TESE DE DOUTORADO N¢® 200

A PERIFOCAL INTRAOCULAR LENS WITH EXTENDED DEPTH OF FOCUS

Felipe Tayer Amaral

DATA DA DEFESA: 25/05/2015



Universidade Federal de Minas Gerais
Escola de Engenharia
Programa de Pdés-Graduacao em Engenharia Elétrica

A PERIFOCAL INTRAOCULAR LENS WITH EXTENDED DEPTH
OF FOCUS

Felipe Tayer Amaral

Tese de Doutorado submetida @ Banca Examinadora
designada pelo Colegiado do Programa de Pos-
Graduagdo em Engenharia Elétrica da Escola de
Engenharia da Universidade Federal de Minas Gerais,
como requisito para obtencao do Titulo de Doutor em
Engenharia Elétrica.

Orientador: Prof. Davies William de Lima Monteiro

Belo Horizonte — MG

Maio de 2015



"A Perifocal Intraocular Lens with Extended Depth of Focus"

Felipe Tayer Amaral

Tese de Doutorado submetida a Banca Examinadora designada
pelo Colegiado do Programa de Pés-Graduagdao em Engenharia Elétrica
da Escola de Engenharia da Universidade Federal de Minas Gerais, como
requisito para obtengao do grau de Doutor em Engenharia Elétrica.

Aprovada em 25 de maio de 2015.

Por: /5 /1 //;U//J/,/,// ;///1// iz é’)(/ //74(}7"7

“Prof. Dr. Davies William de Lima M}zfntairo
DEE (UFMG) - Orientador

) ~
'féu'u’l'm Ja «/vu:ﬂ b)/u:/F

Prof. Dr?. Luciana Pedrosa Salles
DEE (UFMG)

ﬂ‘“t*"*ﬂr

Prof. Dr. Rodney Rezende Saldanha
DEE (UFMG)

N

Prof. Dr. Paulo Schor
Depa ento de Oftalmologia (UNIFESP)

-l <
Prof. Dr. Marcos Roberto da Rocha Gesualdi
CECS (UFABC - Universidade Federal do ABC)

Ol g PO——

Dr. Otavio Gomes de Oliveira
Departamento de Pesquisa e Desenvolvimento (Mediphacos S.A.)




To my parents, for always believing in me, for
dedicating themselves to me with so much love and for
encouraging me to dream big to make a difference.

"Aos meus pais, por sempre acreditarem em mim, por
se dedicarem a mim com tanto amor e por me
encorajarem a sonhar grande para fazer a diferenga.”



ACKNOWLEDGEMENTS

| would like to acknowledge all my friends and family for the fondness and incentive whenever |
needed. | thank all those who contributed directly and indirectly to this work.

| thank my parents Suzana and Carlos for being by my side in the darkest hours comforting me,
advising me and giving me all the support and unconditional love to move on. | thank you for
everything you taught me to be a better person: you are winners and my life example!

| thank Fernanda for being so lovely and for listening to my ideas and for encouraging me all the
time. | am so grateful that you have calmed me and gave so much love and care especially when |
was tense. By knowing that | could always count on you, | had the strength to carry on!

| thank my friends at OptMA Lab and UFMG for the technical discussions that contributed to
enhance my knowledge on the subject of this work, especially to Bruno Trindade for the
partnership in writing papers and for the discussions and contact with ophthalmology in our
Thursday meetings.

| thank all my friends at Mediphacos Ltda for helping me to find effective solutions every time |
was stuck in technical problems. Your support was essential!

Special thanks to Professor Davies, for the teachings, incentive, friendship and for the technical
and emotional support. With your expertise, your patience, your perfectionism and
encouragements you taught me that | must get the best of me to go further.



Page]|lV

ABSTRACT

This work presents the design of a perifocal intraocular lens (I0L) with extended depth of focus for
replacement of the human eye crystalline lens in cataract and presbyopia treatment, for example.
By extending the depth of focus in IOLs, individuals can benefit from both near and far vision
quality with a single IOL, which increases their comfort to perform daily activities that require a
short focal length, such as using smartphones or tablets without the need of spectacles. The
extended depth of focus can also reduce discomfort caused by IOL imbalance resulting from the
monovision technique, favoring individuals adaptation. Besides its potential alternative use to
monovision, the Perifocal I0OL reduces the inconvenient experiences of halos, glare and loss of
contrast when looking at near objects, which are inherent issues with the conventional multifocal
(bifocal or trifocal) 10Ls. The use of these lenses is not restricted to cataract and presbyopia, but
could be extended to cameras, microscopes, endoscopes, binoculars and augmented-reality
glasses. The Perifocal I0L, herein proposed, has four structures in the shape of lenticles that yield
four additional foci off the main optical axis, hence its coined name. The design of the Perifocal IOL
was carried out with the optical system design software Zemax®. The Perifocal IOL was optimized
to yield extended depth of focus with no substantial loss of contrast. The optimization metric used
was the MTF (modulation transfer function), which is related to the optical system contrast. Its
optical performance was compared to four different commercial monofocal 10Ls that comprise
the most common types of implanted lenses currently. The simulations were performed in a
computational human-eye model in order to make the results closer to an actual IOL implantation.
The results show that the Perifocal IOL presents larger depth of focus and no significant loss of
contrast related to the commercial I0Ls, showing that the Perifocal IOL can be an alternative
implant when the goal is to reach more comfort and spectacle independence.

Keywords: Intraocular lenses, depth of focus, contrast sensitivity, perifocal, optical aberration,
optical performance.
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RESUMO

Este trabalho apresenta o desenvolvimento de uma lente intraocular (LIO) perifocal com
profundidade de foco estendida para a substituicdo da lente cristalina do olho humano, por
exemplo, no tratamento de catarata e presbiopia. O aumento da profundidade de foco de LIOs
permite que o usudrio desfrute de qualidade de visdo tanto de longe quanto de perto com uma
mesma lente, aumentando seu conforto para realizar atividades cotidianas de foco proximo como
utilizar smartphones ou tablets sem o uso de dculos. A profundidade de foco estendida também
pode reduzir os incOmodos causados pelo desequilibrio das lentes utilizadas na técnica de
monovisdo, facilitando a adaptacdo dos individuos. Além do potencial uso alternativo a técnica de
monovisdo, a LIO Perifocal possibilita a visdo de objetos proximos reduzindo a experiéncia
inconveniente de auras, ofuscamento e perda de contraste, que sdo inerentes as lentes
multifocais (bifocais ou trifocais ) convencionais. O uso destas lentes ndo se restringe somente a
catarata e presbiopia, podendo se estender para cameras, microscopios, endoscopios, bindculos e
oculos de realidade aumentada. Para aumentar a profundidade de foco, a LIO conta com quatro
estruturas em forma de lenticulas, que sdo responsaveis por criar quatro focos adicionais
deslocados em relagdo ao eixo Optico principal da lente. O termo perifocal se refere ao
deslocamento dos quatro focos para o entorno do eixo éptico central da lente. O desenvolvimento
da LIO Perifocal foi feito com o auxilio do software de design de sistemas épticos Zemax®. A LIO
Perifocal foi otimizada para gerar a maior profundidade de foco sem perda substancial de
contraste. A métrica utilizada para a otimizagdo foi o MTF (fungdo de transferéncia de modulagdo),
gue estd relacionado ao contraste que um sistema dptico é capaz de atingir. O seu desempenho
Optico foi comparado ao de quatro LIOs monofocais comerciais, que compreendem os tipos mais
comuns de lentes implantadas atualmente. As simulagées foram feitas em um modelo
computacional do olho humano de modo a tornar os resultados mais préoximos de uma situagdo
em que a LIO estivesse realmente implantada. Os resultados mostram que a LIO Perifocal
apresenta maior profundidade de foco e perda pouco significativa de contraste em relagdo as LIOs
comerciais, mostrando que a lente perifocal possa ser uma alternativa de implante quando se
deseja alcangar maior conforto e independéncia de dculos.

Palavras chave: Lentes intraoculares, profundidade de foco, sensibilidade ao contraste, perifocal,
aberragdes dpticas, desempenho dptico.
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1. INTRODUCTION

1.1.INTRAOCULAR LENSES

An intraocular lens (IOL) is a surgically implantable lens indicated to replace the crystalline of the
human eye mainly due to cataract. The choice of the correct IOL should take into account the
physiological characteristics of the patient eye such as corneal refractive power, axial length and
anterior chamber depth (ACD). These parameters are measured by commercial ophthalmic
instruments before the surgery. Besides these physiological parameters, the 0L selection also
depends on the patient’s most frequent habits, e.g. driving at night, practicing outdoor activities,
using a smartphone, working in front of a computer or reading a book.

This work proposes the development of an optimized IOL to increase the number of tasks to be
performed with acceptable quality without the need of spectacle correction. The IOL is composed
of a standard lens with four structures in the shape of lenticles within it. The center of each
lenticle is shifted from the standard lens center, so the IOL presents five different optical axes: one
for each lenticle and another for the standard lens. This assembly results in an IOL with five foci: a
principal focus formed by the standard lens and four foci on its periphery formed by the lenticles.
Because this IOL features four foci on periphery of the central optical axis, it has been here
denominated Perifocal 10L, where the objective of each focus is to extend the depth of focus of
the entire optical system, thus providing more comfort to individuals to perform daily activities
without spectacles.

The perifocal technique is not restricted only to IOLs. It might be extended to any optical
equipment such as cameras, endoscopes, telescopes, binoculars and microscopes. These
equipments would benefit by lenses with extended depth of focus allowing them to provide
images of objects located in a wider range of distances without experiencing significant loss of
contrast. Perifocal lenses have greater potential of use in short focal length equipments like
cameras and microscopes because these equipments feature narrow depth of focus requiring
constant focus adjustment during their use. Augmented reality glasses have been developed and
consist of optical devices that merge virtual reality with the real world [1,2]. The main problem
with this technology regards the location of the display where virtual information is provided. The
small screen is placed too close to the user, who is not able to see the real and the virtual world
simultaneously because of the limited depth of focus of the human eye. Perifocal lenses are able
to shorten the difference in dioptric power" needed to see the real world and interact with the
virtual world through the display bringing more comfort to the user since it is capable of extending
the depth of focus. In ophthalmology

1.2.CATARACT SURGERY AND PRESBYOPIA

Cataract surgery was first carried out in 1949 and today is the most common ophthalmic
procedure performed worldwide. It consists of removing the clouded crystalline lens and replacing

'The optical power is commonly expressed in diopters which is the reciprocal of the focal length in meters.
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it by an implantable artificial intraocular lens (IOL). Considered one of the safer and most
successful surgeries, it is estimated that next to 20 million cataract surgeries were performed in
2011 [3]. The World Health Organization estimates that there should be approximately 32 million
cataract extractions in the year 2020 [4]. Its growth is associated to improvements on surgery
techniques which have currently become more sophisticated and safer, being now performed in a
much earlier stage of the disease than it was in the past. The results of the modern surgery are
much better than they were 20 years ago, due to the reduction of operative and postoperative
complications and to significant improvements in visual outcome [5]. The latter have been so
satisfactory that the patients have high expectations on the treatment success [6]. There are many
issues that impact directly on the visual outcome of people undergoing cataract surgery: the
surgeon ability concerning the I0L position and fixation in the eye, the size of the incision, the
residual astigmatism or high-order aberrations induced by the surgery and finally the choice of the
most adequate IOL for each patient.

Cataract surgery causes patients to lose the accommodation? that the phakic eye previously had,
leading them to experience presbyopia. Presbyopia is an age-related visual impairment that results
from the gradual decrease in accommodation. This visual condition starts approximately over the
age of 40 years and is not incapacitating if corrected with reading glasses. If not corrected, it may
result in an inability to perform some near tasks effortlessly without experiencing, for instance,
visual blur [7].

1.3./0L FEATURES

The loss of accommodation is not related to presbyopia only. Commonly, a monofocal IOL is used
to replace the crystalline removed in cataract surgery. In general, people with any sort of
dysfunctional crystalline could benefit from an IOL. These lenses provide only one focus allowing
individuals to see objects clearly at a specific distance: far or near. If a monofocal I0L is designed
to provide far vision, spectacles are required for near vision. On the other hand, if it is designed for
near vision, spectacles are required to see far objects. Despite the use of additional spectacles,
many strategies have been developed to reduce the visual impairment caused by the loss of
accommodation related to aphakia® or presbyopia. Bifocal lenses have two foci, where one is
generally designed for near tasks and the other for far vision. Intermediate vision may also be
provided by already developed lenses with three foci [8]. The multiple foci are obtained by two
different strategies: refractive and/or diffractive. Refractive multifocal lenses provide multiple foci
by zones with different curvatures, where each zone is designed to have a specific focal length for
either far, near or intermediate vision. Diffractive lenses are composed of grooves (or
discontinuities) on their surfaces that cause interference of the incident light. By controlling the

>The generally accepted theory is that of von Helmholtz: ciliary muscle contraction causes zonules to relax,
allowing the lens to become more curved and increasing its focusing power; presbyopia is therefore due to
loss of lens elasticity with age [119].

3 Aphakia is a term which encompasses all situations in which the crystalline lens is missing from the
pupillary area by disease (e.g. removed during cataract surgery), trauma, or even congenital malformation in
which the individual is born without the crystalline lens.
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groove distribution and height along the lens surface, the induced light phase delay forms
constructive interference on the desired position of either the far, the near or the intermediate
focus. Hybrid lenses are a combination of refractive and diffractive surfaces.

The main disadvantage of using multifocal IOL are the losses of light and contrast caused by the
multiple foci. Although these lenses allows individuals to read without spectacles, they may
experience halos and glare caused by the lens which may compromise their vision quality [9,10].
Monofocal IOLs provide higher image contrast and do not present loss of light or halos and glare.
Pseudo-accommodative I0Ls are lenses that attempt to mimic the eye’s natural method of
focusing. Usually the optical power is altered by moving elements in the IOL that respond to the
action of the ciliary muscle on an accommodative demand [11]. Some designs regards to the
changes in the lens surface curvature and others to the axial displacement of the 0L optics [11].
However, studies show that is difficult to measure the lens accommodation [12], and to predict if
the ciliary muscle contraction causes significant changes on the lens axial position [11,13-17].

A viable option for presbyopia treatment is monovision. It consists of implanting one monofocal
IOL in each eye: in one eye it is targeted for near and in the other it is targeted for far distance.
Monovision with monofocal 10Ls, currently accounts for as much as 50 per cent of cataract
procedures in some practices [18]. It offers a less costly option than the premium bifocal IOLs to
individuals who want to have reduced spectacle dependence. Although patients treated this way
have approximately the same level of spectacle independence as those implanted with bifocal or
trifocal 10Ls, they lose a significant amount of stereoacuity” and it is not everyone that tolerate the
imbalance between their eyes [19]. Usually, the imbalance between the near and the far IOLs is
set to 1.25D in order to avoid asthenopia® and preserve contrast and stereoacuity [18,20].

The IOLs are classified according to their eccentricity: spherical or aspheric. In spherical IOLs the
curvature is constant over the entire lens surface. Aspheric IOLs have their surface described by a
conic function (hyperbola). The spherical IOLs present positive spherical aberration [21] which
compromises the focal point quality because its surface differs from the ideal hyperbolic surface
[22]. The aspheric I0Ls can present null or negative spherical aberration. Eyes with null aspheric
IOLs will have only the positive spherical aberration introduced by the cornea which can be entire
or partially corrected by negative aspheric 10Ls [23]. Despite the loss of contrast caused by
spherical aberration, the depth of focus and consequently the depth of field are larger in spherical
IOLs. Comparative studies show that individuals with aspheric IOL suffer fewer impacts of spherical
aberration than patients with spherical 10Ls having vision with better contrast [24]. However,
individuals with spherical 10Ls benefit from vision with larger depth of field than patients with
aspheric IOLs [25,26].

Toric I0Ls are lenses with at least one of the two surfaces (anterior or posterior) having maximum
and minimum radii of curvature perpendicular to each other in order to compensate corneal
astigmatism. Because astigmatism is not rotationally symmetrical [27], these lenses must be
positioned in the eye in a very specific orientation [28] to avoid residual refractive errors [29].

4 Stereoacuity is the smallest detectable depth difference that can be seen in binocular vision.
> Asthenopia is an ophthalmological term often used to describe a collection of symptoms such as pain in or
around the eyes, blurred vision, headache and occasional double vision.
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Toric 10Ls are very effective in compensating corneal astigmatism [30-32]. However, the visual
function after toric I0OL implantation is significantly compromised by the post-operative lens tilt
and rotation [33].

The I0Ls can be made of polymers, silicone and acrylics. The first IOL was manufactured with
PMMA, which is a thermo-plastic polymer with refractive index of 1.493. Although lenses made of
PMMA are cost effective, they are rigid and require a larger incision, which may submit individuals
to a higher risk during cataract surgery and a longer recovery time [34]. Silicone, hydrophilic and
hydrophobic acrylics are soft materials and have been widely used in foldable IOLs. Silicone 10Ls
are slippery when inserted in aqueous medium complicating its manipulation during surgery [34].
Hydrophilic acrylics are polymers that swell up by absorbing water but do not dissolve therein.
Lenses made of this material have a high content of water resulting in very soft lenses which
resemble a living tissue. However, epithelial cells reaction on its anterior surface usually occurs
and may cause IOL loss of transparency. Hydrophobic acrylic IOLs are similar to PMMA but
foldable, and is the material of most implanted lenses in the United States. Although hydrophobic
acrylics feature a higher refractive index resulting in thinner lenses, their manipulation is difficult
because they are sticky [34]. IOLs may also be covered by a thin layer of specific materials serving
as ultraviolet filter [35].

Table 1.1 shows IOLs characteristics and their most common derivation:

Table 1.1. IOL types and their common derivation
Rigid or Foldable
0L Type With or without UV-Filter
Monovision or Standalone IOL
Toric Non-Toric
Monofocal Spherical Aspheric Spherical Aspheric
Multifocal Refractive Refractive Refractive Refractive
(bifocal or trifocal) Diffractive Diffractive Diffractive Diffractive
Hybrid Hybrid Hybrid Hybrid
AccoPr;i:g;z;tive Spherical Aspheric Spherical Aspheric

1.4.0BJECTIVE

To develop a new concept of an IOL with extended depth of focus minimizing the loss of contrast
and the sensitivity to defocus in comparison to commercial monofocal IOLs.
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2. CONCEPTS AND CONTEXT

2.1.WAVEFRONT

A wavefront is a hypothetical surface defined as the locus of all points of a given wave featuring
the same phase [36]. As the light is an electromagnetic radiation of any wavelength, its
propagation follows the principles of wave theory [37]. In 1678 Huygens proposed that every point
of a wavefront becomes a source of a secondary spherical wavelet. The sum of these wavelets
determines the wave form in the subsequent instant [37]. The Huygens principle concluded that
the wavefront propagates while maintaining its shape provided there are no obstacles and the
surrounding media is homogeneous. The concept of wavefronts applies to the optical domain due
to the wave nature of light [36].

The deviations between an arbitrary and an ideal or reference wavefont are defined as optical
aberrations or wave aberrations. Usually plane wavefronts obtained by collimated beam profiles,
in which the light rays are parallel are adopted as reference. The light emerged from a star can
also be approximated to a plane wavefront. Considering the star as a single point source, and no
disturbance in the propagating medium, the wavefront is in fact spherical, but as it propagates
further from the source, its spherical radius increases and a segment of the surface wave
approximates to a plane wave.

Aberrometry is the process used to assess the optical distortions and is based on wavefront
analysis, which is widely used in adaptive optics and has become a very popular technique in
optical engineering, astronomy and ophthalmology in recent years. The optical aberrations are
divided in two main groups: monochromatic and chromatic. In ophthalmology, the most usual
monochromatic aberrations are defocus (myopia and hyperopia), astigmatism, coma and spherical
aberration. The most common form to represent the optical aberrations are the Zernike
Polynomials which are a set of orthogonal basis functions defined within a unit circle with
amplitude between -1 and 1 [36,38].

2.2.POINT SPREAD FUNCTION

The point spread function (PSF) is defined as the intensity profile of the image, formed by an
optical system, of a point source. A PSF of any optical system will never represent exactly a single
point, nor will it feature a perfectly uniform intensity distribution, even if it is perfectly
manufactured and aberration free. Every optical system presents a finite-sized aperture which is
responsible for sampling just a finite portion of the incoming light that will be diffracted.
Consequently, the light diffraction degrades the image and limits any optical system resolution.
Diffraction causes intensity oscillations of the PSF intensity profile and is mathematically described
by a sinc? function [36].

An optical system with its resolution only limited by diffraction is defined as diffraction limited.
The PSF of a diffraction limited system is defined as the Airy Disk, which is a small disk of light
surrounded by light and dark concentric rings [27]. The angular resolution 6 of an optical system,
measured in radians and limited by the diffraction (Airy Disk) pattern, depends on the incident
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light wavelength A and the system aperture D (both given in the same unit), and is determined by
the Rayleigh criterion: 6=1.22.A/D [39]. Two points are distinguished if they are separated by an
angle equal to or larger than 0. Because the PSF is described by a sinc? function which is infinite, its
width can be arbitrated as the Airy Disk diameter, which depends on the wavelength A and the F-
number® (F,) and is given by Dairy=2.44.\.F,.
The smaller the pupil, the more diffraction degrades image quality limiting its resolution and
causing loss of contrast. Contrast is one of the most important attribute for the visual quality of
images. Considering an image composed of a series of alternating black and white lines, what
differentiates them is the contrast. Distinguishing these lines becomes increasingly difficult if the
black lines become progressively brighter and the white lines darker, until they reach the same
gray level being impossible to differentiate them (no contrast). Resolution is commonly expressed
by the number of line pairs (two adjacent lines of the same width, being one "black" and the other
"white") that can be resolved. It is usually measured in line pairs per millimeter in the metric
domain, and cycles per degree in the angular domain.
Considering one line pair, the contrast can be calculated as the difference between the overall
intensity of the white and black lines. The Michelson formula is used to calculate contrast, where
Imax and I, are the maximum and minimum intensity values [40]:

Contrast = —Imax ~ Imin 2.1

max T Imin

Contrast equal to 1 indicates a faithful representation of the contrast on the object plane, and
values smaller than 1 represent loss of contrast.
An schematic example is shown in Figure 2.1 where one object was imaged by five different
optical systems. The object consists of two adjacent rectangles of the same size. The rectangle on
the left is totally white and the rectangle on the right is totally black (exactly equal to the left most

image shown in Figure 2.1).
Contrast = 1.00 Contrast =0.75 Contrast = 0.50 Contrast = 0.25 Contrast = 0.10

B SIS

Figure 2.1. Contrast of five images composed of one line pair decreasing from left (100%) to right (10%).

The maximum and minimum intensities were obtained by the average of the pixel intensities on
the white and black rectangle areas, respectively. The contrast is also related to the detection of
edges. When the contrast is 1, the transition between black and white is abrupt and when the
contrast decays, the transition is smooth as it is shown in Figure 2.1.

Contrast affects directly the ability of seeing details in any image: the higher the contrast the more
details are perceived in the image. The contrast level of an optical system can be expressed by its

GF# is defined as the ratio f/D, where f and D are respectively the focal length and the lens aperture
diameter given in the same unit.
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PSF width. Narrow PSFs yield small sized spots and consequently sharper images. By analyzing the
angular resolution and the Airy Disk diameter calculations, it is concluded that an eye without
optical aberrations obtains the best image at the largest pupil size because the larger the aperture,
the narrower the PSF and the smaller the spot on the retina. Considered one of the most used
image quality metric, the PSF is calculated by the Equation 2.2 [39]:

2.2

w(xy)y 2
PSF(x'y")= }|

FT2 {p(x,y).e'z'j'“' X

Where FT2 is the two dimensional Fourier Transform, p(x,y) is the pupil function of the optical
system. w(x,y) is the wave aberration function and A is the light wavelength, both given in the
same unit. The wave aberration function is given by a weighted summation of Zernike terms [41].
These terms are basis functions, commonly deployed to describe surfaces in optics. Each term has
a coefficient that relates to the amount of that particular aberration [39]. The Zernike polynomials
are widely used to describe the optical aberrations mathematically in ophthalmology because they
contain terms (shapes) with very convenient meanings like defocus, astigmatism, coma, and
spherical aberration [42]. Purely hyperopic or myopic individuals present only defocus wave
aberration which is given by Waefocus=Caer .(-1+2.x°+2.y*), where Caer is the coefficient that
defines the amplitude of the wave function Wgefocus. This coefficient is related to the degree of
hyperopia and myopia in human eyes. The sign of coefficient C indicates myopia (negative) and
hyperopia (positive) [38]. An optical system with circular aperture will present pupil function
equal to 1 if x*+y?< r?, otherwise 0, with r being the circle radius. The two dimensional discrete
Fourier Transform is numerically calculated according to Equation 2.3, where f(x,y) is equal to

Wy
p(x,y)-e "™ 2 and N, and N, are p(x,y) and w(xy) raster [43] height (x) and width (y) [44].
Nz—l N1—1 , ,
[ 2]T[ X—X+y—y]
FI2(fCey)}=F(cy) = > > fGy).e” NN )3
x=0 y=0

Although the PSF presented in Equation 2.2 is monochromatic, the intensity distribution that lands
on the retina or on a camera sensor is typically polychromatic. A method to calculate the
polychromatic PSF is proposed at [45]. This method consider the polychromatic PSF as the
summation of each monochromatic PSF weighted by the intensity of each wavelength of the light
source. The refractive index of any material is wavelength dependent. As single lens focal length
varies with the refractive index, each color that composes the white light is focused on a different
plane [27]. The difference between the focal lengths depending on the color of the incident light is
defined as chromatic aberration that compromises image quality. Even if the optical system is free
from monochromatic aberrations, it may present some chromatic aberration. This aberration
should be corrected because color is one of the most important features for human image analysis
due to the high sensitivity of the human visual system to small color changes [46]. There are three
kinds of cells on the human retina which are sensitive to color: the red cones, the green cones and
the blues cones. The cone cells sensitivity to color is shown in Figure 2.2, based on [47].
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Figure 2.2. Cone cells sensitivity as a function of wavelength.
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An optical system that compensates chromatic aberration is defined as an achromat which may be
composed by a:

e combination of positive and negative lenses of different materials. Each material present a
dispersion coefficient, which relates to the chromatic dependence of its refractive index.

e combination of refractive and diffractive lenses. While refractive elements focus the
shorter wavelengths before the longer wavelengths, diffractive elements focus the shorter
wavelengths further than the longer wavelengths.

Although defocus, astigmatism, coma and spherical aberration compromise the resulting vision
quality after cataract surgery, chromatic dispersion is a relevant cause of image contrast
degradation. Violet and red’ light rays are focused in front and behind the retina respectively, if
the lens has been designed for green light. The dispersion of white light into colored components
can reach approximately 2 diopters of refractive error observed between violet and red [48]. A
commonly used measure of any material dispersion is the Abbe Number Vd, which is given by
Vg=(ng- 1)/(ng- n¢), where ng, ng and n¢ are the refractive indices of the material at three standard
wavelengths: blue at 486.1nm, yellow at 587.6nm and red at 656.3nm, respectively [49]. Materials
with higher chromatic dispersion present higher differences of refractive index between each
standard wavelength. According to the expression, the smaller the V4 value, the higher the
chromatic dispersion of the material.

” Violet and red consist of the lower and upper limits of the visible wavelength spectrum respectively [79].
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Chromatic aberration is a significant limiting factor of visual contrast being the reason why some
studies have proposed the development of achromats I0Ls [50-52]. The manufacturer Hanita
Lenses (http://www.hanitalenses.com) has been also developing an I0L [53] which is already being
under clinical tests and achieving satisfactory results [54].

2.3.IMAGE FORMATION

Considering the Huygens principle [55], any object can be considered as an array of independent
point sources. Regarded as the most fundamental optical object, each independent point source
present in the array will produce its own PSF. Mathematically, this process is described by the
convolution operation. Every image is formed by the convolution of the object with the optical
system PSF. The concept of convolution in practice is to give each point source in the array the
shape of the system PSF. An example of image formation by convolution operation (denoted by
(X)) is shown in Figure 2.3 where the first PSF is diffraction limited and the second with spherical
aberration and coma. The first PSF is convoluted to the object (sharp letter "F") yielding a still
sharp letter "F". Although there are no optical aberrations in this situation, it is visible that the
image is slightly blurred due to diffraction. The second PSF with some aberrations yields a blurred
letter "F" when convoluted to the object. It is noticed that the PSF with aberrations is larger than
the diffraction limited PSF.

Figure 2.3. Convolution operation: The first situation shows a perfect version of a letter "F" being convoluted
with a diffraction limited PSF yielding a slightly blurred letter "F". In the second situation the letter "F" is
blurred, point by point by the PSF, to produce a simulation of the blurred image.

The convolution operation is performed by Equation 2.4, where O(x',y') and IMG(ni,nz)
represent the object array, and the image formed by the optical system, respectively. N; and N,
are O(x')y") and PSF(x',y") raster [43] height (x') and width (y'), and n; and nzindicate the position
of the pixels on the image array.

N,—1N;-1
0(x"y)RPSF(x'y)=IMG(ny,n,)= Z 0 (xy").PSF(n; —x')n, —y") 2.4
x'=0 y'=0

Another simulation of convolution is shown in Figure 2.4 where the object consists of four white
squares on a black background. The first PSF is diffraction limited and the second with spherical
aberration and coma, reproducing the situation shown in Figure 2.3.
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Figure 2.4. The first situation shows the convolution of an object composed of four squares with a diffraction
limited PSF yielding a slightly blurred image. In the second situation the object is blurred, point by point by
the PSF and its shape resembles that of a single larger square.

The quality of images obtained by cameras is determined by their optical and electronic
parameters. These parameters regard the lens design including the correction of monochromatic
and chromatic aberrations, the number of pixels on the image sensor and the chip fabrication
process technology [56]. Unlike cameras in general, the image quality for the human eye is not
well defined by just its optical and retinal properties, being still a mystery concerning how the
human visual system translates the retinal image into a visual perception. Besides the optical
properties of the eye, subjective characteristics must be considered when evaluating image quality
perceived by patients undergoing cataract or presbyopia treatment.

2.4.MODULATION TRANSFER FUNCTION

The modulation transfer function (MTF) is defined as the spatial frequency response of an optical
system. To calculate the MTF of an imaging system, it is necessary to calculate the Optical Transfer
Function (OTF). The OTF is in general a complex function having both a magnitude and a phase
terms, which are referred to as the MTF and the phase transfer function (PTF), respectively [57].
The OTF is defined as the two dimensional Fourier Transform of the PSF according to Equation 2.5
[58], where N; and N, are PSF(x',y") raster [43] height (x') and width (y'). If a polychromatic PSF is
considered in Equation 2.5, then the resulting OTF and subsequently the MTF will also be
polychromatic.

N,—1N;-1 o

OTF(EM) = =YY psreeyy.e el 25
1) = FT2{PSF(x"y")} PSF(x.y"). e

x'=0 y'=0
The 2-dimensional OTF is a function of the spatial frequencies & and 1. The spatial frequencies are
usually given in cycles per degree (cpd), which is commonly used in ophthalmology or in line pairs
per millimeter (Ip/mm), which is more used in optical engineering and photography. Equation 2.6
is used to convert cpd to Ip/mm, where f: is the focal length of the optical system in air and Ecpa
and &p/mm are the spatial frequencies in cpd and Ip/mm, respectively [59].
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The MTF is defined as the normalized magnitude of the OTF. In practice, it is given by the complex
modulus of the OTF divided by the maximum amplitude. The MTF is dimensionless and is
commonly represented as a curve obtained by the central line/column of the 2-dimensional
function. It represents the contrast of the image formed by an optical system along the spatial
frequencies axis. The first value of the MTF curve is 1, when the frequency is 0. In diffraction
limited systems, the higher the spatial frequency, the smaller the MTF until it reaches the value 0.
The frequency where a diffraction limited system MTF reaches 0 is defined as the cutoff frequency
which is an inherent characteristic of each optical system and is given in lp/mm by &Ecutoi=(A.Fi)-L.
A lens with a small focal length and a large aperture (small F) will present large cutoff frequency.
However, this lens have more spherical aberration than a lens with large F;, which compromises
the MTF. If there were no aberrations, the first lens would form sharper images than the second
lens, because the MTF would still remain high in a wider range of spatial frequencies before
reaching the value 0. This analysis extends to the concept of the spot diameter: when receiving a
collimated beam, small F; lenses form smaller spots than large F;lenses and as a consequence,
those lenses feature more detailed images and greater contrast.

Figure 2.5 shows the MTF curve and the image formed by two diffraction limited lenses. These
lenses present f-numbers (F, equal to 1.4 and 2.0%) at 550nm wavelength. The F,1.4 lens have a
larger cutoff frequency than the F;2.0 lens, resulting in a higher MTF curve yielding a sharper
image. The spots diameters calculated for the F41.4 and F;2.0 lenses used in this example are
1.88um and 2.68um, respectively.

8 Fs1.4 and F42.0 are conventional values used in the field of optics. A F42.0 lens has twice the amount of
light passing through it than in a F4;1.4 lens.



Page|15

Modulation Transfer Function

1 I I T I I |
& Fs 1.4 lens
G SE ————— F, 2.0 lens ||
(<]
= 0o .
k=
£ 04r 1
=
8 02f -
= | . |
0 L ] 1 1 1 7
0 200 400 600 800 1000 1200 1400
Spatial Frequency & [Ip/mm]
Image formed by a Fx 1.4 lens Image formed by a Fx 2.0 lens
i 1
0.5 F H 0.5
0 0

Figure 2.5. MTF curves and images formed by a F41.4 and F;2.0 lenses.

Both monochromatic and chromatic aberrations are the factors that most influence the
degradation of the MTF. If the optical system presents large amount of aberrations, the MTF curve
will decay quickly reaching the value 0 in frequencies below the cutoff frequency, which depends
on the aperture, the focal length and the wavelength considered. Beside the optics, the spatial
resolution of the detector and the retina influence the cutoff frequency of cameras and of the eye,
respectively. In conclusion, there are two factors that limit the cutoff frequencies of all optical
systems: the optical and the detector resolution. Usually it is the lens system spatial resolution
that determines the cutoff frequency of most cameras. The detectors may have a great density of
pixels, being capable of capturing lots of details resulting in images with higher contrast. However,
depending on the pixel size, the lens system may not be capable of forming a spot as small as one
pixel [60]. If the spot that lands on the sensor is not as small as its pixels, then more than one pixel
will be illuminated by the same spot. The human eye has cutoff frequency limited by both retina
resolution and corneal aberrations. The retina resolution depends on the density of rods and
cones and their respective pitch. There are average approximately 90 and 4.5 million rods and
cone cells in the eye, respectively. The macula is a 3mm diameter region in the central retina with
intense pigmentation [61]. The higher concentration of cones is in the fovea, which is a zone with
less pigmentation located in the center of the macula, measuring approximately 1.2mm in
diameter. The foveola which is the central 300um of the fovea, is a region totally rods-free [62].
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The density of cones varies from the center fovea to the periphery of the retina from
approximately 160.000-180.000cones/mm? to 20.000-32.000cones/mm?, showing that its higher
concentration occurs in the foveola. Due to the highest density of cones, the foveola is the region
where human vision achieves its highest spatial resolution [62,63]. The pitch of adjacent cones is
crucial to contrast sensitivity: the higher the pitch, the lower the contrast sensitivity. On the
foveola, the pitch of adjacent cones is approximately 2.53um+0.29 [63]. The retina resolution
Ereting 1S Calculated by Equation 2.7 in Ip/mm, where Aoes is the pitch of adjacent cones in

millimeters [64].

1

N 2.7
Eretlna Z-Acones

Considering Aggnes €qual to 2.53um, the retina resolution on the foveola calculated by Equation
2.7 is approximately 197Ip/mm. Retinal resolutions between 50 and 60cpd on the foveola are
presented at [63,65,66]. The resolutions of 50 and 60cpd converted to Ip/mm by Equation 2.6°
result in 174 and 208lp/mm, respectively.

In 2013, Andrew B. Watson collected measurements of 200 eyes aberrations of 100 young and
visual healthy subjects. Andrew proposed a formula to calculate eye MTF by the average data of
the measured aberrations and the pupil size. The results obtained by Andrew's formula showed
MTF curves reaching 0 when the spatial frequency was 60, 80, and 100cpd for pupil sizes of 2, 2.6
and 3-to-6mm, respectively [67]. It is concluded that both optical aberrations which impact
considerably on the MTF and the retina resolution are limiting factors for the human visual acuity.
The MTF of the human eye should consider both retina resolution limit and the optics MTF (which
includes corneal and crystalline/IOL aberrations).

2.5.CONTRAST SENSITIVITY FUNCTION

The contrast of an image depends on the detector/retina and the optical system e.g. camera lens
set or cornea and crystalline/IOL. However, after being finally projected on the retina, the image is
subjected to physiological processes. As a result, the perceived contrast cannot be defined by just
the detectors and optics characteristics, being necessary to introduce to the concept of the
contrast sensitivity function (CSF). The CSF defines how sensitive humans are to different spatial
frequencies stimuli. Mannos and Sakrison [68] have compared the impacts of distorted images in
contrast perception, which were subjectively ranked by a group of observers. By comparing the
observers judging results they have proposed a mathematical model for the CSF of the human eye.
The CSF proposed by Mannos and Sakrison is used in this work and it is calculated by the Equation
2.8, where § is the spatial frequency in cpd.

CSF(Y) = 2.6.(0.0192 + 0.114.£)e~ (01149 2.8

The graph on Figure 2.6 shows the plot of the CSF function where the spatial frequencies & are
given in line pairs per millimeters. Equation 2.6 was used to convert the spatial frequencies from
cpd to line pairs per millimeter with f,; equal to 16.5mm. The function increases from 0 to

° The focal length used for the conversion is 16.5mm which corresponds approximately to the focal length of
the human eye unaccommodated [105,121].
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approximately 1.0 which is its peak when the spatial frequency is approximately 30lp/mm and is
close to 0 for frequencies above 200lp/mm indicating that the human eye is more sensitive to
contrast at intermediate frequencies around 30lp/mm. The contrast sensitivity is small for very
low and high frequencies.

Human eye contrast sensitivity function
1 T T T

CSF: contrast * 100%

0 50 100 150 200
Spatial frequency [line pairs/millimeters]

Figure 2.6. Contrast sensitivity function of the human eye, CSF.

The contrast perceived depends on three components: the retina, the eye optics and the
subjectivity given by the brain interpretation of the stimuli. Considering individuals who have been
submitted to cataract extraction the optics MTF is given by the corneal and IOL MTF. The optics
MTF has been less impacted by aberrations because of the design of modern aspheric and toric
IOLs to compensate for both the corneal spherical aberration and astigmatism, respectively. 10L
designers should be concerned not only with the optics MTF, given by the IOL and the cornea, but
with the set eye/optics MTF, which comprises the final contrast sensitivity perceived by the
individual after having IOL implant. The eye MTF would be then calculated by Equation 2.9, where
the MTF cornea/IOL is the resulting MTF of the optical system™ formed by the cornea and the 10L
and CSF is the contrast sensitivity function of the human eye.

MTFeye = CSF. MTFCornea/IOL 29

'%1f both cornea and I0L are aberration-free, the resulting MTF of the cornea/IOL system is obtained by the
product of the individual MTFs of the cornea and the IOL. However, the resulting MTF obtained by direct
multiplication is incorrect and lower if the I0L is intentionally desighed to compensate for aberrations of the
cornea. In this case, both the IOL and the cornea feature conjugated aberrations and their multiplied MTFs
do not correspond to the higher and correct MTF of the combined system where aberrations are
compensated.
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2.6.DEPTH OF FOCUS

The depth of focus (DOF) is defined as the distance that the image plane can move longitudinally
along the lens optical axis while maintaining the sharpness of the observed object. It is assumed
that for a given optical system there exists blur due to defocusing. If it is sufficiently small, it will
not adversely affect the performance of the system [69]. Figure 2.7 shows focal shifts of -100, -50,
0, 50 and 100um of an aberration-free F43.33 lens.

- @@L -coym DM ={u P 100 il
m———— DOF ——*

Figure 2.7. Image blur and spot size variation as a function of the focal shift.

The five dashed lines represent the location where each image is being formed, respectively
(image planes). The focal plane is the plane where the best focus is obtained, which corresponds
to the location of the smallest spot that the optical system can yield. The position of the focal and
image planes may not coincide (e.g. when the object approaches or moves away from the optical
system) and consequently yield image blur as it is shown in Figure 2.7. When the focal shift is
equal to 0, the image plane and the focal plane are exactly located in the same position and as it is
shown in Figure 2.7, it is the situation where the spot size is the smallest the lens can yield. As the
displacement between the image and focal planes increases, the spot diameter starts to increase,
leading to blurred images. By Figure 2.7 analysis it is concluded that the smaller the focal shift, the
smaller the spot diameter and the sharper the image. The DOF is the maximum image plane
displacement that results in acceptable image blur. The image blur is caused mainly by defocus
which is an aberration related to images out of focus [70]. Spherical aberration also affects DOF
[71] because its Zernike mathematical function carries the defocus aberration term with an
additional higher order component [72]. The controlled use of spherical aberration to expand
individuals DOF has been currently achieving satisfactory results [73-75].

Figure 2.8 shows the results of defocus and spherical aberration as a function of £0.5mm focal
shift for an aberration-free F,3.33 lens.
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Figure 2.8. Defocus and spherical aberration as a function of lens focal shift.

Figure 2.8 shows that when the focal shift is 0, the image plane is in focus and as the lens is
aberration-free, all of the aberrations amplitude are null. Spherical aberration is less sensitive to
focal variation while it is critical for defocus.

As the image sharpness is degraded by the increase in the spot diameter, there will be a circle
yielded by a cone of light rays intercepting a plane that is not coincident to the focal plane. This
circle is defined as the circle of confusion (COC) also known as the largest blur circle that will still
be perceived by the human eye as a point before being perceived as a circle [76]. The value of the
COC is somewhat arbitrated and may vary between individuals. An estimation of the circle of
confusion diameter (c) for the human eye which is also used in 35mm photography is given by the
Equation 2.10[77,78]:

_ linch
~ 1000

According to Castrejon-Pita et al [77], a circle or dot with diameter equal or smaller than c will be

c = 1mil = 0.0254mm 2.10

seen as a point by the human eye at a comfort reading distance (250 mm). If each point that
composes an object is imaged as a circle with diameter less or equal to 0.0254mm, than the image
of the entire object is seeing by the human eye as if it was in perfect sharpness. Otherwise it will
appear to be blurred.

The DOF of a thick lens™ is illustrated in Figure 2.9 where F  is the focal point, n’ and n” are the
refractive index of the anterior and posterior media, respectively, n_is the lens refractive index, s,

" Real lenses have some non-zero central thickness which are considered null on the equation set for thin
lenses. However the central thickness is not negligible when designing 10Ls because these lenses feature
short focal length (small curvature radius) resulting in large central thickness that if disregarded will affect
significantly the determination of its dioptric power. Because this work regards to IOL design, all of the
analysis will be focused on thick lenses.
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is the distance between lens and object, P and P" are the anterior and posterior principal planes*?
and t is the lens thickness:

Anterior Posterior
surface surface
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Figure 2.9. Depth of focus for a given circle of confusion diameter c.

The DOF is calculated by Equation 2.11 based on similar triangles (RSU and VXU) as shown in
Figure 2.9,

DOF _ EFFL yields ~ 2.cEFFL_ )1
2¢_ D D '

where EFFL is equal to the lens effective focal length, D is the pupil aperture and c the circle of

confusion diameter. However, Equation 2.11 should be used only when the object is located at
infinity (s,=00) yielding a null transversal magnification. Considering any object location, the DOF is
calculated by Equation 2.12, which is demonstrated on the Appendix section of this work,

DOF = 2.c. F#. (1 +i) 2.12

S0

where the ratio of image distance s; and the distance between lens and object s, is defined as the
transversal magnification, which is dimensionless, so s; and s, must be given in the same unit. The
image distance s; for a thick lens is given in millimeters by the Equation 2.13 which is
demonstrated on the Appendix section of this work,

1000 — 8. 0BJyerg
cI)lens + OB]verg —0.0018. q)lens- OB]verg

5; ] + 8 2.13

where @5 and OBJyeg are respectively the thick lens total power and the object vergence, both

given in diopters (m™). § and 8*are the principal planes distance to the lens anterior and posterior

2 The effective focal length of a thick lens is measured to a reference point associated with the lens principal
planes position [79].
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surfaces given in millimeters. @y, and OBJyerg are calculated by the Equations 2.14"[79), and
2.15 [80], where @, and ®p are respectively the anterior and posterior lens power given in
diopters and t is the lens thickness. Both t and s, are given in millimeters.

0.001.t
Dleps = Py + Pp — Py Pp. n, 2.14
OB _ —1000
Jverg = So 2.15

@, and ®p are calculated by the Equation 2.16, where R, and Rp are the anterior and posterior
lens curvature radii in millimeters:

_onp—n = n” —ny,
T 0.001.R,~ © " 0.001.Rp

The location of the anterior and the posterior principal planes is obtained by calculating & and

Dy 2.16

8" which are based on known lens parameters. d is the distance between the lens front surface
and the anterior principal plane P and 8" is the distance between the lens rear surface and the
posterior principal plane P" as shown in Figure 2.9 and are calculated in millimeters by the
Equation 2.17:

5= t.®p.n" t.dp.n”
B q)lens- np, ’ CDlens.nL

Y= 2.17
Considering a thick lens with R, and Ry equal to +9mm and -7mm respectively, a central thickness
of 2mm and refractive index of 1.55 surrounded by water (n’=n"=1.33), Equation 2.16 yields
24.44D and 31.43D for &, and ®, respectively. Equation 2.14 yields ®,s equal to 54.88D. The
principal planes location are calculated by Equation 2.17 which results in 0.983mm and -0.764mm
for § and &', respectively. The effective focal length is the inverse of the optical power and is given
in millimeters by 1000/ ®.,,s resulting in 18.220mm. According to Figure 2.9, the back focal length
(BFL) is equal to EFFL-|8 | resulting in 17.456mm. An important condition occurs when the object
is at infinity which results in the image distance s; exactly equal to BFL. If the object is located at a
known distance s,, than s; must be calculated by Equation 2.13. If the lens in this example was
considered thin (t=0), than the optical power ®.,, would be 55.87D and & and 8" would be null.
The absolute difference found when considering this lens thick or thin (54.88D and 55.87D) is
approximately 1D which is not negligible.

The depth of field is defined as the distance that the object can move longitudinally along the
optical axis while its image appears to be in focus [79]. The depth of field and the depth of focus
are analogous concepts concerning maximum acceptable blur: the DOF is associated to image
plane shifts while the object is fixed at the same position and the depth of field regards to object
displacement while maintaining the image plane at a fixed location. Besides being analogous
concepts, the depth of field and the DOF are proportional: a lens with extended DOF will also

B The optical power is commonly expressed in diopters which is the inverse of the focal length in meters
and the lens parameters such as radii of curvature and central thickness are commonly expressed in
millimeters. The conversion coefficients of 1000 and 0.001 were incorporated to the equations to unify the
units used: millimeters to the lens parameters and diopters for optical power in order to facilitate the
calculation in practice.
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feature an extended depth of field, so objects located at different distances will appear to be in
focus. The depth of field of a thick lens is calculated by Equation 2.18, which is demonstrated on
the Appendix section of this work:

dfar to dpears if dgyr > 0and s, # o0

o to dnear, if dfar <O0Qor Sg = 00 2.18

Depth of field = {

Where d,er and dg, are the smaller and the largest distances between object and lens,
respectively. If the object is located at infinity (s, = o) or ds,, results in a negative value, than ds,,
will be equal to infinity and the depth of field will extend from infinity to d,.., otherwise the depth
of field extends from ds,, t0 dpear- dnear and dg,, are calculated in millimeters by Equations 2.19 and
2.20, where s; was defined in Equation 2.13:

D.s; —D.6" +¢.6%).(0.001.® .6—1)-6.(D—-c
dnear = 1000, |2 > tens- 8= 1) = 8.(D = 9 219
1000.(D — ¢) — (D.s; — D.&* + €. 8%). Pjons
D.s;i—D.6" —¢c.6).(0.001. ¥ .6 —1) —86.(D+ ¢
dfar = 1000. ( i ) ( lens ) ( ) 220
1000.(D 4+ c) — (D.s; — D.&* — ¢.6*). Djeps

The lens power @, is given in diopters and s;(image distance) D (diameter of the pupil), c (circle
of confusion diameter), o and 5" are given in millimeters. An important condition occurs when the
far point ds,, extends to infinity. In this case, by moving to infinity an object that is focused at a
distance to the lens will result in a spot diameter equal or smaller than the COC. The highest depth
of field occurs when the focused object is moved to infinity and the spot diameter equals the COC.
This is the situation where the optical system is focused at the hyperfocal distance (H). When
focusing at the hyperfocal distance, the depth of field extends from infinity to approximately H/2,
which is demonstrated on the Appendix section of this work. The hyperfocal distance is calculated

in millimeters by the Equation 2.21, which is demonstrated on the Appendix section of this work:
1000.(D + ¢) + Pjgps.C. (6 — 6 — 0.001.6.6*. @
H = 1000. ( ) lens ( . lens) 221
®@jens- C. (1000 + 5 -q)lens)

The lens power @, is given in diopters and s;(image distance), D (diameter of the pupil), c (circle

of confusion diameter), & and S are given in millimeters.

The DOF can be determined graphically by calculating the MTF at a pre-established spatial
frequency while the image plane moves along the optical axis. The curve obtained contains
sufficient information to determine the DOF, and is defined as the MTF through focus curve.
Usually the focal shift is expressed as defocus in diopters instead of millimeters yielding a DOF
measured in diopters. A MTF through focus curve is shown in Figure 2.10 for an aberration-free
F+3.33 lens at 50 and 100 Ip/mm and 550nm wavelength:
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Figure 2.10. Depth of focus for an unaberrated F43.33 lens. The DOF (D) is defined as the defocus range for
which the MTF stays above 50% of its maximum value.

The DOF of the lens at 100 and 50lp/mm are approximately 0.5 and 1D, respectively. It is possible
to conclude that the lower the spatial frequency, the larger the DOF. The spatial frequency
considered to calculate the MTF through focus curve and the COC diameter are parameters that
impact directly on the amplitude of the DOF obtained graphically and mathematically,
respectively. The DOF is also related to the area under the MTF through focus curve: the higher
the area under curve, the higher the DOF. However, the area under curve do not carry enough
information to determine the DOF quantitatively.

Parameters such as the focal length, the pupil aperture and the COC diameter are critical to the
DOF. Lenses with small apertures and large focal length yielding large F4, will provide long DOF.
Figure 2.11 shows the DOF of 4 different aberration-free lenses at 550nm wavelength:
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Figure 2.11. Depth of focus for a 4 different lenses.

Figure 2.11 shows that the lenses A and D present the longest and the shortest DOF, respectively.
In agreement to the DOF, the area under the curves for lenses A and D are also the largest and
smallest, respectively. On the other hand, the central peak for the lens D is the highest showing
that this lens provides the highest contrast because it yields the smallest spot diameter™.
Considering a COC of 0.0254mm, Equation 2.12 provides the DOF values of: 0.508, 0.2032, 0.1016
and 0.0508mm respectively for lens A, B, C and D, showing that the results obtained by Equation
2.12 are according to the results shown on the graph of Figure 2.11.

Focal length increase and reduction on the pupil size will provide long DOF of an IOL. However, the
IOL focal length is determined by biometric parameters such as the axial length of the eye and the
corneal dioptric power. This means that for a given corneal dioptric power ® ;.. and an eye with
axial length AL, there will be one IOL with specific power @5, capable of focusing rays coming from
far objects on the retina properly. Furthermore it is impossible to intentionally decrease the pupil
size without causing loss of incoming light. Patients vision at night would be compromised by the
reduced light entrance. Besides varying the focal length and the aperture, the DOF is affected by
aberrations, especially spherical aberration as shown in the study [71]. This study concluded that
although contrast sensitivity is higher for aspheric in comparison to spherical lenses, the DOF is

“ The spot diameter was calculated for the four lenses resulting in 13.42um, 5.37um, 2.68um and 1.34um
forlens A, B, C and D, respectively.
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shorter. Bifocal and trifocal lenses also provide extended DOF by using refractive, diffractive or
both strategies. The refractive strategy consists of dividing the I0OL optical zone into many annular
zones where each zone vyields a different optical power. Diffractive strategies are implemented by
adding zonal discontinuities as steps with determined height to provide controlled interference
and light distribution efficiency along the optical axis. Diffractive masks [81] are also used to
control and extend the DOF. It consists of pupil function modification by adding diffractive grooves
with different depths along the lens surface. The diffractive masks may be optimized to provide a
lens PSF the most invariant to defocus as possible [82]. Hybrid strategies are combinations of
refractive and diffractive solutions. The main disadvantage of extending the DOF is the loss of
contrast. Both diffractive and refractive DOF extension strategies feature loss of contrast and may
present wavelength dependence. The lens system behavior may be beneficial for a specific
wavelength and detrimental for the others.

2.7.TOLERANCING

The main goal when designing an optical system is to achieve the best optical performance which
is based on metrics such as maximum MTF response, minimum spot radius or minimum RMS
wavefront error. Optimization algorithms have been widely used to improve the optical system
performance by directing it towards a very specific optimal solution called theoretical design.
Although the performance analysis of this particular solution is important, it does not take into
account manufacturing errors, which may alter and degrade the optical performance of the
theoretical design. Tolerance analysis allows the understanding of how variations in the product
theoretical design parameters due to manufacturing errors affect its final performance.
Considerations of manufacturing tolerances become increasingly important as the complexity of
optical designs increases, like the aspheric profiles that may include up to eighth-order terms.
There is a high likelihood that a designed optical component cannot be built because the
fabrication tolerances are beyond the capability of optical manufacturing technology. Determining
appropriate tolerances is one of the most important steps of an optical project because it allows
the evaluation of the final produced component performance. Table 2.1 presents a reasonable
starting point for typical manufacturing tolerances for lens radius of curvature, center thickness
aspheric profile and wedges considering three different classes of precision: commercial, high
quality and manufacturing limits [83]. Typical tolerance values determined for a 50mm diameter
lens are shown in Table 2.1. The tolerances are not absolute and may vary depending on
component size, shape or material [83].

Table 2.1. Typical manufacturing tolerances for a BK7 50mm diameter lens
Parameter Commercial quality Precision quality Manufacturing limits
Radius of curvature [%] +0.2 $0.1 +0.05
Diameter [mm] $0.1 +0.025 +0.001
Wedge lens* [mm] 0.05 0.01 0.005
Aspheric profile [um] 125 +1 +0.5

1Wedge is related to the absoulute lens edge thickness difference.
2Aspheric profile regards to the maximum deviation between the ideal aspheric profile and the manufactured.
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The tolerance range is narrower as the precision enhances and as a general rule, price increases
around 50% going from commercial to precision quality. Tolerancing is closely related to
optimization: the basic tolerance computation is to calculate how much a performance metric
changes for a small change in a construction parameter [84]. Every parameter is independently
and randomly perturbed according to its assigned tolerance. This procedure creates random
lenses on the computer, based on each parameter set of tolerances.

2.8.LUMINOSITY

The term luminosity may be associated to two different measures: luminance and illuminance. The
luminance measures the quantity of light emanating from the image area of a light source or
reflecting surface into the aperture area of a camera sensor, or the retina. The illuminance
measures the incoming light flux striking a surface. The difference between these two terms is that
the illuminance measures the amount of incoming light and the luminance the quantity of light
measured off of the surface that has light hitting it. The Sl units for luminance and illuminance are
respectively candelas per squared meters (cd.m) and lux: lumens per square meters (Im.m?2). The
retinal illuminance is measured in Trolands, which is the luminance in cd.m? multiplied by the
pupil area in mm?2.

Individuals pupil diameter is quickly and involuntary resized by the iris according to the
environment lighting condition. Pupil size adapts to changes in luminance in order to control the
light portion that strikes the retina. The brighter the environment, the smaller the pupil, so
considering a sunny day on a beach, it is expected that individuals will feature small sized pupils.
On the other hand, at night or within a place with dim lighting, individuals will present large sized
pupils. The retina illuminance is proportional to the area of the entrance pupil, which also have a
direct effect on DOF. Several studies have investigated the effect of luminance on the pupil size
[85-89]. Besides luminance, variables such as the field of view size [90,91], individuals age [92]
were also related to the causes of changes on the pupil size. The field of view of an optical system
is often expressed as the maximum angular size of the object as seen from the system pupil [93].
The system pupil (D) defines the cones of light entering the optical system from any object point
as shown in Figure 2.12, where f is the optical system focal length and a is the angular field of
view.

Object
‘.
U g
Image o @
Detector / i ! t

Retina f |

Figure 2.12. Field of view schematic diagram.
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In fact, the field of view is limited by either the detector size if it is smaller than the image or by
the system pupil. The system pupil may be determined by an aperture (e.g. diaphragm) assembled
to the lens or by the lens diameter, which is the case shown in Figure 2.12. Considering the
condition shown in Figure 2.12, the field of view can be calculated in degrees by Equation 2.22,
where f and D are the optical system focal length and pupil, both given in the same unit. From
Equation 2.22 it is concluded that lenses with smaller F, feature larger field of view.

D 1
_ -1(Z) = -1
o = 2.tan (f) 2.tan (F#) 2.22

The pupil size also varies from monocular to binocular vision [94]. Watson and Yellott have
proposed an unified formula to calculate the pupil diameter based on the published data provided
by previous studies which that takes into account the luminance, field size, age and
monocular/binocular effects [95].

Common activities such as driving at day and night, working in an office, reading a book, practicing
outdoor activities, using the cell phone or tablet are performed under different light conditions.
Table 2.2 shows the luminance benchmarks associated to different light sources [96,97]. Figure
2.13 shows an illustration of the benchmark light sources shown in Table 2.2 and their respective
relative luminances with the photopic, mesopic and scotopic light boundaries.
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Table 2.2. Luminance benchmark for different light sources.

Light source IC.:TT:_r;ance Light source Ic':::gance
Lightning flash 7.0¥10" LCD Monitor 3.5%10°
Sun (zenith) 3.2*¥10° White paper under surgical light | 2.8*10°
Photoflash 1.0*10° Tablet white 50% Brightness 1.7*10°
Carbon arc lamp 1.6*10’ White color plasma television 1.7*10°
Upper photopic limit 1.0*10’ Overcast sky 1.3*10°
Eye damage: brief exposure 4.0%10° White paper under office light 1.3*10°
Sun (horizon) 4.3*10° White of computer monitor 1.0*10?
Eye damage: long exposure 3.2*¥10° Wax candle flame 1.0*10?
60W incandescent light 1.2*¥10° White paper under reading light | 8.4*10"
White paper in daylight shade 3.0*10" Upper mesopic limit 1.4*10"
Clear sky (horizon) 1.3*10* LED light 5.0%10°
T8 fluorescent light 1.1*10° Lower photopic limit 3.3*10°
Cumulus cloud 90° from the sun | 1.0*10* Clear sky twilight (zenith) 1.0*10°
Low beam car headlights 7.0%¥10° Brightest star (Sirius) 2.4%10"
Average sky 6.0¥10° White paper under full moon 6.0¥10™
Full moon (zenith) 4.2*%10° Upper scotopic limit 3.9%10°
White paper in daylight shade 3.6%10° Fairly bright moon 3.0*%10°
Clear sky (zenith) 2.5%10° Lower mesopic limit 6.9%10°
Cloudy sky (zenith) 2.0*10° White paper under star light 3.2*10"
White paper in dark cloudy day | 2.0*10° Starless night sky 4.0%10"
Full moon (horizon) 5.6%10° L 7
Tablet white 100% brightness 4.0*%10° Lower scotopic limit 8.3710
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Figure 2.13. Illustration of benchmark light sources and respective related luminance values.
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The unified formula provided by Watson and Yellott was used to calculate the pupil size for
different values of luminance ranging from 10 to 10" cd.m™ considering field diameters of 0.4°
and 25.4°, ages of 45 and 65 years and binocular vision. The values chosen for field diameter are
the lower and upper field boundaries used in Stanley and Davies study [90] which represents one
of the basis used in Watson and Yellott unified formula. The relation between the pupil diameter
and luminance is shown in Figure 2.14 considering these field diameters and these ages.

Pupil Diameter x Luminance

eSO N R S 0.4°/ 45 years
e 0.4°/65 years
> — 25.4° / 45 years
25.4°/65 years

[4)]

A

Pupil diameter [mm]
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w
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6 8 10

10 10 10 10° 10° 10 10 10
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Figure 2.14. Pupil diameter as a function of the luminance, field diameter in degrees and age in years.

Figure 2.14 shows that the pupil diameter is highly influenced by the luminance, the field diameter
and the individuals age. The smaller the field, the larger the pupil diameter at fixed luminance and
age. The age represents a vertical offset of the pupil diameter: the older the individual the smaller
the pupil diameter at small luminances. The knowledge of the individual pupil size according to
each light condition consists of a helpful information for designing an optimal and personalized IOL
featuring extended DOF in order to maximize visual performance observing the patient age and
privileging his or her daily habits.
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3. TECHNICAL DEVELOPMENT

This work proposes the development of an I0OL with extended depth of focus being less sensitive
to defocus when compared to four different commercial monofocal IOLs, where three are aspheric
and one is spherical. Aspheric IOLs minimize the spherical aberration component providing higher
contrast, but compromise the DOF and consequently the depth of field. Furthermore, they are
more sensitive to the effects of chromatic aberration by having short DOF associated with
different wavelengths. Spherical IOLs have higher DOF in comparison to aspheric, but the spherical
aberration compromises contrast sensitivity. Although contrast is somewhat reduced with an I0L
with extended depth of focus, the development such IOL is beneficial to provide near vision
improving cataract surgery outcome. Cataract surgery success depends on several factors, such as
surgeon ability, lens power calculation, biometry precision and uncertainty regarding IOL final
position within the eye. Due to these factors, and considering the current state of the art, an
individual undergoing cataract surgery should expect to have refractive errors of +0.5D [98,99],
and by extending I0OL depth of focus, it becomes less sensitive to variations in its final position
within the eye.

The proposed lens is composed of two pieces (anterior and posterior) made each one, for
instance, with different and flexible optical adhesive. In this particular case the convex depressions
are filled by the adhesive that composes the anterior piece, that fit in and is bonded on the
posterior piece. The other side of the posterior piece consists of a convex aspheric surface. The
anterior piece consists of a plano-convex aspheric surface with four convex structures on the flat
side. The extern surfaces of the anterior and posterior pieces are similar to standard lenses. A
schematic diagram of the Perifocal IOL is presented in Figure 3.1. The four convex structures are
lenticles which overlap about the center of the anterior surface. The overlap is intentional and
beneficial in order to avoid the presence of edges and gaps between edges that would enhance
detrimental effect of diffraction.

The number of lenticles was restricted to four because it is the smallest number of elements which
provides bi-directional symmetry with minimum interface edge diffraction, allowing that incoming
light energy is distributed equally over the X and Y axis. By using just one lenticle, it will only be
axially symmetric, if it is centered on the principal standard lens optical axis, which is the case of
conventional bifocal refractive lenses. Two lenticles favor only the axis that they have symmetry.
Three lenticles have symmetry affected by IOL rotation within the eye, favoring a specific axis
depending on the rotation amplitude. Four lenticles provide symmetry and regardless of IOL
rotation, all the light energy is equally distributed over the X and Y axis. Other numbers greater
than four lenticles would provide axial symmetry too, but in such cases there would be more
boundaries causing more diffraction, which compromises the IOL optical performance.
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Anterior piece Top view Posterior piece

Convex structures
(lenticles)

Figure 3.1. Schematics of IOL anterior and posterior pieces. Light enters the anterior piece.

An image of the IOL proposed (Perifocal IOL) is shown in Figure 3.2 where the side view and the
perspective view are highlighted.

Figure 3.2. Perifocal IOL: side view [left] perspective view [right].



Page|33

3.1.HOW IS DOF EXTENDED?

Conventional refractive multifocal lenses are composed of few surfaces with different dioptric
powers along the lens optical zone. The refractive surfaces are centered at the same point,
indicating that the focal points lie on the same optical axis. Unlike these lenses, the four lenticles
are decentered from the main lens center, so each one has a different optical axis. As the lenticles
are decentered, their respective focal points are shifted off axis, the reason why the proposed lens
will be denominated Perifocal lens. The lenticles separately will form four overlapped and
independent images, each one aligned with the respective lenticle optical axis. An image of a
single letter "F" obtained by an optical system composed by only four shifted lens is shown in
Figure 3.3, which also shows an schematic diagram of the optical system used in this simulation.
The object was located at infinity and the image plane was optimized for the best focus position.
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Figure 3.3. Schematic diagram of the optical system and the image of a single letter "F" formed by an optical
system with only the four overlapping lenticles.

The single letter "F" is imaged four times by the optical system. Each letter was imaged by a
different lenticle resulting in four letters because their optical axes are not coincident. The effect
of adding a standard lens in cascade to the lenticles is observed in Figure 3.4. The lens is employed
to superimpose the four images by shifting them to the center. The center of the standard lens
must be coincident to the intersection of the four lenticles to guarantee that its optical axis
traverses that point. The standard lens and the lenticles are responsible to 90 and 10 percent of
the optical system total dioptric power, respectively. The object was located at infinity and the
image plane was optimized for the best focus position. An schematic diagram of the optical system
used in this simulation is also shown in Figure 3.4.
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Image
plane

Figure 3.4. Image of a single letter "F" formed by an optical system with four lenticles and a standard lens in
cascade where 90% of the system optical power is due to the standard lens and 10 percent due to the

lenticles.

The brighter parts of the image indicate overlapping spots. The intensities are higher because
more light is focused on these places. An I0OL with these characteristics would be impractical

because individuals would not be able to recognize any object with those superimposed images.
To reduce the overlapping effect, the dioptric power relationship between the lenticles and the
standard lens must change by increasing the power portion provided by the standard lens. Figure
3.5 shows images obtained by optical systems with different power relationship between the

standard lens and the lenticles:

10:90 4:96 2:98 1:99 0:100

Power relationship [%D]

Figure 3.5. Decreasing dioptric power relationship between lenticles and standard lens from left (10%
lenticles and 90% standard lens) to right (0% lenticles and 100% standard lens).
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The higher the dioptric power of the standard lens compared to the lenticles, the smaller the
displacement of images, as it is shown in Figure 3.5. If most of the optical power of the system is
provided by the standard lens, then the displacement between the images will be decreased,
otherwise the displacement will be increased. Although the pupil size is the same, the intensity of
the images increases when the power dominance of the standard lens is higher because more
incoming light is focused on coincident spots. Figure 3.6 shows an enlarged image evidencing the

displacement and detailing the points of higher intensity (brighter).
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Figure 3.6. Image of a single letter "F" formed by an optical system with four lenticles and a power dominant
standard lens.

The image is slightly blurred® due to the small displacement between the four images.
Considering an 0L with these characteristics, the displacement obtained by the images must be
minimum so individuals would not perceive it. Individuals would not notice the image shift if the
displacement is less or close to the resolution limit of the human retina. Individuals with this IOL
would be benefited by the extended DOF allowing that objects located at somewhat near distance
are viewed without spectacles. However, every strategies used to extended the DOF of optical
systems imply in some loss of contrast.

The lenticles features larger DOF than the standard lens because they present smaller diameter,
yielding more tolerant to defocus images. Strategies including the use of lens with small apertures
have been proposed to extend DOF and are already being used in cameras denominated plenoptic
[100,101]. Plenoptic cameras are conventional cameras with a microlens array positioned between
the main lens and the camera sensor. These cameras obtain many displaced images on the image
sensor as the number of microlens in the array. A rendering algorithm is used to combine the
microlens images resulting in only one final image. The main advantage of using these cameras is
that the set microlens/lens system are able to capture the set of more light rays of a scene, from
different directions, which is defined as lightfield [102], allowing that after taking a picture, the

> The image is less sensitive to defocus, because it is obtained by a lenticle with smaller aperture than the
main lens. To visually perceive it an observer must focus one eye on the image approaches to it. The image
will start to blur and the image displacements disappear giving the impression that the image is still sharp
and homogeneous.
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photographer may choose which plane will be in focus. A more sophisticated rendering algorithm
may estimate the microlens image depth and obtain a final image where all planes are in focus
[101]. The main optical difference between the Perifocal IOL proposed and the plenoptic strategy
is the power dominance relation. The standard lens is the power-dominant element of the set
lens/lenticles in the Perifocal IOL. On the other hand, the microlens consist of the power-dominant
element of the set main lens/microlens in the plenoptic cameras. Plenoptic cameras depend on
the rendering software to yield an easily interpretable image. The function of the rendering
software might be analogous to the processing of electrical signals made by the brain in the
process of human vision. From the biological perspective, the optical design of a plenoptic camera
can be thought as a human eye (camera) with the retina replaced by an insect eye
(microlens/photosensor array), although no animal with such hybrid eyes has been discovered
[103]. For this reason, it is difficult to predict if the eye/brain system would be able to
neurologically render the image of a scene like the camera algorithm, making it difficult to predict
the performance of an IOL featuring the same plenoptic strategy.

3.2.COMPUTATIONAL MODEL

A computational model of the Perifocal I0L with proposed extended DOF was developed and its
optical characteristics were evaluated. The optical design software Zemax® was used to simulate
the lens optical performance, such as MTF, image formation and DOF. The results obtained were
compared to four commercial monofocal 10Ls. All lenses had 22D, which is the average standard
adult IOL power [104] and were tested using a model eye to simulate the condition as if they had
been implanted. The model eye used was the Liou & Brennan [105] eye model, which takes into
account both the chromatic and the corneal spherical aberration. The crystalline lens was
removed and the IOL was placed in its niche. Table 3.1 shows the pseudophakic modified Liou &
Brennan eye model used in this work.

Table 3.1. Optical design data for the modified Liou & Brennan eye model used in simulations.
Surface Radius of Conic constant Thickness natA=587.6nm"
curvature[mm] [mm]
Anterior cornea 7.77 -0.18 0.50 1.376
Posterior cornea 6.40 -0.60 --- 1.336
Aqueous humor Infinity* --- - 1.336
Pupil Infinity” 1.336
IOL - - - -
Vitreous humor Infinity +0.96 --- 1.336
Retina -12.00 0.00 - 1.336
A = wavelength; n= refractive index; "Infinite radius of curvature means that the surface is flat; “The
axial length the model eye, given by the sum of all surfaces thickness is 23.95mm.

'® The value 587.6nm refers to the Fraunhofer Helium d-line wavelength which is commonly adopted as the
standard wavelength to specify any material refractive index for general use in the visible range of the
spectrum.



Page|37

Figure 3.7 shows a schematic diagram of the IOL within the modified Liou & Brennan eye model
used in this work. In Figure 3.7, pACD is the postoperative anterior chamber depth (detailed in
footnote *) and AL is the eye axial length.

Input light Perifocal
beam Cornea 1OL

/
Pupil
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I
: i /
H Focused
) spot
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Figure 3.7. Schematic diagram showing the modified Liou & Brennan computational eye model with the IOL.

The schematic design of the Perifocal IOL was already shown in Figure 3.1 and its optical
parameters will be described in section 0 in details. The material chosen for the anterior piece and
the lenticles is the optical adhesive Norland NOA73 [106], which is flexible and has a high
refractive index of 1.56. The posterior piece material is the optical adhesive Norland NOA68 [107]
which is flexible and has a high refractive index of 1.54. Both NOA73 and NOA78 materials are
flexible, allowing the Perifocal IOL to be foldable, which would require a small incision in case of a
cataract surgery.
The lenticles of the Perifocal IOL can be manufactured in two different ways:
®*  Microfabricated mold by anisotropic etching of silicon [108]: the mold is first filled with
NOA73 and after removing the mold, NOA68 is deposited on the lenticles side. The
curvatures of the two principal external surfaces are then made with a conventional lathe
machine after the material is dry.
® Turning with freeform lathe or using an oscillating tool : the lenticles shape are lathed in a
dry NOA73 piece with the freeform lathe or with the oscillating tool. NOA68 is deposited
on the lenticles and the curvatures of the two principal external surfaces are then made
with a conventional lathe machine after the material is dry.
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The chromatic dispersion of NOA73" and NOA68® are shown in Figure 3.8. The Abbe Number Vd
is 42.42 and 40.90 for NOA73 and NOAG68, respectively indicating that NOA68 is slightly more
sensitive to chromatic dispersion effects.

Chromatic dispersion curves
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--------- NOAG8 ( Abbe-Number: 40.90)

1.57
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Figure 3.8. Chromatic dispersion of NOA73 and NOAG6S.

" The manufacturer has informed that the chromatic dispersion of the adhesive NOA73 is equal to NOA61
already measured [120] since both materials have the same refractive index.
¥ The manufacturer has informed that the chromatic dispersion of the adhesive NOA68 has not been

measured yet, but that it is safe to estimate the curve to be similar to NOA61 already measured [120] with
the refractive index offset of 0.02.
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4. RESULTS AND DISCUSSION

4.1.0PTIMIZATION INPUTS

The Perifocal I0L was developed within a modified Liou&Brennan eye model with the optical
system design software Zemax®. It was optimized by a classical multi-objective genetic algorithm
entitled "Non-dominated Sorting Genetic Algorithm 11" (NSGA-II) written in Matlab. NSGA-Il was
chosen because it is currently one of the most used multi-objective optimization tool due to its
efficiency, simplicity and speed in solving optimization problems with more than one objective.
The full description of NSGA-II algorithm is detailed at [109]. NSGA-II as toolbox for Matlab is
available at [110]. The IOL anterior and posterior radii of curvature, the diameter of the lenticles
and their posterior radius of curvature were optimized to achieve the highest area under the MTF
curve when the object was located at infinity and at 80cm. The object was placed at infinity for far
vision and at 80cm for intermediate vision, which correspond, in diopters, to +0D and +1.25D,
respectively. The NSGA Il input parameters used for the Perifocal IOL optimization were:
® number of variables: 7
®* number of generations: 250
e population size: 200 (the population consists of a set of individuals, where each individual
represents one I0L with different parameters values within the limits defined in Table 4.1)
e crossover fraction: all of the individuals in the population are processed by crossover
operator, and only 2/7 of all variables do crossover™.
e mutation fraction: all of the individuals in the population are processed, and only 2/7 of all
variables do mutation®.

® The design variable lower and upper boundaries are shown in Table 4.1:

Table 4.1. Design variables boundaries used for optimization.
Design variable Min Max
Anterior radius of curvature [mm)] 12 36
Posterior radius of curvature [mm] -36 -12
Anterior Conic -30 -1
Posterior Conic -30 -1
Lenticle Diameter [mm] 0.8485 2.2627
Lenticle Anterior Radius of Curvature [mm)] -200 -10
pACD?! [mm] 4.9 5.8

* This rate was determined by setting the input parameter 'auto' on the function 'crossoverFraction' which
makes NSGA-II to use 2/number of variables as the crossover fraction [110].

%% This rate was determined by setting the input parameter 'auto' on the function 'mutationFraction' which
makes NSGA-II to use 2/number of variables as the mutation fraction [110].

' The postoperative anterior chamber depth (pACD) do not correlate with the preoperative ACD. Instead, it
correlates with the 10L placement within the eye after surgery, which is uncertain. All IOLs feature one
constant (A-constant) which is used in the SRK Il and SRK/T formulas [98]. Other formulas specify other
constants that can be derived from A-constant [98]. The A-constant is obtained by statistical regression that
is used to calculate its dioptric power. The A-constant encompasses multiple variables that include the
implant manufacturer, implant style, surgeon's technique, implant placement within the eye and measuring
equipment. The pACD in this work refers to the distance between the corneal and IOL anterior surfaces.
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The anterior and posterior radii of curvature boundaries were determined to limit the Perifocal IOL
dioptric power range, which is within approximately 12D and 36D for a lens compliant to the
Perifocal IOL optical design, composed of two materials with different refractive indices: 1.56 on
the anterior and 1.54 on the posterior piece. The dioptric power range is adequate to the purpose
of this work, since the model eye used calls for a 22D I0OL. The conic constants were limited to
negative values to ensure that the IOL surface is hyperbolic (conic constant less than -1), which
corresponds to the ideal profile for aspheric optical surfaces immersed in a medium of lower
refractive index. The lenticle diameter was restricted to within 0.8485mm and 2.2627mm to
guarantee that their surfaces together occupy a reasonable area of the Perifocal IOL, which is
limited by pupils with diameters within 2 and 4mm. This ensures that the optical effect caused by
lenticles does not prevail throughout the IOL surface nor is negligible. Although the lenticles were
set to be spherical, aspheric surfaces were also tested. However, the differences observed
between aspheric and spherical profiles were insignificant, because as their diameter are very
small compared to a usual IOL, the lenticles can be regarded as paraxial lenses, in which the
spherical aberration is considerably small.

The optimization problem was defined by the maximization of two distinct objectives:

® Objective 1: Area under the MTF curve with the object placed at infinity with a 5.0 mm
diameter pupil

e Objective 2: Area under the MTF curve with the object placed at 80cm with a 3.0mm
diameter pupil

In practice, objective 1 simulates night driving condition and objective 2 a situation of working
with a computer in an office, for example. In terms of dioptric power, objective 1 regards to +0D
and objective 2 to +1.25D, which is compliant to the difference between the two I0Ls
recommended by specialists for the modest monovision technique [18,20]. The area under the
MTF curve was calculated for spatial frequencies between 0 and 100lp/mm at polychromatic light
composed of 486, 546 and 633nm wavelengths, which correspond to the lower, the center and
upper peaks of blue, green and red cones sensitivity shown in Figure 2.2.

The MTF and CSF were multiplied point by point in order to obtain the highest MTF at the most
sensitive spatial frequencies to the human eye. The I0L optics diameter was fixed at 6.0mm and
the pupil considered was 5.0mm for objective 1 and 3.0mm for object 2. The Standards ANSI
Z80.30[111],1SO 11979-2 [112] and ISO 11979-9 [113] establish pupil diameters of 3.0 and 5.0mm
for IOL testing.

The optimization problem was subjected to five constraints (C,, C,, C3, C; and Cs):

e (Cy: The lenticle central thickness (ltsag) must be larger than 2um and lower than 20um. It is
calculated according to Equation 4.1, where Ry is the lenticle radius of curvature and d; its
diameter. This constraint is compliant to the lenticle fabrication method that limits and
avoids the lenticles to be too shallow or too deep.

41

e C,: The Perifocal 0L dioptric power must be within 21.8D and 22.2D. The I1SO and ANSI
Standards establish power tolerance for a 22D I0OL of £0.4D. The constraint C, determines
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power tolerance of £0.2D which is a half that tolerance established by the Standards. The
Perifocal I0L dioptric power @perifocar is calculated in diopters by Equation 4.2 [79]:

CDPerifocal = (DA + ('I)P - (0001 (DA' q)p.teff) 4.2

where @, and ®p are the anterior and posterior Perifocal IOL dioptric power in diopters
calculated by Equation 2.16 and tsis the effective lens thickness, given by (6 — 8)/
1.336. & and §" are calculated by Equation 2.17, with the parameter t equal to 0.45mm,
which is the thickness of the anterior and the posterior pieces of the Perifocal IOL. The
factor 0.001 was used to express tegr in millimeters and the dioptric powers @ in diopters
(1/m) in Equation 4.2.

® (C;: The area under the MTF curve with the object at 6m and 5.0mm pupil must be equal or
greater than 20.5. The value of 20.5°> was chosen based on the author experience to
ensure good visual acuity at 6m, which is the distance used in the clinical Snellen test.

® (;: Objective 1 must be greater than 16, in order to prevent the algorithm from reaching
biased results favoring the objective 2: a lens with excellent near vision and poor far
vision. The value of 16 was chosen based on the author experience®.

® Cs: Objective 2 must be greater than 16, in order to prevent the algorithm from reaching
biased results favoring the objective 1: a lens with excellent far vision and poor near
vision. The value of 16 was chosen based on the author experience®.

4.2.0PTIMIZATION RESULTS

The presence of multiple objectives in a problem, in principle, gives rise to a set of optimal
solutions (largely known as Pareto-optimal solutions), instead of a single optimal solution. In the
absence of any further information, one of these Pareto-optimal solutions cannot be said to be
better than the other [109]. The Pareto-optimal solutions found by NSGA-II are shown in Figure
4.1, where the solution on the set considered as the most appropriate to the problem is assigned.

> The value of 20.5 was the result of the author subjective evaluation regarding the quality of the image
formed by the lens. A psychophysical test was performed with the author where images formed by different
lenses in the same condition were analyzed. Optical systems with the area under the MTF curve greater than
20.5, in this condition, formed images with very good quality, which is exactly what the constraint Csis
ensuring. It is important to observe that if the same test were performed with different people, values other
than 20.5 would have been found.

> The value of 16 was the result of an author subjective evaluation regarding the quality of the image
formed by the lens. A psychophysical test was performed with the author where images formed by different
lenses in the same condition were analyzed. Optical systems with the area under the MTF curve lower than
16, in this condition, formed images with poor quality, which were not interesting for the purpose of this
work. It is important to observe that if the same test were performed with different people, values other
than 16 would have been found.
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The indicator used to decide which is the best lens on the set of solutions was based on the first
IOL in which the area under the MTF curve with 5.0mm pupil and the object placed at infinity is
greater than the area under the MTF curve with 3.0mm pupil and the object placed at 80cm. It is
important to observe that the criterion used favors the far vision with minimum compromise in
near vision. Although the Perifocal IOL has a balanced performance between far and near vision,
the resolution and, consequently, the contrast are smaller as the depth of focus increases. It is
important to observe that the criterion used to choose one IOL on the set of solutions might
change if the habits of the patient are studied before the surgery. For example, if a patient
performs more tasks that require near vision, then a Perifocal IOL for this specific individual should
have slightly higher performance at near vision (objective 2) than at far vision (objective 1).
Depending on the patient's habits, even the optimization objectives might alter, based on the
results of a daily registration of one's activities. This would lead to the concept of developing
personalized IOLs, where patients are given options to suit their lifestyle.

The pACD obtained for the Perifocal IOL was 4.99mm and its design parameters obtained by the
NSGA-Il optimization are shown in Table 4.2:

Table 4.2. Perifocal IOL parameters obtained by NSGA Il optimization.

Radius of Conic . Z location” L
Surface Thickness [mm] Refractive index
curvature [mm] | constant (K) [mm]
Anterior 19.69 -17.13 0.45 0 1.56
lens surface
Posterior
-18.89 -30.00 0.45 0.45 1.54
lens surface
Lenticles -159.81 - 3.8*10° 0.45 1.56

" The Z location is the longitudinal position of each component.
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The lenticles obtained by optimization have approximately 0.6% of the power dominant element
of the Perifocal I0OL, which is composed of the anterior and posterior lens surfaces. The lenticle
diameter was calculated as a consequence of its position from the center in order to guarantee
that the edge of adjacent lenticles intercept at the IOL center point, avoiding unwanted diffraction
caused by light passing through a small star-shaped aperture formed by the touching but non-
overlapping edges of the lenticles. The schematic diagram of the Perifocal IOL top view presenting

in detail the lenticle positions is shown in Figure 4.2.
Perifocal IOL schematic drawing

3mm pupil

4

lenticle 2 lenticle 1

P2, P4

Y pupil coordinate [mm]
(=}

T o,

lenticle 3 lenticle 4

5mm pupil
4

3 25 15 0 15 25 3
X pupil coordinate [mm]
Figure 4.2. Schematic diagram of the lenticles center position and diameter.

The location of the centers (p;, p2, ps and p,) of the lenticles obtained by NSGA-Il optimization and
their diameters are shown in Table 4.3:

Table 4.3. Lenticle center position obtained by NSGA Il optimization and diameter.
Surface — Center position — Diameter [mm)]
X position [mm] Y position [mm]
Lenticle 1 0.775 0.775 2.191
Lenticle 2 -0.775 0.775 2.191
Lenticle 3 -0.775 -0.775 2.191
Lenticle 4 0.775 -0.775 2.191

The Perifocal IOL was compared to four different commercial 22.0D monofocal I0Ls. Two of them
are negative aspheric I0Ls, one is a neutral aspheric IOL and the other is spherical. The average
amplitude of the spherical aberration of the human cornea is +0.27um over a 6mm diameter
optical zone. Spherical I0Ls contribute to increase the spherical aberration of the eye because, like
the cornea, they also introduce a certain degree of positive spherical aberration, the amplitude of
which depends on the magnitude of its refractive power. Negative IOL models are designed with a
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modified surface to have negative spherical aberration values to compensate for the positive
corneal spherical aberration. Neutral IOL models are designed to have null spherical aberration.
These IOLs neither introduce nor compensate corneal spherical aberration. These commercial IOLs
represent the main variations of monofocal lenses implanted currently. The commercial 10L
models are:

e Negative aspheric IOL with -0.27um of spherical aberration correction: (Tecnis Z9002

Advanced Medical Optics) ;
e Negative aspheric I0L with -0.20um of spherical aberration correction: (AcrySof® 1Q
SN60WF Alcon);

e Neutral aspheric IOL: (Miniflex Mediphacos);

e Spherical IOL: (OP-72 Mediphacos).
The final position (pACD) was optimized for each IOL model in order to achieve the maximum area
under the MTF curve with 5.0mm diameter pupil. Different IOL positions were obtained because
the location of the lens posterior principal planes is different from model to model since it
depends on the design parameters like radii of curvature, refractive index and central thickness. It
is observed that the pACD is larger for the spherical IOL, because in this case, the optimization
routine directs the lens slightly toward the retina in an attempt to reduce the spherical aberration
of the optical system composed of the eye and the IOL. By moving the IOL toward the retina, the
eye's dioptric power is somewhat decreased and consequently, spherical aberration is reduced.
On the other hand, it may introduce some defocus. The design data of the four IOL models tested
are presented in Table 4.4:

Table 4.4. Optical design data of the tested IOLs.
Parameters 0L Model
Tecnis 29002 SN6OWF Miniflex OP-72
Design Concept Negative aspheric Negative aspheric Neutral aspheric Spherical
Power [D] 22.0 22.0 22.0 22.0
Anterior Surface 6" order asphere Sphere Sphere Sphere
Radius [mm] 11.043 19.583 11.31 10.32
Conic Constant (K) -1.03613 0 0 0
2" order coefficient p,’ 0 0 0 0
4™ order coefficient p,’ -9.44*10™ 0 0 0
6" order coefficient ps -1.37*10° 0 0 0
Posterior Surface Sphere 6" order asphere Conic asphere Sphere
Radius [mm] -11.043 -20.000 -11.39 -22.41
Conic Constant 0 -33.227 -5.8 0
2" order coefficient p,” 0 -2.5%10" 0 0
4™ order coefficient p,’ 0 -1.7*10° 0 0
6" order coefficient ps 0 8.7¥10” 0 0
Optical diameter [mm] 6.0 6.0 6.0 7.0
Center Thickness 1.164 0.633 0.97 1.08
Refractive index 1.458 1.554 1.4613 1.492
Abbe number 42 37 58 57.44
pACD 5.42 5.84 5.83 5.98
"The coefficients are high order aspheric-terms (see Equation 4.3)
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4.3.SIMULATION RESULTS

Polychromatic MTF curves obtained for the Perifocal, Tecnis, SN6OWF, Miniflex, OP-72 IOLs are
shown in Figure 4.3 for 3.0 and 5.0mm pupils. The MTF curve was calculated considering the
object placed at infinity (+0D), 6m (+0.17D), 2m (+0.5D), 1m (+1D) and 80cm, (+1.25D). All MTF
curves were calculated with the 10Ls on the same condition, within the modified eye model
presented in Figure 3.7. The combined wavelengths considered to calculate the polychromatic
MTFs were 486, 546, and 633nm with equal weights.
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The Perifocal I10L features the lowest polychromatic MTF at 3mm for the object at infinity (+0D),
while the other lenses have very similar MTF values with slightly higher values for the Miniflex IOL.
Considering the object at infinity and 5mm diameter pupil, the Tecnis I0OL features the highest
MTF. The performance of the Perifocal IOL increases in frequencies above 40lp/mm, while for the
lower frequencies it has slightly lower values than the other models. The spherical IOL showed
smaller MTF values than both negative and neutral aspheric I0Ls, due to spherical aberration
impact. When the object is located at 6m (+0.17D) the Perifocal IOL obtained the highest MTF
values for high spatial frequencies for both 3mm and 5mm diameter pupil, indicating that an
individual with this IOL would perform better in a visual acuity test during an ophthalmologic
consultation. Both negative and neutral aspheric I0Ls showed higher MTF values than the neutral
and spherical 10Ls. The Perifocal IOL features the highest MTF for 3mm diameter pupil in
frequencies below 75Ip/mm with the object at 2m (+0.5D). At this condition, the negative aspheric
IOLs feature higher MTF than the neutral and spherical I0OLs. The Perifocal IOL is the most
advantageous I0OL for a +1D defocus (object at 1m). All other I0Ls showed similar lower MTF
behavior, while the Perifocal I0L features superior MTF values for all spatial frequencies and 3mm
and 5mm diameter pupils. At +1.25D (object at 80cm), the Perifocal IOL still features the highest
MTF for 3mm diameter pupil and for 5mm pupil it is superior on the lower spatial frequencies.
Neutral aspheric and spherical I0Ls showed very similar MTF curves, which suggests an individual
might not notice differences in contrast sensitivity between these two IOLs.

The polychromatic MTF through focus curve was obtained for the IOL models and is presented in
Figure 4.4 for a 3mm diameter pupil. The defocus range is OD when the object is located at infinity
to 1.5D when the object is placed at 67cm.
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Figure 4.4. Polychromatic MTF through focus curves obtained for each I0L model for 3mm diameter pupil at
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Figure 4.4 shows that the Perifocal IOL features larger DOF than the commercial 10Ls for 3mm
diameter pupil. The MTF through focus curves of the Perifocal I0OL reaches the zero for larger
defocus (object closer to the eye) than the other IOLs. However, when the object is far (defocus
next to 0), the commercial I0OLs present higher MTF value, indicating that these lenses will provide
sharper images for far vision. The aberration correcting 10Ls feature higher DOF than the spherical
and neutral aspheric I0OLs for 3mm diameter pupil. The neutral aspheric IOL has the highest
contrast for far vision. There are no significant differences between the DOF of the spherical and
neutral aspheric 10Ls, with small advantage for the second model. The higher the spatial
frequency, the lower the MTF for all models. When the object lies around 1m (+1D) or closer, all
commercial models have MTF through focus next to 0, indicating that an individual with any of
these 10Ls would not be capable of seeing clearly without additional spectacles, whereas the
Perifocal I0OL allows higher contrast levels.

The MTF through focus was analyzed for a 5mm diameter pupil and it is presented in Figure 4.5:
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Figure 4.5. Polychromatic MTF through focus curves obtained for each IOL model for 5Smm diameter pupil at
spatial frequencies in Ilp/mm equal to 20 (A), 30 (B), 50 (C), 100 (D).

Figure 4.5 shows that for 5mm diameter pupil, the Perifocal IOL features larger DOF than the
commercial IOLs at lower spatial frequencies, which consist of the peak of the human contrast
sensitivity (CSF, shown in Figure 2.6). It is observed that at lower frequencies the curves for the
MTF through focus of the Perifocal I0L are maintained at higher levels than the other IOLs as
defocus increases. However, when the object is far (defocus next to 0), the commercial IOLs
present higher MTF value, indicating that these lenses provide sharper images for far vision at
lower frequencies. At 50 and 100Ip/mm, the Perifocal and the negative aspheric |10Ls present, in
general, higher MTF through focus curves than the neutral aspheric and spherical IOLs. The MTF
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through focus oscillations at 50 and 100lp/mm indicates that some longitudinal planes will have
preferential foci in comparison to others along the optical axis, which are more evident at higher
spatial frequencies. The neutral aspheric and spherical showed similar and narrow DOF at 5mm
diameter pupil.

The Perifocal IOL was designed to provide an extended DOF in comparison to commercial
monofocal aspheric IOL. This IOL would allow an individual to perform some tasks that require far
vision and intermediate-to-near vision without using spectacles. However, the decrease in
contrast level in far vision consists of a loss that is inherent to the process of extending the DOF.
The loss of contrast and the DOF are evidenced in the peak and in the area under the MTF through
focus curve, respectively. The MTF through focus curves were obtained and are shown in Figure
4.4 and Figure 4.5, however in each figure, the analysis were restricted to only four specific spatial
frequencies in Ip/mm: 20 (A), 30 (B), 50 (C) and 100 (D). In order to assess a complementary
analysis containing MTF through focus at spatial frequencies ranging from 1 to 100lp/mm, a
hundred curves were obtained. Each curve was evaluated at one specific spatial frequency. These
curves were arranged together to form a surface where the y axis regards the spatial frequency
(ranging from 1 to 100Ip/mm), the x axis regards defocus (ranging from 0 to 1.5D) and the z axis
regards the MTF values. To calculate the MTF of the optical system considering the human
sensitivity to contrast, the Equation 2.9 must be used so that each MTF curve is weighted by the
CSF function. Figure 4.6 shows the MTF through focus surface contour for pupil diameters of 3mm
(left) and 5mm (right). Intermediate spatial frequencies correspond to the peak of the CSF function
of the human eye as it was shown earlier in shown in Figure 2.6).

MTF through focus surface at 3mm pupil MTF through focus surface at Smm pupil
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90
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Figure 4.6. Perifocal IOL MTF through focus surface contour for 3mm [left] and 5mm [right] diameter pupils.

Figure 4.6 shows that the highest performance of the Perifocal I0OL is obtained at low and
intermediate spatial frequencies, as indicated in the graphs lighter region. The Periocal 10L
features higher DOF at 3mm diameter pupil than at 5mm. The MTF at higher spatial frequencies
are close to zero because it has been weighted by the CSF function, which has the highest values
at low and intermediate spatial frequencies according to the human eye contrast sensitivity
function, shown in Figure 2.6.
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In order to assess the performance of the Perifocal IOL in comparison to the commercial 10L
models, the residual MTF through focus surface was calculated and it is shown in Figure 4.7.The
residual MTF through focus surface is calculated by the difference between the Perifocal and the
commercial IOLs MTF values weighted by the CSF function. Figure 4.7 shows the residual MTF
through focus surface contour for 3 and 5mm diameter pupil.



Residual MTF through focus surface
at 3mm pupil: [Perifocal - Tecnis]

Page|51

Residual MTF through focus surface
at 5mm pupil: [Perifocal - Tecnis]
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Figure 4.7. Residual MTF through focus surface for 3mm [left] and 5mm [right] diameter pupils. Negative
values regard to situations in which the MTF of the commercial IOL model is higher and positive values
regard to situations in which the MTF of the Perifocal IOL is higher.
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By the analysis of Figure 4.7 it is concluded that for lower spatial frequencies (between 10 and
50lp/mm) and defocus ranging from 0.5 to 1.5D, the Perifocal I0L features higher MTF values with
the major difference being approximately 0.4 for a 3mm diameter pupil. Considering lower
frequencies and smaller defocus values, the commercial |0OLs feature higher MTF values with the
major difference being approximately 0.2 for a 3mm diameter pupil. Although the commercial
models have higher MTF at small defocus at 3mm diameter pupil, it is observed that the area of
the graphs with positive values (where the Perifocal IOL has higher MTF than the commercial
models) is larger than the area with negative values (where the Perifocal IOL has smaller MTF than
the commercial models). This indicates that the trade-off between reducing contrast at infinity
(0D) and extending DOF was beneficial to the Perifocal I0L, since the benefits are larger than the
losses as indicated by the graphs shown in Figure 4.7. At 5mm diameter pupil, the Perifocal IOL has
higher MTF from approximately 0.5 to 1.5D at low and intermediate spatial frequencies. At smaller
defocus values, the Perifocal IOL and the commercial IOL had similar performance, but it was
observed a small region of MTF loss in comparison to Tecnis, SN6OWF and Miniflex on frequencies
close to 20lp/mm.

In order to provide a general analysis of DOF, the concept of focal range is introduced herein,
which consists of calculating the area under the MTF curve at each object position. The focal range
provides a complementary analysis of the optical system which is composed of all spatial
frequencies from 0 to 100lp/mm at each object position. However, the focal range does not allow
individual spatial frequency analysis of the MTF through focus, which are important to determine
precisely the visual acuity (i.e. 50lp/mm and 100lp/mm which regard 20/40 and 20/20 visual
acuities, respectively). The MTF through focus curves and the focal range together provides a
more complete analysis of the optical system performance because the first provides information
of MTF variation on individual spatial frequencies related to defocus and the second brings
information of the whole set of spatial frequencies related to defocus. The focal range was
calculated for 3mm and 5mm diameter pupil for the Perifocal and all commercial 10Ls and is
presented in Figure 4.8. In this work it was considered, to calculate the focal range, spatial
frequencies within 0 and 100 Ip/mm and object positions from infinity (OD) to 67cm (+1.5D).
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Figure 4.8. Polychromatic focal range calculated for each I0L model for 3mm [up] and 5mm [down] pupils.

By analyzing Figure 4.8, it is concluded that the Perifocal I0L provides larger focal range starting
from the object at 4m (+0.25D) for both 3mm and 5mm diameter pupil, with little compromise in
distant vision. The Perifocal IOL features the narrowest focal range between 0 and approximately
0.125D at 3mm diameter pupil. Tecnis and SN6OWF showed better performance than Miniflex and
OP-72 at 3mm diameter pupil. At 5mm diameter pupil all commercial IOLs are similar, while the
Perifocal IOL showed to have approximately equal or superior performance.

The MTF as a function of pupil size was calculated at 50lp/mm and 100lp/mm at five object
positions related to the viewer: infinity (+0D), 6m (+0.17D), 2m (+0.5D), 1m (+1.0D) and 80cm
(+1.25D).

Figure 4.9 shows the MTF response as a function of pupil size:
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Figure 4.9. Polychromatic MTF curves versus pupil diameter variation. From above: object at infinity (+0D),
6m (+0.17D), 2m (+0.5D), 1m (+1D) and 80cm (+1.25D), for 50lp/mm [left] and 100Ip/mm [right].
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With the object at infinity, the Perifocal IOL showed the lowest MTF for pupil diameter smaller
than 3mm at 50lp/mm. On this condition, the aberration correcting IOLs showed the highest MTF
followed by the neutral and spherical IOLs, respectively. For pupil diameter between 3 and 4mm,
Miniflex showed the highest MTF at 50Ip/mm followed by OP-72. At 100lp/mm and the object at
infinity, the aberration correcting 10Ls performed better in general and the Perifocal IOL showed
the smallest MTF, although with less variation with pupil size. When the object is at 6m, the
Perifocal 10L showed the best MTF for pupils larger than 2mm at 100lp/mm. The aberration
correcting I0Ls still performed better than the neutral and spherical 10Ls, with advantage to the
Tecnis IOL, which has larger spherical aberration correction of 0.27um against 0.20um from
SN60WF. With the object at 2m the Perifocal IOL stands out on smaller pupils, followed by Tecnis
and SN60OWF, while Miniflex and OP-72 showed smaller MTFs on this condition. For larger pupil,
Tecnis had the best performance for both 50 and 100lp/mm. At 1m and 80cm the Perifocal IOL
had the largest MTF. Tecnis and SN60WF had better performance than Miniflex and OP-72 for
small pupils.

All IOLs are pupil dependent and Tecnis and SN60OWF showed to be superior than the neutral and
spherical 10Ls, indicating that the correction of spherical aberration plays an important role in
increasing contrast sensitivity. In general, the neutral and the spherical 10Ls showed lower MTF,
which suggests that there is no significant improvement between designing an aberration-free or a
spherical IOL.

Although the Perifocal IOL presented the highest DOF, it has the smallest MTF for the object at
infinity and small pupils, but its optical performance presented improvements when the pupil is
larger. From these observations it is concluded that besides attempting to minimize the contrast
loss for far objects, there is a tradeoff between extending DOF and distant vision quality.

A simulation of images formed by each optical system composed of the eye model and the IOLs
was carried out. The simulation considered images formed under defocus conditions of 0D, 0.17D,
0.5D, 1.0D, and 1.25D, consisting of situations where the object is placed at inﬁnity24, 6m, 2m, 1m
and 80cm from the optical system, respectively. The target images were simulated for
polychromatic light (A =546nm, 486nm and 633nm) considering pupil sizes of 3 and 5mm. The
images shown in Figure 4.10 and Figure 4.11 are representations of a target image with three
rows of three letters, where the contrast level is different in each row. This image is known as the
Pelli-Robson Contrast Sensitivity Chart. The letters in the upper, middle and lower rows have high,
average and low contrast, respectively. The size of each letter at 6m is 8.73mm, in order to be
compliant to the dimensions of the letters on the 20/20 row of the Snellen Chart used in clinical
visual acuity test. The size of the letters at infinity, 2m, 1m and 80cm are proportional to that
simulated at 6m, being 145mm, 2.91mm, 1.46mm and 1.16mm, respectively. Figure 4.10 and
Figure 4.11 show simulations of the Pelli-Robson Contrast Sensitivity Chart for 3mm and 5mm
diameter pupil, respectively.

% The simulations of the images in this work considered infinity as 100m.
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Figure 4.10. Image simulation result for 3mm diameter pupil: Pelli-Robson Contrast Sensitivity Chart.

By analyzing Figure 4.10 it is concluded that the Perifocal I0L had the best performance at 3mm
diameter pupil, because it obtained sharp images for the object at all simulated distances. It was
the only IOL capable of forming sharp images for the object at 1m and 80cm. Miniflex and OP-72
obtained similar recognizable images only at infinity and 6m. Tecnis and SN60WF had similar
performances with sharp images at infinity and 2m. It is also possible to conclude that the depth of
focus is more critical to the letters on the third row, since it features the lowest contrast level
condition that was simulated. As the object approaches the viewer, the letters on the third row
tend to become unrecognizable earlier than the letters on the second row, which is followed by
the first row.
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Figure 4.11. Image simulation result for 5mm diameter pupil: Pelli-Robson Contrast Sensitivity Chart.
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The simulation results on Figure 4.11 showed that Tecnis IOL had the sharpest image for the object
at infinity, followed by the Perifocal IOL. Tecnis and SN60WF obtained sharp images for the object
at infinity and at 2m. However, these lenses provided images more blurred at 5mm pupil for closer
objects, which indicates that an individual with these IOL models would be compromised in
situations like reading at night and doing the makeup, for example. The Perifocal IOL obtained
sharp images at infinity, 6m, 2m and 1m, although at 80cm, it yielded a blurred image. Miniflex
and OP-72 obtained recognizable images in all distances tested, but with significant blur and
scatter at 2m, 1m and 80cm, which prevents the perception of fine details in a scene. The blur
effect in distorting the image is more evident where the letters have low contrast (third row).
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In order to analyze a scene with more details, more contrast levels and a larger range of spatial
frequencies than single letters, a simulation of the Mona Lisa painting was performed for each IOL
model at 3mm, shown in Figure 4.12 and at 5mm diameter pupil, shown on Figure 4.13. The
simulations were performed with polychromatic light (A =546nm, 486nm and 633nm). The object
distances considered on the simulations were: infinity, 6m, 2m, 1m and 80cm. The raw size of the
image of the Mona Lisa is 113.7mm, which is about thirteen times the size of each letter shown in
Figure 4.11 on the 0.17D (6m) column. However, the size of these images should not be the only
limiting factor to analyze contrast sensitivity. According to Holladay [114], "not being able to see
things at low contrast can be debilitating , causing patients to miss steps, increasing the risk of falls
and severely affecting nighttime driving ability. A patient who is able to see a high-contrast street
sign in broad daylight may not be able to detect a gray truck on a highway in the fog". In Figure
4.12 and Figure 4.13 it is important to observe the details and the difference in contrast
throughout the scene.

oD 0.17D 0.5D 1.0D 1.25D
(Infinity) (6m) (2m) (1m) (80cm)

e R e R A
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3 R R e
R e i R

Figure 4.12. Image simulation result for 3mm diameter pupil: Mona Lisa.
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By analyzing Figure 4.12, it is observed that the Perifocal IOL is the only model that allows Mona
Lisa face recognition at all simulated distances at 3mm diameter pupil. Tecnis and SN60WF
obtained similar images with good quality at infinity, 6m and 2m. At 1m and 80cm both models
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obtained blurred images, which allows the detection of the contours only. Miniflex and OP-72
obtained sharp images only at infinity and 6m. At 2m, 1m and 80cm these models obtained

blurred and distorted images which allows the detection of the contours only.
oD 0.17D 0.5D 1.0D 1.25D
(Infinity) (6m) (2m) (1m) (80cm)

Perifocal

Tecnis

Miniflex SN60WF

OP-72

Figure 4.13. Image simulation result for 5mm diameter pupil: Mona Lisa.

By analyzing Figure 4.13, it is observed that the Perifocal IOL obtained sharp images at infinity, 6m,
2m, 1m. At 1m it obtained the sharpest image among all models. Like all models, it obtained
blurred image at 80cm, allowing the detection of the contours only. Considering solely the images
at 80cm, the Perifocal and OP-72 obtained slightly better images, while still blurred. Tecnis and
SN60WF obtained similar images with good quality at infinity, 6m and 2m. At 2m, Tecnis yielded
the sharpest image among the models and at 1m and 80cm both models obtained blurred images,
which allows the detection of the contours only. At 1m, SN60WF obtained a slightly less distorted
image than Tecnis. Miniflex and OP-72 had the worst performance at 5mm diameter pupil,
allowing Mona Lisa face recognition only at infinity and 6m. At 2m, 1m and 80cm these models
obtained blurred and distorted images which allows the detection of the contours only. It is
evidenced that the image scatter associated with these two last models that was observed in
Figure 4.11 compromises the perception of details in an image. Although blurred, Miniflex and OP-
72 allowed identification of the single letters in Figure 4.11, but these models obtained more
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compromised and distorted images for one scene or a part of it having more details, like the face
of Mona Lisa, shown in Figure 4.13 that could not be recognized with these two IOL models at 2m,
1m and 80cm.
By analyzing Figure 2.14, the luminances associated with 3 and 5mm diameter pupil are
approximately within the interval from 10° to 10° cdm™. Considering solely 3mm diameter pupil,
the associated luminance is within the interval of 10° to 10° cdm™. The Perifocal 10L might be
advantageous in relation to the commercial IOLs considering contrast at 3mm diameter pupil and
intermediate-to-near vision. By analyzing the data provided in Table 2.2, it is possible to conclude
that this IOL would be preferable to perform some daily activities such as:

e work in an office;

® use a tablet under 50% to 100% white color brightness;

® use a computer (LCD monitor);

e watch TV;

¢ handle a mobile phone (smart phone).

4.4.TOLERANCE ANALYSIS

The typical manufacturing tolerances shown on Table 2.1 were used as a starting point to
determine each Perifocal IOL parameter variation limit. However, the values shown on Table 2.1
regard to a 50mm diameter lens while the Perifocal I0L features 6mm diameter. In order to make
the tolerance analysis compliant to a component with the Perifocal IOL dimensions, the values
shown on Table 2.1 must be proportionally converted to a 6mm diameter lens, because higher
sized components are more sensitive to parameter change (i.e. supposing a plano-convex lens
with 20mm radius of curvature and conic constant equal to -15: the sag deviation caused by 1 unit
change on its conic constant is about 150 times larger on a 50mm than in a 6mm diameter lens).
The aspheric profile tolerance is related in this work to the sag variation caused only by a conic
constant departure from its nominal value. The exact conversion of the conic constant from 50mm
to 6mm is not straightforward because it is not directly proportional to the lens diameter only: it
depends on the other parameters that are being tolerated at the same time like the diameter, the
radius of curvature and the conic constant itself. A satisfactory, but not exact conversion factor for
aspheric profile is obtained by the ratio of the square of the diameters (6>/50°). This conversion
factor is obtained from the approximate sag equation: D?/8R,. By maintaining the radius of
curvature R, constant, the sag ratio between lenses with different diameter (D, and D,) is equal to
the ratio of the square of the diameters (D:%/D,%). The conversion factor was tested on the
Perifocal IOL and the differences obtained from an exact conversion were significantly small. A
linear factor defined by the ratio of the diameters (6/50) was used to convert the lens wedge and
diameter tolerance values from 50mm to 6mm diameter lens. The edge thickness absolute
difference and the diameter variation are directly proportional to the lens size: the higher the
diameter, the higher the edge thickness and diameter deviation from their nominal values. The
conversion factor for the radius of curvature is equal to 1 because it depends only on the
manufacturing process precision with no relationship to the component size.
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Table 4.6 shows the typical commercial manufacturing tolerances presented on Table 2.1, the
conversion factor used to adequate the component size from 50mm to 6mm diameter and the
resulted tolerance values after being converted to 6mm diameter. The analysis of tolerance
performed in this work considered only commercial quality attribution because it has the widest
error range yielding more conservative results, besides being easier to fabricate.

Table 4.5. Manufacturing tolerances for 50mm and 6mm diameter lenses

Parameter Tolerance at 50mm Conversion factor Tolerance at 6mm
Radius of curvature [%] +0.2 1 +0.2
Diameter [mm] 10.1 6/50 +0.012
Wedge lens [mm] 0.05 6/50 0.006
Aspheric profile [im] +25 36/2500 +0.36

In order to obtain the conic constant boundaries as a function of the sag variation determined by
the aspheric profile tolerance, Equation 4.3 is used as a starting point [83]. Equation 4.3 describes
a rotationally symmetric aspheric surface,

1 2
G + > App* 4.3
1+ J1 —(K+1). (1/R)2.r2 i=1

where Z is the aspheric profile (sag), R is the radius of curvature, r is the radial distance from the

Z(r) =

vertex of the surface, K is the conic constant, and A; are the higher order aspheric terms[83].
However, the standard aspheric surface, defined by a simple conicoid, where the terms A; are null
(the case of Perifocal 10L) has been successfully used to correct aberrations in a wide variety of
systems [115,116].
Solving Equation 4.3 in terms of the conic constant K, where D is the lens diameter, given by two
times the maximum radial distance® (r in Equation 4.3) from the vertex of the surface yields:
2
K(Z)=;—22+%—1 4.4

Differentiating Equation 4.4 with respect to Z results in:

0K D* 2R

9z 273 1%
The parameter 0Z regards the sag deviation of +0.36um, shown on Table 4.5 and dK is the conic

4.5

constant variation needed to produce changes equal to dZ on the lens aspheric profile. The conic
constant variation is calculated by Equation 4.5 if dZ is known.

The radius of curvature of the lenticles are subjected to the process of microfabrication tolerances
on the designed sag (o), defined by Equation 4.6 [108], where o; represents the intrinsic
roughness due to the nature of the etching process and o, the structural approximation error:

or = 02+ 0g? 4.6

25 . . . . . . .
Twice the maximum radial distance (lens diameter) is used because it relates to the worst case for the
tolerance analysis, where the maximum variation of the sag is achieved due to conic constant variation.
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The tolerance of the radius of curvature calculated by sag variation is given by calculating Equation
4.1 in terms of the radius of curvature shown in Equation 4.7 and differentiating it with respect to
Itgag as it is shown in Equation 4.8:

dlt2 Itsac
Rit(Itsag) = g5 4.7
t 8.ltsag = 2
ORy _ dy” 4 1 48
Atspac ) '
SAG 8. ltSAG

The parameter dltgag regards the sag deviation, defined by o, in Equation 4.6, and dRy; is the
lenticle radius of curvature variation needed to produce changes equal to dltgag on the lenticle
sag. The lenticle radius of curvature variation is calculated by Equation 4.8 if dltg,g is known. The
literature reports values of 17.5nm for o5 and 25nm for o; to be used in Equation 4.6. To conduct a
more conservative analysis, the values used in this work for o5 and o; were twice those reported
in the literature. Because Equation 4.6 is related to the microfabrication tolerance in a laboratory,
the value found for o, doubled, in order to arbitrarily take into account uncertainties concerning
an industrial environment for batch production, as the temperature accuracy of the etch solution;
the concentration and ageing of the solution; and the reuse of the solution with increasing
concentration of silicon.

The Perifocal IOL parameter boundaries are shown on Table 4.6:

Table 4.6. Perifocal IOL manufacturing parameter variation range

Parameter Theoretical design Lower boundary | Upper boundary
values

Anterior radius of curvature [mm] 19.69 19.65 19.73
Posterior radius of curvature [mm)] -18.89 -18.93 -18.85
Lenticle radius of curvature [mm] -159.81 -165.26 -154.36

Diameter [mm] 6.00 5.99 6.01

Anterior conic constant -17.13 -17.50 -16.75
Posterior conic constant -30.00 -30.42 -29.58

Lens Wedge [mm] 0.00 0.00 0.006

The center thickness variation was determined by the changes on the lens diameter, radii of
curvature ant conic constants on anterior and posterior side, according to Equation 4.3. The center
thickness variation boundaries as a function of parameters change is approximately £2.9um.
The tolerances proposed in this work were compared to available precision of two of the major
commercial CNC lathes currently available, in order to assure that they are consistent to the I0L
manufacturing in practice:

e lathe 1[117]: +2um radius of curvature, £2.5um center thickness, +5um diameter.

e Llathe 2 [118]: 5um radius of curvature, £2.5um center thickness, +5um diameter.
Both lathes are capable of manufacturing optical components with smaller tolerances than those
proposed in this work, indicating that the analysis are being more conservative because they
consider a wider parameter variation range.
The refractive index was not included in the tolerance analysis, but it may vary between material
batches. A common practice in industry is to measure it before fabricating the IOL and then
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perform small adjustments on the lens parameters in order to compensate for the material
refractive index variation. However, the refractive index variation should be included in a
tolerance analysis in future work.

After determining parameters interval of variation, a set of 500 lenses was created with the
combination of different random disturbances on each parameter, in order to simulate the
manufacturing errors. Each lens was created with parameter variation within its previously
assigned tolerance range. MTF curves were obtained for each lens with the object at infinity and at
80cm , with 3mm and 5mm diameter pupils. In order to analyze the clinical impacts of these
manufacturing errors, myopia and hyperopia were introduced on the theoretical Perifocal 10L
design, as a basis of comparison. Because myopia compromises distant vision, it was introduced
when the object was placed at infinity, and hyperopia when the object was placed at 80cm as it
impairs near vision. Two degrees of those refractive errors were introduced: 0.25D and 0.5D. The
main goal of the refractive errors analysis is to evaluate if the manufacturing errors would lead to
spectacle correction for a patient after being submitted to cataract surgery and I0OL implantation.
Spectacle correction would be necessary only if the MTF had decayed to levels equal to or lower
than the curves that include refractive error.

Figure 4.14 shows the MTF variation caused by manufacturing errors (gray shaded area), the MTF
of the Perifocal IOL theoretical design (black solid line), 0.25D and 0.5D of introduced myopia
(dotted and dashed black lines) for the object placed at infinity with 3mm (up) and 5mm (down)
diameter pupil.
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Figure 4.14. MTF variation caused by manufacturing errors for 3mm [up] and 5mm [down] diameter pupil
with the object placed at infinity. The dotted and dashed curves represents 0.25D and 0.5D of myopia,
respectively.

By analyzing Figure 4.14 it is concluded that although the manufacturing errors cause MTF
changes, they might yield lenses with slightly higher MTF than the theoretical design for the object
at infinity. The lens project is considered robust, because the theoretical design results in MTF
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curves (black lines) sufficiently close to the maximum MTF curve obtained by the tolerated lenses
(gray lines). The MTF is more sensitive to manufacturing errors in spatial frequencies above
50lp/mm for 5mm diameter pupil, while the variation maintain approximately constant for 3mm
diameter pupil. It is important to observe that the manufacturing errors affect contrast more in
higher frequencies. However, these errors have less impact on a patient vision because the
contrast in higher frequencies is already lower in comparison to lower and intermediate
frequencies, which are closer to the peak of the CSF function. The higher the myopia amplitude,
the larger the MTF degradation for both 3mm and 5mm diameter pupil, showing that this
refractive error impairs contrast sensitivity at distant vision. It is evident that MTF changes with
the introduction of manufacturing errors. However, the variations are not sufficient to result in
spectacle correction needs for distant vision, because the MTF curve does not decrease the
contrast to levels of 0.5D even 0.25D of myopia.

Figure 4.15 shows the MTF variation caused by manufacturing errors (gray shaded area), the MTF
of the Perifocal IOL theoretical design (black solid line), 0.25D and 0.5D of introduced hyperopia
(dotted and dashed black lines) for the object placed at 80cm with 3mm (up) and 5mm (down)
diameter pupil.
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Figure 4.15. MTF variation caused manufacturing errors for 3mm [up] and 5mm [down] diameter pupil with
the object placed at 80cm. The dotted and dashed curves represents 0.25D and 0.5D of hyperopia,
respectively.

Figure 4.15 shows that the curves vary in function of manufacturing deviations, yielding higher or
smaller MTF in comparison to the theoretical design. The lens project is considered robust,
because the theoretical design results in MTF curves (black lines) are sufficiently close to the
maximum MTF curve obtained by the tolerated lenses (gray lines). The higher the hyperopia
amplitude, the larger the MTF degradation for both 3mm and 5mm diameter pupil, showing that
this refractive error impairs contrast sensitivity at intermediate-to-near vision. Considering the
object at 80cm, the MTF variation as a function of manufacturing errors are sufficiently small and
would not result in spectacle correction needs for intermediate-to-near vision, because the MTF
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curve does not decrease the contrast to levels of 0.5D or even 0.25D of hyperopia. The MTF is
more sensitive to manufacturing errors in distant vision with 5mm diameter pupil, suggesting that
night driving condition would be the most affected situation. However, the impact would not be
clinically noticed by an individual, because 0.25D is the smallest spectacle correction prescription
currently available and the MTF variation is not high enough to reduce the contrast sensitivity to
levels compared to 0.25D of myopia.

Figure 4.16 shows the area under the MTF curve obtained by the 500 analyzed lenses considering
the object at infinity and at 80cm for 3mm and 5mm diameter pupils. The area under the MTF
curve of 0.25D and 0.5D of myopia and hyperopia is plotted to allow comparison.
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Figure 4.16. Comparison between the areas under MTF curve for the tolerated lens for 3 and 5mm diameter
pupil: object placed at infinity versus 0.25D and 0.5D of myopia [left] and object placed at 80cm [right]
versus 0.25D and 0.5D of hyperopia.

By analyzing Figure 4.16 it is concluded that none of the tolerance randomized lenses (shown on
the boxplots) obtained contrast levels with the area under the MTF curve below 0.25D or 0.5D of
refractive errors. The deviations would not demand the use of spectacles, since the fabrication
errors cause much less variation on the area under the MTF curve than the smallest correction
prescription practiced (0.25D). Neither distant vision nor intermediate-to-near vision would be
compromised by the manufacturing errors, confirming that the Perifocal 0L is clinically feasible.
The tolerance analysis and the comparison with commercial lathes allowed us to conclude that
besides being clinically feasible, the Perifocal IOL can also be manufactured.
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5. CONCLUSIONS

This study describes the design of an IOL with extended depth of focus, herein denominated
perifocal. The Perifocal IOL was tested and compared to four commercial monofocal 10Ls, where
three lenses are aspheric and one is spherical. Two aspheric I0Ls have negative spherical
aberration of -0.27um and -0.2 um and one is neutral. The IOLs were tested in a modified
computational eye model to render the results closer to an actual IOL implantation.

Commercial aspheric 10Ls are usually designed for far vision and compensate for the total or
partial spherical-aberration component or do not introduce any, yielding sharper images, but
featuring narrow depth of focus, and consequently depth of field. Therefore, individuals with
these lenses require the use of additional spectacles to perform activities demanding near focus.
The Perifocal I0L was optimized to yield both high contrast and extended depth of focus in order
to reduce the spectacle dependence, inherent to the conventional monofocal I10Ls, without
sacrificing the contrast.

Computer simulations were performed with the optical design software Zemax®. Blue, green and
red wavelengths were considered in the tests in order to include chromatic dispersion in the
analysis. All IOLs were designed for the same dioptric power (22D). The metric used to evaluate
contrast was the MTF through focus. Although the Perifocal IOL presented a lower MTF curve for
far objects than some of the commercial 10Ls, the depth of focus was larger. The extended depth
of focus produced a considerable additional power of approximately 1D for intermediate spatial
frequencies that correspond to the peak of the human contrast sensitivity function.

The Perifocal I0L has also been shown to be an alternative to be deployed in the monovision
implant technique. Ophthalmologists have reported that the dioptric power difference between
the two IOLs, implanted in different eyes, should be approximately 1.25D in order to avoid
asthenopia and reduction of stereoacuity. The dioptric power difference of 1.25D is compliant to
the range of additional power provided by the Perifocal IOL. It is concluded that with the Perifocal
I0L, the dioptric power difference in monovision could be higher, so individuals would be able to
see closer without spectacles and not experiencing the discomfort caused by the IOL power
imbalance.

By analyzing the pupil diameter as a function of the luminance for different light sources, the
Perifocal IOL might be advantageous to perform some intermediate-to-near tasks in comparison to
the commercial IOLs. In addition, it yields just a slight loss of contrast compared to the commercial
IOLs for far vision.

Bifocal 10Ls provide additional near power between 3 and 4 diopters allowing individuals to read
without spectacles. However, due to the high additional power, individuals may experience halos,
glare and reduced contrast, which might be uncomfortable. Due to the lower additional power,
the Perifocal I0OL does not present these drawbacks inherent to bifocal IOLs and, when implanted
with the monovision technique, individuals might be able to read without near glasses.

The fabrication process of the Perifocal IOL requires an additional step to that of the conventional
monofocal I0Ls, because it needs two separate bonded pieces, which may be very sensitive to
misalignments that could compromise its optical performance. However, all commercial 10Ls are
subjected to the same manufacturing errors analyzed in this work, except for the microfabrication
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process step of the Perifocal IOL lenticles. Because of the foldable consistency of the Perifocal 10L
material, it would require a smaller incision than rigid PMMA |OLs, like OP-72, for the implant.

This study also evaluated the mathematical derivation of the complete equations of the depth of
field, depth of focus and hyperfocal distance for thick lenses. All of the equations were validated
with Zemax® simulations. These equations present analytical functions where it is possible to
evaluate the contribution of each lens design parameter. These equations can also be
incorporated into any code or algorithm to analyze the optical performance of lenses providing a
more comprehensive understanding of lens design.

Considering the state-of-the-art intraocular lenses, there is no such IOL that is able to perform
perfectly all the functions of the crystalline lens of the natural eye. This would require the
development of a smart lens in order to reproduce the crystalline lens accommodation
mechanism. Although there are some pseudo-accommodative lenses available on the market,
monofocal and bifocal lenses are still the most implanted lenses. Since these lenses are static (do
not present any accommodation), there will always be some inherent disadvantage in comparison
to the crystalline lens. It is concluded that increasing the depth of focus of a static lens will always
cause loss of contrast.

It is expected that this study will strengthen the knowledge between the areas of ophthalmology
and engineering. This study may also favor the collaboration between professionals of distinct
areas due to its multidisciplinary nature. The approximation of ophthalmologists and engineers
has an enormous potential for the development of more effective solutions and products with
higher aggregated value.
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6. PROPOSED NEXT STEPS

This section discusses some proposed next steps for the continuity of this study:

Fabrication of the Perifocal I0L. This action will require the investigation of the most
appropriate manufacturing method which can be performed by either a CNC lathe or
microfabrication techniques based on etched silicon molds.

Design an optical setup to characterize the Perifocal IOL and the commercial IOLs using a
proper optical bench, optomechanical and optical components. This action will require
the development of a physical model eye with the optical characteristics of the
computational eye model used in this study. The optical setup should evaluate
aberrations, effect of misalignment of the lenticles, impact of fabrication errors on the
optical performance, depth of focus and the resulting images of the I0Ls in order to
compare to the results presented so far in this study. The results of the polychromatic
analysis depend on the spectrum of the light source used.

Simulation analysis of the IOL performance considering its placement and alignment in the
eye. This simulation would help to evaluate the impacts of IOL tilt and vertical/horizontal
and longitudinal displacements within a model eye.

Tolerance analysis considering refractive index variation.

Investigate and calculate practical examples associated to spatial frequency intervals. The
relationship between the low, intermediate and high spatial frequencies to practical
activities like using computers, smartphones, reading newspapper and traffic signs,
playing chess and checkers might be helpful information to lens design optimization.
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APPENDIX
In this section, it is presented the mathematical deduction of some equations used in this work.
The equations presented here were compared with computational simulation in Zemax®. The

deduction and validation of this set of equations are part of this work.

Depth of focus and magnification:

Figure 0.1 shows a schematic diagram of a thin lens, where D is the lens diameter, DOF is the
depth of focus, s, and s; are the object and the image distances. D, DOF, s, and s; are given in
millimeters.

Figure 0.1. Schematic diagram of a thin lens.

From similar triangles (RTU and VXU) it is known that:

D ¢
S_i ~ DOF 0.1
2
2.s5.C
DOF = 0.2
D
Starting with the thin lens equation, where f is the lens focal length:
1 1 1
—=— 4= 0.3
f sg s
s;and f can be given as:
So.f So- Si
5= — and f=—"" 0.4
So—f So T Sj
Replacing s; from Equation 0.4 in Equation 0.2 yields:
f sq
DOF = 2.c.—. 0.5
D s,—f

The F-number (F;) is defined as the ratio f/D. Replacing the ratio f/D in Equation 5 by the F; yields:
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DOF = 2.c.Fy. %o 0.6
So—f

Replacing f from Equation 0.4 in Equation 0.6 yields:

S0
DOF = 2.c. F#T 0.7
DOF = 2.c.F So
T T X 5.5 — Sg.5; 0.8
So T Sj
So- (Sg + S
DOF = 2.c.Fy, 22 S 50 09
S0
S.
DOF = 2.c.F,. (1 + s—‘) 0.10

o

Thick lens s; as a function of the object vergence OB;:

The vergence of any object varies with its distance from the optical system. The larger the
distance, the smaller the object vergence. An object located at 1m from a single lens will yield a
vergence of -1D at the lens plane. A vergence of -1D can also be obtained by adding a -1D paraxial
lens right before the lens, since the object is maintained at infinity (vergence 0D). The effect of
shifting the object or varying the power of a paraxial lens added in front of the optical system is
exactly the same. It is known that when the object is located at infinity, than the distance between
the image and the lens is exactly equal to the lens back focal length (BFL), which in this case is
equal to f+ 8¢y - If the object is not located at infinity, than BFL of the optical system composed
of the combination of a paraxial lens and a single lens will be given by [27]:

(Slens - fparaxial)
81ens - (flens + fparaxial)

where fins and fo.raxa are the focal length of the lens and the paraxial lens that represents the

BFL = figps.

+ 8% lens 0.11

object, respectively and ;o5 and 6% cps are the location of the anterior and posterior lens
principal planes. Siens, 8 1ens, fiens aNd fparaxia MUst be given in the same unit. When the object is at
infinity, s;is equal to f+ 8" 5. Otherwise, fyaraxial IS €qual -s, and s; is given by Equation 0.12:

s = f (‘Slens + So)
i = flens-
' ens Slens - flens + So

+ 6" lens 0.12

In order to extend the calculation of s; for any object distance s,, including infinity, a conversion of
focal distance to dioptric power must be performed. The dioptric optical power is given in diopters
by ®=1000/f with f given in millimeters. OBJ is the object vergence in diopters given by -1000/s,,
with s, in millimeters. Replacing the focal distances in Equation 0.12 by optical power yields:
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1000

~ 1000 (51ens ~ 0B ) N o3

5= o 1000 _ 1000 ' © lens :

Slens B cI)lens B OB]
OBJ. 815 — 1000

_ 1009 e +8 0.14

51T Pons’ Plens. OBJ. Sjens — 1000.0B] — 1000, Props . lenS '

q)lens- OB]

. — 1000 (—=1000 + 8jens. OBJ) s ois
: "®jens OBJ. 8jens — 1000.0B] — 1000. ®og 161 '

1000 — 8)0p5. OBJ
S; =
1™ ®ops + OB] — 0.001. ®ps. OBJ. 8ons

If the object is at infinity than OBJ is equal to 0 and s; is given by fie,+6*|ens-

+ 8% lens 0.16

Depth of field:

Considering the situation shown in Figure 0.2, where s, is the distance between the object that is

in focus and the lens and s; represents the distance between the lens and the image plane.
Lens

Image
plane

. .. Optical
) axis

Figure 0.2. Schematic diagram used to calculate d,ca-

drear is the object position that yields a spot on the image plane with diameter equal to the
permissible circle of confusion ¢ and D is the lens diameter (only a half of the light cone is
represented in Figure 0.2). Figure 0.2 shows that triangles RVU and STU are similar. From similar
triangles it is known that:

D c
= 0.17
Sinear Sinear - Sl
D. Si
= 0.18

D —C - Sinear
SiearlS Calculated by Equation 0.16 where @ and OB, are lens dioptric power and the vergence

of the near object, both given in diopters. 6 and " are the location of the anterior and posterior
lens principal planes in millimeters.
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_ [ 1000 — 8. 0Bpear
Sinear = |G + OB, gap — 0.0018. . 0B onr
Combining Equations 0.18 and 0.19:

] + 6" 0.19

D.s; 1000 — 8. 0Bpeqr
= ] + &* 0.20
D—c l® 4 0B,eq — 0.001.8.P. 0B car
D.s;i—8".D+8".c [ 1000 — 8. OBear ] 021
D-c " L& + OBpeqar — 0.001.8.D. 0B ey '

®.(D.s; — 6".D+ 6".¢c) + OBpear- (D.s; —8".D + 8. ¢)
—0.001.8.®.0B s (D.s; — 6°.D + §*.C) 0.22

= 1000.(D —c) — 86.0Bpear- (D — )
OBjear- (D.s; — 8".D + 8*.c) — 0.001.8. . OB ear- (D.5; — 8*.D + 8. ¢)

+ 8.0Byeqr. (D —c) = 1000.(D — ¢) — ®.(D.s;—8*.D+58%¢c) 2
OBpear- [(D.s; — 8*.D + 8%.¢). (1 — 0.001.5.d) + 8. (D — ¢)] 0.24
=1000.(D — ) — ®.(D.s; — 8*.D +6°.¢) '
1000.(D—c¢) — ®.(D.s;—8".D+8".c)
OB,ear = 0.25

(D.si—8.D+8".¢).(1 - 0.001.8.9) + §(D — ¢

A conversion from the object negative vergence in diopters to object distance in millimeters must
be performed to calculate d,ear in millimeters:

1000 (D.s;—6".D+6".¢).(0.001.6.® —-1) — 6.(D—¢)
= 1000. 0.26
1000.(D —¢) — ®.(D.s; — 6*.D + &*.¢)

Considering the situation shown in Figure 0.3, where s, is the distance between the object that is

dpear = —
near

in focus and the lens and s; represents the distance between the lens and the image plane.
Lens

Image

plane

U _ _ Optical
' axis

Figure 0.3. Schematic diagram used to calculate ds,,.

ds,r is the object position that yields a spot on the image plane with diameter equal to the
permissible circle of confusion ¢ and D is the lens diameter (only a half of the light cone is
represented in Figure 0.3). Figure 0.3 shows that triangles RVT and UTS are similar. From similar
triangles it is known that:

D o
= — 0.27
sifar Si sifar
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D.s;

D—+C = Sj.. 0.28
Sig,, IS calculated by Equation 0.16, where @ and OBy, are lens dioptric power and the vergence of
the far object, both given in diopters. & and 3" are the location of the anterior and posterior lens
principal planes in millimeters.

1000 — 8. 0By

frar = [cp + OBp,y — 0.001. 6. ®. OBpyy

Combining Equations 0.28 and 0.29:

] + 8" 0.29

D 1000 — 8. OBg,,
.Sj = [ ] + 6" 0.30
D+c ® + OBy — 0.001.8. . OBgyy
D.sj—8".D—-8"c [ 1000 — 8. OBgyyr ] 0.31
D+c "~ L& + OB, — 0.001.8. d. OBgy, '

®.(D.s; —6".D —6".c) + OBgyp. (D.s; — 6*.D — 6*.¢)
—0.001.6.®.0Bg,,.. (D.s; —8".D — 6*.¢) 0.32
=1000.(D+ c) — 6.0Bg,. (D + )
OBy (D.s; — 8".D — 6*.c) — 0.001. 8. ®.OBgyp. (D.s; — 6*.D — 8*.¢)
+ 6.0Bgy. (D+¢) =1000.(D+¢) — &.(D.s;—6".D —6%.¢c)
OBy [(D.s; — 8".D — 8%.¢). (1 — 0.001.6.®) + 6. (D + ¢)]
=1000.(D+c)— &.(D.s;—86".D—6".¢c)
1000.(D+c¢) — ®&.(D.s; —6".D—8".¢)
OBgyr = 0.35
(D.s;—6*.D—6*.¢).(1 —0.001.6.®) + 6. (D +¢)
A conversion from the object negative vergence in diopters to object distance in millimeters must

0.33

0.34

be performed to calculate ds,, in millimeters:

000 (D.s; — 8*.D — 6*.¢). (0.001.5.® — 1) — 5.(D + ¢)
far = — = 1000. 0.36
OBfar 1000.(D+c) — ®.(D.s; — 6*.D —8*.¢)

The depth of field extends from ds,, to dpear-

Hyperfocal distance:

The optical system is focused at the hyperfocal distance when ds,, is equal to infinity. By analyzing
Equation 0.36, it is concluded that ds,, is equal to infinity when the denominator is equal to zero. ®
and OBJ are the lens power and object vergence, respectively, both given in diopters.

dfgr = 00 > 1000.(D+¢c)— (D.s; — D.6*—c.6").® =0 0.37

Thus s; in this situation is given by:
_ (1000 + 6. ®).(D + ¢)

S| = 0.38
®.D
The combination of Equations 0.16 and 0.38 results in:
1000 — &.0BJ 5 = (1000 + 6. ®).(D +¢) 0.39
® + OBJ — 0.001.68.®.0B]J a ®.D '

The object vergence OBJ that satisfies Equation 0.39 is the vergence related to the hyperfocal
distance:
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1000 — 8.0B]J (1000 + 8*.®).(D+¢) —8".®.D 0.40
® + OB] — 0.001.8.9.0BJ| ®.D '
1000.d.D — &.D.5.0B] 0.41

= [® + OBJ — 0.001.8. ®.0BJ].[(1000 + §*. ®).(D + ¢) — §*. ®.D]
1000..D — ®.D. 8. 0BJ
= (& + OBJ] — 0.001.5. . 0BJ). (1000.D + 1000.c + §*.®.D + 8*. d.c  0.42
—§8.d.D)

1000.®.D — ®.D.8.0B] = (& + OBJ — 0.001. 8. . 0BJ). (1000.D + 1000.c + §*.d.c) 0.43

1000.9.D — &.D.8.0B]J
=1000.$.D + 1000".®d.c + §*.d2.c + 1000.0BJ.D + 1000.0B]J.c 0.44
+ &8*.®.c.0B] — ®.D.§.0B] — 8. ®.0BJ.c — 0.001. 8. 6*. 2. 0BJ.c
0 =1000.®P.c + §*.®2%.c + 1000.0BJ.D + 1000.0BJ.c + §*.®.c. OB] — §. ®.0B].c
—0.001.8.8*. ®2.0BJ.c
OBJ.(1000.D + 1000.c + §*.®.c — 8. ®.c — 0.001. 8. 6*. d2.¢)
= &.c.(—1000 — 6. P)
®.c.(—1000 — &6*. D)
OB] = 0.47
1000.(D + ¢) + ®.c.(6* — 6 — 0.001. 6. 6*. @)
A conversion from the negative object vergence in diopters to millimeters must be performed to

calculate the hyperfocal distance H:

0.45

0.46

1000 1000. (D + ¢) + ®.c. (5" — 5 — 0.001.5.5". D)
~~op - % 0.48
O] ®.c.(—1000 — 5°. D)
H = 1000, |1000-(D+ ) + ®.c.(6" — 5 — 0.001.5.8". %) .
o ®.c. (1000 + 5. @) -

Proof that the near distance between object and lens when it is focused at the hyperfocal distance
H is approximate H/2:

The near distance dH,,, is obtained by replacing s; from Equation 0.38 in Equation 0.26:
(D.s;—6".D+6".¢).(0.001.6.® —-1) — 6.(D —¢)
1000.(D—c) — ®.(D.s; —&6*.D 4+ 6*.¢)

dHpear = 1000.[
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Q. = D.s;.8.® — 1000.D.s; — D.®.8.8" + 1000.D.8* + c. ®.8.8* — 1000.c.8* — 1000.8.D + 1000.8.c 051
near = 1000.D — 1000.c — ®.D.s; + ®.D.§* — d.c.&5* '

].6.¢—1000.D. (1000 +35 "D)'(DJ’C)] —D.d.8.8% + 1000.(D.5" — ¢.8" — 8.D + 5.¢) + ¢. B.85.5"

b, [(1000 +8°.9).(D +¢)

®.D ®.D
dHear = - 0.52
1000.D — 1000.¢c — ®. D. [(1000 + fp' g))' D+ C)] +®.D.5 — d.c.5"
1000 + 8*.®).(D+ ¢ 1000 + 8*.®).(D+ ¢
A, =D.d.8. ( )-( ) ;B; = —1000.D. ( )-( ) o
®.D ®.D 0.53
_ ®.D.[-D.9.8.8" +1000.(D.8" — c.8" = 8.D + 8.¢) + c.®.5.8"] '
B ®.D
near = 1000.®.D% — 1000.c.®.D — 1000.D2.® — 1000.c. ®.D — ®2.D2.6* — d2.D.c. 8* + ®2.D2.8* — ®2.D.c. &* 0.54
®.D
A= 1000.D2.®.8 + 1000.D. ®.8.c + ®2.D2.6.6* + ®2.D.c. 8. 8" 0.5
1 ®.D
_ —105.D? —10°.D.c — 1000.D*. ®.8 — 1000. ®.D.c. 5" 0.56
1 ®.D
—D?.®2.8.8" + 1000. ®.D?.8* + c. ®2.D. 8.8 — 1000.d.D.c. 8* — 1000.D%. d.8 + 1000.D. . 8. ¢ 0.57
C1 = oD .
2000.D.®.8.c + 2. ®%2.D.c. 8.8 — 10°.D? — 10°.c.D — 2000. ®.D.c. &*
A+ B +C = 0.58
®.D
q ~2000.9.8.c+ 2.®%.c.8.8" — 10%.D — 10°.c — 2000. P.c. & 0.59
near = —2000.d.c — 2.d2.D.c. &
dH — 1000 2.®.8.c+ 0.002.d2.¢.8.6* —1000.D — 1000.c — 2. d.c. 6* 0.60
near = ' 2.d.c.(—1000 — &*. ) '
1000 [1000.(D +¢) + ®.c.(2.8* — 2.6 — 0.002. . 5.8%)
d near — . 0.61
2 ®.c. (1000 + &*. ®)

Since the term ®.c. (2.6 — 2.6 — 0.002. ®. 6. 8") is much smaller than 1000. (D + c¢), dH,.,, can be approximated to H/2. It is concluded that
when the optical system is focused on the hyperfocal distance, the depth of field extends from infinity to approximately H/2.



