal contact lenses are designed to provide near vision functionality in presbyopia, though they
are used recently in myopia progression control. They rely on the proper deployment of the multifocal
power profile on the cornea and optical interactions between the MCL and eye. Slit lamp examination
is considered an essential part of contact lens practice, however, it provides limited information on
the interaction of those aspects. Optical Coherence Tomography (OCT) is a non-invasive, non-contact
imaging technology used to obtain high resolution cross-sectional images from within optical
scattering media. In this chapter, using custom-developed fully quantitative spectral Anterior Segment
Optical Coherence Tomography (AS-SOCT) we evaluated the contact lens profile on the eye and
potential conformity to the cornea.

This chapter is reproducing the unpublished manuscript by Gonzalez et al., “In vivo assessment of
multifocal contact lens fitting by imaging the anterior segment of the eye with optical coherence
tomography”. The co-authors are Shrilekha Vedhakrishnan, Susana Marcos, Eduardo Martinez-
Enriquez.

The work was presented as an oral contribution in the RNO 2021, Spanish National Meeting on Optics
2021 by Gonzalez et al under the title “In vivo assessment of multifocal contact lens fitting from optical
coherence tomography images of the anterior segment of the eye”. This work was also presented in
ARVO 2022 by Gonzalez et al under the title “OCT-based quantification of multifocal contact lenses on

”

eye”.

The author of the thesis implemented the experimental procedure, performed the experimental
measurements on subjects, and collected the data in collaboration with Ana Maria Gonzalez and
Eduardo Martinez.
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5.1 INTRODUCTION

Multifocal contact lenses are designed to address the age-related vision changes experienced with
presbyopia, a condition that affects near vision, hindering focus on close objects. There are a variety
of options available for multifocal contact lenses that can be worn depending on the wearer’s

preferences and lifestyle. Two main designs of multifocal contact lenses that work in different ways:
(1) simultaneous vision, which might use concentric, aspheric, or diffractive designs that have specific
zones for close or far vision, with which the eye will look through both prescriptions at the same time,
but will use the section of the lens that is needed, depending on what distance the wearer is looking
at, and (2) segmented or alternating vision, a design that works in a similar way to bifocal glasses: the
middle and top segment of the lens contain the prescription for distance vision, and the lower segment
has the prescription for close vision.

Slit lamp examination is considered an essential part of contact lens practice. However, it provides
limited information on the interaction between the posterior surface of the contact lens and the
anterior surface of the eye. In addition, it requires a lot of time of training to perform a complete
successful examination. Therefore, the use of other technologies has emerged to improve clinical
evaluation of the cornea and contact lens fitting (270).

Previous studies have confirmed that the primary reason for discontinuing contact lens wear is
discomfort (271-274), which accounts for between 43 and 72% of the dropouts(275). Although the
discomfort feeling in patients could be due to various causes, in a study carried out for the UK
population, a worryingly high percentage (21%) of interruptions had to do with obvious errors in the
evaluation of the fit of the contact lens by the practitioner. The most common error was the usage of
an inappropriate lens design, for instance, excessively loose-fitting lenses or lenses that failed to
provide enough oxygen(275).

Optical Coherence Tomography is a non-invasive, non-contact imaging technology used to obtain high
resolution cross-sectional images from within optical scattering media (e.g., biological tissue). It
uses low-coherence light to capture micrometer-resolution, two- and three-dimensional images,
typically employing near-infrared light. The use of relatively long wavelength light allows it to
penetrate the scattering medium. Due to these features, it enables in vivo ophthalmologic imaging of
retinal and corneal morphology with an axial resolution of 2—3 um. This resolution allows in
vivo visualization of intraretinal and intra-corneal architectural morphology that had previously only
been possible with histopathology(276). Swept-source optical coherence tomography (SS-OCT) is the
latest advancement in anterior segment imaging. The introduction of SS-OCT for ocular imaging
provides an even more improved sensitivity and signal-to-noise ratio compared with the previous
models of SD-OCT(277,278).

The development of Fourier domain OCT (FdOCT) resulted in better quality images and the possibility
of more rapidly obtaining images of the anterior and posterior segments of the eye (279). An improved
sensitivity variant of FAOCT has been developed then(212,280,281), spectral domain OCT (SD-OCT),
which with its shorter acquisition time, enables very high quality and real-time, three-dimensional
imaging(282-284). Motion artifacts are highly reduced due to the high speed of the images(285), thus,
SD-OCT tomograms are not affected by distortions caused by the movement of the object, which could
be mistakenly interpreted as structural imperfections. Many applications have been described for
SSOCT, including tear film evaluation, the in vivo assessment of all corneal layers, and measurements
of corneal thickness and refractive corneal power to aid in refractive surgical planning. To determine
whether soft contact lenses will fit properly, topographical characteristics of the corneoscleral
junction, as well as the central and peripheral corneas, are crucial. Soft contact lenses cover the
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surface of the cornea and extend beyond the limbus onto the sclera by around 1 mm. Recent research
suggests that the contact between the lens edge and the ocular surface at the periphery plays an equal
or greater influence on lens fitting than the smooth, gradual transition in topography between the
cornea and the sclera, which typically has a tangential profile. In order to properly fit lenses, it is
therefore essential to determine the topography of the anterior sclera, corneoscleral junction, and
peripheral cornea. High-resolution cross-sectional imaging of the eye with a contact lens is possible
with SOCT. Research and optometric practice may benefit from the capacity to conduct a thorough
analysis of the fitting relationship between the lens and the ocular surface. The diagnosis, assessment,
and documentation of contact lens problems can all be aided by SOCT.

Therefore, the aforementioned characteristics make OCT a valuable tool for obtaining in vivo high-
resolution images of the anterior segment of the eye and for the evaluation of contact lenses fitted
over the cornea. Imaging of eyes fitted with a contact lens has only been reported in a couple of
studies.

In 2002, the first low-resolution OCT in vivo images in two naked eyes and only one eye fitted with a
contact lens was obtained(286). In 2006, nine eyes of six different subjects fitted with various contact
lenses were examined with a slit lamp and a prototype SOCT instrument(287). Since then, no further
work in this field has been presented nor have previously been obtained tomograms of in vivo eyes
fitted with multifocal contact lenses with an OCT device. The purpose of this article is to show, for the
first time to our knowledge, the application of high-resolution OCT in vivo eyes fitted with multifocal
contact lenses.

5.2 MATERIALS AND METHODS
5.2.1 Subjects

Measurements were performed of 13 eyes from 13 healthy volunteers (4 males, 9 females) aged
between 24 to 58 years (mean age: 35.69 + 13.83 yrs), without a history of previous ocular surgery or
disease. For each subject, the selected eye is the one with the best visual acuity and with less than
1.00D cylinder.

All participants submitted written informed permission after being told of the study's purpose and
potential outcomes. All protocols had received prior approval from the Spanish National Research
Council's (CSIC) Bioethical Committee and adhered to the principles of the Declaration of Helsinki.

5.2.2 Contact lenses

The investigational contact lens is the 1-Day Acuvue® Moist Brand Multifocal Contact Lens (Johnson
& Johnson® Vision Care, Inc., Jacksonville, USA) with the same parameters for all subjects: -2.00D;
base curve: 8.4mm; nominal diameter: 14.3mm, and with three different additions as follows: +1.25D
(Low), +1.75D (Mid) and +2.50D (High). From now on, these lenses with these three different additions
will be called lens L, lens M, and lens H, respectively.

5.2.3 OCT system

Measurements were performed using a custom-developed spectral domain Optical Coherence
Tomography (sdOCT) system described previously (26) consisting of a fiber optic Michelson
interferometer setup. It uses a superluminescent diode (A;.=840nm, AA=50nm) as a light source and a
spectrometer (4096 pixels) as a detector. The system has an acquisition speed of 25000 A-Scans/s and
an axial range of 7mm in depth, resulting in a theoretical pixel size of 3.4um. The nominal axial
resolution, estimated from the bandwidth/coherence length of the source, was 6.9um in tissue. In
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addition, a motorized Badal system corrects for defocus allowing the fixation of sharp stimuli
consisting of a 20/25 white Snellen E letter presented in a black background on a Digital Light
Processing (DLP) picoprojector (854x480 pixels, Philips NV, Amsterdam, Netherlands; 55 lums). Two
neutral filters (ND 16) were placed after the picoprojector to produce an average luminance of
~30cd/m? in an otherwise dark environment.

5.2.4 Experimental protocols

To correct the spherical error with and without contact lenses, patients adjusted their best subjective
focus by performing a psychophysical test in an adaptive optics system. For this purpose, patients
were instructed to move a Badal system controlled by a keyboard while viewing a stimulus illuminated
with a laser source of 555 nm to find the position where the stimulus appeared sharp. The best focus
settings were repeated 3 times.

The lens was inserted in the eye chosen for the study. Lenses were allowed to settle for at least 10
minutes before proceeding.

To ensure stabilization and alignment of the patient with the OCT system, a bite bar was fabricated
using the Dental Kerr impression and was mounted in the x-y-z stage in the OCT device. The chosen
eye was aligned in the OCT system while the patient stared at a visual stimulus in the picoprojector so
that the patient’s eye pupillary axis was aligned to the optical axis of the instrument, and the
contralateral eye was covered with a patch. The operator aligned the eye moving the x-y-z stage while
viewing horizontal and vertical OCT-B scans until the corneal reflex is obtained.

This process was done for four conditions: naked eye, an eye with CL,, an eye with CLv, and eye with
CLu. At least, five repeated measurements were collected in each condition. The device configuration
for image acquisition consisted of a scanning area of 11x11 mm containing 50 B-scans and 300 A-scans
per B-scan.

5.2.5 OCT 3D eye models construction
The construction of accurate 3-D eye models from the OCT images involved three steps as described
in [24]: (1) surface detection and segmentation, (2) distortion correction, and (3) centering processes.

Custom-developed segmentation routines were implemented for the detection of the anterior and
posterior surfaces of the cornea and contact lens. Fan distortion (due to the scanning system
configuration) and optical distortion (due to the refraction of rays in different surfaces) were corrected
by using 3-D ray tracing routines on the segmented volumes. The corneal and agqueous humor group
refractive indices were taken as 1.385 and 1.345, respectively, and the contact lens refractive index
was 1.40.
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Figure 4.1. Different processes in a measurement of the cornea with contact lens. (A) Segmentation process, (B)
3-D model before distortion correction, (C) 3-D model after distortion correction.

The following biometric parameters were quantified: (1) corneal thickness (ThC), (2) corneal radius of
curvature (RAC), (3) contact lens thickness (CLT), (4) contact lens anterior radius of curvature (RCLa),
(5) contact lens posterior radius of curvature (RCLp), and (6) corneal thickness (ThC), measured
through the lens on-eye. Some of them are shown below in figure 4.2.

ThC

—> RCLp

RCLa

CLT

Figure 4.2. Graphical representation of some of the quantified parameters.
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Surface radii of curvature (RAC, RCLa, and RCLp) were estimated following 6 order Zernike, best
sphere fitting (11 mm optical zone diameter) concerning their apex. As a parameter associated with
the conformity of the contact lens to the cornea shape, the RMS of the astigmatism coefficients was
calculated for all the surfaces. Furthermore, to estimate the central addition, the power was calculated
in two different areas as shown in figure 4.3 central area (3 central mm), and periphery (from 3 to 6
mm).

2mm 4mm

f 1

2 0 Y (mm) -3 -2 -1 0 1 2 3

Figure 4.3. The central area (blue) and peripheral area (red) for the estimation of the addition.

The addition was estimated as the central power (Pcenter) referred to as the peripheral power (Pgeriphery),
i.€., AP=Pcenter-Pperiphery- This can be expressed as a function of the radius of curvature of the center (Rc)
and the periphery (Rp) as:

_14-1 14-1 400 400
" Rc(m) Rp(m) Rc(mm) Rp(mm)

AP

Also, to assess the spatial extent of the near add, the diameter of the central area (Dc) was changed
from 1 to 6, and the AP was estimated as a function of this diameter. The maximum of AP should
approximately match the boundary of the additional area.
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Figure 4.4. AP = Peopier — Pperipnery s @ function of the diameter of the central area (Dc).

5.2.6 Data analysis

All corneal and contact lens parameters were obtained as the mean of five different measurements.
Linear relationships of the parameters and several ratios between parameters with RC and with RCL
were analyzed. Slopes, correlation coefficients, and p-values were calculated from linear regressions.

5.3 RESULTS

Figure 4.5 shows the correlation between the RC and the RCL in the periphery for the different
additions (Low: RCL;; Mid: RCLwy; and High: RCLy; from left to right), with the best-fitted line indicated
in purple. Each point corresponds to a different eye, and the error bars are calculated across the 5
different measurements for each eye. The correlation coefficient (p) and p-values are also shown.
Note that the correlation was high for all the additions, indicating that the MCL changes its shape
according to that of the underlying cornea (corneal conformity).
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Figure 4.5. Correlation between RC and RCL. (a) Low addition (L); (b) Middle addition (M); (c) High addition (H).
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The mean radius of curvature across subjects in the addition area was: RCL,=8.37+0.31 mm,
RCLv=8.32+0.34 mm, RCLy=8.30+0.28 mm, and RC=7.82+0.24 mm. As expected, the radius of
curvature was lower (higher curvature and power) for the highest addition (RCLu<RCLm<RCL,). The
radii of curvature in the periphery were: RCL,=8.59+0.30 mm, RCL=8.54+0.33 mm, RCL4=8.53+0.28
mm, and RC=8.02+0.22 mm. As expected, the radius was lower in the addition area than in the
periphery for each type of lens. The difference in power between cornea and periphery, AP (an
estimation of the correction for far) were: -1.40 D, -1.13 D, and -1.10 D for lenses L, M, and H
respectively. Note that these values were estimated from the radius of curvature using an index of
refraction of n=1.40 for the MCLs and n=1.38 for the cornea. We did not find the correlation between
corneal power and AP (p=0.45, 0.40, 0.72), i.e., there is a constant shift in far correction independently
of the power of the cornea of the subject. Finally, the RCL was highly correlated with the cornea in the
addition area (p=0.85, p=0.82, p=0.78 for lenses L, M, and H respectively). This also indicates a change
in the MCL addition area with the underlying cornea.

5.4 DISCUSSION

Our results are in good correspondence with reported isolated MCL shape measurement using a high-
resolution power mapping instrument in phosphate-buffered saline(251) In this study, the optical
power profiles of commercially available soft multifocal contact lenses were evaluated to compare
their optical designs, among which is included the 1-Day Acuvue® Moist Brand Multifocal Contact
Lens. With a center-near aspherical design, this lens has a gradual change in power between near and
distance zones, although according to the power profiles, a smooth transition between the near
central power is distinguished in the radius of 1.5 mm from the center of the lens, so we assume that
the near power is in the central area of the lens with a diameter of 3 mm.

As expected, the radius of the MCL was lower (higher curvature and power) in the addition area than
in the periphery for each type of lens. Therefore, the radius of curvature was lower (higher curvature
and power) for the highest addition.

This, translated into power, means that the power of the contact lens with high addition will be higher
in the center area than the contact lenses with medium and low addition, in this order. Furthermore,
we can conclude that the power in the central 3 mm of any of the three lenses with the three different
additions will be higher than the power in the periphery since it is the area where the addition is in
the design of these lenses.

Two previous studies have shown the usefulness of OCT as a very valuable tool in contact lens practice.
One of them rates the quality of the images as sufficient to diagnose different conditions of the
anterior segment as well as to estimate the quality of contact lens fit and its influence on corneal
metabolism(287). A more recent study (286) has provided more detailed images of the cornea with
contact lenses of different types of materials (soft contact lenses and rigid gas permeable lenses),
which show the different complications associated with the use of contact lenses. In this study, the
design, shape, and lens edge position can be visualized, and the thickness of the lens, corneal
epithelium, and stroma can be measured. However, these studies have focused more on the
visualization of ocular anatomical structures as well as the anterior surface of the contact lens fitted
on the cornea and the possible complications derived from the use of contact lenses, while the present
study focuses mainly on the calculation of the different parameters of the MCL that will influence the
fit of the contact lenses on the eye, such as corneal thickness (ThC), corneal radius of curvature (RAC),
contact lens thickness (CLT), contact lens anterior radius of curvature (RCLa), contact lens posterior




Chapter-5 In VIVO assessment of Multifocal Contact lens fitting by Imaging the
anterior segment of the eye with Optical Coherence Tomography

radius of curvature (RCLp) and corneal thickness (ThC), obtained with our algorithms and providing
more quantitative information on contact lens fitting.

In both studies, the evaluated lenses were monofocal, therefore we can conclude that the present
study is the first one in which OCT images of MCLs fitted on the eye have been taken in vivo.

The gold standard for assessing the fit of contact lenses with the anterior part of the eye is the slit-
lamp test. Although it cannot be determined objectively, it provides information about poor lens fit.
The best contact lens for a given eye's topography can therefore sometimes be difficult to determine
with a slit-lamp test (286). Other technologies that can be useful to provide more information about
contact lens fit. Those are high-frequency ultrasound imaging, Scheimpflug camera, and OCT. The first
one can achieve only 20-30 um axial resolution (288) and Changes in the examination conditions may
result from the requirement to use an immersion bath. The second way involves using a Scheimpflug
camera, an optical technique. Pentacam is the most advanced instrument based on this technology
that is now commercially available (Oculus, Wetzlar, Germany). However, it is unable to visualize a
contact lens on the surface of the eye (286). The last technique is OCT, analogous to conventional
ultrasonic imaging, with the advantage that OCT does not need direct contact with the investigated
tissue. Our SD-OCT prototype system provides images from which we can obtain the 3-D model
construction of the eye fitted with the MCL and several parameters that can be helpful in the objective
assessment of contact lens fitting.

5.5 Conclusions

Our results are in good correspondence with reported isolated MCL shape measurement using high-
resolution power mapping instruments in phosphate buffered saline(251). In conclusion, Optical
Coherence Tomography provided with quantification tools allows us to study of the fitting of
multifocal contact lenses on the eye in vivo. We have shown that, while the soft contact lens overall
conforms to the underlying cornea, near adds are provided as expected.

In this chapter, we have studied the fitting of multifocal contact lenses on the eye using the Optical
Coherence tomography and confirmed the presence of the central addition consistent with the design
of the lenses. In the following chapter, we simulate these lenses in the Spatial Light Modulator and for
the first time studied the accommodative response through these simulated lenses.
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CHAPTER-6. ACCOMMODATION
WITH SIMULATED MULTIFOCAL
CONTACT LENSES IN MYOPIC
SUBJECTS

There is an association between myopia progression and near work that has led to speculation that
the larger accommodative lags reported in myopes may be a factor or an effect in progression. The
effectiveness of multifocal contact lenses (MCLs) in slowing myopia progression may highly depend
on the patient’s accommodative response. In this chapter, we have evaluated the impact of contact
lens design and addition on the accommodative behavior in myopes.

This chapter reproduces the paper by Vedhakrishnan et al(289) under the title “Accommodation
through Simulated multifocal optics”, published in BioMedical Optics Express (2022). The co-authors
are Alberto De Castro, Maria Vinas, Sara Aissati and Susana Marcos.

The work was presented as a poster presentation at ARVO annual meeting in 2022 by Vedhakrishnan
et al under the title “Accommodation with simulated multifocal contact lenses in myopes”. It was also
presented as an oral contribution by Vedhakrishnan et al. in an invited talk in the Optica Vision and
Color Summer data blast 2022, under the same title.

The author of this thesis designed the experiment, implemented the experimental protocol,
performed the experimental measurements on subjects, collected and analyzed the data and
prepared the manuscript in collaboration with Susana Marcos.
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6.1 Introduction

The ability of the human eye to focus on both near and distant objects by adjusting the geometry of
its crystalline lens is referred to as accommodation. In reaction to a near stimulus, there are changes
in pupil size, convergence, and accommodation(290). Binocular vision, chromatic aberration, and
other cues, such as stimulus size have been shown to contribute to accommodation(291), although
accommodation can occur in their absence, triggered by blur cues (218).

Although the causes of myopia are likely multiple, there are still some unknowns. The concept of
simultaneous vision is the foundation of most bifocal and multifocal contact lenses (CLs), which are
sold mostly for the correction of presbyopia with some designs developed for myopia control. In
contrast to alternating vision corrections, which require the patient to look through distinct portions
of a spectacle lens for near and far, simultaneous vision refers to multifocal corrections that are
applied at (or near) the pupil plane. In the case of a pure bifocal correction, the superposition of sharp
and blurry pictures reduces contrast and degrades the MTF. Smooth refractive profiles produce
broader through-focus curves rather than two separate foci (135,136). The action of bifocal and
multifocal contact lenses on the peripheral retina is the most widely accepted theory for how they
work to manage myopia. It has been established that spectacle lenses cause hyperopic defocus in the
periphery, which is thought to trigger elongation to occur (110) The peripheral retina would
experience a relative myopic defocus with bifocal lenses that have a center distance and near addition,
which is intended to slow the growth of myopia. According to this idea, lenses that include a zone to
correct the central refractive error and a relative plus in the periphery can act as a stop sign for an eye
that is developing to become increasingly myopic (173,174). However, the accommodating behavior
of the individual eye when these lenses are worn is extremely important for the capacity of multifocal
contact lenses to remove hyperopic defocus and introduce myopic defocus in young eyes. In
particular, when discussing both peripheral and central defocus, if the eye relaxes its accommodation
to use the near acuity for near vision tasks, the anticipated myopic defocus may not occur, leaving the
eye exposed to the hyperopic blur of the out-of-focus distant peak and possibly favoring eye
elongation (292)

However, the accommodating behavior of the individual eye when these lenses are worn is extremely
important for the capacity of multifocal contact lenses to remove hyperopic defocus and introduce
myopic defocus in young eyes. In particular, when discussing both peripheral and central defocus, if
the eye relaxes its accommodation to use the near acuity for near vision tasks, the anticipated myopic
defocus may not occur, leaving the eye exposed to the hyperopic blur of the out-of-focus distant peak
and possibly favoring eye elongation (132,137,138), providing generally contradictory results, such as
positive spherical aberration reducing the accommodative latency and negative spherical aberration
lengthening the accommodative lag.

To examine potential variations in the accommodative response across multifocal lens designs,
adaptive optics (AO) visual simulators seem to be the best possible experimental platform. First of all,
AO enables non-invasive simulation of lens designs without requiring the contact lens to be placed on
the eye. Additionally, because the lens designs are digitally designed, they are not limited to those
that are physically or commercially available (193,194). We recently demonstrated the precision of
the Spatial Light Modulator (SLM) of a specially created AO Visual Simulator's simulation of
commercial center-near multifocal contact lenses (low, medium, and high near add). In the -3D to +1D
range, the average difference in through-focus Visual Acuity between the real lens and the simulated
lens was less than 0.03 logMAR (203). Clinically, AO visual simulators can be utilized to assess patients
with multiple MCL designs' vision before lens insertion. A lens that optimizes perceived visual quality
and visual performance can be chosen by using AO visual simulation to investigate interactions
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between the eye's optics and a specific lens design and to compare variations among lens designs
(136,202). Additionally, the Hartmann-Shack (HS) wavefront sensor, a crucial part of the AO system,
can be utilized to calculate the focus shift of the best retinal picture to assess low and high order
aberration, estimate retinal image quality and quantify the accommodation response (293,294). In
general, segmented or diffractive optics make it difficult for an HS wavefront sensor to accurately
quantify aberrations. While this obstacle is challenging to overcome in research involving contact
lenses placed on the eye, it is possible to get around the SLM since it projects the multifocal phase
map onto the pupil of the eye and is located in a conjugate pupil plane (196,215). By evaluating the
response of the eye (crystalline lens) alone to an accommodating stimulus, the HS wavefront sensor
enables this. By computationally combining the eye's wavefront aberration and the contact lens phase
map, the optical quality and accommodative lag of the eye with the multifocal contact lens may be
determined.

In this work, we programmed six different multifocal contact lens designs: purely bifocal segmented
Center Near and Center Far [30,37]; medium and high add center near commercial multifocal designs
(193,203), as well as positive and negative spherical aberration. We measured the changes in the
eye's spherical aberration and the accommodative response through each of those designs with those
lenses projected onto the eye. We created new techniques for measuring changes related to the eye
alone and for quantifying the accommodative latency without accounting for the SLM contribution.
We discovered that the design of the lens, as well as, to a lesser extent, individual variations in the
eye's aberrations and pupillary dynamics, had a significant impact on the accuracy of accommodation
in eyes through the multifocal patterns.

6.2. Methods

Six young myopes participated in the evaluation of the accommodative response (to blur-only stimuli)
using six distinct multifocal patterns and a control monofocal pattern. In a specially created AO Visual
Simulator, the patterns were reproduced as phase maps in the Spatial Light Modulator (center near
and center distance designs) and in the Deformable Mirror (positive and negative spherical
aberrations). As a function of accommodative demand, the change in spherical aberration and focus
shift from the optimal retinal image quality was assessed.

6.2.1. Subjects

Six young myopic subjects in total, with ages ranging from 23 to 29 years (average, 28+1.5 years), had
spherical errors between 1.75 and 3.25 D (-2.4140.3 D) and had astigmatism less than 0.25 D. Apart
from their ametropia, the patients were healthy. The CSIC Institutional Review Boards had given its
blessing to the study protocols, which adhered to the principles of the Declaration of Helsinki. Prior to
any study procedures, informed consent waivers were signed by all participants after they received
information about the study and its experimental methods.

6.2.2. Adaptive Optics Visual Simulator

The experiment was conducted at the Visual Optics and Biophotonics Lab (Institute of Optics, Spanish
National Research Council, Madrid, Spain), utilizing a specially designed AO system that was
extensively documented in other publications (195,198,223) and section 2.1.2 of the thesis.

In this study, an SLM was used to map the MCLs (center near and center distance designs), and a DM
was used to induce spherical aberration (positive and negative spherical aberration). In this study, an
infrared light source with a wavelength of 827 nm was used to assess aberrations, and a visible light
source with a wavelength of 555 nm was used to illuminate the visual stimuli. The subject's refractive
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error was corrected, and defocus was induced, using a Badal optometer. For this study, the pupil size
was the natural pupil of the subjects, and not controlled in the system using artificial pupils.

6.2.3. Multifocal contact lenses

The experiment was performed for 7 conditions: NoLens (NL) (the subjects viewed the target under
their natural aberrations through a flat SLM); Center Distance (CD), Center Near (CN), MediumAdd
Center Near (MA), High Add Center Near (HA); Positive Spherical Aberration (PSA) and Negative
Spherical Aberration (NSA). The MA (+1.75D near add) and HA (+2.50D near add) tested in this study
represent commercially available 1-Day Acuvue Moist Multifocal (Johnson and Johnson Vision Care,
Jacksonwville, FL). The specifications of these lenses are described in previous studies(193,203) The CN,
and CD lenses were pure segmented bifocal design lenses with a 4-mm pupil central zone (distance in
CD and near in CN). This 4-mm design was selected such that the central zone had a similar diameter
to that of the commercial lenses, but instead of a smooth blending zone, to have a segmented, abrupt
transition from near too far. The induced PSA and NSA were £1um over a 6-mm pupil.

6.2.4. SLM and DM phase map generation

Fig. 1 shows the phase map of the four bifocal/multifocal designs used in this study mapped on the
SLM and the two pure 4"-order spherical aberration designs mapped on the DM. MATLAB routines
were used to numerically simulate the designs, which were later programmed in the reflective phase-
only LCoS-SLM following the same protocols as from previous studies(194). In order, to map the
maximum phase difference on the SLM, a 2nt wrapping process was applied to the phase pattern
generation process (188). The patterns were generated as a grey-scale image over a 6-mm pupil. The
SLM was calibrated for a wavelength of 555nm. Measurements of the induced PSA and NSA in the HS
using an artificial eye showed deviations of less than 0.01% from the attempted 1um induction. The
magnitude of the induced aberrations changed across the experiment due to pupillary miosis when
accommodating.

MidAdd HighAdd CD CN pm PSA NSA um

+1.75D  +2.50D  +250D  +250D  +lpm  -lpm

Figure 1. Phase maps of the MCLs simulated in the SLM: MediumAdd (+1.75 D near add), HighAdd (+2.50 D near
add), Center Distance (+2.50 D near add), Center Near (+2.50 D near add), right grayscale panels, and 1um
positive and negative SA, left color panels, were induced on the DM. Maps are represented for a pupil diameter
of 6 mm.

6.2.5. Experimental procedure in subjects

Measurements in subjects were performed monocularly on the dominant eye (determined with the
Miles test) with the natural aberrations of the subject uncorrected, in a darkened room, while fixating
at Maltese-Cross (1 deg field) projected on the DMD, illuminated by green light (555 nm, 20 cd/m3).
The non-measured eye was covered with a patch throughout the experiment. The residual aberrations
of the system were corrected in all cases using an AO closed-loop correction. Subjects were aligned to
the system using the line of sight as reference (i.e., pupil the was imaged with the pupil monitoring
channel, and the pupil center aligned to the optical axis of the instrument as the patient was fixating
foveally. A commercial auto refractometer (Zeiss/Humphrey) was used to measure objective
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refraction before the experiment, and this value served as the initial setting for the system's defocus
adjustment. The subject was instructed to center the pupil before adjusting the Badal system's
location to acquire the optimal focus for distant vision. To avoid adapting while looking for the best
focus, positive defocus values were used in relation to the subject's anticipated spherical error
correction. The zero-defocus setting was determined by averaging at least five repetitions of the focus
setting over several trials. The same procedure was used to find the focus for each simulated pattern,
which was selected independently for each of the seven experimental conditions. Ocular aberrations
were measured for each condition and accommodative demands from 0 to 6D, in 1-D steps,
introduced using the motorized Badal optometer. Each measurement was repeated 5-6 times, which
took around 40-50 seconds. The pupil diameter was extracted from the HS images. By carrying out a
few preparatory experimental sequences, subjects were introduced to the setup and process. The
same session was used to measure each condition sequentially, beginning with the NL condition and
concluding with the randomized conditions with multifocal patterns.

6.2.6. Data Analysis
SLM residuals

Fig 2A shows the schematic of the AO system that was used in the experiment. Ocular aberrations
were measured in infrared light (880nm), while the subject viewed the accommodative stimulus in
green light (555nm). Since the SLM was calibrated for green wavelength and the aberrations of the
eye were measured in IR, to compensate for differences in the wavefront induced for the two
wavelengths, a baseline measurement was made to remove the residuals of the SLM. The wave
aberrations were measured in IR (880nm) for the different phase maps simulated in the SLM for 555
nm, using a diffraction-limited artificial eye. This was considered the residual baseline which was
removed from the real-time measurements of the eye. The residual measurements were made for a
6 mm pupil diameter and the residual wavefront was cropped according to the subject’s pupil size in
each case. This procedure allowed us to obtain wave aberration for the eye alone, eliminating any
artifact from the SLM. Fig. 2B illustrates this process with a real wavefront map captured in a real eye
(54) with the MA design in the SLM. In a second step (Fig. 2C), the corresponding phase maps were
computationally added to the measured eye-alone wave aberration, considering the pupil size of the
subjects for each accommodation demand as shown in Fig.2C for 0 and 6D.
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Figure 2. Left panel (A) Schematic of the AO system used in this experiment; Right upper panels (B): lllustration
of the removal of SLM residuals on S4 with the HA pattern (1) Wave aberration measured in IR light (eye +SLM
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with MA pattern) (2) SLM residual of MA measured with an artificial eye in IR light (3) Wave aberration of the
eye alone after removing the SLM residual. Right lower panels (C): lllustration of adding the simulated CL
computationally to the eye, shown as an example of subject S4 with HA phase map. The pupil diameter was
4.36mm for OD and 3.24mm for 6D.

6.2.7. From Aberrations to Accommodative response

Wave aberrations were fitted to seventh-order Zernike polynomials (with nomenclature following the
Optica -formerly Optical Society- standard(132)) using a least-mean square procedure. The pupil
diameter at each accommodative demand was obtained as an average of individual measurements,
whereas each Zernike coefficient was the average of 5-repeated measurements. Wave aberration
maps (and 4™ order spherical aberration Zernike coefficients) were calculated for the eye alone (i.e.,
after subtraction of the SLM residuals, as shown in Fig 2, for the SLM-based conditions, and after direct
subtraction of the induced spherical aberration for the DM-based conditions), and for the eye + phase
map.

Point Spread Functions (PSF) were calculated from the eye+phase map aberration maps, as the
magnitude square of the Fourier transform of the pupil function, where the amplitude pupil function
was the normative Stiles-Crawford function(295,296). The piston and prismatic terms (the first three
Zernike terms) were omitted in the analysis, and the Zernike defocus was set such that retinal image
quality was maximized at 0 D. The MTF was estimated from the calculated PSFs. Retinal image quality
was estimated using two different metrics: (1) Volume under the MTF in the 3-5 c/deg range (thought
to be key for accommaodation(218,297) and (2) Visual Strehl, defined as the volume enclosed between
the MTF and the inverse of the neural CSF (188). For each accommodative demand a through-focus
image quality curve was calculated, including the corresponding defocus term (relative to the Zernike
coefficient that maximizes the curve for 0 D demand) in the PSF calculations. The accommodative lag
for each accommodative demand was calculated from the defocus shift in the peak of the TF curve
from 0 D (assuming the best focus for relaxed accommodation).

6.2.8. Statistical Analysis

Statistical analysis was performed with SPSS software Statistics 24.0 (IBM, United States) to test
differences between conditions. The normality assumption was checked using Shapiro-Wilk’s test.
Specific non-parametric tests were used for different comparisons: (1) For comparing across
conditions: Related-Samples Friedman’s analysis of variance by ranks and paired tests (2) For
comparing across subjects and accommodation demands Independent-Samples Kruskal-Wallis and
paired tests.

6.3. Results

6.3.1. Changes in pupil size with accommodation

Fig 3 shows the pupil size change with accommodation from 0-6 D for different conditions for each
subject. The color code represented in shades of brown are the lenses inducing positive spherical
aberration (CD and PSA) and in shades of green the lenses inducing negative spherical aberration (CN,
HA, MA, NSA).

There was a systematic decrease in pupil diameter with accommodative stimulus for all conditions
with an average slope of change from 0D to 6D across conditions of -0.17mm/D. Even at 0 D, the pupil
diameter varies across conditions in the majority of the subjects. On average, the standard deviation
in pupil diameter across all 7 conditions was 0.21mm, while the repeated measurement variability in
pupil diameter was 0.041mm. On average across subjects, two conditions showed less response in
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pupil constriction with accommodative demand (HA and NSA, -0.11mm/D) and one condition showed
a higher slope (PSA, -0.2 mm/D), but the maximum slope was found for the NolLens condition (-0.23
mm/D). The rate of change in pupil diameter differed across conditions and subjects significantly
(p=0.003, Related-Samples Friedman’s analysis of variance across conditions and p=0.000,
Independent-Samples Kruskal-Wallis tests across subjects).

Pupil size changes with accommodation

7 7 7 S3
.| S1 .82 .
—— Slopes
4 : : 4 4
HiasS=—=Ji=———. o
3 3 3
E —s. CD 0
T
s 2 2 2 )
] 0D 1D 20 3D 4D 5D 6D 0D 1D 2D 3D 4D 5D 6D 0D 1D 2D 3D 4D 5D 6D PSAE
=} =01
= CN &
=7 g 7 - 2
X S4 . |S5 . |S6 MA “.02
[-% 5 . s = N —— HA
— s . 03
4 4 4 NSA NL CD PSA CN HA MA NSA
3 3 3
2 2 2

0D 1D 20 3D 4D 5D 6D 0D 1D 2D 3D 4D 5D 6D oD 1D 2D 3D 4D 5D 6D
Accommodative demand (D)

Figure 3. Left panels: Pupil diameter changes with accommodation for all subjects plotted against
accommodation demands from 0 to 6D. Right panel: Average slope (across subjects) for each condition. Red
lines/bars represent NL; light brown represents CD; dark brown represents PSA; light green represent CN; bright
green represents MA; olive green represents HA; darkest green represents NSA.

6.3.2. Spherical aberration of the eye at a uniform pupil diameter

Fig. 4 shows the spherical aberration of the eye alone (relative to value at 0 D) cropped to the smallest
pupil across conditions in each subject plotted against the tested accommodative demands. The pupil
diameter is indicated in the lower right corner of each panel. Data from different subjects are plotted
on a different scale to accommodate larger variations associated with a larger pupil diameter. Error
bars of five repetitions of the wavefronts are shown at each point.

Spherical aberration shifted to negative values with accommodative demand, in all subjects except for
subject S3 (which happens to be one the subject with the largest pupil diameters). Fig. 4 (right panel)
shows the average slopes (spherical aberration/D of accommodative demand) for fixed pupil
diameters. The conditions that produced a larger shift of spherical aberration towards more negative
values were the center distance type (CD, PSA) while for CN, HA, MA, and NSA the change in spherical
aberration was closer to zero.

The spherical aberration change across demands for each condition was statistically significantly
different for NL alone (p=0.042, Independent-Samples Kruskal-Wallis tests) while for the other
conditions, the change was not statistically significant (p>0.05, Independent-Samples Kruskal-Wallis
tests). Among subjects, the largest change was found for PSA in most of the subjects (error bars
shown). The slope for 0-2D was flattest for CN in almost all subjects, indicating that the eye may use
the add up to about 2D.
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Spherical aberration of eye alone - constant pupil diameter
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Figure 4. Left panels: Relative change in 4" order spherical aberration of the eye alone for a fixed pupil diameter
(shown in the lower left corner of each panel, representing the minimum diameter in the series, to which data
have been cropped), for all conditions and subjects. Right panels: Average slope (across subjects) for each
condition (spherical aberration/D). Red lines/bars represent NL; light brown represent CD; dark brown represent
PSA,; light green represent CN; bright green represent MA; olive green represent HA; darkest green represent
NSA. Error bars stand for standard deviations across 5 repeated measurements.

6.3.3. Combined eye and CL wave aberration, for natural pupils

Fig. 5 shows the spherical aberration of the eye+phase maps with a natural pupil of each subject across
conditions plotted against the tested accommodative demands. As expected, with the lenses inducing
positive spherical aberration (CD, PSA in shades of brown) the resulting wavefront has positive
spherical aberration, while with the lenses inducing negative spherical aberration to the eye (CN, MA,
HA, PSA in shades of green) the resulting wavefront spherical aberration is negative in all subjects.
Also, the results show a convergence of spherical aberration towards zero with increasing
accommodative demand, triggered mainly the pupil constriction. The superimposed numbers in the
bottom left and right corners represent pupil diameter at 0 and 6 D accommodative demand, averaged
across conditions The change in spherical aberration across demands was not statistically significant
for NL, CN, HA, MA (p>0.05, Independent-Samples Kruskal-Wallis tests), while for CD, PSA, NSA the
change was significantly different across demands (p=0.010/0.004/0.003) respectively.
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Figure 5. Left panels: Spherical aberration of eye + phase maps for all subjects as a function of accommodative
demands (D) for natural pupil diameters. The numbers in the left and right bottom of each panel indicate the
pupil diameter (averaged across conditions, for 0 and 6D), for each condition and all subjects. Right panels:
Average slope (across subjects) for each condition (spherical aberration/D). Red lines/bars represent NL; light
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brown represent CD; dark brown represent PSA; light green represent CN; bright green represent MA; olive
green represent HA; darkest green represent NSA. Error bars stand for standard deviations across 5 repeated
measurements.

6.3.4. Volume under the MTF

Fig. 6 shows the volume under the through-focus (TF) MTF between spatial frequencies 3 to 5 cycles
per degree for subject S4 for example for each accommodative demand and condition). The further
the peak appears to the left, the higher the accommodative lag (or signal in the hyperopic defocus).
Across subjects (and illustrated in Fig 7 in S1. While we illustrated the TF performance in terms of
volume under MTF in a 3-5 c/deg range, the relative shapes of the curves and peak positions were
nearly identical to the Visual Strehl TF. On average across subjects, the difference between defocus
shifts obtained from volume under MTF (3-5 c¢/deg) and visual strehl differed by < 0.02D. The volume
under MTF was chosen instead of Visual Strehl for illustration purposes, as the change in pupil
diameter artificially increased the peak performance (due to normalization in the definition of the
Visual Strehl) for the higher accommodative demands.

Volume under the MTF
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Figure 6. Through-focus Volume under the MTF (3-5 c/deg) curves for subject S1 for each condition and all
vergences (0-6 D, indicated by different line styles). The first row shows the NL condition, the second-row center
distance conditions (PSA, CD), and the third row the center near conditions (CN, MA, HA, NSA).

6.3.5. Shift in best image quality

Fig. 7 (A panels) shows the accommodative lag calculated as the vergence needed to maximize the
visual strehl, i.e., the shift of peak in the through-focus visual strehl curves, for all subjects and
conditions. The lag of accommodation was analyzed in terms of slopes of the curves for lower
accommodative demands (0-3D) and higher accommodative demands (3-6D), as shown in Figure 7
(B), as well as in terms of area under the curves in Figure 7 (C). The analysis of the slopes shows that
the lag in the O to the 3D range is larger with CN like conditions and that it is more similar between
conditions after 3D. When analyzing all the data from different subjects, the largest lags were
consistently obtained for a center near (CN), HighAdd (HA) , and negative spherical aberration (NSA)
conditions (p=0.005/0.004/0.011, Independent-Samples Kruskal-Wallis tests) and the smallest lag
were found for the positive spherical aberration (PSA) and Center Distance (CD) (p=0.001 & p=0.003,
Independent-Samples Kruskal-Wallis tests). In half of the subjects, the accommodative lag was
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significantly reduced using a correction (ie. MCLs compared to the natural condition). The highest
differences were found for the slopes at 0-3 D accommodative demands (B, top panels). The area
under the curve metric (C, lower panel) shows significance proving that PSA and CD had the smallest
lag.
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Figure 7. (A) Accommodative lag (defocus shift in best image quality) for all subjects and conditions.
(B) Average Slope of Accommodative lag curves (top: 0-3D accommodative demand; bottom: 3-6 D
accommodative demand). Red lines/bars represent NL; light brown represent CD; dark brown
represent PSA; light green represent CN; bright green represent MA; olive green represent HA; darkest
green represent NSA. Error bars stand for standard deviations across 5 repeated measurements.

6.4. Discussion

MCLs are one of the most frequently used strategies for the management of myopia progression. We
studied the accommodation behavior in a small group of young myopic adult eyes with different
simulated lens designs. We used a custom-developed AO Visual Simulator to (1) simulate various
multifocal designs in the active AO elements of the system (SLM and DM); (2) present accommodating
visual stimuli (on a DMD) through the simulated optics; (3) induce accommodative demands (using a
Badal system) and (4) measure wave aberrations for different accommodative demands, from which
the retinal image quality and accommodative lag were calculated. Simulating contact lenses, as
opposed to having the subject wearing them on the eye had several advantages: (1) we were not
restricted to contact lenses that are commercially available; (2) increased patient comfort and shorter
experimental sessions, as the patient did not need to put contact lenses in an out; (3) the eye
contribution to aberration measurements could be separated from the CL contribution, also
preventing potential artifacts arising from measuring segmented lenses in a Hartmann Shack(265). In
previous studies, we had demonstrated the equivalency of real and SLM-simulated lenses (203), in
terms of through-focus visual acuity (236). In the current study we measure for the first time the
accommodative response with the simulated lenses.

Our control condition (NL) can be compared to the existing literature on accommodation-related
changes in spherical aberration and pupil diameter (as a function of accommodative demand). We
found that in our subjects, pupil diameter decreased with accommodation at a rate of -0.19mm/D
(NL), which agrees with prior studies (for example, -0.18mm/D from Plainis et al (293)). The higher
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rates reported in other studies (i.e., -0.35 mm/D from Gambra et al(132) or -0.45 mm/D by Alpern et
al(298) ) may arise from referring to rates as a function of accommodative response (and not demand).
We did not find a constant trend across subjects and conditions as for the slope of change of pupil
diameter with accommodation, although on average the PSA condition showed a higher slope.
Surprisingly, we even found variations in the pupil diameter in the same subject across different lens
designs for relaxed accommodation. These findings are consistent with previous literature reports.
Gambra et al(132) reported changes in pupil diameter and slope of variation when subjects were
accommodated through different patterns (positive or spherical aberration, corrected aberrations, or
coma) mapped on a deformable mirror. Tarrant et al(299) observed large changes in pupil diameter
following orthokeratology treatment (which induced positive spherical aberration), even in a non-
accommodating condition, although in another study those authors did not find significant differences
in pupil variation across single vision and multifocal contact lenses (241). On the other hand, Charman
et al(300) found that accommodative miosis tended to be greater in subjects with a relatively low lag
of accommodation, which according to the author’s reasoning appeared counter-intuitive, as poor
accommodators would benefit from a smaller pupil diameter to minimize retinal image blur.
Differences in the specific definitions of accommodative miosis and accommodative aside between
our work and Charman’s, our data appear to support those findings. For example, S5 with large pupils
and low accommodative miosis exhibits the larger accommodative lag, and conversely S1 and S6 with
higher accommodative miosis exhibit lower accommodative lags, for the NL conditions. Therefore, our
results appear to support Lowenfeld’s (142) point that the pupillary constriction is independent of the
accommodative response, and although generally occurring while accommodating, it is not driven by
the other actors of the near triad (accommaodation and convergence). The average trend in our data
that higher pupillary constrictions slopes were found with the PSA condition, and the lowest with the
HA and CN, which happen to be the conditions producing lower and higher lags respectively, is
consistent with Charman et al(301) conclusion that subjects that were most successful at using blur
information to achieve better responses also show most marked miosis.

Under natural conditions (NL), and in agreement with previous studies, SA in natural conditions shifted
to more negative values with accommodation, at a rate of -0.006 um/D on average for a constant
pupil diameter, and -0.09 um/D for natural pupil diameter, which are slightly lower than previous
reports likely due to our smaller pupil diameters. When the SA was expressed in diopters to discount
the effect of the pupil diameter (-0.174 D/D), the rate of variation was comparable to other studies
some of them analyzing the change as a function of accommodative response and others as a function
of accommodative demand (-0.153 D/D in Gambra et al(132), -0.184 D/D in Cheng et al(302)., -0.230
D/D in He et al(303)., and -0.170 D/D in Plainis et al(293). The specific experimental configuration
using an AO system allowed us to directly assess the changes in SA occurring at the crystalline lens
level. By comparing the SA of the eye alone across the different conditions we could assess whether
the presence of a multifocal lens pattern produced changes in the physical changes undergone by the
crystalline lens, taking the SA as a marker of the accommodative-related changes in lens shape. To
make all conditions directly comparable we kept the pupil diameter constant across conditions.
Gambra et al(132) in a previous study using AO performed a comparative analysis and concluded that
the lens accommodated quite similarly under natural conditions than through induced positive or
negative SA, although there were some consistent trends of the induced SA conditions producing
more negative SA in the lens at a constant pupil diameter. Our results show a consistently larger shift
of SA towards negative values with induced PSA aberration followed by CD, and the lowest shift for
the NSA and CN conditions. Only S5 showed a high crystalline lens response (based on the SA negative
changes) for NSA. Among all conditions, HA and MA appeared to produce the least activity in the
crystalline lens. These results indicate that the accommodative mechanism (understood as the
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response of the crystalline lens to change its curvature/asphericity) responds differently to different
multifocal lens designs, with center distance designs eliciting a larger response, and center near
designs inhibiting those changes.

When SA-inducing patterns are added to the aberrations of the eye, the rate of change of SA with
accommodation drastically changed (Fig. 5). In total agreement with Gambra et al(132), induction of
positive SA (also CD in our study) produced steeper changes in SA towards negative values with
accommodation, and conversely, induction of negative SA (and also CN, HA , and MA in our study)
made SA shift relatively toward positive values with accommodation, when the combination of the
eye’s aberration, phase map representing the lenses, and the changes of the natural pupil were
considered. The added SA that we report in combination with the eye’s measured SA (Fig. 5) is that
induced/measured in the DM for the SA-inducing conditions (PSA, NSA), an accurate estimation (-0.3/-
0.25um) for the HA and MA conditions mapped in the SLM, as we showed in previous work(203), and
only an approximation for the segmented bifocal corrections (CN, CD), although the trends are
consistent. It should be noted that the majority of studies in the literature characterize the optical
aberrations of the eye+contact lens on the eye, and therefore intrinsically may suffer from a potential
misrepresentation of the aberrations with bifocal/multifocal contact lenses that have sharp transitions
between near and far(265). By decoupling the eye and the contact lens in the HS measurements in
our AO system, therefore bypassing the multifocal profile, we circumvented this potential problem.
Since for calculations of optical quality, we added the measured eye’s aberrations and the phase maps
(Fig. 1) we did not run into potential artifacts created by a Zernike representation of the
bifocal/multifocal patterns.

Estimation of the accommodative lag is controversial, and recent literature suggests that the
traditionally believed leads and lags of accommodation may be an artifact of the definition or
measurement(304). As proposed by Tarrant et al(241), Plainis et al(293) , and Gambra et al(132)
among others, we have used retinal image quality metric (and not Zernike defocus or paraxial defocus)
in our estimates of accommodative lag. We used MTF-based metrics (volume under the MTF in a
spatial frequency range and Visual Strehl) to estimate the defocus that optimizes the TF image quality
for each accommodative demand. Both metrics resulted in similar defocus shifts. VS was used to
estimate lag, as this metric has been identified as that showing the largest correspondence with visual
acuity and used in refractive error calculations(215). We chose to illustrate the TF optical quality
curves using the volume under the MTF metric to avoid normalization by the pupil diameter, which
changed across measurements, making the maximum values of the VS noncomparable between
accommodative demands. The use of retinal image quality metrics is particularly important in the
study of the impact of multifocal lenses, as they introduce relatively large amounts of spherical
aberration which interact with defocus, the eye’s natural aberrations, and pupil diameter. Our results
show that the lens design drastically contributes to the defocus shifts, resulting in large differences in
the defocus shifts across lenses. Some studies assume no accommodative residuals at around 2D of
accommodative demand, and accommodative leads for lower accommodative demands(132),
however, in this study we set 0D of residual defocus (best focus) at infinity. In contrast with other
studies, we did not consider leads of accommodation in 0 and lower accommodative demands. In our
experimental setting, subjects searched for the best focus in the Badal system starting from a myopic
defocus, and they did so individually for each lens design. While the presence of spherical aberration
may shift the best focus from the NL condition, the identified best focus represents the refractive error
for far (equivalent contact lens distant power of a multifocal lens). The Badal defocus that corrected
refractive error at distance is considered the zero defocus, which previous literature (215) has shown
to match the peak of the TF Strehl curves.
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In this study, we found that CN designs consistently produce the largest accommodative lags, followed
by the HA, MA, and NSA, while CD, and to a larger extent PSA produces the lowest lag of
accommodation. In two subjects (S1 and S3), PSA drastically reduces accommodative lag with respect
to the NL condition. Results from previous literature are inconclusive regarding the effect of multifocal
contact lenses or treatments that induce spherical aberration on accommodative response. Some
evidence indicates a reduced accommodative response (increased lag) over a range of vergences with
multifocal contact lenses. center-near +1.5 D(305); center-near and center-distance with transition
zones(167); center-near +2.5 D(306)). However, other studies have shown that children
accommodate normally at near with a dual focus lens (173). In addition, several studies have
investigated the effect of orthokeratology (a treatment that flattens the central cornea, therefore
inducing positive spherical aberration). They consistently show an increase in accommodative
amplitude and a decrease in accommodative lag in children and young adults(307), which is in good
agreement with the results of our study. In contrast, a contact lens that incorporated negative
spherical aberration (-0.1um, i, e, of a much lower magnitude that that of our study) was reported to
reduce the lag, but only for a short period(308). In another study, a multifocal contact lens with
positive spherical aberration reduced accommodative response at all distances, although surprisingly
especially at far(302). Likely, that the variability across studies arises primarily from the definition and
measurement protocol of accommodative response (as pointed out above), and from the differences
across lens designs. In a recent publication Gifford et al (309)point out that it is the multifocal lens
design and not the addition power that drives the accommodative response. In another study, the
presence of large transition zones appeared to be the major driver for accommodation to
intermediate distances(167) Theoretical modeling based on interactions between lens design and the
eye’s optics, predicted the accommodative response with dual-focus lenses of different powers and
zone distributions and concluded the need to customize the design and correction to increase
accommodation accuracy(310). Despite inter-study and inter-subject differences in the
accommodative response through multifocal lenses, studies investigating their impact on myopia
progression generally conclude that there is a correlation between lag and progression, and more
importantly, eyes that accurately accommodated with the contact lens had reduced progression,
whereas the myopia control failed in patients or with designs that reduced the accommodative
response, likely because the subject used the near add for near vision, leaving the retina exposed to
hyperopic defocus. Some authors have proposed the use of biofeedback strategies to train subjects
to accommodate with existing multifocal contact lenses(311). Alternatively, one could propose
improved lens designs that generally (or even customized to the individual subject) may reduce
accommodative lag. Customizable parameters for these lenses could include, but not be limited to,
near-far zone distribution, the diameter of the central zone, the extent of transition zones, segmented
vs smooth transitions, and incorporation of other high-order aberrations beyond spherical aberration.
Adaptive Optics makes an ideal tool for conducting studies to investigate visual performance, and
more specifically, the accommodating response with different lens designs, as demonstrated in the
current study. If, as suggested by multiple studies, the accommodative behavior with these lenses is,
to some extent, a marker of prediction of the success of certain contact lenses to control myopia in a
subject, these AO visual simulations could be essential to select the most appropriate treatment for a
patient.

Despite the advantages of the visual simulator to simulate multifocal contact lens designs and test
accommodation, some aspects of the system may lead to some results bias, likely overcome by the
fact that the same patient is tested under identical conditions. To avoid chromatic artifacts associated
with the SLM, which is normally only programmed for one wavelength, we used a monochromatic
stimulus. Although the role of chromatic defocus to drive the accommodative response may not be as
critical as anticipated in some studies(312,313), measurements in polychromatic light would capture
performance in the natural world with more fidelity. Also, in our study, the stimuli are presented
monocularly and vergence was induced by a Badal system (no change in magnification; no proximity
cues), therefore isolating blur cues from other cues to drive accommodation. Binocular
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measurements (which should involve not only aberration/accommodation measurements but also a
binocular simulation of the lens designs)(198,314,315) would again provide a more realistic
environment integrating all available cues in a natural world. The success at interpreting proximity
from defocus blur is likely inherent to the subject, whereas other subjects may rely habitually upon
binocular or proximity cues to drive their accommodation, making a comparison of performance
across lens designs direct. However, we cannot rule out that some lens designs interact with a given
accommodative trigger mechanism, as suggested by the differences between binocular and
monocular measurements with multifocal contact lenses with large transition zones in a recent
study(167).

6.5 Conclusions

In summary, the present study shows that positive spherical aberration-inducing conditions (CD, PSA)
produced lower accommodative lag in comparison with other conditions in all the subjects. Factors
such as pupil size, multifocal lens design, native aberrations of the eye, amount of spherical aberration
induced should be considered in the management of myopia with MCLs and to gain insights into the
mechanism of operation of these lenses. Future studies may include a larger sample of patients,
binocular simulations, and a systematic study of lens designs parameters on the accommodative
response. Studies in Adaptive Optics visual simulators are an important step before manufacturing
specific contact lenses and fitting them on eyes, to assess additional effects such as tear film, lens-
cornea interactions or fitting parameters, or lens decentration among others).

In this chapter, the impact of simulated multifocal contact lenses of different designs on the
accommodative response has been studied. In the next chapter, we studied the accommodative
responses and visual performance in the fovea and the periphery with multifocal contact lenses in a
clinical environment.
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CHAPTER-7. FOVEAL AND
PERIPHERAL VISUAL QUALITY AND
ACCOMMODATION WITH
MULTIFOCAL CONTACT LENSES

Accommodation as well as foveal and peripheral vision in young myopic eyes can be affected by
multifocality. This chapter presents the short-term effects of multifocal contact lenses on foveal and
peripheral vision. The investigated multifocal contact lenses were the MiSight contact lenses designed
for myopia control and the Acuvue Moist contact lenses.

This chapter reproduces the paper by Papadogiannis et al. “Foveal and Peripheral visual quality and
accommodation with multifocal contact lenses” published in the Journal of the Optical Society of
America A (2022). The co-authors are Dmitry Romashchenko, Shrilekha Vedhakrishnan, Britta Persson,
Anna Lindskoog Petterson, Susana Marcos , and Linda Lundstrém from KTH, Stockholm (Sweden).

This work was presented as an oral presentation at the International Myopia Conference, Tokyo in
2019 under the title “Central and Peripheral Visual Quality and Accommodation with Multifocal
Contact Lenses”.

The author of this thesis implemented the experimental procedure in collaboration with Petros
Papadogiannis and Linda Lundstrom, performed the experimental measurements on subjects,
collected the data in collaboration with Petros Papadogiannis. Prepared the manuscript in
collaboration with Petros Papadogiannis, Dmitry Romashchenko, Susana Marcos , and Linda
Lundstrom.
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7.1 Introduction

Myopia prevalence has increased significantly over the world in recent years, and the World Health
Organization (WHO) predicts that by 2050, 50% of the world's population will be myopic, with 10%
being severely myopic (316). Myopes have an increased risk of developing myopic maculopathy(317),
retinal detachment(318), cataracts (319) , and glaucoma(320), and thus there is a growing need to
decrease myopia progression. A relation between the early onset of myopia and high myopia in adult
life has been studied previously(321,322), therefore it is important to control the progression of
myopia at an early stage. Although it has not yet been well understood, the two most considered
environmental causes for myopia progression are peripheral image quality and lag of accommodation.

However, animal investigations have revealed that the peripheral retina is equally crucial for
controlling eye growth. Peripheral image quality can influence ocular growth even in the presence of
a clear foveal picture, contrary to the initial belief that only foveal optical defects regulated eye
growth(323,324). There are two theories about how peripheral vision affects myopia, both of which
are based on extensive animal experiments. The first theory holds that peripheral hypermetropic
defocus in the human eye can speed up eye development, and the second holds that optical
adjustments that either get rid of peripheral hypermetropic defocus or result in myopic peripheral
defocus might reduce the advancement of myopia (325-328). Based on the correlations between
underaccommodation and accelerated advancement of myopia, another possible cause of myopia is
hypothesized. The eye frequently accommodates less than what is required to focus on the target
while viewing distant targets through negative power lenses or when watching close-by targets. The
term "lag of accommodation"” refers to this underaccommodation (hypermetropic retinal defocus).
The onset and progression of myopia have been linked to a larger lag in accommodation during close
work (329,330). Additionally, when compared to age-matched emmetropes, myopic children and
young adults exhibit greater variability in accommodative response, decreased accommodative
facility, and increased accommodative convergence (elevated AC/A ratios) (331).

Many interventions, including pharmaceutical and optical methods, aim to control myopia
progression: Atropine in low concentration(332); Orthokeratology rigid contact lenses(333—335);
Bifocals and progressive addition spectacles(336—-338); and Multifocal soft contact lenses. This study
focuses on multifocal contact lenses, a technique for treating myopia that is becoming more and more
common. The idea behind this intervention is that by providing two images at once—one focused on
the retina and the other in front of it to produce a myopic blur—when gazing at a distant object and
relaxing accommodation, a center distance (CD) design limits the progression of myopia. Such
multifocal designs, nevertheless, would result in significant irregular optical aberrations in peripheral
angles, which may have a greater impact on the depth of focus than peripheral refractive error (339).
Furthermore, the effective properties are not yet understood, and the treatment varies across
individuals(340). This could be because multifocality can affect both accommodation and the foveal
and peripheral image quality(339-342). Numerous earlier research investigated how one
commercially available CD contact lens design (MiSight) affected foveal optics, vision, and
accommodation, but they did not compare the findings to side effects (343—-345). Due to this, it is
impossible to determine whether the reduced myopia progression with these multifocal lenses is the
result of their impact on accommodation or on the quality of peripheral vision. The short-term impact
of MiSight multifocal contact lenses on accommodation as well as foveal and peripheral optical and
visual quality will therefore be examined in this study. In addition to combining foveal and peripheral
wavefront aberration data obtained during vision exams, the goal is to understand how these lenses
compare to conventional glasses in terms of their impact on accommodation and peripheral image
quality. The same measurements were made using a common multifocal contact lens with the
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opposite design, i.e., center near (CN), used for presbyopia, to uncover changes in attributes that are
especially associated with myopia control (Acuvue Moist).

7.2. Methods

7.2.1 Subjects and Contact Lenses

Eight myopes, aged 22 to 40 years, with refractive states between -1.50 and -7.00 diopters (D), took
part in this investigation (more details in Table 1). Each patient was an experienced contact lens
wearer with good eye health. The assessments the individuals underwent were separated into two
sections: monocular clinical accommodation assessments and monocular low-contrast vision
evaluations, with three different forms of optical correction measured in the order listed below:

a) Spectacles (subject’s spectacles were used) (control)
b) MiSight® 1-day (CooperVision)
c) Acuvue® Moist 1-day (Johnson & Johnson)

The MiSight contact lens is a multifocal lens with +2.00 D treatment zones and a center-distance (CD)
design. It has been demonstrated to slow down the progression of myopia in children by correcting
the myopic refractive defect while displaying a myopically defocused image(343—-345). The power
profile of a MiSight contact lens with a nominal power of -3.00 D is shown in Figure 1.

The center-near (CN) Acuvue Moist contact lens is a multifocal contact lens intended to treat
presbyopia. It provides sharp near vision while correcting myopia or hypermetropia because of the
additional power provided by the lens profile. The smooth Acuvue Moist multifocal contact lens has
increasingly greater negative power as one move’s radially from the center out toward the borders of
the lens. It is offered in low, mid, and high adds. The lens utilized in this study has a high add of +2.50
D.

Before beginning the measurements, the contact lens fitting was validated using a slit lamp in
accordance with clinical standards to make sure the lens was sitting properly on the subject's eye. The
subjects were given some time to become used to the contact lenses before the measurements began
when they were at ease. All measurements were conducted with real pupils. The subjects gave their
signed, informed consent before the experiment. The study met the requirements of the Declaration
of Helsinki and received approval from the Swedish Ethical Review Authority.

Subject Age Habitual MiSight /Acuvue

Moist power
Spectacle power

S1 26 -7.00/-0.25*160° -6.00
S2 26 -1.75 -1.75
S3 22 -3.50 -3.50
S4 28 -2.50 -2.50
S5 26 -3.25/-0.50*75°  -3.50

S6 25 -4.50/-0.50*%150° -4.25
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S7 40 -1.75/-0.50*140° -2.00

S8 27 -1.50 -1.50

Table 1. The power of the contact lens that was worn in D, the subjects' age, and their regular eyeglass power
in D. As there were no greater powers to purchase, a -6.00 D contact lens was used for subject 1 for both MiSight
and Acuvue Moist. Spectacles are used to sort subjects based on how accommodating they are (from minimum
to maximum, see Fig 4).

MiSight

Average power (D)

-3 -2 -1 0 +1 +2 +3
Radial distance (mm)

Figure 1. The MiSight contact lens's power profile for controlling myopia. The nominal power of the offered
contact lens is -3.00 D. The horizontal bands represent steps of 1.00 D. from Javier Ruiz-Alcocer adopted (346)

Clinical visual function and accommodation evaluation

For the clinical visual function and accommodation evaluation, each of the three optical adjustments
was applied to the examined eye one at a time, and the following measurements were taken
monocularly: (the other eye was covered with an occluder) Distant and near high-contrast letter visual
acuity (VA); Near point of accommodation (NPA); Accommodative facility (AF); Accommodative
response (AR)

Most of the tests (near VA, NPA, AF, and AR) were carried out in normal room illumination (700 lux),
except for the far VA test, which was carried out in significantly lower light (300 lux). Monocular foveal
distant (4m) visual acuity of the individuals was evaluated using a high-contrast EDTRS visual acuity
chart with letter sizes ranging from 1.0 to -0.3 logMAR. To test monocular foveal near vision, a high-
contrast EDTRS chart with near visual acuity was used at a distance of 0.4 m. The subjects were
instructed to read the chart's letters line by line until they became unable to distinguish between
them. The Donder's Push-up and Pull-away tests were carried out, and a Royal Air Force (RAF) ruler
was employed for monocular foveal NPA measurement. The 2.00 D flipper was used to measure the
monocular foveal accommodative capability. The subjects had to concentrate on a row that was a
little larger than their best vision for 30 seconds while holding a near vision acuity EDTRS chart at 0.4
m away under typical room lighting.

Monocular foveal AR measurements were performed using the Shin Nippon Natural Vision Auto
Refractometer NVISION-K 5001. The participants were measured for refraction first when staring at a
non-accommodative target at a distance of 4 m, and then again while gazing at a target that was 0.4
m away from the eye. The spherical equivalent at 4 meters minus the spherical equivalent at 0.4
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meters was used to calculate the AR. Additionally, by utilizing the equations developed by Thibos et
al (347)., astigmatism was transformed into power vectors. The clinical accommodation examination
lasted roughly 1.5 hours. All measures were performed three times to prevent tiredness, and the
average data were used for analysis.

7.2.1 Evaluation of image quality and low-contrast vision

A deformable mirror, a Hartmann-Shack (HS) wavefront sensor, and a monitor for stimulus
presentation were employed in a lab adaptive optics (AO) setup for the second half of the experiment.
The HS wavefront sensor live-captured the foveal and peripheral wavefront data during the
experiment to do additional image quality assessments. The AO system functions in near-infrared light
even though it is calibrated to measure in visible light. The Mirao 52 D deformable mirror (52
actuators, 50 um stroke, corrects up to sixth Zernike order, www.imagine-eyes.com) and the HASO
wavefront sensor make up the AO system. This mirror was configured to exclusively provide static
compensation for the AO system's internal aberrations (i.e., the AO part of the system was not running
in a closed loop during the experiment). The system's specifics have already been disclosed by Rosén
et al.(348).

All three conditions (a, b, and c; the beginning of the Methods section) were measured foveally and
at the 20° nasal visual field for monocular low-contrast (10%) resolution acuity. The volunteers were
asked to fixate on a Maltese cross mounted 2.6 meters distant while wavefront aberrations and
peripheral acuity thresholds were assessed in either their right or left eye. The chin-forehead rest, an
infrared camera for alignment, and an infrared camera were all used to track the subject's fixation
during the experiment. To obtain a complete and precise pupil image, the subjects were changed as
necessary.

The same approach as previously described was used to implement the psychophysical procedure in
MATLAB and Psychophysics Toolbox to achieve the low-contrast resolution thresholds (349). It was
decided to utilize the low-contrast resolution acuity task since it is not limited by neuronal sampling
in the periphery but rather by optical features (350,351). Low-contrast (10%), oblique (-45° and 45°),
Gabor gratings in a window with a Gaussian distribution and a standard deviation of 1.6° made up the
stimulus pattern. To prevent any neuronal preferences brought on by the meridional effect, the
gratings' oblique orientation was chosen(352). The size of the gratings on display was altered to take
into consideration the spectacle magnification. With the help of Bayesian psychophysical methods,
the gratings' spatial frequency was changed, and the acuity thresholds were determined. The
participant was presented with the stimuli for 500 milliseconds on a calibrated CRT monitor at a
distance of 2.6 meters before being required to pick between two possible orientations for the
gratings. To make sure the subject was aware of the stimulus presentation, a sound cue was played at
the start of each trial. After that, the participant had to press the correct key on a keypad in accordance
with where the gratings were located. The guess rate and lapse rate were set to 50% and 5%,
respectively when the stimulus was unclear. The subject was instructed to guess. It took 40 trials to
evaluate the acuity, and the subjects were not given feedback on whether or not their answers were
right or wrong. After each assessment was performed three times, the average acuity values were
chosen for further examination. The participants would rest after every third set to prevent getting
too tired (or more frequently if necessary). Before the actual experiment, a trial round was conducted
to ensure that the subject understood the process. The second stage of the trial, which assessed low-
contrast vision, took each participant about 1.5 hours.
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7.2.2 Data analysis
Wilcoxon paired-samples two-tailed signed-rank tests were used to compare multifocal contacts with
spectacles (control). Bar plots were used to represent the individual data, and box-and-whiskers plots
were used to show how the data was distributed. Box-and-whiskers plots have a central black line that
represents the median, outside margins represent the interquartile range, whiskers represent the data
outside the middle 50%, and dots represent outliers.

7.3 RESULTS

Assessments were made of the short-term effects on the foveal and peripheral vision of the MiSight
and the Acuvue Moist multifocal contact lenses. It should be noted that some test subjects willingly
reported that MiSight was substantially less comfortable than Acuvue Moist throughout the testing,
both in terms of fitting and visual quality. The following bar graphs group the subjects according to
how accommodating they are when wearing glasses (from minimum accommodative response to
maximum accommodative response).

7.3.1 Clinical visual function and accommodation evaluation
Distant and near letter visual acuity

For near (0.4 m) and far (4 m), Figure 2 shows the monocular foveal letter-VA values. For distant VA,
there was no statistically significant difference between the MiSight lenses and the control case
(p>0.05), whereas the difference between Acuvue Moist lenses and the control case was statistically
significant (p<0.05) as expected. Acuvue Moist lenses are used for presbyopia correction and the
positive addition (+2.50D) degraded the distant vision of the subjects by 0.20 logMAR on average. For
near vision there was no statistically significant difference (p>0.05) neither for MiSight versus control
nor for Acuvue Moist versus control.

Letter VA at 4m (foveal)
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Figure 2. Foveal monocular near (0.4 m, bottom) and far (4 m, top) letter visual acuity in logMAR. Due to the
fact that the subject 6 top left graph and the subject 1 bottom left graph to correlate to 0 logMAR, the bars are
not visible in these graphs.

Near point of accommodation and accommodative facility
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Fig. 3, the monocular NPA (in cm from the eye) and the accommodative facility (in cycles/minute) are
presented. The subjects wearing their glasses and the subjects wearing contact lenses did not differ
statistically significantly in terms of NPA (p>0.05). The MiSight design and the control for
accommodating facilities did not differ statistically significantly (p>0.05). But a statistically significant
difference was found between the Acuvue Moist multifocal and the control condition (p<0.05).

Near point of accommodation Accommodation facility
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Figure 3. The Donder's Push-up test was used to estimate the monocular near point of accommodation in cm,
and the 2.00 D flipper was used to measure the monocular accommodation facility in cycles/minute (right).

Accommodative response

Fig. 4 displays the change in accommodative response as determined by an open-field autorefractor.
The accommodative response is calculated as the difference between the spherical equivalent at 4 m
and the spherical equivalent at 0.4 m. Six out of the eight subjects experienced an accommodating
response increase from the MiSight design compared to the control, but not considerably. When
compared to the control, the Acuvue Moist design decreased the accommodative response by 1.00 D
on average (statistically significant difference, p0.05).
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Figure 4. Using an open-field autorefractor, measure the diopter-based monocular accommodative response.
The accommodative response is calculated as the difference between the sphere equivalent at 4 meters and the
sphere equivalent at 0.4 meters.

Both multifocal designs induced astigmatism when measured in an autorefractor. The MiSight lenses
increased the cylinder in all subjects, whereas Acuvue Moist lenses increased the cylinder in five out
of eight subjects when compared with the control at 4m, with an average increase of 0.75D and 0.25D,
respectively. There was also a change in cylinder with accommodation, as shown in Fig 5. The change
is determined as the difference between the cylinder at 4m minus the cylinder at 0.4m, ignoring any
change in the axis of the cylinder, a positive sign means an increase in cylinder with accommodation,
whereas a negative sign indicates a decrease. For six of the eight subjects, the cylinder increased with
accommodation up to approximately 1.50D with MiSight lenses, whereas the Acuvue Moist lenses
showed smaller cylinders for most of the subjects.
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Change in cylinder with accommodation
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Figure 5. Using an open field autorefractor, the cylinder's monocular shift with accommodation is measured in
diopters. By subtracting the cylinder at 0.4 m from the cylinder at 4 m, one may calculate the change in a cylinder
with accommodation. Positive signs suggest growth while negative signs denote shrinkage in the cylinder. For
subjects 3 and 7, the invisible bars are numbered 0 D.

The autorefractor's measured astigmatism was transformed to power vectors for statistical analysis,
and Wilcoxon paired-samples two-tailed signed rank tests were used to compare astigmatism
between groups. Table 2 lists the differences that were examined as well as the outcomes of the
statistical analysis. On 3 out of 4 occasions, the MiSight lens displayed noticeably more negative values
than the control.

JOatdm p-value

Control-MiSight (max diff = 0.62 p<0.05
D)

Control-Acuvue Moist p>0.05

J45atd m

Control-MiSight (max diff = 0.48 p<0.05

D)

Control-Acuvue Moist p>0.05
Joat0.4m

Control-MiSight p>0.05
Control-Acuvue Moist p>0.05
J45at 0.4 m

Control-MiSight (max diff = 0.64 p<0.05
D)

Control-Acuvue Moist p>0.05

Table 2. Wilcoxon paired-samples two-tailed signed rank tests in astigmatism (power vectors)

The outcomes of the Wilcoxon signed rank tests with paired samples and two tails. The rows display
the distinctions on which the statistical test was run. Statistically, significant differences are indicated
by bold p-values. The maximum difference corresponds to the subject with the greatest difference in
value.
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7.3.2 Low-contrast vision evaluation
The thresholds for foveal and peripheral (20° nasal visual field) far vision is shown in Fig. 6 for low-
contrast (10%) resolution gratings. The foveal resolution acuity decreased by 0.05 logMAR with the
MiSight contact lenses when compared to the control, however, this difference was not statistically
significant (p>0.05). With the Acuvue Moist, there was a significant (p<0.05) decline in foveal vision,
with a mean difference of 0.13 logMAR on average from the control.

When compared to spectacle correction, the peripheral thresholds with MiSight lenses were reduced
by 0.10 logMAR, whereas the thresholds with Acuvue Moist were similar to the control case.
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Figure 6. Foveal and peripheral (20° nasal visual field) monocular low-contrast (10%) resolution grating acuity
thresholds in logMAR.

7.3.3 Wavefront analysis

For the three optical correction scenarios, Fig. 7 displays the largest foveal and peripheral Zernike
coefficients (except for defocus) for a 4 mm pupil diameter. The signs of the coefficients for horizontal
coma and oblique astigmatism were modified for the patients whose left eye was measured because
the right and left eyes are mirror symmetric for on- and off-axis aberrations (353). Wilcoxon tests on
the differences between the conditions (control-MiSight, control-Acuvue Moist) revealed that
peripheral vertical astigmatism decreased for both MiSight and Acuvue Moist (T+ <T0.10(2),8, p<
0.10), while foveal horizontal coma showed a statistically significant increase for MiSight lenses (T- <
T0.10(2),8, p<0.10).
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Foveal Zernike coefficients
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Figure 7. Foveal and peripheral (20° nasal visual field) changes in Zernike coefficients.

For each of the three circumstances, Table 3 shows the individuals' averaged relative peripheral
refraction (RPR) over time. The RPR is defined as the difference between the peripheral refractive
error minus the foveal refractive error. The refractive error was calculated from the wavefront using
second (defocus), fourth (spherical aberration) and sixth (secondary spherical aberration) order
Zernike coefficients with natural pupil size. Positive numbers imply a more hypermetropic peripheral
in relation to the fovea, whereas negative values denote a more myopic periphery. The Acuvue Moist
lenses and the spectacles had a statistically significant difference (p0.05), while there was no
statistically significant difference between the MiSight lenses and the control (p>0.05).

Subject MiSight Spectacles Acuvue Moist

S1 -0.60 D 0.37D 0.87D
S2 -1.75D 0.00D 1.20D
S3 036D -0.19D 0.25D
sS4 -048D -0.52D -0.51D
S5 -2.81D 0.33D 0.88D
S6 -1.09D -0.95D -1.01D
S7 -0.01D -0.19D -0.05D
S8 -0.13D 0.02D 0.28D

Table 3. Relative Peripheral Refraction (RPR)
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7.3.4 Foveal and peripheral image quality
The foveal and peripheral (20deg nasal visual field) modulation transfer functions (MTFs) were
calculated for all subjects and conditions from the wavefront data gathered during the low-contrast
vision evaluation. At = 550 nm, the MTFs for natural pupil size was measured. The elliptical pupil shape
was taken into account for peripheral measurements using a cosine function (354). The median vs.
maximum MTF values for subject 5 is displayed in Fig. 8. Generally, for all subjects except subject 4,
the control case showed the best foveal MTF, followed by Acuvue Moist, MiSight which produced the
worst foveal MTF. This trend was less clear in the periphery.

S5 Foveal MTF curves

MiSight
Control
Acuvue Moist

0 2 4 6 8 10 12 14 16 18 20
Spatial frequency, cycles/degree

S5 Peripheral MTF curves

MiSight
Control
Acuvue Moist

0 2 4 6 8 10 12 14 16 18 20
Spatial frequency, cycles/degree

Figure 8. Monochromatic Modulation Transfer Function (MTF) curves for subject 5's natural pupil size at the
fovea and peripheral (20° nasal viewing field). The depicted curves show the MTF values' maximum (dotted line)
and median (solid line) values.
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7.4 DISCUSSION

In this study, the short-term effects of two multifocal contact lenses on foveal and peripheral vision
are investigated. The goal is to document changes in accommodation as well as the quality of the
fovea and the peripheral vision, as these elements are regarded to be connected to the progression
of myopia. The outcomes were compared to those of wearing spectacles, which is the most common
method of myopia correction for children.

When compared to spectacles, MiSight contact lenses produced equivalent foveal vision quality for
far and near, despite the significant reduction in peripheral low-contrast resolution acuity. While
accommodating facility and NPA tended to drop in subjects who wore MiSight lenses, accommodating
response increased in six out of eight of the subjects. The level of astigmatism and foveal coma was
increased for all individuals. The peripheral low-contrast resolution acuity and foveal VA at 0.4 m of
the Acuvue Moist multifocal significantly deteriorated the foveal visual quality as compared to
spectacles, whereas these results were essentially the opposite. The astigmatism was equivalent to
control from a distance as well as up close, even though the facility and accommodating response
were considerably reduced. Notably, despite any potential learning effects, Acuvue Moist, the last lens
tested, showed decreased foveal letter VA at 4 m.

In a recent study, Ruiz-Pomeda et al. showed no statistically significant difference between the MiSight
group and the single-vision spectacles in terms of accommodation amplitude (MiSight: 13.88 3.58 D,
spectacles: 12.40 2.55 D). The accommodative response for MiSight at 0.33 m (1.08 0.61 D) in the
same research was comparable to that of single-vision glasses (1.24 0.75 D) (343). Gifford et al. young
myopes wearing single vision contact lenses and four different types of multifocal contact lenses for
myopia correction were compared for accommodative responses at five distances (including MiSight
lenses). They discovered that single vision and MiSight contact lenses had comparable accommaodative
responses (slopes: 1.01 0.06 and 0.96 0.15, respectively), whereas the slopes for the other multifocal
designs were roughly 0.84 0.15 (355). The current study's findings concur with those of Ruiz-Pomeda
et al. and Gifford et al.; MiSight lenses did not significantly vary from control lenses in either the NPA
or the accommodative response. Additionally, similar distant and near foveal VA was created by the
MiSight contact lenses when compared to the control, supporting the earlier findings from Ruiz-
Pomeda et al. and Chamberlain et al(345).

Sha et al. examined the visual effectiveness of four various contact lens models, including MiSight, for
controlling myopia. When compared to two of the other designs, they discovered that participants
wearing MiSight lenses had much inferior monocular adaptation facility (Prototype 1 and Prototype
2). While not statistically significant in the current study, the accommodation facility's MiSight
performance was worse than that of its spectacle performance (MiSight 12.8 5 cycles/minute vs.
spectacles 15.3 5 cycles/minute), but it was still better than the result of Sha et al. (MiSight 11.7 4.8
cycles/minute) (344). In the same study, the participants evaluated the four distinct designs and found
that Prototypes 1 and 2 provided superior visual performance and ocular comfort than MiSight. Similar
to the previous study, in the present one all subjects noticed visual problems when using MiSight
lenses, whereas this was not the case when wearing Acuvue Moist lenses. The individuals specifically
described feeling uneasy, decreased contrast, and mildly hampered near eyesight with ghost pictures.
This might, however, be because the subjects did not have enough time to get used to the optics of
the MiSight lenses. Despite the pain, when compared to wearing glasses, the subjects' foveal vision
quality was not affected by the MiSight lenses. A possible reason for this is that the measurements of
the foveal low-contrast resolution acuity were unaffected because the MiSight lenses diminish
contrast for such low spatial frequencies.
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Bakaraju et al. when the Shin-Nippon autorefractor and the COAS-HD aberrometer (HS sensor
concept) for multifocal contact lenses measurements were compared, variations in JO and J45 were
discovered. For JO, they discovered that the autorefractor measurements were more favorable with
the CD design while the COAS-HD readings were more favorable with the CN designs. Within both
instruments, they discovered that mean deviations for J45 ranged from 0.10 D to 1.50 D (356).

During the examination of low-contrast vision in the current investigation, wavefront aberrations and
MTF curves were continuously evaluated. The average changes in the MTFs for various situations
should therefore match the observed pattern in low-contrast vision in the absence of long-term vision
adaptation. Although this was true on a qualitative level, neither the fovea nor the periphery showed
a direct quantitative correlation between the MTF and the logMAR values derived from the
psychophysical methods. Although research from the past suggests that multifocal contact lenses can
accurately quantify lower and higher order aberrations using Hartmann-Shack wavefront sensors
(357), The research is complicated by artifacts like spots that double on the edge of the zones for
multifocal contact lenses (358). To verify the correctness of the wavefront reconstruction, further
foveal and peripheral wavefront measurements on patients S4 and S7 were performed in a lab-based
dual-angle system. This made it possible to manually check the precision of the MTF curves (359).
These verification measurements revealed no artifacts and the variations in the MTF curves for the
various optical conditions matched those seen in the adaptive optics system. As a result, we concluded
that the wavefront measurements were accurate and that the lack of a direct quantitative correlation
could have been caused by the wavefront being measured constantly over time rather than just while
the Gabor gratings were visible.

7.4.1 Possible properties for myopia control

Myopia-related peripheral blur has been shown in animal research to inhibit eye growth, and it is
thought that myopia-related peripheral image quality also exists in humans (323,324,326,328).
Children's myopia can be controlled with MiSight contact lenses, according to earlier studies (343,345)
Even though the current study only included a small sample of adults, its findings demonstrate that
this contact lens alters three aspects of the image quality that may be connected to myopia control.

The MiSight lenses' initial and most likely feature is a decrease in contrast in the periphery vision area.
Despite the significant impact on peripheral vision, the wavefront measurements between the MiSight
and the glasses did not clearly distinguish any difference in RPR (see Table 3). With this in mind, it may
be concluded that the observed contrast loss in the visual field's periphery was not largely caused by
defocus but rather a more complex pattern of higher-order aberrations. However, these higher-order
aberrations lessen the contrast in the peripheral image while also bringing the depth of focus closer
to the center. Therefore, we believe that it could be more efficient with a myopia control intervention
that takes into account the peripheral optical errors of the individual eye. This may result in a smaller
depth of focus and substantial contrast losses, even at lower RPR magnitudes. The MiSight lenses'
increased astigmatism may be the second factor in myopia correction; greater astigmatism and coma
result in a more asymmetric Point Spread Function, which the eye may use to more easily determine
where an image is in relation to the retina. The third potential characteristic would be the stronger
accommodative response displayed by some research participants (see Fig. 4); however, it is unclear
whether this is due to the MiSight lenses decreased accommodative lag for a close or larger
accommodative lead for far. The accommodating response would have resembled that of the Acuvue
Moist lenses if the zones with extra power in the MiSight lens had been utilized by the eye as "reading
glasses" during close vision.
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It's vital to keep in mind that the same multifocal contact lens can have varied therapeutic effects on
various people when it comes to controlling myopia. For example, the MiSight lens' treatment zones
won't have the same impact on people with small pupils or in bright lighting compared to those with
larger pupils or in darker lighting conditions. Figure 9 provides an illustration of this using the
peripheral (20° nasal visual field) Hartmann-Shack spot diagrams of Subject 4 wearing the MiSight and
Acuvue Moist contact lenses. While Acuvue Moist has a more homogenous appearance, MiSight's lens
zones are more visible (the nonuniformity at the right edge of the picture is because of the optical-
zone edge of the lens). The reason for this is that the MiSight lens has a more pronounced profile with
alternate distant and near zones, whilst the Acuvue Moist lens has a more gradual change in power
between near and distance zones (360).

Figure 9. Spot diagrams were taken from Subject 3's Hartmann-Shack sensor at a 20° nasal visual field during
the experiment. With 7.5 mm and 6.7 mm average pupil sizes, respectively, the MiSight lens is on the left side
and the Acuvue Moist lens is on the right side.

7.5 Conclusion

Two multifocal contact lenses—the MiSight® 1-day center-distance (CD) contact lens (treatment zones
+2.00 D, CooperVision) and the Acuvue® Moist 1-day center-near (CN) contact lens (high add +2.50 D,
Johnson & Johnson)—were evaluated for their short-term effects on foveal and peripheral vision. In
conclusion, MiSight lenses differed from spectacles with more astigmatism and coma, worsened
peripheral low-contrast resolution acuity, and increased accommodative response. These variations
coulid be a result of the MiSight lens's myopia management capabilities. It is noteworthy that the
reduced peripheral low-contrast vision with the MiSight lenses was not because of a more myopic
RPR, which is the common belief about the effect of these lenses. The Acuvue Moist lenses did not
show the same astigmatism and peripheral vision that the glasses did, but they did produce greater
hypermetropic RPR and less foveal and accommodative response. In spite of this, subjects reported
Acuvue Moist as being more comfortable than MiSight. The most likely treatment property for myopia
control by the MiSight lenses is the contrast reduction in the peripheral visual field and the changed
accommodation. It is interesting to note that the magnitude of the induced peripheral blur is not
caused by pure defocus but is still large enough to reduce peripheral visual function even more
compared with the already quite poor peripheral image quality produced by the off-axis angle through
the spectacles and the natural optics of the eye (361). Daily activities requiring peripheral vision, like
detection, orientation, and movement, may be hampered by a decrease in peripheral image quality
on this scale. The findings may be crucial in the effort to comprehend and enhance myopia control
strategies.
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Achievements

The main accomplishments of this thesis are:

= The calibration and implementation of the studies on existing AO visual simulators,
adapting the setting and experimental protocols to the study of multifocal contact lenses

= The development of methods to analyze and evaluate the through-focus visual acuity
responses with the multifocal design in comparison with the control condition in
presbyopes and young myopes

= The development of methods to evaluate the contact lens profile on the eye and its
potential conformity to the cornea using an Anterior Segment Optical Coherence
Tomography (AS-OCT)

= Successful reproduction of multifocal contact lenses of different additions (Low, Medium,
High) in a Spatial Light Modulator (SLM), and spherical aberration-induced profiles in a
Deformable Mirror (DM)

= The implementation of a protocol for objective measurements of the accommodative
response of the eye (bypassing the simulated contact lens) and of the eye+simulated
contact lens, using retinal image quality-based metrics.

= The study of the effect of myopia control (MiSight) contact lenses on accommodation and
on foveal and peripheral image quality and compared them to spectacles

= Ability to handle different optical systems with different complexity and different
approaches to developing the projects described in this thesis.

Specific conclusions

(1) The overall visual performance was better in the young adult group than the
presbyopic group with the same multifocal design (center-near) for all additions. In
comparison with NolLens, there was an improvement in near vision in the young adult
group with paralyzed accommodation while in the presbyopic group, there was a
benefit for near with both paralyzed and natural accommodation with a consistent
degradation at far for all conditions in both groups

(2) Visual simulators are useful tools to predict visual performance with multifocal lenses.
The spatial light modulator was able to capture the through-focus visual performance
of the MCLs in all subjects. It allowed the testing of multiple designs and additions of
lenses at the same time
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(3) We found that, overall, soft MCLs conform to the underlying cornea, both in the
central addition area and in the periphery. However, the near central add is provided
as expected

(4) The optical aberrations of the eye interact with the contact lens design, and therefore
intrinsically may suffer a potential misrepresentation of the aberrations with
bifocal/multifocal contact lenses that have sharp transitions between near and far.

(5) Positive spherical aberration inducing conditions (center-distance pure bifocal design
and smooth positive spherical aberration design) produced a lower accommodative
lag in comparison with other designs in all subjects

(6) Myopia-controlling MiSight lenses produced a foveal response very similar to
spectacle lenses while producing a reduced contrast in the peripheral visual field as a
likely treatment property for myopia control and changed accommodative response
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