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Refractive surgery is used to remove tissue from the outermost layer of the
eye, cornea, in order to change the curvature of the anterior surface, thus focusing the
image to the correct location in the retina. In Finland, mainly two techniques of refrac-
tive surgery are used. FemtoLASIK, where a thin flap is formed in surface of the cornea
and underneath the flap, a refractive correction is made with laser ablation. SMILE,
which is a flapless technique, a lenticule is created inside the cornea and extracted
through a small incision. When a part of a tissue is removed, in addition to optical
changes in cornea, the biomechanical properties are changed. Currently SMILE is con-
sidered as a safer technique for high refractive corrections since the stiffer anterior lay-
ers of the cornea remain intact.

In this thesis the current knowledge of the structure and biomechanical prop-
erties of the cornea are reviewed. Based on the review, a model of the cornea is built
using the finite element method (FEM). With the model, the previously mentioned re-
fractive surgery techniques are simulated. The results of the simulations are compared
to previous research and the applicability to the physiological conditions is discussed.

The results of the simulations agree with the current view, which suggests that
SMILE is safer procedure when correcting high refractive errors. However measure-
ments from patients would indicate different kind of corneal behavior than the simula-
tions, which would suggest that the current models of the cornea are not applicable in
physiological conditions. A new theory of corneal biomechanics is proposed to explain
the corneal deformation after refractive surgery.

Keywords:  Cornea, Refractive surgery, SMILE, FemtoLASIK, finite element
method, FEM
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Refraktiivisessa kirurgiassa sarveiskalvosta, eli silmén uloimmasta kerroksesta,
poistetaan kudosta, jotta sarveiskalvon pinnan kaarevuus muuttuu, jolloin kuva kohdis-
tuisi oikealle kohdalle verkkokalvossa. Suomessa tehddén pédasiassa taittovirheleik-
kauksia kahdella tekniikalla. FemtoLASIK:issa sarveiskalvon pintaan tehddin ohut
lappd, joka siirretddn syrjdédn, sen alta laserilla muokataan sarveiskalvoa halutun muo-
toiseksi. SMILE:ssé sarveiskalvon sisdlle muodostetaan laserin avulla lentikkeli, joka
poistetaan pienestd avauksesta. Poistettaessa osa kudoksesta, vaikutetaan optisten omi-
naisuuksien lisdksi biomekaanisiin ominaisuuksiin. Vallitsevan késityksen mukaan sy-
vemmadlle sarveiskalvoon tehty lentikkeli sddstdd enemmin mekaanisesti jiykempid pin-
takerroksia sarveiskalvosta kuin ldppéleikkaukset, jolloin suurissa taittovirheen korjauk-
sissa SMILE olisi tekniikkana turvallisempi kuin femtoLASIK.

Téssd tyOssd selvitetddn timénhetkinen tieto sarveiskalvon rakenteesta ja bio-
mekaanisista ominaisuuksista. Selvityksen perusteella mallinnetaan sarveiskalvoa ele-
menttimenetelmén (FEM) avulla. Mallin avulla simuloidaan edelld mainittuja refraktii-
visen kirurgian tekniikoita. Saatuja tuloksia verrataan aiempaan tutkimukseen sekd poh-
ditaan saatujen tulosten soveltuvuutta sarveiskalvoon fysiologisissa olosuhteissa.

Elementtimenetelmi-analyysin tulokset viittaavat vallitsevaan késitykseen,
joka puoltaa SMILE:n kéyttda suurien taittovirheiden korjauksessa. Toisaalta potilasmit-
tausten tulokset ovat ristiriitaiset elementtimenetelméi-analyysin kanssa, joka viittaisi sii-
hen etté vallitseva teoria sarveiskalvon biomekaniikasta ei kuvasta hyvin sarveiskalvon
kayttaytymistd fysiologisissa olosuhteissa. Lopuksi esitetdén uusi teoria sarveiskalvon
biomekaniikasta, joka selittdisi sarveiskalvon muodonmuutokset taittovirheleikkauksen
jélkeen

Avainsanat: Sarveiskalvo, Refraktiivinen kirurgia, SMILE, FemtoLLASIK, elementti-
menetelmi, FEM




iv
Preface

I want to thank my supervisor Mervi Paulasto-Krdckel and my advisors Juhani Pietild and
Jue Li for their instructions, guidance and interesting conversations. Also I want to thank
Jarno Ylitalo, Jukka Hékémies, Kimmo Rantakurtakko, Teppo Rajala and others with
whom I have had interesting discussions about the topics presented in this thesis. Addi-
tionally I want to thank CSC — IT Center for Science for providing the license for Abaqus
CAE 6.13.

Otaniemi 30.11.2015

Kalle Salmenhaara



Table of contents

Abstract
Tiivistelmai
Preface

Table of contents
Dictionary

List of symbols

1 Introduction

2 Background, image formation & the structure of the eye

2.1 Anatomy Of the €Ye.....cc.eieviiiiiiiiieiieeeee e e
2.2 RETTACTIVE CITOTS ...eeuiieiiiiiiieiie ettt ettt ettt sttt st esaee e
2.3 Introduction to refractive SUIZETY ......ccvvevieiiiieriiieiieriee e
2.4 Structure of the COTMEA........cccuviieiiieeiieeeiee e e e
2.5 Measuring the biomechanical properties of the cornea..........c.ccccveeveennenne.
2.6 Biomechanical properties of the cornea ..........ccceeeeveeecciieeeieecciee e,
2.7 Effects of the corneal SUrETies .........ccvevveeeiieriieeriienieeieenie e eve e

3 Finite element analysis of biomechanical properties of the cornea

3.1 Previous FEM mOdEIS ......cc.eeiiriiiiiiiiiniieiiciecececee s
3.2 Determining the material properties of the model.............cccoceriiiniinnnnnn.
3.3 Creating the 3D model of the cornea............coeevvvieviinciieniecieceeeeeeee,

3.3.1 FEM modeling in Abaqus CAE 6.13-3

3.4 Simulation of refractive SUIZETY ....ccuviveiiiieriieeriieeeiee et

4 Results

4.1 Extensometry SIMUIAtiONS ........cccuveeriuieiiiieeniie e e e e
4.2 Inflation SIMUIALIONS .......ecuiiiiiiiiieiie e e

5 Discussion

5.1 Applicability to the COrneas iz Vivo ..........ccccceeevercienieneeiiniineecneeneeene
5.2 Additional 1€Search..........cccocuiviiiiiiiiiniiiiiic e

References



Dictionary

Abbe number

Anastomosis

Astigmatism
CH
Chromatic aberration

Collagen fiber
Collagen fibril

Corneal vertex or apex
CRF

Defocus

Dispersion

Emmetropia

femtoLASIK
Floater

High order aberrations
Hyperopia

(0) %

I0OPcc

LASEK

LASIK
Liou-Brennan model

Low order aberrations
Myopia

Optical axis
Presbyopia

Prism
PRK
Secant modulus

vi

Variation of refractive index with wavelength, the higher
the value the lower the dispersion in lens and better optical
quality

Reconnection of a branched streams or fibers, in this case a
reconnection of branched collagen fibers

Asymmetric myopia or hyperopia. Hajataitteisuus

Corneal hysteresis

Inability of the lens to focus different colors to the same
point

Bundle of collagen fibrils that forms the lamellae in the
cornea

Assembly of collagen molecules, diameter of 50 nm to 500
nm

The highest point of the cornea, usually in the center
Corneal resistance factor
Wave aberration of myopia and hyperopia

Refractive index of a material depends on the wavelength of
the light

State of sight when distant object is in focus when lens is
relaxed.

Femtosecond laser in situ keratomileusis

Small particle of cellular debris in vitreous humour that can
be seen in ones field of view as floating. Lasiaissamentuma

Coma, trefoil and spherical aberration etc.

Far sightedness, focus point of the image is behind the
retina. Kaukondkoisyys

Intraocular pressure, typically 15 mmHg or ~2 kPa
Cornea compensated intraocular pressure

Laser sub-epithelial keratectomy

Laser in situ keratomileusis

Finite model of the eye with aspheric refractive surfaces
based on experimental research

Defocus, astigmatism, x- & y-tilt

Near sightedness, focus point of the image is in front of the
retina. Likindkdisyys

Straight line passing through the center of cornea and
crystalline lens

Diminished ability of accommodation, i.e. to focus on
nearby objects due aging. lkdndko

Decentration of optical path
Photorefractive keratectomy
A chord between two points in stress-strain curve



SMILE
Stiffhess
Strabismus

Tangential modulus
Visual axis

vii

Small incision lenticule extraction

Highest resistance to deformation. Stiffness is used instead
of Young’s modulus to describe the material properties of
different parts of the eye

When the eyes are not properly aligned with each other.
Karsastus

Instantaneous slope of stress-strain curve

Straight line passing through center of crystalline lens and
fovea centralis



List of symbols

5 Q™o

Plens

Vb

=

Diopters (m™)

Young’s modulus, elastic modulus
Focal length (m)

Shear modulus

Refractive index

Lens power Pjops = % (D)

Poisson’s ratio

Abbe number or V-Number V,, = —2 -
ng—nc

Dispersion parameter 0 <k < 3
Shear modulus
Strain energy potential

viii



1 Introduction

Poor vision is usually caused by mismatch with the eye length and the focal
length of the cornea and the lens. To correct the refractive errors in the eye, refrac-
tive surgery is used to modify the corneal curvature in order to change the lens
power of the cornea thus changing the focal point to the retina. A contact lens, for
a myopic eye, is thin in the center and thick in the periphery, resulting to a flatter
surface of the eye. Refractive surgery, for a myopic eye, removes more tissue in the
center and less in the periphery, leading to a similar result as with a contact lens.

Between 10 000 to 16 000 corneal refractive surgeries are performed each
year in Finland [1] and since the early 1990’s over 34 million eyes worldwide have
undergone an excimer laser based (LASIK, PRK, LASEK) refractive surgery. Be-
tween 2009 and 2013 over 80 000 eyes have been treated with SMILE [2], which
is the newest generation of refractive surgery. Several different types of techniques
are used today, and different styles, as many as there are surgeons, performing these
procedures. The accuracy of the lasers and predictability of the procedures have
increased and nowadays the level of patient specific customization has increased as
well. There is an ongoing debate of the limits of a safe procedure and with different
types of techniques, the effects to the cornea are different. Sections 2.1 to 2.3 de-
scribe the structure of the eye, what are the main refractive errors and how the re-
fractive errors can be corrected with refractive surgery.

With soft tissues, such as the cornea, the biomechanical properties are dif-
ficult to determine, especially in vivo. The complexity, the high level of anisotropy
and nonlinearity, viscoelasticity and the variation between the individuals, lead to
difficulties in prediction and modeling of the eye. Mechanical measurements of the
cornea have a high variation of results and only few studies have considered a wide
range of biomechanical properties. Mainly the research has focused on finding only
few parameters to describe the cornea. For example many studies tried to measure
the Young’s modulus of the cornea, but in nonlinear, viscoelastic materials the
Young’s modulus varies for different strains and strain rates, since the stress-strain
curve is nonlinear and rate dependent. The cornea is a layered structure and the
biomechanical properties depend on the depth, location and orientation. Sections
2.4 to 2.7 describe the structure of the cornea, how the biomechanical properties are
measured and the current state of the research. In this thesis the focus is on the
relative differences between the different layers, locations and orientations.

Predicting the mechanical response in a complex structure, such as the cor-
nea, is nearly impossible with traditional methods. Numerical analysis can be used
to analyze the mechanical response of a material. The most popular technique is the
finite element method (FEM), in which a structure is divided to small subparts, fi-
nite elements. Division of the structure allows the model to have finite number of
nodes and degrees of freedom [3]. A few publications have used the finite element
method to model the corneal behavior, but the models are mainly based on the cor-
neal microstructure i.e. the collagen fibril distribution, which does not explain all
the biomechanical properties of the cornea (see section 2.6). In this thesis FEM is
used for modeling the cornea and its mechanical response to different types of re-
fractive surgeries. In chapter 3 a simplified model of the cornea is built and the
mechanical properties are assigned based on the relative differences between the
different layers, locations and orientations. With non-linear materials the stress-



strain curves do not follow the same path and the relative differences are assumed
to be valid in certain strains i.e. in this thesis the relative difference in stiffness is
assumed to occur with 10% strain. Viscoelastic behavior is left out of the simula-
tions and the results are interpreted to apply in equilibrium. Dynamic simulations
would require more complex material properties and more accurate knowledge of
the stress distribution in the cornea to provide useful results.

The model is used to compare the biomechanical response of the cornea to
the different techniques of refractive surgery. Chapter 4 presents the results of the
simulations and Chapter 5 discuss about the implications to clinical work and how
well the current theory explains the behavior of the cornea in physiological condi-
tions.



2  Background, image formation & the structure of the eye

Sections 2.1 and 2.2 describe the structure of the eye, how the image is
formed in the retina and what the refractive errors in the eye are. Section 2.3 pre-
sents a brief introduction to the refractive surgery and what are the main techniques
used clinically today. Sections 2.4 and 2.5 describe the structure of the cornea and
how the biomechanical properties of the cornea have been measured in the previous
research. Sections 2.6 and 2.7 review what the current knowledge of the biome-
chanical properties of the cornea is and what are the effects of the different tech-
niques of refractive surgery to the biomechanical properties.

Determining the Young’s modulus of the cornea has been the main focus
in the research of the biomechanical properties of the cornea. For a nonlinear ma-
terial, the Young’s modulus is not an accurate description of the material, especially
when it is not known whether it is the tangential or secant modulus from the stress-
strain curve and from which part of the curve it is measured.

2.1 Anatomy of the eye

Eyeball is an almost spherical globe of approximately 24 mm [4] in diam-
eter. The eye can be described as a positive lens system that refracts light to form
the image in the rear surface of the eye, the retina. Following the optical path of
light rays, the biological components are: cornea, anterior chamber, iris, lens, pos-
terior chamber and retina, Figure 1. [5]

Figure 1. The eye

H. Liou and N. Brennan [4] described an anatomically accurate, finite
model eye for optical modeling that is still used in the literature [6-9]. In this thesis
the Liou-Brennan model will be used when describing non-patient specific eye. The
model was built from previous studies made between 1948 and 1996 the model is
an accurate description of an emmetropic (no refractive errors) eye. Advantage in
using an emmetropic eye model is that it disregards the cause of the refractive error,
meaning that simulations of the biomechanical changes in the cornea are consider-
ing a typical cornea of a healthy eye. Refractive indices presented later in this chap-
ter, are taken for the wavelength of 555 nm (green), which is the peak of the pho-
topic curve, meaning the wavelength that is perceived as the brightest. Refractive
index changes with the wavelength and that causes chromatic aberration, see sec-
tion 2.2.



Cornea

Cornea is the outermost layer of the eye that provides the most of the re-
fractive power of the eye ~78 %. Cornea is an elliptic structure with a larger radius
in the nasal-temporal (NT) direction. Thickness is approximately 600 pum, thinner
in the central area and thicker in the periphery. Average central corneal thickness
for a Finn having a refractive surgery is 549 um [10] and in Liou-Brennan model it
1s 500 um [4]. Refractive index of the cornea is 1.376 [4, 5] and approximately 95
% of the light in the visible spectrum is transmitted [11]. One way to describe an
aspheric surface, that represents the cornea, is to use a conicoid in the form of equa-
tion 1 [4].

x2+y2+(1+Q)z2—2zR=0 (1)

Where the origin is at the surface apex (center of the cornea), x and y are the nasal-
temporal and superior-inferior (SI) meridians respectively. Z is the axis of revolu-
tion and the R is the radius at the apex and Q represents the asphericity parameter
that specifies the type of the conicoid. This model is rotationally symmetric and
does not allow regional variations of the values R and Q, which exist in normal
corneas. When assuming an emmetropic eye, the differences in the value R are in-
significant. British study in 1960 [12] showed that 80 % of the eyes of young men
have less than £0.5 D of astigmatism. Astigmatism is an asymmetric defocus in the
lens system, see section 2.2. In the model, corneal radius for the anterior surface is
set to 7.77 mm and posterior surface to 6.4 mm [4]. The ratio of anterior and poste-
rior surface radius is 1:0.823 [4]. The Q value (asphericity) in the model is set to -
0.18 and -0.60 for anterior and posterior surfaces of the cornea, respectively [4].

Other way to describe cornea mathematically is an ellipsoid from equation
2.[13]

(1—e?)z? +x%+y? =R? (2)

Where e is the eccentricity, which relates to the maximum radius of the cornea in
x- and y-direction (R) and z-direction (R;) and the asphericity parameter Q in equa-

tions 3 and 4.
R2
e = /1 e 3)

= —e? (4)

Cornea and sclera forms a corneoscleral shell that encloses and protects
the intraocular tissues.

Anterior chamber

Anterior chamber i1s a small space filled with watery fluid that provides
nutrients for the cornea. The fluid has a refractive index of 1.336, which is close to
that of water 1.333 [4, 5]. The depth of the anterior chamber decreases by age, 3.86
mm for 20-29 year-olds to 3.58 mm for 40-49 year-olds [4].

Iris

Iris is the diaphragm that controls the amount of light rays that goes to the
eye. The iris has two sets of muscles that change the size of the pupil. The aperture
of the pupil affects the depth of focus of the eye, which is why the refractive errors
are easier to detect in low light conditions. The diameter of the pupil varies from 2



mm to 8 mm depending on the lighting conditions. [5] Pupil is not exactly centered
with the eye. On average it is displaced nasally by 0.5 mm and the decentration
changes when the pupil size changes, i.e. when the illumination conditions change
[4]. The shift of center of the pupil can be up to 0.6 mm (mean shift is 0.19 mm) [4]
and that can cause problems with refractive surgery techniques that use eye tracking
technology, which means that the laser beams are aligned in respect to the center of
the pupil. If the pupil dilates during the operation the centration also moves, which
means that the laser ablation does not have the same centration respectively to the
cornea.

Crystalline lens

After passing through the pupil, light enters the crystalline lens, the last
refractive structure. Ciliary muscles are controlling the shape of the lens. In its re-
laxed (flat) state the eye is focused on distant objects and in tensed (curved) state it
is focused on nearby objects. The lens is layered mass of tissue held together by an
elastic membrane. Its refractive index is not homogenous, at the center it is 1.41
and in periphery it sets to about 1.38 [5]. The curvature and the thickness of the lens
increase (steepens) with age but those do not increase the refractive power of the
lens. The phenomenon is called the lens paradox and it is hypothesized that it is
caused by the changes of the refractive indices of the crystalline lens. Instead of
increasing the refractive power, the refractive power of the lens decreases on aver-
age by 2 D between the ages 30 to 60 years. Other possibility is that the length of
the eye decreases with age but it has not been confirmed. [14] The decreased length
could be a result of the age related increase of stiffness of the cornea and sclera.

For the model eye the lens has anterior (front) central radius of 12.3 mm
and anterior peripheral radius of 13.3 mm. The posterior (back) central radius is 8.1
mm and posterior peripheral radius is 7.1 mm [4].

Posterior chamber
Posterior chamber or the vitreous humour is behind the lens. It is a trans-
parent, jellylike, substance with refractive index same as in anterior chamber, 1.336.

Retina

Retina is composed of over 100 million photoreceptive cells. It is in con-
tact and weakly attached to the vitreous humour. There are two different types of
photoreceptive cells, rods and cones. Rods are concentrated more on the periphery
of the retina and are more sensitive for dim light and do not react to different colors
compared to the cones. Cones are near the center of the retina in a 3 mm wide region
called macula. Cones are sensitive to colors and bright light and are able to perceive
finer detail and faster changes in image than the rods. Fovea centralis is the center
pit of the macula and the area of the sharp central vision. Optical nerve that takes
the information from retina to the brain starts from the retina, which creates a blind
spot in the field of vision (FOV).[5]

Optical axis of the eye is the axis that is created by the center of the cornea,
pupil and lens. Visual axis, which differs from the optical axis by approximately 5°
nasally, is the axis that coincides with the actual light that enters the eye and focuses
on the fovea centralis. The angle between the optical and visual axis is called angle
alpha.



Table 1. Properties of the ocular components of the eye.[4, 15]

Ocular component Mean Range
Anterior corneal radius 7.77 mm | 7-8.65 mm
Anterior corneal power 434D

Anterior corneal asphericity (Q) | -0.18

Posterior corneal radius 6.4mm |6.2—6.6mm
Posterior corneal asphericity (Q) | -0.6

Anterior chamber depth 3.68 mm | 2.8 — 4.6 mm
Crystalline lens power 20.35D | 15.0-27.0D
Crystalline lens thickness 4.0 mm

Anterior lens radius 124mm | 8.8 - 11.9 mm
Anterior lens asphericity (Q) -0.94

Posterior lens radius -8.1 mm

Posterior lens asphericity (Q) +0.96

Axial length 24.0 mm | 20.0 —29.5 mm
Ocular power 60.35D | 54.0-65.0D

Abbe number (or constringence) Vp (equation 5) describes the chromatic
dispersion of a transparent material. Terms np, nr and nc are the refractive indices
for the wavelengths: 587 nm, 486 nm, 656 nm respectively, which are the Fraunho-
fer D, F and C lines. The lower the Abbe number, the higher the chromatic aberra-
tion. [16] Flint glass has Abbe number of 29 [17], which makes it a good material
for prism.

np—1

Vp = 5
e )

Table 2. Refractive indices at 555 nm and Abbe numbers of optical components [4,
15]

Material Index Abbe number
Cornea 1.376 57.1
Aqueous humour | 1.336 61.3
Crystalline lens | 1.36 —1.41 | 47.7
Vitreous humour | 1.336 61.1

2.2 Refractive errors

The optical elements of the eye are cornea, pupil, and lens. Light rays go-
ing through those elements create the image to the retina. Since no optical system
is perfect, there are always errors in the image formation. At perfectly focused point
the area would be infinitesimal, leading to infinite irradiance, which is not physi-
cally possible [18]. Errors caused by the optical system are called optical aberra-
tions.

One way to characterize optical aberrations is to quantify the difference of
the generated wavefront of the system and the spherical reference wavefront. These
are called wavefront aberrations. [19]

Wavefront analysis is a way to determine the optical aberrations in the eye.
Wavefront is a surface joining all points of equal phase [18]. In an ideal situation



when a point light source is centered in the middle of the fovea centralis in the
middle of the optical axis, the optical elements of the eye would refract a perfect
spherical wavefront outside the cornea.

Optical aberrations can be described by using mono- or polychromatic
light. Optical aberrations have an effect to the image quality. Optical aberrations
for monochromatic light are divided to low order aberrations and high order aber-
rations. Low order aberrations causes ~90 % of the wave aberrations [20]. Zernike
polynomials can be used to describe and define the optical aberrations. Individual
polynomials are orthogonal, meaning they are independent. When polychromatic
light enters the eye, the difference of refractive indices for different wavelengths
causes longitudal chromatic aberration (LCA), which is the difference of focal
lengths in different wavelengths, meaning that the focus point is not the same for
the whole spectrum. Transverse chromatic aberration (TCA) moves the position of
focus point for different wavelengths. The effect of TCA can be estimated by eq. 6
where ¢ is TCA in radians, h is the pupil decentration and ARx is the LCA in diop-
ters. The longer the wavelength, the lower the refractive index [21].

¢ = hARx (6)

The magnitude of foveal TCA can vary from 0.05 to 2.67 arc minutes
(0.0008 to 0.0445 degrees) for 605 nm and 497 nm wavelengths of red and blue
light respectively.

A wavefront profile of optical aberrations can be mathematically modeled
with a set of Zernike polynomials. Zernike polynomials are a series of polynomials
that models a circular wavefront profile. Wavefront aberrations are the difference
of ideal wavefront to the actual wavefront. Zernike polynomials are the building
blocks when describing any circular wavefront, the same way as sine and cosine
terms in Fourier series are when describing any periodic signal [19]. Table 3 and
Figure 2 shows the first Zernike polynomials and their names. N is the radial degree
and m is the azimuthal degree.

Table 3. The first 12 Zernike polynomials

j n | m Zi(p,0) Aberration name
1 010 1 Piston

2 1 |1 2pcos @ x-tilt

3 1 |1 2psinf y-tilt

4 1210 V3 (2p% - 1) defocus

S5 |22 V6 p? sin 260 45° astigmatism

6 |22 V6 p? cos 26 0° astigmatism

7 131 [ V8(3p3—2p)sing | y-coma

8 |3 |1 |/8(3p%—2p)cosh | x-coma

9 |3 ]3 /8 p3 sin 36 45° trefoil

10 |3 |3 V8 p3 cos 36 0° trefoil

11 14 10 | V/5(6p* —6p% + 1) | spherical aberration




Figure 2. The first 21 Zernike polynomials [22]

When describing the refractive errors in the eye, we are assuming, if not
otherwise stated, a single wavelength point light source at infinity, so that the light
rays are parallel when coming to the eye.

Piston is the ideal situation when there are no optical aberrations.

Tilt —y & -x (prism) is the decentration of light rays from fovea centralis
and it is caused by strabismus, which means that the visual axis of the eyes are not
properly aligned with each other leading eventually to a doubled image.

Defocus describes the error of the focal length from the desired focal point
in the lens system, i.e. the eye. Emmetropia is when the focus point is in the retina,
Figure 3. In an emmetropic eye when the lens is relaxed the focus point for distant
objects is in the retina. When the object comes closer to the eye the focus point
starts to move behind the retina. The ciliary muscles contracts so that the tension to
the lens is decreased, thus becoming more curved and moving the focus point closer
to the retina. The lenses ability to accommodate diminishes due aging.

!

Figure 3. Emmetropic eye

When the focus point of the light rays is in front of the retina it is called
myopia, Figure 4. The eye is too long (from cornea to retina) or the lens system



(cornea and lens) has too much refractive power. Depending on the refractive error
the myopic eye focuses on objects between infinity and corneal vertex (apex).

Figure 4. Myopic eye with a focus point in front of the retina

Hyperopia is when the focus point is behind the retina, Figure 5. De-
pending on the refractive error the hyperopic eye may be able to focus at infinity
and some near point due to accommodation. [15]

Figure 5. Hyperopic eye with a focus point behind the retina

The diminished ability to focus on close object is called presbyopia. The
amplitude of accommodation for a 10 year-old is around 14 D and decreases to
somewhere from 0 to 1 D for a 60 year-old and then stabilizes. The loss of accom-
modation starts as early as 10 years of age but becomes a problem when a person is
not able to focus on reading distance, which is at +30 years of age. The lens grows
throughout the lifetime and becomes larger and stiffer leading to a decreased ten-
sion from the ciliary muscles. [15]

For an unaccommodated eye, Figure 6, when bringing the light source
closer to the eye the focus point shifts further behind from the retina. To correct
that, the lens accommodates, Figure 7, meaning that the ciliary muscles contract,
which in turn relaxes the lens itself and increases the curvature of the lens.
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Figure 6. Unaccommodated eye with a focus for close object point behind the retina

Figure 7. Accommodated eye

With myopic eye, when bringing the object closer to the eye, the image is
focused first in front of the retina but starts to move closer to the retina and finally
reaches the retina. Added the accommodation of the lens, myopic eyes can focus
on objects that are closer to the eye as compared to the emmetropic and hyperopic
eyes.

With hyperopic eyes the accommodation of the lens moves the focus point
from behind the retina closer to retina. With low hyperopia one does not usually
need glasses but on average needs reading glasses at younger age than emmetropic
Or myopic eyes.

Astigmatism is when the focal length of the lens system is different for
different axes. For example eye glass prescription -2.0 D -1.0 D 90° means that the
horizontal power of the lens is -2.0 D and vertical power of the lens is -3.0 D.

Spherical aberration, Figure 8, causes the focus point to be different for
light rays entering different parts of the lens. For a spherical lens the refraction of
light is not the same in the center and periphery, meaning that the focus point is
different for the peripheral light rays than for the central. Theoretically if the spher-
ical aberration is increased in presbyopic eye, the depth of focus is increased, thus
minimizing presbyopia.
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Figure 8. Spherical aberration

In chromatic aberration, Figure 9, the different wavelengths focus on dif-
ferent distances due to the difference in refractive indices for different wavelengths.
For blue light the refractive index, in the cornea and the lens, is higher than for the
green and red light.

Figure 9. Chromatic aberration

When the pupil contracts, the beam that enters to the lens, and eventually
the retina, is narrower than the beam that enters through dilated pupil. The refractive
error does not affect so much when the pupil is contracted since the image is per-
ceived less blurry in the retina, because the peripheral light rays, that are more bent,
than the central light rays, stops at the iris, Figure 10.

Figure 10. Myopic eye with contracted pupil

Actual vision is a combination of multiple aberrations, the low order aber-
rations can be corrected with eyeglasses. Prism lens tilts the path of the light to the
correct position in retina, the fovea centralis, which is the area of sharp central vi-
sion. Myopia is corrected with concave lenses and hyperopia with convex lenses.
Astigmatism can be corrected with regional differences in concavity/convexity in
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the lens. Higher order aberrations are not possible to correct with eyeglasses, but
contact lenses can be modeled to reduce the effects of spherical aberration. Theo-
retically refractive surgery can be used to correct low- and high-order optical aber-
rations of the eye but for the higher order aberrations the limiting factors are the
accuracy of diagnostic devices and the lasers used in refractive surgery.

2.3 Introduction to refractive surgery

Keratomileusis, keratos meaning cornea and mileusi meaning carving, is a
surgical procedure aiming to modify the refractive power of the cornea. Colombian
doctor José Barraquer started to develop it in 1949. The idea was to use lamellar
keratoplasty to correct the spherical refractive errors. Lamellar keratoplasty is the
procedure to treat abnormal corneas by corneal transplants from donors. A slice of
cornea is dissected from the patient and a matching donor cornea is transplanted to
the eye. The procedure was developed to dissect approximately half of the cornea
and then process, “carve”, it to increase or decrease the curvature of the dissection
and finally placed back to the eye. At first the dissection was made manually but in
the 1960s the microkeratome was developed to perform a more precise cut. Since
the cornea is soft tissue, there were problems with the processing and fixating the
lamellae of the cornea. Freezing of the corneal lamellac was used to ease the pro-
cedure. [23]

In the early 1950s, especially in the former Soviet Union, radial keratecto-
mies (RK), where radial incisions are cut to the cornea, were used to modify the
corneal curvature. Radial incisions relax the tensions of the cornea, thus flattening
the surface. Radial keratectomy was used to treat myopia and astigmatism and in
early 1990s RK reached relatively high levels of success but at the same time laser
systems were producing more reliable results and the amount of RK procedures
started to decline. [13, 23]

Excimer lasers were the first lasers for corneal refractive surgery. Excimer
lasers used in refractive surgery are in the ultraviolet region of the spectrum. Argon-
Fluoride gas produces a laser with a wavelength of 193 nm. Argon is an inert noble
gas that usually does not form compounds but when excited it can form a molecule
(excited dimer, excimer) with fluoride, which only exists when excited. The emis-
sion disassociates the excimer, and emits the photon with a wavelength of 193 nm.
[24]

The frequency of laser pulses with the modern machines is from 500 Hz
to 1050 Hz. Even though the pulse rates varies quite much the ablation speeds are
close to each other from Schwind Amaris 1050 and Zeiss MEL 90, 1,3 s/diopter to
WaveLight EX 500 1,4 s/diopter.

In excimer lasers the laser pulse ablates a small piece of corneal tissue and
the ablation of thousands of pulses is used to modify the curvature of the cornea.
Main methods used today are LASIK or femtoLASIK, PRK and SMILE. Laser-
assisted in situ keratomileusis (LASIK) is a method where a thin flap is created on
the anterior surface of the cornea and with an excimer laser the ablation is made
under the flap. The flap is either created with a microkeratome, which is a small
blade that dissects the tissue at certain depth, when the flap is made with a micro-
keratome the procedure is called LASIK. FemtoLASIK is a variation of LASIK, the
flap is created with a femtosecond laser that emits low energy pulses with high
frequency (50 kHz to 20 MHz). The pulses are focused at the wanted depth of the
cornea and the optical breakdown, which is in the focus point, creates a small
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plasma bubble that dissects the tissue when expanding rapidly. Tissue loss with the
femtosecond lasers is only few micrometers. When millions of cavities are created,
it is possible to lift the flap manually and make the wanted refractive correction
under the flap.

PRK, photorefractive keratectomy is a method where the posterior most
layer of the cornea, epithelium, is removed, either manually or by laser, and the
refractive correction is made to the Bowman’s membrane and stroma. PRK where
the epithelium is removed with laser is sometimes called advanced surface ablation
ASA. When the epithelium is softened with an alcohol solution and slid away be-
fore the refractive correction, the method is called laser-assisted sub-epithelial
keratectomy, LASEK, after the refractive correction it is possible to place back the
epithelium above the ablation zone.

The energy per pulse in excimer lasers is in the millijoule region, in femto-
second lasers it is somewhere in the micro- or nanojoule region. The high energy
per pulse in excimer lasers limits their use to surface ablations only, focusing high
energy pulse inside the tissue would severe the tissue in a larger area than intended
since the excess energy would diffuse to surrounding tissue, damaging it. The small
energy per pulse in femtosecond lasers makes it possible to use them in dissecting
tissue below the surface.

The amount of tissue ablated can be calculated from the Munnerlyn equa-
tion [25], equation 7. The depth of central ablation d (um) divided with the intended
refractive correction D (diopters) equals the optical zone z (mm) squared divided
by 3. For example 1 diopter correction with 6.5 mm optical zone ablates ~14 pm of
tissue.

2
a_z (7)
D 3

Small incision lenticule extraction, SMILE, Figure 11, is a femtosecond
laser based method where a small lenticule is made inside the cornea, through a
small opening on the side, the lenticule is removed. The anterior, stiffer, parts of
the cornea are mainly untouched and the refractive correction is made to the deeper
layers of the cornea. The amount of tissue removed with SMILE procedure differs
from the excimer based methods; 15 um slice is added to the refractive correction
to ease the removal of the lenticule, otherwise the side of the lenticule could easily
break when removed.



1 Lenticule cut (underside of lenticule)

2 Lenticule side cut

3 Cap cut (concurrently upper side of lenticule)
4 Cap opening incision

Figure 11. SMILE procedure [26]
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2.4 Structure of the cornea

Cornea is an elliptic structure, the nasal-temporal (NT) diameter is approx-
imately 10-12 mm and the superior-inferior (SI) diameter is slightly smaller. The
central thickness of the cornea varies from under 500 um to over 600 pum [10], nor-
mally roughly 520 um centrally and 650 um peripherally [27]. The peripheral cor-
nea is thicker than the center and the thinnest part is in the central region. Healthy
pre-presbyopic Caucasian eyes have been shown to have an average central thick-
ness of 552 um, with the thickness increasing by 22 % and 32 % at 4 mm temporally
and nasally, respectively [28].

Figure 12 shows nasal-temporal cross-sectional Scheimpflug image of the
cornea. Figure 13 shows topography images of corneal thickness and keratometric
values (in diopters). The topography images are built from series of Scheimpflug
images. Astigmatism of ~1.8 D at ~100° is clearly visible in the image. Figure 14
shows the mean corneal thickness values at different distances from the thinnest

location.

Figure 12. Scheimpflug image of central nasal-temporal (NT) cornea

Comeal Thickness Sagiltal Curvature (Front)

a0*

Figure 13. Topographic image of corneal thickness (um) and keratometric values
in diopters (D)
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Mean comeal thickness values on rings concentrically
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Figure 14. Mean corneal thickness values compared to the thinnest location

The keratometric K-values (in diopters) in Figure 13 can be converted to
radius values with equation 8, r is radius in mm.

337.5
r=— ®)

The cornea is highly structured and relatively acellular, transparent and
collagenous tissue [27] consisting of five to seven layers (Figure 15), which are
parallel to the external surfaces: external epithelium, (anterior basement mem-
brane), Bowman’s membrane, stroma, Descemet’s membrane and endothelium (or
internal epithelium) [13]. In two studies by Dua et al a sixth layer was identified,
the pre-Descemet layer called Dua’s layer but other research has reported that the
data provided is not sufficient to determine a new anatomical layer in the cornea
[29-32]. The identified layer is approximately 10 pm thick and stronger than the
adjacent layers [31]. However, this has not been supported by numerical data, since
measurements of the cornea have tended to focus on the entire cornea, rather than
on identifying the distinct layers. Moreover the resolution of these measurements
have limited detection of such a thin layer, the proposed Dua’s layer could also lie
outside the range of measurements. Jester et al [29] suggests that using the proposed
terminology is not justified and would only confuse the literature.

# - ""'.
e — ;. . membrane—

<€—Bowman'’s layer

4—— Stroma

Descemet’s membrane’

Figure 15. Corneal layers [33]
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External epithelium

The external epithelium is the protective anterior surface of the cornea,
which consists of 5 to 7 layers of cells with a total thickness of about 50 um to 52
um [27, 34]. The most posterior cell layer is the only layer of epithelium capable of
undergoing mitosis [27]. The cells in more anterior layers are constantly pushed
forward during the epithelial desquamation [27]. Continual desquamation of epi-
thelial cells is possible due to a stable supply of stem cells from the limbal niches,
thus creating a protective chemical and antigen barrier in the cornea [27]. A com-
plete turnover of epithelium occurs in 5 to 7 days. Despite the high activity of the
epithelial cells, the epithelium must maintain the same thickness profile to maintain
the same corneal power, which is on average, in the central 2 mm diameter zone,
approximately 1.03 diopters [34]. The refractive power of the epithelium comes
from the difference between refractive indices in the epithelium and stroma, which
are 1.401 and 1.377 respectively. Poor formation of the epithelium can be a result
of denervation [27], which is not a problem with refractive surgery in which the
nerves regenerate in the epithelium. The epithelium is slightly thicker inferiorly
than superiorly and thicker nasally than temporally with the thinnest point having a
distance of 0.33 mm temporally and 0.9 mm and superiorly from the corneal vertex
[34]. Since the epithelium contains no collagen fibers, the effect on the mechanical
stability remains negligible [35].

Bowman’s membrane

Bowman’s membrane is approximately a 15-um (or 0.5 um [36]) thick
layer of randomly oriented and strongly interwoven collagen fibers [37]. An extra-
cellular matrix, where the epithelial cells are attached, is between the epithelium
and the Bowman’s membrane. The extracellular matrix is called the anterior base-
ment membrane, which is formed in honeycomb pattern. There are pores where the
nerves can penetrate from the deeper layers to the epithelium. The Young’s modu-
lus for the anterior basement membrane is 9.6 kPa.[33, 38]

Stroma

Stroma is a relatively acellular, non-linear, inhomogeneous, anisotropic,
viscoelastic material [27, 39] of a series of layered lamellae (Figure 16) at various
orientations that stretches from limbus to limbus [40]. Each lamella is from 0.2 um
to 2.5 um thick and 0.5 pm to 250 um wide [38] that consists of parallel uniform
diameter 31 nm to 32 nm fibrils [27, 41]. The width and the thickness of the lamellae
tend to increase toward the posterior region of the stroma. The anterior region has
a flat, tape-like shape 0.2 — 1.2 um thick and 0.5 — 20 um wide. Toward the posterior
regions, the lamellae change to broadsheet like structure 1 — 2.5 um thick and 100
— 200 um wide. [38]The posteriormost layer of the stroma has randomly arranged
collagen fibrils in very thin sheet [38], which lies in the same location that Dua et
al [31] described as a distinct layer.

Collagen molecules, about 1.7 nm apart from each other, compose the fi-
bril [41]. The orientation of the fibrils in the adjacent lamellae is at approximately
right angle [41, 42]. All the collagen fibrils lie in the plane of the cornea but do not
cross the cornea from front to back [41]. 3 % to 10 % of the volume of the stroma
consists of inactive keratocytes [27]. Only 15 % of the weight is collagen fibrils, 78
% is water and 7 % is non-collagenous proteins, proteoglycans and salts [43].
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In the central (optical) region of the cornea 66 % of the collagen fibers are
oriented in two-directions, nasal-temporal (NT) and superior-inferior (SI). The ori-
entations of the collagen fibers in those lamellae differ from the orthogonal NT and
ST axes less than 22.5°. The remaining 33 % are randomly oriented. [13, 41] In total
4 sectors of 45° add up to 180° where 66 % of collagen fibers are oriented. Another
way to say same thing is, 83 % of the collagen fibers are randomly oriented and the
orientation of the remaining 16 % is nasal-temporal and superior-inferior. Since the
x-ray scattering measurements by Aghamohammadzadeh [41] only give the orien-
tation of the collagen fibrils in all the layers of cornea, it is not known, what are the
proportions of randomly oriented layers and highly oriented layers from all the lay-
ers. Significant variations of preferred directions between the samples were also
observed, e.g. one sample had almost 25 % more fibrils oriented SI than NT, and
some samples vice versa. Other study by Abahussin et al [44] found that in the
posterior stroma 42 % of the lamellae are preferentially aligned in the superior-
inferior and nasal-temporal directions, the remaining 58 % are randomly orientated.
In the anterior stroma the proportion of the preferentially aligned collagen fibrils
drops down to 11 %. The orthogonal arrangement in the posterior two thirds of the
cornea may help the cornea to withstand the pull from the extraocular muscles. The
isotropic organization of the anterior one third may help the cornea to maintain the
spherical curvature under intraocular pressure.

Figure 16. Possible organization of lamellae in the cornea [45]

The stroma consists of between 200 and 400 (or 300-500 [27], or 250-400
[46] or ~200 [47]or 200-250 [44]or 200-500[48]) lamellae, thinnest part at the apex
of the cornea has the least amount of lamellae and more in the periphery near the
limbus [49]. Peripheral collagen fibers tend to be oriented circumferentially [13, 42,
50] and parallel to the surface. The stiffness of the cornea is not uniform, in the
nasal-temporal and superior-inferior directions, the ratio sets up to approximately
3:1, and the diagonal meridian is the weakest [13, 51]. One study states that the
superior-inferior meridian is 10 % to 20 % stiffer than the nasal-temporal meridian
[52]. Both articles [51, 52] agree that the diagonal meridians are the least stiff. Ten-
sile strength in the stroma is measured to be 10 % - 20 % higher in superior-inferior
direction than nasal-temporal [52], or 1 MPa in NT direction, 3 MPa SI and 13.0
MPa circumferentially in the periphery [27]. The literature does not show con-
sistency in radial differences.

Figure 17 shows two possible collagen fibril orientations in the cornea and
limbus by Aghamohammadzadeh et al [41] and Meek & Boote[53]. It is possible
that there are lamellae from sclera to cornea that anchors the cornea to the sclera, if
the arrangement is as Aghamohammadzadeh et al predict, the orthogonal ST and NT
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forces, maintaining the structure of corneoscleral shell, would be highest in the na-
sal-temporal and superior-inferior directions. On the other hand if the Meek &
Boote model is correct, the force distribution would be more even, though the mus-
cles that move the eye create stresses in SI and NT direction.

cornea

sclera

Figure 17. Possible collagen arrangements of cornea and limbus, left [41] right [53]

Figure 18 [41] shows the preferred orientations of collagen fibrils in hu-
man eyes related to the location. The image shows a montage of polar plots of the
preferred orientations of the collagen fibrils, where each plot represents the orien-
tation and the proportion of oriented fibrils. Since the corneal thickness increases
towards the periphery the amount of collagen lamellae increases as well. The pe-
ripheral plots have been scaled down to fit in the image. The scaling factors for
different colors are: green 1, pink 2, red 3, blue 4 and black 5. [41]
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Figure 18. Preferred orientation of collagen fibers [41]
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Cornea is radially strongest at the central region and circumferentially
strongest at the limbus [54], and mechanical properties depend on the radial direc-
tion [41].

In a study by Randleman et al [55] the depth-dependent corneal cohesive
tensile strength was measured from lamellar strips that were dissected from nasal-
temporal meridian of the cornea. Samples were from the stroma, so the cohesive
tensile strength of the external epithelium, Bowman’s membrane, Descemet’s
membrane and endothelium were not measured. From the measurements of Randle-
man et al [55] Reinstein et al [56] derived a polynomial (equation 9), using regres-
sion analysis, which represents the percentage of the maximum depth-dependent
cohesive tensile strength of the stromal cornea.

y = —4x%10"%x* 4+ 0.0009x3 — 0.0745x? + 2.6709x
+ 9.2996

Due to rounding of Excel, the 4™ and 3™ order terms should be approximately -3.6
and 0.00093 respectively, so the plot would represent the actual curve. The mathe-
matical model by Reinstein et al assumes that the cohesive tensile strength is di-
rectly proportional to the tensile strength, i.e. the intertwining and branching be-
tween the stacks of lamellae in different depths is directly proportional to the tensile
strength of the whole lamellar structure of the cornea.

The depth-dependent differences of mechanical properties are thought to
be a result of the intertwining and branching of the collagen fibers. The collagen
fibers are not only interwoven and interlaced but the structure is more complicated.
The individual fibers have branches and anastomoses independently to multiple fi-
bers. Effectively the entire stroma can be seen as one interlinked structure, where
the relative stiffness is related to the density of intertwining at the different areas,
which changes from anterior to posterior stroma and central to peripheral stroma
[29]. The density of collagen fiber intertwining is logarithmically declining from
anterior to posterior stroma [29, 57]and the superficial one third of the lamellae are
more irregularly interwoven than those in the posterior two thirds[38]. Peripheral
lamellae are more branched than the central lamellae [43]. Small bundles of colla-
gen fibrils extend from one lamella to other [38]. Collagen fibers have physical
insertions into Bowman’s and Descemet’s membranes that keep the endothelium
and epithelium attached to the cornea. [29] Not only the arrangement of lamellae
affects the mechanical properties but also the structure, branching, anastomosis and
proteoglycan connections in the collagen fibrils have important roles.

If the organization of the collagen fibrils in distinct lamellae is disrupted
the stiff anisotropic structure of the stromal layer is lost and the tissue appears iso-
tropic, which reduces the mechanical properties of the cornea, leading to corneal
diseases, e.g. keratoconus.[13] Keratoconus is a disorder of the eye where the cor-
nea becomes thinner and changes to a more conical shape, leading to a distorted
vision that can be difficult to correct with glasses. Effects on the cornea by kerato-
conus are irreversible but the symptoms can be delayed or even stopped by corneal
collagen crosslinking (CCL), which is a treatment where riboflavin (vitamin B;)
solution is applied to the cornea and with UVA radiation, collagen cross-links are
formed to the stromal cornea, resulting to an increased stiffness. [58]

)
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Descemet’s membrane (or posterior basement membrane)

Young’s modulus for the Descemet’s membrane is approximately 38.9
kPa. Endothelial cells attach to the Descemet’s membrane, which is similar to the
anterior basement membrane where the epithelial cells attach. [33]

Endothelium

The most posterior layer, endothelium, is a 4 pm to 6 pm thick monolayer
of about 400 000 hexagonal cells, diameter of 20 um. Endothelium is responsible
of corneal dehydration that prevents the cornea to imbibe too much liquid, which
would lead to swelling, opacity and reduced optical performance.[27]

Corneoscleral shell

The corneoscleral shell has a high Young’s modulus, from 5 MPa to 13
MPa, and high shear modulus. The sclera is mainly composed of types I and III
collagen fibers and the Young’s modulus is higher in the circumferential direction
than the radial. In 1937 Friedenwald [59] introduced the “ocular rigidity function”,
equation 10, that describes the relationship between the changes in intraocular pres-
sure and ocular volume in low strains. [46]

| 0P
! [IOPO
Where IOP and V is the original intraocular pressure and volume respectively and
K (in humans ~0.05 ul™!) is the coefficient of ocular rigidity. At IOP of 15 mmHg,
the change in volume is approximately 1 pl/mmHg. [46] If the corneoscleral shell
is assumed as a sphere of 24 mm in diameter, 1 and 5 mmHg rise in the pressure
would lead to 1.4 pm and 6.4 pm increase in diameter respectively, which is insig-
nificant compared to the focal length of the lens system in the eye. The total optical
power of the eye 1s 60 D [11], a 6.5-pum increase in the eye length is equivalent of
0.02 D decrease in optical power. Glasses are usually prescribed in steps of 0.25 D.
The optical system is much more complicated than that suggests but it gives esti-
mation of the order of magnitude. The sclera is stiffer than the cornea [46] and the
lens system cannot be represented as one lens but the changes in intraocular pres-
sure and its effect on the volume and refractive outcome can be left out of the sim-
ulations.

The collagen fibrils in the sclera are arranged more randomly than in the
cornea. The thickness of the fibrils varies from 25 nm to 230 nm and the lamellar
bundles they form, vary in thickness of 0.5 pm to 230 um. Orientation is mainly
parallel to the scleral surface and the fibrils are interwoven to each other as are in
the stromal cornea. In the outermost layer of the sclera the bundles of collagen in-
tersect at various angles, in the posterior layers orientation is either meridional or
circumferential. The thickness and width also increases toward the posterior layers.

The cornea and the sclera are represented so far as an anisotropic nonlinear
viscoelastic or elastic material but there is an elastic limit beyond which plastic
deformation occurs. It is hypothesized that the plastic deformation of the sclera
might contribute to the occurrence of myopia, when the volume of the eye increases
from the plastic deformation. It might be caused by genetically associated decrease
in the elastic limit, higher than normal stresses due accommodation (extended times
of reading) or regular increases in the intraocular pressure due to squinting and rub-
bing of the eyes. [46]

] — K(V — V) (10)
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Optical behavior of the cornea depends on the biomechanical equilibrium
of the intraocular pressure and the intrinsic stiffness of the cornea [50]. Alterations
to the balance lead to modification of vision. Removing a part of tissue modifies
the shape of the cornea and the biomechanical properties are also changed.

Radial keratectomies severe the lamellae, which reduce the peripheral ten-
sion, leading to the peripheral expansion and central flattening [40], which is one
way to correct myopia.

2.5 Measuring the biomechanical properties of the cornea

Pifiero and Alcon [60] state that: “Biomechanics is usually defined as ‘me-
chanics applied to biology’. Due to the variety and complexity of the behavior of
biological structures and materials, the term biomechanics is better defined as the
development, extension and application of mechanics for the purposes of under-
standing better the physiology and physiopathology, as well as the diagnosis and
treatment of disease and injury.”

Biomechanical models aim to describe the response of a biological mate-
rial to an applied load, which relates different input parameters with an output [60].
Biomechanical models try to predict the effects and results of different treatments
and diseases, the accuracy of these models depend highly on the accuracy of the
parameters used in the models. For finite element modeling, increasing the com-
plexity of the model, increases the accuracy but also increases the amount of calcu-
lations needed for processing the analysis. Also when increasing the complexity of
the model, the possible errors might multiply, leading to poor results.

In this and the following chapters Young’s modulus is often mentioned
even though it is misleading to describe nonlinear materials with linear material
properties, but many of the sources used in this thesis have only provided linear
material properties. The relative differences in linear material properties are trans-
formed to match the relative differences in nonlinear material properties.

In the review of corneal biomechanics [60], Pifiero and Alcén describe the
modern methods, which use in vivo, ex vivo and predictive biomechanical models,
to estimate the biomechanical properties of the cornea.

In vivo characterizations are non-invasive methods that give estimations of
the biomechanical properties.

Applanation tonometry is a way to estimate the Young’s modulus of the
cornea. Intraocular pressure (IOP) is related to the Young’s modulus (E) and the
correction factor (k). k depends on the corneal thickness, anterior corneal radius,
Poisson’s ratio and the area of applanated cornea. Equation 11 shows the relation
between the E, IOP and k. [60, 61]

E = k,I0P;1ye (11

where the true intraocular pressure (IOPye) is calculated from the measured intra-
ocular pressure (IOPg) by using equation 12.

0P,
kq

The Young’s modulus, in MPa, for a cornea that is 520 um thick and the IOPyqe in
mmHg is expressed by the equation 13. [60, 61]

[0P4e = (12)
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E =0.02291 * IOP,, (13)

Other way around the intraocular pressure can be measured from the indentation
depth of the eye, which can be derived from the Friedenwald’s “ocular rigidity func-
tion” in equation 10, when the ocular rigidity is known. [46]

The ocular response analyzer (ORA) characterizes some biomechanical
properties in a clinical setting. It analyzes the corneal behavior at a bidirectional
applanation from a pulse of air that causes the cornea to flatten and reach concave
state and return to normal state. Changes in the cornea are measured from a re-
fracted infrared light that is emitted to the cornea. At first state the pulse creates the
maximum concavity in the cornea and at the second state cornea returns to its orig-
inal convex form. Figure 19 shows the diagram from the ocular response analyzer
where the viscoelasticity of the cornea can be seen.
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Figure 19. The diagram from the ocular response analyzer (ORA). The applanation
signal visualizes the velocity of the corneal deformation. [60]

Mechanical testing of corneal samples is often used to determine the vis-
coelastic anisotropic properties of the cornea. Inflation tests are a way to measure
regional properties in the cornea. The Young’s modulus can be calculated from the
distance of the markings under different pressures. The inflation tests have much
more complicated methodology than the strip extensometry. Strip extensometry is
mechanically much easier to produce but mathematically more complicated to get
reliable measurements. In strip extensometry the errors originate from the spherical
shape of the cornea and the variation of thickness. When the strip specimen is
pulled, the strain is not uniformly distributed since the posterior surface is smaller
than the anterior. The variation of thickness must be considered when determining
the elastic moduli. [62]

Small incision lenticule extraction, SMILE, have made it possible to make
mechanical testing to in vivo stromal cornea but no research of that subject was
found while making this thesis.
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2.6 Biomechanical properties of the cornea

Tensile testing for viscoelastic material can easily result in low values of
Young’s modulus. When the load is applied in some finite rate, there is time for
viscous flow to occur in the material, which increases the total strain in the material.
When the measurements, where the viscous flow have been possible, are used to
determine Young’s modulus, the results show significantly lower than the actual
Young’s modulus of the material. Increasing the loading rate decreases the viscous
flow and eventually, at high enough loading rate, viscous flow is not detected any-
more and the true Young’s modulus can be determined. [63]

Cornea is an anisotropic, nonlinear viscoelastic material. In nonlinear elas-
tic materials the stress-strain curve is not linear, meaning that the Young’s modulus
varies with the stresses. In cornea, with higher stresses, less deformation occurs. In
viscoelastic materials the stress-strain curve vary with different strain rates. In the
following review of biomechanical properties of the cornea, the determined
Young’s and shear moduli are highly dependent on the conditions of the measure-
ments and thus not very consistent. In this thesis the focus is on the relative differ-
ences between the different layers and orientations. Based on the current research
the absolute values of corneal biomechanical properties are extremely difficult to
determine and since the variation between eyes is significant, it is not even neces-
sary. As long as there are no reliable methods to determine the biomechanical prop-
erties of in vivo eyes, the biomechanical models remain to be estimations of average
donor eyes.

Collagen type-I fibrils are the main load carrying structures in the cornea
[45]. Itis hypothesized that the collagen fibrils in a load-free state are crimped [64].
Liu et al [65] proposed the “crimping degree” to represent the ratio between
straightened length the original crimped length of a collagen fibril. At a load-free
state the crimping degree is assumed to follow a Gaussian function. When the load
is applied, each collagen fibril undergoes an independent deformation, resulting an
arrangement of collagen fibrils at different degrees of crimping, from fully extended
to still crimped. Figure 20 shows different degrees of crimping in corneal collagen
fibrils. Plastic deformation occurs when the individual collagen fibrils are broken
even though no macroscopic rupture is present.[65]
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Figure 20. Crimping in collagen fibrils, (A) load-free condition, (B) under elonga-
tion, (C) fully straightened, (D) broken fibrils even though the sample strip had not
ruptured [65]

Figure 21. Three adjacent stromal lamellae. In the middle lamella, the collagen fi-
bers are oriented towards the viewer and the adjacent top and bottom lamellae are
approximately at a right angle compared to the middle lamella. All of the collagen
fibrils are parallel to the surface of the cornea. [42]

Hjortdal [54], Randleman et al [55], Petsche et al [48], Elsheikh et al [52],
Sloan et al [66] and Jayasuriya et al [51] studied the regional, directional and depth-
dependent material properties of the cornea, mostly corneal stroma. All studies
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showed significant anisotropic mechanical properties of the cornea, which is ex-
pected considering the heterogeneous nature of the collagen fibril orientation. Dif-
ferences in the results were significant between the researchers.

Hjortdal [54] used 8 eyes from donors of 64 to 88 years of age. Four re-
gions of cornea were defined: the central 3 mm region, para-central 1.5 — 3.5 mm
from the corneal apex, peripheral 3.5 — 5.5 mm from the corneal apex and limbal
region from 0.5 mm inside to 0.5 mm outside of the border of cornea and limbus.
In the measurements all the layers of the cornea were included in the samples. The
Young’s moduli where derived from the nonlinear stress-strain data. Superior-infe-
rior Yong’s modulus was measured to be 8.6 MPa and circumferential Young’s
modulus was 13.0 MPa. Regional strains were derived from placing small mercury
droplets on the epithelium and endothelium and measuring the distances between
the droplets under different pressures, 2 — 100 mmHg.

Jayasuriya et al [51] studied the piezoelectric and mechanical anisotropies
of 19 donor corneas. The study showed that the Young’s modulus has a high corre-
lation with the direction and hydration. The sample widths are not mentioned in the
study. Superior-inferior cuts had a Young’s modulus of ~1.3 MPa, when hydrated
and after 35 minutes of drying, increased to ~4 MPa. Nasal-temporal cuts had
Young’s modulus of ~3 MPa, when hydrated and after 40 minutes of drying, in-
creased to ~6 MPa. Diagonal cuts had initial Young’s modulus of 0.3 MPa and after
35 minutes of drying, increased to ~1 MPa. Young’s modulus was obtained from a
dynamic stress applied to the samples at a steady frequency of 104 Hz. “A dynamic
stress, 0 = 5 N, peak to peak”. As the actual sample sizes are not mentioned it is
not possible to say what is the actual stress in the measurements and was the varia-
tion of corneal thickness considered when determining the stress i.e. the force per
unit area. Further on it was not mentioned how much the drying affects on the vol-
ume of the cornea and thus the area where the force is applied. Measurements made
in vivo showed that the central corneal thickness decreased by 3 % in one minute
when the subjects were not blinking [67].

Randleman et al [55]used 20 donor corneas to measure depth-dependent
cohesive tensile strength from donors of age 20 to 78 years. Samples were 3 mm
wide nasal-temporal cuts from limbus to limbus. Measurements showed the force
needed to separate two layers of lamellae at different depths. At anterior stroma it
started from ~50 g/mm and decreased toward the posterior stroma to ~5 g/mm. Do-
nor age showed correlation to the cohesive tensile strength at central depth between
40 % to 60 %, it increased 38% from ages 20 to 78 years.

Petsche et al [48] studied depth-dependent transverse shear properties of
corneal stroma. Torsional rheometry was used for eight 6 mm diameter buttons of
donor human corneas, ages 82 — 86 years. From each donor, one cornea was cut
into thirds through the thickness and other was measured with a full thickness
stroma. Results showed that the shear moduli for axial strain were 7.71 kPa, 1.99
kPa, 1.31 kPa and 9.48 kPa for anterior, central, posterior and full thickness sam-
ples, respectively. The higher full thickness shear modulus was thought to be a re-
sult of the loss of interactions between different layers.

Jue & Maurice [68] measured the Young’s modulus of Descemet’s mem-
brane to be 0.5 MPa

Last et al [33] examined human donor corneas unsuitable for transplanta-
tion, with atomic force microscopy. Donor ages ranged between 58 and 72 years.
Samples were 3 x 3 mm pieces of central cornea, epithelium and endothelium was
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removed, and orientation was not mentioned in the materials and methods section.
They measured the Young’s modulus for anterior and posterior (Descemet’s) base-
ment membranes. Descemet’s membrane has a higher Young’s modulus than ante-
rior basement membrane, 50 + 17.8 kPa and 7.5 £ 4.2 kPa respectively. It might be
due the larger pore size in the anterior basement membrane, leading to more densely
packed Descemet’s membrane.

For incompressible material the shear modulus G is one third of the mate-
rials Young’s modulus, equation 14.

E
G=— 14
3 (14)
For polymers the shear modulus is related to the number of crosslinks in the mate-

rial, equation 15
G = nkT (15)

Where 7 is the number of crosslinks, & is a constant and T is the temperature. Com-
bining the equations 14 and 15, it is seen that the number of crosslinks is directly
proportional to the Young’s modulus of the cornea, which is consistent with the
measurements where more densely packed, and higher number of crosslinks,
Descemet’s membrane shows higher Young’s modulus than the anterior basement
membrane. Both of which have lower Young’s modulus than the stroma. [33]

In a more recent study Last et al [69] investigated the Young’s modulus
for different layers of cornea, using atomic force microscopy. The values obtained
are: 7.5 £ 4.2 kPa for anterior basement membrane, 109.8 + 13.2 kPa for Bowman’s
membrane, 33.1 £ 6.1 kPa for anterior stroma and 50 = 17.8 kPa for Descemet’s
membrane.

Lombardo et al [36] measured 4 fresh human corneas from donors aged
68.5 £ 6 years. Samples were corneal discs with a diameter of 8.0 mm and epithe-
lium removed. In their literature review they found the variation of the Young’s
modulus of the total cornea to be between 0.5 — 57 MPa. The measurements gave
Young’s modulus of the anterior stroma to be 1.14 — 2.63 MPa.

Knox Cartwright et al [ 70] researched the stiffening effect of corneal cross-
linking (CCL) to donor human corneas. The mean donor age was ~82 years and
varied from 76 to 90 years. The Young’s modulus was determined from the strain
maps, where central displacements and thin shell theory was used to calculate the
Young’s modulus. The Young’s modulus for 9 corneas before CCL treatments were
0.47+0.03 MPa. Two variations of CCL treatment increased the Young’s modulus
to 2.06+0.22 MPa and 3.48+0.41 MPa.

In another study by Knox Cartwright et al [71] the age-related increase of
corneal stiffness was researched from 50 donor corneas between the ages of 24 and
102 years. They found that Young’s modulus (E), in MPa, for the whole cornea
depends on the age (y) of the cornea, as in equation 16.

E = 0.0032y + 0.20 (16)

The Young’s modulus for 20 year old would be 0.27 MPa and for a 100 year old
0.52 MPa. Age related increase in cohesive tensile strength measured by Randle-
man et al [55] is 38 % from 20 to 78 years, with equation 16 the increase in Young’s
modulus is 70 % from 20 to 78 years.

Sloan et al [66] researched the depth- and location-dependent mechanical
response of shear loading from 14 human donor eyes, the age of the donors varied
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from 54 to 74 years. Specimens were buttons of cornea, 3 mm in diameter, from
central and superior region. A 300 mmHg initial compression and a shear strain to
produce a 25-um displacement were applied for the measurements. The measure-
ments indicated that the maximum shear modulus of the cornea was at the depth of
25 % of the corneal thickness, unlike in other studies that state that the stiffest part
is at the anterior stroma. Though the study says that the epithelium was intact for
the measurements and no mention of the Bowman’s membrane were in the article,
it might be that the measurements showed the stiffest part to be at the anterior
stroma, which comes close to the 25 % of depth, with the resolution of 50 um, when
the thickness of epithelium and Bowman’s membrane are 52 um and 15 pm respec-
tively. Figure 22 shows the results of Sloan et al, NT means nasal-temporal and SI
superior-inferior. One interesting discovery was that the NT shear modulus G in the
anterior stroma was independent of location but in the posterior stroma the NT shear
modulus was significantly higher in the superior region than central. It might be due
the higher stresses induced by upper eyelid, which would lead to stiffening effect
[66].
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Figure 22. Shear moduli vs. fractional cornea depth [66]

Eilaghi et al [72] studied the mechanical properties of the sclera by biaxial
testing. They measured 10 eyes of 5 human donors. The average age of donor was
55.4 years. They measured 6 x 6 mm samples of each quadrant of the sclera, the
longitudal and latitudinal stress strain data was obtained to determine the Young’s
modulus in two directions. Results showed the sclera to be nearly isotropic, with
longitudal and latitudinal Young’s moduli of 2.8+1.9 MPa and 2.9+2.0 MPa, re-
spectively. There were no statistically significant correlation between sample thick-
ness and stiffness.
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Seiler et al [37]studied the effect of Bowman’s membrane to the overall
mechanical stability of the cornea. With uniaxial stress strain analysis they found
out that the corneas with Bowman’s membrane intact had 4.75 % higher stress-
strain ratio than the corneas without the Bowman’s membrane, though the experi-
mental error was about +10 %. That shows that the Bowman’s membrane’s effect
on the stress-strain ratio is higher than the proportion of the thickness of the overall
cornea, i.e. the Young’s modulus in the Bowman’s membrane is higher than aver-
age Young’s modulus of the cornea.

Elsheikh et al [73] studied the mechanical properties and thickness varia-
tion of the sclera from 36 donors aged 52-96 years. Uniaxial measurements were
made for strip specimens. Average scleral thickness was 1062 um at the posterior
pole, 716 um 18-20 mm away from the posterior pole and 767 um at the limbal
edge. They found larger differences in the elastic moduli in different directions than
Eilaghi et al[72]. The tangential Young’s modulus increased from posterior sclera
to near limbus, with high strain rates the differences between different areas de-
creased. Viscoelasticity showed 30 % to 39 % increase in tangential Young’s mod-
ulus with strain rate rise from 8 % to 200 %. Tangential Young’s modulus for an-
terior scleral specimen was 14.4 MPa with a small strain.

Another study made by Elsheikh et al [52] measured the corneal anisotropy
in porcine and human corneas. They found that for porcine cornea the best fit was
achieved with an exponential function, equation 17.

o=A(eB-1) (17)

Where ¢ and ¢ are the stress and the strain, respectively, and A and B are constants.
Figure 23 shows the stress-strain behavior for multiple orientations in human cor-
nea. With small strains the stiffness is similar with the nasal-temporal, superior-
inferior and diagonal samples but as the strain gets higher the differences are more
visible. From a small number of human donor corneas the superior-inferior stiffness
was measured to be 20 % and 49 % higher than the nasal-temporal and diagonal
samples, respectively. It was mentioned that the numerical values should be used
cautiously since the number of samples was small. [52]
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Figure 23. Human cornea stress-strain behavior [52]



30

Table 4 shows the different measurements of Young’s modulus E and axial
shear modulus G of cornea in different orientations and locations and the method
used in the measurement.

Table 4. Mechanical properties of cornea and sclera

Young’s Shear modulus | Method
Layer Modulus (E) (G),AaxiaL, T |E G
transverse
Anterior 7.5 +4.2 kPa [33] AFM
basement
Bowman’s 109.8+13.2 kPa [33] AFM
1.1 -2.6 MPa[36] | A7.71+6.3kPa | AFM | TR
Anterior [48]
33.1+6.1 kPa [33] T 50-240 kPa AFM | SS
1.39+0.28 kPa [74] | [66] ARF
A 1.99+0.5 kPa TR
Stroma 48
Central [T 22)-70 kPa SS
[66]
0.71+0.21 kPa [74] | A1.31+x1.0kPa | ARF | TR
Posterior [48]
T 10 kPa [66] SS
Descemet’s 50+17.8 kPa [33] AFM
0.5 MPa [68] PL
3 MPa [51] PE
Nasal-temporal | MPa [27] N/A
Superior- 8.6 MPa [54] PL
inferior 1.1 MPa [51] PE
3 MPa [27] N/A
Circumferential | 13 MPa [27] N/A
Diagonal 0.4 MPa [51] PE
0.5—57 MPa [36] 38.748.6 kPa N/A
Whole [27]
cornea 5.3+1.1 MPa [75] %;jSiOA MPa | USS | USS
2.0£1.0 MPa [75] A 6.8£3.4MPa | USD | USD
Direction not [75]
mentioned 0.47+0.03 MPa [70] | T9.38+29kPa | RS | TR
[48]
0.27-0.52 MPa [71] RS
3.2%107y+0.2 MPa RS
[71]
3.81+0.4 MPa [73] ua
Meridional 2.942.0 MPa [72] BA
S 2.8+1.9 MPa [72] BA
clera . .
Circumferential | 14.44+£2.51 MPa UA
[73]
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Table 5. Methods used for measuring mechanical properties of cornea and sclera

Abbrevia- Explanation

tion

AFM Atomic force microscopy [33, 36, 69]

ARF Acoustic radiation force elastic microscopy [74]
BA Biaxial mechanical testing [72]

N/A Not available [27]

PE Piezoelectric coefficient method [51]

PL Pressure loading [54] & [68]

RS Radial shearing speckle interferometer [70, 71]
SS Shear strain measurement from displacement tracking [66]
TR Torsional rheometry [48]

UA Uniaxial stress strain measurement [73]

USD Ultrasonic technique in dextran solution [75]
USS Ultrasonic technique in saline solution [75]

Since the variation of the measurements is so large it is not possible to
create a reliable model out of the direct numerical values. Instead comparing values
measured in similar methods can be an effective way to create a consistent model.

2.7 Effects of the corneal surgeries

PRK only consumes the anterior layers of the cornea leaving larger part of
the posterior layers untouched than other techniques. The epithelium is removed in
the procedure and it takes time to regenerate, making the overall recovery and re-
covery of vision slower than other techniques.

The lamellae in the LASIK flaps do not adhere to the stroma, which makes
it possible to have a corrective procedure afterwards without creating a new flap.
The mechanical benefits of the Bowman’s membrane and part of anterior stroma
are lost since the mechanical stresses are not transmitted from the rest of the cornea
to the flap.

The SMILE cap has a small opening (2 — 3 mm) where the lenticule can
be removed. Otherwise the Bowman’s membrane and anterior stroma remain intact.
The area where the lenticule is created does not remain adhered, similarly as with
LASIK flap but the cap diameter can be smaller than the LASIK flap diameter. The
stresses are distributed with the remaining stroma and the cap, though there is a
small difference in the arch lengths of the cap and stroma, leading to larger strains
in the residual stroma than the cap.

After removing the lenticule the arc length of the anterior cap is longer
than the profound stromal pocket [76]. It might affect the biomechanical response
after SMILE since the tensile stress of the cornea is affecting the stromal cornea
before the anterior cap. That is for the myopic procedures. For hyperopic procedures
the profound stromal pocket arc length would be longer than the anterior cap length,
assuming that the refractive correction is made to the stromal pocket and the cap
thickness is uniform throughout the area. The hyperopic SMILE procedures are not
commercially available at the moment.

Arc length of a circle can be determined using equation 18 to calculate the
angle 0 and with equation 19 to calculate the arc length.
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C
6 = sin"!— (18)
2r

0
S=—=*x2m*r=0x*r (19)
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Where C is the width of ablation area and r is radius of arc. Assuming that the

ablation is an arc of a circle the radius of the ablation sphere can be calculated using

equation 20, where x is the ablation depth and y is the optical zone of the ablation.
X

y

= & + 5 (20)
With equations 18 19 & 20 the arc length of the ablation profile can be calculated,
optical zone is then subtracted from the arch length of the ablation and that gives
the difference of arc length of the ablated area from the arc length of the anterior
cap at the same area. When subtracting the arch length of the anterior cap of the
optical zone from the total arc length of the anterior cap and adding the arc length
of the ablated area, it gives the arc length of the stromal pocket. Comparing that to
the arc length of the anterior cap, it gives the total difference of the arc lengths of
stromal pocket and anterior cap.

With optical zone of 6.5 mm, corneal radius 7.77 mm, lenticule thickness
100 pm (~5.5 diopters of refractive correction) and cap thickness 130 pum, the dif-
ference between the arc length of the cap and posterior stroma in the optical zone
is approximately 0.06% and less when the total cap length is considered.

2
r
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3 Finite element analysis of biomechanical properties of the cornea

Section 2.6 reviewed the current knowledge of the biomechanical proper-
ties of the human cornea, based on that information Section 3.2 defines the material
properties on which the finite element model is built on. Section 3.1 reviews the
previous research made by using finite element analysis. Section 3.3 provides a
detailed description of each step in the finite element analysis of the human cornea
and validation for the material properties and boundary conditions in the analysis.

3.1 Previous FEM models

Studer et al [39, 50, 77], Whitford et al [78], Sinha Roy et al [35, 79] Pan-
dolfi et al [13, 80]and Ariza-Gracia et al [81, 82] have created models of the human
cornea using finite element method. The models are based on the collagen distribu-
tion and orientation in the cornea. The models, except the one by Sinha Roy et al,
do not consider the different layers or the depth-dependent properties of the cornea
and since the anterior one third of the stroma has a higher resistance to deformation
than the posterior two thirds combined, the stress distribution is not accurate. Also
the lack of Bowman’s membrane, which is the stiffest layer of the cornea, in the
models affects the stress distribution. The models are non-linear i.e. hyperelastic,
meaning that the non-linearity of the stress-strain curve is considered, but the vis-
coelasticity is not taken into account. That leads to underestimation of the resistance
of deformation since the stress distribution is thought to remain the same after the
modification to the cornea. The viscous flow occurs in the cornea and when con-
sidering the refractive surgery, the distribution of Von Mises stresses is smoother
than the hyperelastic model predicts.

Sinha Roy et al also made an anisotropic, hyperelastic model that do not
consider the viscous flow. In contrary to the models by Studer et al the depth-de-
pendent mechanical properties of the stroma was considered. The depth-dependent
properties were based on measurements of Randleman et al [55] and approximation
of Reinstein et al [56]. The depth-dependent material properties were derived from
the out of plane distribution of collagen fibrils and the model, which is discussed in
the following section, only considers the collagen fibrils parallel to the surface. The
Bowman’s layer was also left out of the simulations. In the simulations that com-
pared the Von Mises stresses in LASIK and SMILE procedures, the simulations
were made with equal flap and cap thicknesses, which are not usually used in the
clinical environment.

3.2 Determining the material properties of the model

In the central anterior region of the stroma 89% of the collagen fibrils are
isotropically oriented, toward the posterior central region 58% are isotropically ar-
ranged, leaving 42% preferentially arranged to nasal-temporal and superior-inferior
directions, 21% each [44]. Outside the central area the preferred collagen fibril ori-
entation changes to circumferential. Abahussin et al [44] hypothesized that the
higher stiffness of nasal-temporal and superior-inferior strips compared to diagonal
strips of the cornea is a result of the orientation of the lamellae in the posterior
stroma. Numerical data of preferential alignment in the periphery was not found.
Since the main load carrying structures in the cornea are the lamellae, composed of
collagen fibrils, the model itself is mainly based on the orientation and mechanical
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properties of collagen fibrils, which will be discussed more thoroughly in the fol-
lowing sections.

Intertwining, branching and anastomosis varies through the depth of the
cornea affecting the mechanical properties, also the size and form of the lamellae
changes in different depths. The effect of intertwining, branching and anastomosis
to the mechanical properties of the cornea is unclear in terms of numerical values.

No study was found where all the layers and directions were considered.
To build a model based on the mechanical measurements, it is needed to combine
the relative differences of different layers and orientations to get an estimation of
all the layers and orientations. Since the stress strain curve of the cornea is most
accurately represented with an exponential function, equation 17, the different
measurements of Young’s modulus, where the stresses are not equal, are not com-
parable.

As mentioned before, Young’s modulus does not represent the nonlinear
materials accurately, especially when it is not known whether the measured
Young’s modulus is tangential or secant, presumably when the type is not men-
tioned the secant Young’s modulus is measured. Since most of the research
measures the Young’s modulus, the relative differences in Young’s moduli are as-
sumed to apply to the relative differences in non-linear stress-strain curves as well.

Table 6 shows the relative stiffness’s of different layers and orientations,
assuming that the Young’s modulus is directly proportional to the shear modulus of
the material. Superior-inferior (SI) direction was chosen to be the principal direc-
tion, meaning that the stiffness of all layers equals the stiffness of superior-inferior
direction. The differences of the stiffness’s between NT and ST directions are sig-
nificant and the measurements showed variation of amount of collagen fibrils in
those directions, thus it is reasonable to simplify the model by assuming the stiff-
ness in both directions as equal. Assumption of equal stiffness in both NT and SI
directions simplifies the modeling as will be seen in the following sections.

In Table 6 the relative stiffness’s are averaged if multiple studies have
measured the same layers, and since Sloan et al [66] was the only one to measure
the depth- and direction-dependent properties the differences of anterior, central
and posterior stroma was averaged over nasal-temporal and superior-inferior direc-
tions, the directional information was not used, since no experiments including all
the layers were not made.
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Table 6. Relative stiffness of different layers and orientations

Layer/orientation of cor- Relative stiffness com-
. Sources
nea pared to anterior stroma
Anterior basement 23 % [69]
Bowman’s membrane 332 % [69]
Anterior stroma 100 % [48, 66, 69]
Central stroma 39 % [48, 66]
Posterior stroma 11 % [48, 66]
Descemet’s membrane 151 % [69]
All layers 123 % [48]
Nasal-temporal direction 219 % [51,52]
Superior-inferior direction 123 % [51, 52, 54]
Circumferential direction 115 % [54]
Diagonal 64 % [51, 52]

Figure 24 shows the relative Young’s moduli from Table 6 in different
layers of the cornea and the layers combined, excluding epithelium and endothe-
lium. Anterior basement membrane and non-collagenous epithelium and endothe-
lium are disregarded due to minimal overall effect on the mechanical properties of
the cornea. Stroma is mainly responsible of the overall stability of the cornea but
the Bowman’s and Descemet’s membranes are significantly stiffer than the adjacent
stromal layers.

O Anterior basement (2)
OBowman's (12)

B Anterior stroma (153)
OCentral stroma (153)
OPosterior stroma (153)
ODescemet's (10)

OAll layers (483)

Relative stifness

Thickness

Figure 24. Corneal layer thickness vs. relative stiffness. When all the layers are
intact the relative stiffness is higher than what would be if the layers were separated.

3.3 Creating the 3D model of the cornea

Instead of using actual measured corneal topography, a simplified model
is created to eliminate the irregularities of the cornea. It is assumed that both the
anterior and posterior surfaces are spherical, with a minimum thickness at the ver-
tex. The model is rotationally symmetric in respect to the z-axis, nasal-temporal and
superior-inferior dimensions are considered equal, since in most cases the refractive
surgeries are made in circular area. Astigmatism corrections with excimer lasers
ablate in elliptical surface but the flap or epithelial surface ablation is usually cir-
cular.
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It is possible to use the conicoid surface (equation 1) from Liou-Brennan
model or fitting suitable curves to a cross-sectional photo of a cornea and use a
revolve-tool in the modeling program to create the model. In this case, since only
the biomechanics are considered, the corneal surfaces are assumed to be spherical.

Pandolfi and Holzapfel [80] proposed a method to evaluate the stress free
configuration of the human eye, which Elsheikh et al [83] used in their research to
create a stress free model of the human eye. For that model, the first step is to create
a stress free model of measured properties of the eye, after that the intraocular pres-
sure (IOP) is applied, to see the deformed state of the eye and when the deformation
is subtracted from the original configuration, it gives the stress free configuration.
When the IOP is applied again it gives the approximately the physiological shape
of the cornea with the load applied. After 8 iterations the model had good accuracy.

Combining the information from the x-ray diffraction studies and the elec-
tron microscopy studies, about the collagen fibril orientation and lamellar structure
with the mechanical measurements, gives estimation about the typical corneal be-
havior of +60 year-old corneas.

From en face view the cornea can be divided to three concentric regions:
central, paracentral and peripheral. Central region has the orthogonal arrangement
of collagen fibrils with majority still randomly oriented, nasal-temporal and supe-
rior-inferior meridians are stiffer compared to diagonal. Peripheral region has cir-
cumferential arrangement of collagen, which leads to stiffer response in circumfer-
ential stresses than other directions. Paracentral region is a transition zone from
orthogonal arrangement to circumferential arrangement. Refractive surgery is as-
sumed to affect only the central and paracentral region.

Cross-sectional structure of the cornea from the anterior to the posterior
surface is epithelium, anterior basement membrane, Bowman’s membrane, stroma,
Descemet’s membrane and endothelium. Epithelium and endothelium can be disre-
garded from the mechanical modeling but the thickness of the epithelium must be
considered when estimating the thickness of flap or cap. Anterior basement mem-
brane is thin and has small Young’s modulus compared to profound layers, thus the
effect to mechanical properties is small. Bowman’s membrane is the stiffest layer
of the cornea but thin compared to the stroma, the collagen fibrils are randomly
oriented radially, but parallel to the anterior surface.

The stroma is the thickest part of the cornea and the structure transforms
through the thickness. Anterior stroma is mostly consisted of randomly oriented
collagen fibrils, with only 11 % orthogonally. The lamellae are highly interwoven,
flat, thin and tape-like structures. Toward the posterior regions the number of inter-
connections of lamellae decrease exponentially and the collagen fibrils are more
orthogonally arranged, in posterior region approximately 42 % of collagen fibrils
are oriented in nasal-temporal or superior-inferior directions. The structures of la-
mellae change to thicker and wider, a more broadsheet-like structure. The stiffness
decreases through depth, it is not known if the decrease is linear, exponential or
what kind of curve it follows. The intact stroma is stronger than the sum of its parts,
which might be the result of the interconnections at different depths.

Descemet’s membrane is stiffer than posterior stroma but also thin. The
collagen fibrils are randomly oriented and the structure is similar to Bowman’s
membrane.
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Collagen fibrils in rest are in crimped state. When the stress, in this case
intraocular pressure (IOP), is applied collagen fibrils start to extend. In physiologi-
cal state the proportion of crimped collagen fibrils follow the Gaussian curve where
the peak is at slightly extended fibrils. There are always fully extended and fully
crimped collagen fibrils while most remain in slightly extended state. When the
applied force is increased the peak of the curve moves toward the fully extended
state, while the proportion of fully crimped fibrils decreases. When the proportion
of fully extended fibrils increase, the needed stress to extend the tissue increases,
which might explain the exponential stress-strain curve of mechanical measure-
ments. On the other hand, when the fully extended fibrils continue to extend, some
individual fibrils break, leading to irreversible deformation of the tissue.

3.3.1 FEM modeling in Abaqus CAE 6.13-3

Units

Abaqus does not have a built in system of units. The user has to be con-
sistent with the units when creating the model. In this thesis the unit of length is
chosen to be in millimeters (mm). Table 7 shows the system of units chosen for this
thesis.

Table 7. System of units

Length mm

Force N

Mass tonne (10° kg)
Time S

Stress MPa

Energy mJ

Density tonne/mm’
Young’s modulus MPa

To determine the suitable material properties, few simple models were created.
First a model that simulates the strip extensometry was created. The model was a
3 mm wide and 11 mm long corneal strip that had varying thickness from the cen-
tral 540 um to peripheral 791 um. A second model was made to simulate the infla-
tion tests made to corneas.

Part

The mechanical testing made of cornea is usually strip extensometry,
where strains from different stresses are measured, or inflation tests where the api-
cal rise is measured for different intraocular pressures. In this thesis the two types
of tests are simulated to verify the material properties that determined later in this
section. The model cornea used in this thesis has the following geometrical proper-
ties: anterior radius 7.7 mm, posterior radius 6.4 mm, central thickness 540 pm,
peripheral thickness 791 pm and width 11 mm. In addition a horizontal transition
zone is included in the model for better control of boundary conditions and stresses.
Figure 25 shows the parts for both extensometry and inflation simulations, the part
for extensometry is a 1.5 mm wide strip cut from the part of inflation test. With
boundary conditions the simulations are of 3 mm wide strip cut for extensometry
and whole cornea for inflation test.
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Figure 25. Parts for simulating extensometry and inflation tests

In Abaqus a part is first created from a sketch, with previous geometrical
properties, that is revolved 180° to create half a cornea. The remaining face is then
partitioned to divide the cornea to different layers, from anterior surface to posterior
surface: epithelium, Bowman’s membrane, anterior stroma, central stroma, poste-
rior stroma and Descemet’s membrane. After that the stroma is divided to central
and peripheral regions at 4 mm from the apex.

Meshing
Meshing is done by manually assigning seeds to different sections for suit-
able amount of elements.

Boundary conditions

In extensometry simulation, the other end is encastred to represent the
clamp in the other end and other end is locked in y- and z-directions to enable the
pull to affect along the x-axis. The face along the x-, y-plane is assigned to act
symmetrical along the z-axis, so the actual simulation represents actually a 3 mm
wide strip cut.

In inflation simulation the face of the transition zone is encastred to repre-
sent the clamping of the sample and the face along the x-, y-plane is assigned to be
symmetrical along the z-axis to simulate the circular corneal sample instead of half
a circle.

Material properties

All the models were first tested with a uniform elastic material, to identify
errors caused by the boundary conditions, meshing and forces affecting the model.
When the simulation of a linear elastic model was consistent, the material properties
were changed to hyperelastic. Anterior stroma was the first one to be defined. Using
equation 17, an artificial test data was created to approximate the nonlinear stress-
strain relationship of the cornea.

A hyperelastic isotropic material based on only one set of test data, uniax-
ial, was created. Since only uniaxial data was available the strain energy potential
was chosen to be the Marlow form. In strip extensometry, the Marlow form showed
consistent behavior, though when the strip extensometry was fitted to the experi-
mental measurements the inflation test showed significantly stiffer response com-
pared to the experimental measurements. For example the Neo Hooke form, without
other test data, resulted in linear apical rise in inflation tests, and for Marlow form
it was nonlinear.

Following the hyperelastic isotropic material properties, a hyperelastic an-
isotropic material properties were created using the Gasser-Ogden-Holzapfel
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(GOH) [84] model to estimate the cornea with distributed collagen fibril orienta-
tion.

Gasser-Ogden-Holzapfel model

The GOH model was developed for modeling the arterial layers with dis-
tributed collagen fiber orientations [84]. Later on the model have been used for
other collagenous soft tissues such as skin [85] and cornea [35, 79, 81, 82]. The
model is suitable for incompressible solids with two preferred directions along the
unit vectors a; and a [85]. The strain energy density function ¥ is described in
equation 21.

Y = Y(C Hy, Hy) 1)

where C is the right Cauchy-Green strain tensor and H; and H; are structure tensors.
Y depends on equation 22 as follows

w=E -3 +u z &{ekiz[trmic)—m} 22)
2 L 2k;,
i=1,2
where I, is a strain invariant and p, ki1 and ki, are material constants. L would be the
shear modulus (G) of the material without the fibers. kii and ki> are material con-
stants for the fibers in small and large strains, respectively. The dispersion of the
fibers in GOH model is taken into account with a dispersion parameter k (0 < k <
'3) that describes the degree of anisotropy, 0 representing ideally aligned fibers and
Y5 representing isotropy. k is determined from numerical integration of equation 23

1 s
K= Zf p(@)sin36 do (23)
0

where p(0) is a density function from normalized w-periodic Von Mises Distribu-
tion. Figure 26 shows the von Mises distribution of collagen fibers with different

values of «.
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Figure 26. Von Mises distribution of collagen fibers with different values of the
dispersion parameter k [84].

The previous equations 21 to 23 are from Annaidh et al [85], more detailed
description of GOH model can be found from [35, 79, 81, 82, 84-86]. The model
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assumes that the fibers do not support compression and would buckle under com-
pression [84].

In Abaqus the material parameters needed, for the hyperelastic, anisotropic
material with Holzapfel strain energy potential, are number of local directions, C10,
D, ki, ko and k. Number of local directions is set to 2 to create a model of two
families of fibers in right angle parallel to the surface. C10 = w/2, k1 =kip, k2 =kz
and 0 <« < 5 [85] D is the compressibility parameter where D = 0 represents in-
compressibility [81]. C10 and k1 are parameters related to the linear elastic proper-
ties of the material, which mainly affects in low strains and k2 is a stiffening pa-
rameter that mainly contributes at higher strains [85].

Finding good estimations for different parameters can be difficult since the
experimental results show significant variation and no single research has assessed
all the properties that are used in this modeling, which makes it extremely difficult
to derive all the parameters directly from the experimental research. Other im-
portant issue is the dispersion parameter k, which has a high effect on the strip ex-
tensometry simulations. The fibers only work under extension and in the model the
fibers that are not parallel to the direction of the extension do not fully contribute
to the stiffness until they are parallel to the direction of extension. The lower dis-
persion factor «k the stiffer the material appears to be to the direction of the prefer-
entially oriented fibers. To compensate the effect of changes in k, the stiffening
parameter k2 can be decreased. The smaller stiffening parameter in the posterior
stroma is consistent with the assumption that the intertwining and number of cross-
links between the collagen fibrils decreases through the depth of the stroma. Also
the width and thickness of the lamellae in the anterior stroma is smaller than in the
posterior stroma. Combination of lamellar structure, intertwining and collagen
crosslinks may explain the depth-dependent mechanical properties of the cornea.

The material parameters were tested also in a model of 1 mm x 1 mm x 1
mm cube where the stress-strain curve can be determined for comparison of the
experiments made by Elsheikh et al [52, 87]. The experimental stress-strain curve
is assumed to be of engineering stress instead of true stress.

Pandolfi et al [80], Ariza-Gracia et al [81] and Lanchares et al [88] pro-
vided their parameters of the FEM model utilizing the Holzapfel strain energy po-
tential. Table 8 shows the material parameters by Pandolfi et al and Ariza-Gracia et
al. The material parameters have a high variation, up to 4 orders of magnitude. The
parameters from Ariza-Gracia et al and Lanchares et al have been derived from
experimental research using non-linear regression analysis and the parameters from
Pandolfi et al have been determined through trial and error to fit the experimental
data.

Table 8. Material parameters for the Holzapfel strain energy potential

C10 (MPa) | D (MPa") k1 (MPa) | k2 (-) K (-)
Pandolfi et al 0.06 - 0.02 400 0.1333
Ariza-Gracia et | 0.05 0.0 130.9 2490 0.33329
al
Lanchares et al 0.1 le-5 0.234 29.917 -

The parameters used in this thesis are not derived from the experimental
research directly but modified from the previous FEM models to fit the expected
stress-strain curves. The problem with the trial and error method and regression
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analysis from only one source, is that optimizing multiple parameters to one type
of experiment increases the possibility to finding a local minimum, where the pa-
rameters fit to a certain type of experiment but not multiple [50].

The dispersion parameter k in the Ariza-Gracia et al model signifies nearly
isotropic distribution of collagen fibers and in the Pandolfi et al model that 60% of
the fibers are aligned in the preferential (nasal-temporal and superior-inferior) di-
rections and 40% isotropically.

To examine previous parameters the 1 x 1 x 1 mm cube was assigned with
previous material parameters and extended by applying a 1 MPa surface traction.
The simulation gives directly the stress-strain curve when the step time period is 1
s and the undeformed area defines the surface traction during the simulation i.e. the
engineering stress is measured. Figure 27 shows the initial and deformed state of
the simulation with the material parameters from Ariza-Gracia et al.

Figure 27. Initial and deformed state of the 1x1x1 mm simulation

Figure 28 shows the simulated stress-strain curves of the cornea where the
material parameters are from [80, 81] with assumed superior-inferior (SI) and diag-
onal (D) samples. The simulations with the material parameters from Lanchares et
al were left out from the graph due to strain levels of almost twice as large as diag-
onal from Pandolfi et al.
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Figure 28. Stress-strain curves with different material parameters and orientations.
SI simulates superior-inferior sample and D diagonal, Elsheikh is the experimental
curve.

The experimental curve from [87] represents superior-inferior sample
from 65 — 79 years old donors, fitted to equation 17 with constants A and B, 0.0077
and 59, respectively. The dispersion parameter « is set to 0.33329 (nearly isotropic
distribution) in the Ariza-Gracia model [81] that leads to equal stress-strain curve
for diagonal and superior-inferior simulations. The difference in superior-inferior
and diagonal simulations with the material parameters from Pandolfi et al [80] is
significantly higher than expected.

As can be seen from Figure 28 neither of the models 1s not directly suitable
for extensometry simulations. The stress-strain curve with material parameters from
Ariza-Gracia et al is relatively close to the experimental results from Elsheikh et al.

The relative differences of the stiffness of layers and orientations, Table 6,
are derived of series of experimental mechanical testing where the Young’s modu-
lus E or shear modulus G is determined. For nonlinear material the two moduli do
not tell much about the overall response of stresses in a material. Since the current
data is limited to the relative differences, in this thesis, they are assumed to apply
to stresses that create a 10% strain level in the material. For extensometry simula-
tions the 10% strain level is relatively high but not too close to the ultimate tensile
strength of the cornea. In the model by Studer et al [50] at 12 % strain level the
differences in superior-inferior and diagonal simulations are significant. Elsheikh
et al [52] provided relative stiffness’s for porcine corneal samples at 10%, 15% and
20% strain levels.

With the trial and error method the first parameters were determined, Table
9, that results to relatively close match with the Elsheikh et al [52], for NT and
diagonal samples of 69-70 year old corneas.

Table 9. Initial material parameters

C10 (MPa) | D (MPa™) k1 (MPa) k2 () X ()
0.05 0.001 30 10 0.294
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Figure 29. Stress-strain curves of central stroma in superior-inferior and diagonal
directions

With material parameters from Table 9 a strip extensometry and inflation
tests were made with uniform material parameters i.e. the layers were excluded
from the simulations. The extensometry simulation showed too soft response to the
stresses compared to the experimental results and inflation test showed too stiff
response compared to the experimental results. The uniaxial extensometry is chosen
to be the baseline where the material parameters are fitted. Inflation test is then
adjusted by changing the pressure instead of the material parameters to create sim-
ilar curve with only higher pressures than in the experiments.

Studer et al [50] wrote, “4 common problem during the identification of
material properties for soft tissues is that the model’s reaction is either too soft for
bi-axial inflation or too stiff for uniaxial extensiometry experimental data.” With
the previous material parameters the opposite occurred. The extensometry simula-
tion showed too soft response and the inflation simulation too stiff.

Since the extensometry simulations showed milder response to stresses
than expected the first parameters were chosen to represent the central stroma. The
parameters for different layers were defined by examining the stress-strain curves
with different material parameters. The parameters that created the stress-strain
curves that match the relative stiffness’s of Table 6, were chosen as the material
parameters. As previously the relative difference of stiffness is measured at 10%
strain level.

Table 10 shows the final material parameters for all the layers of the cor-
nea. Figure 30 shows the stress-strain curves for all the layers of the cornea and the
stress strain curves at the diagonal direction for the stromal layers.

Table 10. Material parameters for all the layers of the cornea

Layer C10 (MPa) | D (MPa!) | k1 (MPa) |k2(-) K (-)
Epithelium 0.05 0.001 1 1 0.33333
Bowman’s 3 0.001 500 400 0.33333
Anterior stroma 0.7 0.001 100 30 0.31
Central stroma 0.05 0.001 30 10 0.294
Posterior stroma 0.05 0.001 3 10 0.25
Descemet’s 3 0.001 200 400 0.33333
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Figure 30. Stress-strain curves for different layers and orientations. SI=superior-
inferior, D=diagonal.

Table 11 shows the relative differences of stiffness’s for different layers of
the cornea at 10% strain level when using the material parameters from Table 10.

Table 11. Relative differences of different layers in the simulations and the relative
difference of stiffness in diagonal orientation

Layer Relative stiffness | Relative stiffness in | Dispersion pa-
with 10% strain diagonal orientation | rameter K
Epithelium - - -
Bowman’s 280% 100% 0.33333
Anterior stroma 100% 80% 0.294
Central stroma 39% 44% 0.28
Posterior stroma 13% 37% 0.25
Descemets 168% 100% 0.33333

After the material properties for the layers were identified the two models
for inflation and extensometry tests were modified to have all the layers and orien-
tations, Figure 31 Figure 32 and Figure 33 show the top and cross-section views of
the models with the preferred orientations. The model for the extensometry simu-
lation is a 1.5 mm wide cut from the model of inflation test. With the boundary
condition, that makes the model symmetric along the z-axis, the inflation model is
simulating the whole cornea and the extensometry is simulating 3 mm wide strip
cut. For the superior-inferior and diagonal extensometry simulations the preferred
collagen fiber orientation is turned 45°.
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Figure 31. Final sketch with all the layers. The anterior stroma is assumed to be the
only layer with increasing thickness towards the periphery.
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Figure 32. Top view of the model with the preferred orientations of the central and
paracentral region of the cornea. The primary axes 1 and 2 are the preferred orien-
tations for the collagen fibrils and axis 3 is normal of the anterior surface.
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Figure 33. Cross-section view of the model with the orientations of the central and
paracentral regions of the cornea.
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Figure 34 and Figure 35 show the initial and deformed states of the infla-
tion simulation. In the simulation the apical rise is measured both from the anterior
and posterior surfaces. From those measurements the remaining corneal central
thickness (CCT) can be determined. The pressure that simulates the intraocular
pressure (IOP) is applied to the posterior surface of the model. The model showed
stiffer response than expected and to see the differences of the surgical procedures
the pressure was chosen to be higher than in actual inflation tests. The intraocular
pressure was 2 MPa, which is approximately two orders of magnitudes higher than
the pressures used in inflation tests (150 mmHg or 0.02 MPa). Intraocular pressure
that rises up to 2 MPa would lead to rupture well before that level is reached.

Step: 10P
Increment 55! Ste

Figure 34. Initial state for the inflation simulation

CDE: Final_10
Step: 10P
Increment 55! Step Tirme

Deformed war: U Deformation Scale FACES

Figure 35. Deformed state in the inflation simulation
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Figure 36 and Figure 37 show the initial and deformed states of the exten-
sometry simulations. The surface traction that simulates the extensometry test is
applied to the right end surface of the model and the other end is locked to simulate
the clamping. The surface traction is defined per unit of undeformed area to main-
tain equal force throughout the simulation and the rotation is not followed. The
surface traction is 0.8426 MPa which is equal to 2 N force along the x-axis.

CDE: Final_extensometry_layers.odb  Abaqus/Standard 6.13-3  Fri Oct 30 14:401

Step: Extension
Increment  131: Step Time = 2.000

Figure 36. Initial state in the extensometry simulation

ODB: Final_extensometry_layers.odb  Abaqus/Standard 6.13-3  Fri Oct 30 14:40: 16 FLE Stan

Step: Extension
Increment 131 Step Time = 2.000

Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 37. Deformed state in the extensometry simulation
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Figure 38 shows the deformed state in extensometry simulation, with dif-
ferent visualization to show the von Mises stresses (MPa) in the model.

S, Mises
(Avg: 75%)
+8.8866+00
+2.170e+00
+1.9906+00
+1.809e+00
+1.62%e+00
+1.449e+00
+1.268e+00
+1.088e+00
+2.075e-01

ODB: Final_extensometry_layers.odb  Abaqus/Standard 6.13-3  Fri Oct 30 14:40:16 FLE Standard Time 2015

Step: Extension
Z K Increment 131 Step Time = 2.000

BeRermenvar: U Deformation Scale Factor: +1.000e+00
Figure 38. Deformed state in the extensometry simulation. Different colors are rep-
resenting the von Mises stresses (MPa) in the model. For visualization purposes the
Bowman’s and Descemet’s membranes are assigned to have the material properties
of anterior and posterior stroma, respectively.

3.4 Simulation of refractive surgery

In this thesis the two types of refractive surgery techniques for comparison
are LASIK and SMILE. The refractive correction was chosen to be a myopic cor-
rection with central ablation of 100 pm and optical zone of 6.5 mm. That is equiv-
alent of approximately -7 diopters, according to the Munnerlyn equation, equation
7. Figure 39 shows the profiles of the lenticule in SMILE procedure and ablation +
flap in LASIK. For the simulations there is an additional 20 um (compared to the
clinical 15 um) of removed tissue in SMILE procedure. The flap 100 um, in LASIK
simulations, is removed completely. Two cap thicknesses were chosen for SMILE
simulations 140 pm and 200 pm to see the difference in mechanical behavior with
removal of tissue from the deeper layers of the stroma. In practice the cap width is
larger (7.9 mm) than the optical zone but in this model the cap would not have an
effect on the mechanical properties, therefore it was left out of the model. Table 12
shows the dimensions of the tissue removed for the simulations and Figure 39
shows half of the profile of the tissue removed.

Table 12. Properties of the tissue removed in the simulations

SMILE FemtoLASIK
Cap/flap thickness (um) 140/200 100
Cap/flap width (mm) 6.5 9
Optical zone (mm) 6.5 6.5
Minimum lenticule/ablation thickness (um) | 20 0
Maximum lenticule/ablation thickness (um) | 120 100
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Figure 39. Profiles of the tissue removed in SMILE (above) and LASIK (below)

Figure 40 and Figure 41 show the models for extensometry and inflation
tests for LASIK. The flap is completely removed from the simulation since the op-
tical properties are not considered in the simulations and the effect of the flap to the
overall properties of the cornea is negligible.

v
i

Figure 41. The model for the LASIK Inflation simulation
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Figure 42 and Figure 43 show the models for the SMILE extensometry and
inflation simulations. The models for SMILE with a thicker cap are otherwise the
same but the tissue is removed from more posterior section of the stroma.

Figure 43. The model for SMILE inflation simulation
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4 Results

The theoretical framework for the corneal biomechanics is based on many
assumptions and wide range of results for similar mechanical testing. To build a
model that considers nonlinearity, anisotropy, viscoelasticity and regional varia-
tions, is an extremely difficult task with the current knowledge of corneal biome-
chanics. For the simulations, in this thesis, the main assumptions are that the
Young’s and shear moduli are directly proportional, the degree of anisotropy in the
cornea is similar in nasal-temporal and superior-inferior directions, anterior layers
of the cornea are stiffer than the posterior layers, collagen fibers are the main load
carrying structures in the cornea, the epithelium and the flap in the cornea do not
contribute to the mechanical behavior of the cornea, and viscoelasticity is negligible
in static explicit, non-dynamic simulations. And since the optical properties are not
considered in the simulations, the structure of the cornea is a simplified version of
its physical counterpart. Initial stresses and strains are not considered i.e. the con-
figuration of the cornea is stress-free and the simulations presents a state where the
tissue removal is made at stress-free state and the intraocular pressure is added after
the procedure.

When the material properties for different layers and orientations were as-
signed by trial and error, the complete model would represent the relative response
of the cornea accurately but not the cornea in the physiological conditions. That
affects the interpretation of the results in a way that the stresses and strains in the
model should not be considered as representing the actual values in real corneas but
as relative differences in theoretical conditions. The stress free configuration of the
cornea is unknown and the stresses and strains, in physiological conditions, cannot
be accurately determined with current models and measurements. Instead of giving
numerical results when comparing different surgical procedures, broader terms are
used to describe the relative differences in the biomechanical properties of the cor-
nea after different types of refractive surgery. Finding the correct material proper-
ties, to fit the relative differences, the inflation and extensometry testing, would
require either user subroutines in Abaqus, to have more control over the material
properties, or almost endless cycle of repetition when trying to fit all the properties
with trial and error. In this thesis only one iteration cycle, of all the layers and ori-
entations, was performed.

Following section describes briefly the results of the simulations and what
that would indicate in the clinical situation. Following the results, an analysis is
presented of how suitable the model is to predict the response of the cornea in phys-
iological conditions.

4.1 Extensometry simulations

Extensometry simulations were made with a 0.8426 MPa surface traction
along the x-axis, which is equal to 2 N pull along the x-axis. Extending the strip cut
with 2 N force was chosen to make the comparison to actual extensometry testing
[87] easy. Since the numerical data was not easily accessible the curve from [50]
was used for the comparison of previous extensometry simulation and testing. Fig-
ure 44 shows the curve from extensometry simulation, which represents a superior-
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inferior strip from the cornea, and the curve from [50] which represent the exten-
sometry simulation and experiment of corneas from 69-70 year-olds. The origin of
the curve was chosen to be in the state of the simulation where the model was al-
ready extended with a small force i.e. 0.8 mm was subtracted from the x-axis values

to account for the initial straightening of the model, which is not seen in the exten-
sometry testing.
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Figure 44. Results of the superior-inferior extensometry (red circles) simulation
compared to the extensometry simulation of Studer et al [50] (red dashed line) and
extensometry testing by Elsheikh et al [87] (*).
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Figure 45. Results of the diagonal extensometry (purple circles) simulation com-
pared to the extensometry simulation of Studer et al [50] (red dashed line) and ex-
tensometry testing by Elsheikh et al [87] (*).
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Figure 44 and Figure 45 shows that the response to the stresses is too soft for the
superior-inferior sample and too stiff for the diagonal sample. The SI and diagonal
sample simulations show very little anisotropy, Figure 46, which means that the
dispersion parameter k should have had a lower value than the assigned ones. The
anterior stroma is thicker and stiffer than the other stromal layers and thus contrib-
utes to the overall mechanical behavior more than the other layers. The anterior
stroma is assumed to be the only layer to increase in thickness towards the periphery

and that also contributes more to the overall biomechanical properties of the cornea.
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Figure 46. Strip extensometry simulation for superior-inferior (SI) and diagonal
cuts of the cornea

Figure 47 shows the results of the superior-inferior extensometry simula-
tions. LASIK has the softest response to the extension and SMILE with 140 um cap
and deep SMILE with 200 um cap are relatively close to the untreated eye, with
deep SMILE showing slightly stiffer response than the SMILE with 140 um cap. In
Figure 47 the initial straightening of the model is seen, where with little force the

model is extended by 0.8 mm. The simulations for diagonal extensometry showed
similar response for extension.
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Figure 47. Comparison of superior-inferior (SI) extensometry simulations of dif-
ferent surgical techniques. FL=femtoLASIK with 100 um flap, SMILE with 140
um cap and deep SMILE with 200 pm cap.
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4.2 Inflation simulations

Inflation simulations were made with an intraocular pressure (IOP) of 2
MPa which is ~15 000 mmHg. The apical rise was measured from the anterior and
posterior surfaces. Figure 48 shows the apical rise from the apex. In inflation tests
the pressure rises up to 150 mmHg (~0.02 MPa) and the apical rise is approximately
0.35 mm. In the simulations the apical rise up to 0.02 MPa, Figure 49, creates al-
most linear curve and that is much stiffer than the experimental tests and previous
simulations.
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Figure 48. The apical rise from the apex of the anterior surface

Figure 49 shows the beginning of the increase in IOP. The lenticule is re-
moved in stress-free state in the simulation. The cavity disappears due to the defor-
mation of the softer posterior layers of the stroma and the IOP that is applied to the
posterior surface. The anterior surface has a small negative apical rise in the begin-
ning until the posterior layers of the stroma reaches the cap.
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Figure 49. Apical rise with low pressure from the apex of the anterior surface

Figure 50 shows the initial deformation of the posterior stroma. The highest stresses
are in the Descemet’s membrane, which is much stiffer layer than the posterior
stroma in the simulations.
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Figure 50. Inflation simulation of SMILE procedure: the posterior stroma reaches
the cap before the apex of the anterior surface rises
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The apex in the posterior surface acts different than the anterior surface in
the simulation, Figure 51 and Figure 52. SMILE curve follows the curve of un-
treated cornea subtracted with the thickness of lenticule removed. Overall the
femtoLASIK seems to have the highest impact to the biomechanical properties as
in the other simulations, however the early part of the curve of the anterior surface
apical rise, the femtoLASIK appears to show stiffer behavior than the SMILE,
which is caused by the thicker residual stroma in femtoLASIK than in SMILE.
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Figure 51. Inflation simulation of the apical rise of the apex of the posterior surface
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5 Discussion

The simulations show similar results as previous theoretical studies that
have compared the effect of SMILE and LASIK surgeries [35, 56]. The stiffer an-
terior stroma remains intact in SMILE and thus contributes more to the overall bio-
mechanical stability of the cornea. The collagen fibers in LASIK flap are not ad-
hered to the stroma and do not contribute to the stability of the cornea, which leads
to a softer overall response of the cornea, compared to SMILE. The differences in
the simulations of SMILE and non-treated eyes are relatively small and would in-
dicate that even for high refractive corrections the changes in corneal biomechanics
would be small compared to LASIK.

5.1 Applicability to the corneas in vivo

The simulations cannot be compared directly to the physiological condi-
tions of the cornea but if the findings from the simulations are true, the LASIK
procedure should cause more deformation in the anterior surface and depending on
position of the curve of the apical rise and IOP, Figure 52, either less or more de-
formation in the posterior surface. The aim of refractive surgery is to modify the
curvature of the anterior surface in order to move the focal point of the eye to the
correct position in the fovea. The anterior layers of the cornea are theoretically
stiffer than the posterior layers, which indicates that the SMILE procedure should
have less effect on the curvature of the anterior surface and more to the curvature
of the posterior surface and vice versa in LASIK, Figure 53. However if the curva-
ture of the posterior surface were changed the change in optical power would be
small, the refractive indices of cornea and aqueous humour are 1.376 and 1.336,
respectively. If refractive surgery changes the curvature of the posterior surface, it
is considered as a complication, ectasia, which is similar condition as keratoconus.
Bulging of the posterior surface is transmitted to the anterior surface, which leads
to a poorer vision and may require additional treatments.

Figure 53. Cornea in stress-free state after SMILE and LASIK

Even if the ectasia is not diagnosed, some signs of deformation after high
myopia SMILE and LASIK should occur in the posterior surface in physiological
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conditions. In LASIK over 50% of tissue can be removed from the apex of the cor-
nea and if the anterior layers are significantly stiffer the posterior stroma should
experience some kind of deformation. Figure 54 shows the difference in tangential
curvature in pre and post operational corneas. Both of the patients underwent ap-
proximately -8 diopters of refractive correction. The residual central stromal thick-
ness of the femtoLASIK patient is above 250 um and the residual stromal thickness
of the SMILE patient is above 300 um and cap thickness of 130 um, which adds up
to over 430 um of intact cornea in SMILE. The figure shows that there is a minimal
difference in the curvature of the posterior surface, especially in the central zone,
which is more accurately measured. Peripheral changes may be explained with
measurement errors. Comparisons of other patients with different high myopia cor-
rections showed similar behavior regardless of the type of the procedure. Figure 55
shows the difference of the tangential curvature of the anterior surface of the cornea.
The difference in sagittal curvature of the posterior surface is smaller than the dif-
ference in tangential curvature, Figure 56.

Figure 54. The difference in tangential curvature (diopters) of the posterior surface
pre and post operation of femtoLASIK (left) and SMILE (right)

Figure 55. The difference of tangential curvature (diopters) of the anterior surface
pre and post operation of femtoLASIK (left) and SMILE (right)
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Figure 56. The difference of sagittal curvature after SMILE of the anterior (left) and
posterior (right) surfaces of the cornea

All the change in curvature of the cornea is visible in the anterior surface,
not in the posterior surface. That is significantly different than what the theoretical
biomechanical models would predict. That may be explained by the error in the
models that considers the stiffness of different layers. Posterior layers appear to be
much stiffer than the anterior layers in physiological conditions. That is not directly
contradictory with the measurements that state that the anterior layers are stiffer
than the posterior layers. The posterior stroma may support all the stresses of the
cornea while the anterior layers are stress free i.e. the anterior layers are stress-free
or experience only small strains and the posterior layers experience high stresses
and strains, which explains the stiffer response of the posterior layers in physiolog-
ical conditions. Other way to express the previous sentence is to say that the tan-
gential Young’s modulus is significantly higher in posterior layers of the cornea
than the anterior. The overall stiffness in experimental extensometry and inflation
tests, which creates much higher stresses than physiological conditions, can still be
higher in anterior layers compared to posterior layers.

A study by Vestergaard et al [89] found no significant biomechanical dif-
ference from paired eye study where other eye was treated with SMILE and other
eye with FLEX, which is otherwise the same procedure than SMILE but instead of
small incision where the lenticule is removed, a flap is created below of which the
lenticule is removed. The results were explained with the small number of patients
who had SMILE in the other eye and FLEX in the other and that the differences are
so small that those might be visible after higher number of patients. If the anterior
layers of the stroma do not have a significant effect on the biomechanical equilib-
rium of the cornea the flapless surgical technique would not differ from the tech-
niques that creates the flap in the anterior cornea.

Pedersen et al [76] found no significant difference between the flap-based
and flapless techniques when comparing eyes in vivo with ocular response analyzer.
Other studies [90, 91] also found no significant difference between eyes treated
with SMILE and LASIK though some similar studies [92, 93] found changes be-
tween the LASIK and SMILE groups.
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The similar biomechanical response in vivo after SMILE and LASIK may
be a result of the low impact of the anterior layers of the stroma to the corneal
biomechanics in physiological conditions. The changes between pre and post oper-
ation may be explained with only the removal of tissue i.e. the flap cut does not
induce more stresses in the cornea than the lenticule extraction, only changes in the
posterior layers causes changes in the overall biomechanics. The flap cut and
SMILE cut do not alter the viscoelastic behavior significantly but the lenticule ex-
traction and laser ablation have significant effect on the viscoelastic properties.

In conclusion, the stresses and strains are not known in the cornea in phys-
iological conditions but the cornea behaves in a way that would suggest that the
posterior layers are stiffer (tangential Young’s modulus is higher) than the anterior
layers and that the anterior layers might be stress-free. 250 um of residual central
stromal thickness is thought to be the safe limit of LASIK and PRK but it has been
suggested [56] that in SMILE the residual stromal thickness could be even less than
250 pwm without increasing the risk of ectasia. The previous findings suggest that
the limits of SMILE should not differ from other types of treatments.

5.2 Additional research

Additional research is required of corneas in physiological conditions. The
previous models, such as the one in this thesis, overestimates the contribution of
anterior layers and underestimates the contribution of posterior layers to the equi-
librium of the cornea in physiological conditions. Tonometry and other clinical
measurements could benefit from more accurate models of the cornea in vivo. Di-
agnostics and treatment of corneal diseases that involve biomechanical changes
could become more accurate when the stresses and strains in the cornea are known.
Theoretical models that predict the patient-specific behavior of the cornea usually
have uniform material properties through the depth of the cornea and if the stress-
free or pre-loading conditions are considered the distribution of the stresses in the
analysis is not similar to the stresses in the cornea in physiological conditions.

Current models can predict corneal behavior in experimental conditions
where the intraocular pressure can be high enough to cause loss of vision in live
eyes or where the extensometry tests create stresses that are significantly higher
than in physiological conditions. To improve the theoretical models of the cornea
and the eye, the heterogeneous, viscoelastic, hyperelastic and anisotropic material
properties should be determined more accurately. The stresses of the cornea in
physiological conditions should be known before expecting that the patient specific
modeling would provide more accurate results than a statistical analysis or an eval-
uation from an experienced physician.
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